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Abstract 

Glacitectonic deformation in the Quaternary caused the tectonic framework of large-scale folds and 

displaced thrust sheets of Maastrichtian (Upper Cretaceous) chalk and Pleistocene glacial deposits in 

the southwestern Baltic Sea area. 

A wide spectrum of methods has been compiled to unravel the structural evolution of the 

Jasmund Glacitectonic Complex. The analyses of digital elevation models (DEM) suggest a division 

into two structural sub-complexes – a northern part with morphological ridges striking NW–SE and a 

southern part with SW–NE trending ridges.  Geological cross sections from the eastern coast (southern 

sub-complex) were constructed and restored using the software Move™ and the complementary module 

2D Kinematic Modelling™. 

The final geometric model of the southern sub-complex shows a small-scale fold-and-thrust 

belt. It includes three different orders of architectural surfaces (see PEDERSEN, 2014): erosional surfaces 

and the décollement (1st order), thrust faults (2nd order), and beds outlining hanging-wall anticlines as 

well as footwall synclines (3rd order). Thrust faults of the southern structural sub-complex are mainly 

inclined towards south, which indicates a local glacier push from the S/SE.  

The glacitectonic structures have a surface expression in form of sub-parallel ridges and 

elongated valleys in between. Geomorphological mapping and detailed landform analyses together with 

the structural investigations provide an insight into the chronology of sub-complexes formation. The 

northern part of the glacitectonic complex is suggested to have been formed before the southern one, 

considering the partly truncated northerly ridges and their superimposition by the southern sub-complex. 

Although there is a high number of scientific publications on the glacitectonic evolution of Jasmund, 

these presented models often lack a consistent theory for the development integrating all parts of the 

100 km2 large complex. Therefore, the combination of all results leads to a more self-consistent genetic 

model for the entire Jasmund Glacitectonic Complex. 
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Kurzfassung 

Glazitektonische Deformationen bildeten während des Weichselglazials im südwestlichen Ostseeraum 

ein tektonisches Gerüst aus großräumigen Falten und Überschiebungsblöcken. Die Deformationen 

erfassten die Schreibkreide des Maastricht (Oberkreide) und glazigene Sedimenten des Pleistozäns. 

 Um die strukturelle Entwicklung des glazitektonischen Komplexes von Jasmund aufzulösen, ist 

ein breites Methodenspektrum zusammengestellt worden. Die Analyse von digitalen Geländemodellen 

(DGM) zeigen die Einteilung Jasmunds in zwei strukturelle Teilkomplexe: ein nördlicher Teilkomplex 

mit morphologischen Rücken, die NW-SE streichen und ein südlicher Teilkomplex mit SW-NE 

verlaufenden Höhenrücken. Unter Verwendung der Software Move™ und des Ergänzungsmoduls 

2D Kinematic Modelling™, sind geologische Profilschnitte von der östlichen Küste (südlicher 

Teilkomplex) konstruiert und abgewickelt worden. 

 Das finale geometrische Modell des südlichen Teilkomplexes zeigt einen Falten-und-

Überschiebungs-Gürtel im deutlich kleineren Maßstab als es von Orogenen bekannt ist. Er beinhaltet 

drei verschiedene Ordnungen von Architekturebenen (vgl. PEDERSEN, 2014): erosive Flächen und das 

Décollement (1. Ordnung), Überschiebungsbahnen (2. Ordnung) und Schichtung, die 

Hangendantiklinalen sowie Liegendsynklinalen darstellt (3. Ordnung). Die Überschiebungsbahnen des 

südlichen Teilkomplexes sind hauptsächlich nach Süden geneigt, was einen lokalen Gletscherschub aus 

südlicher/südöstlicher Richtung indiziert. 

 Die großräumigen glazitektonischen Strukturen von Jasmund pausen sich an der Oberfläche als 

subparallele Rücken und längliche Täler durch. Geomorphologische Kartierungen und detaillierte 

Landformenanalysen verbunden mit den Strukturanalysen ermöglichen den Einblick in die genetische 

Abfolge der einzelnen Teilkomplexe. Der nördliche Teil des glazitektonischen Komplexes wurde vor 

dem südlichen Teilkomplex gebildet. Diese Interpretation wird zusätzlich durch die zum Teil gekappten 

und überlagerten nördlichen Höhenrücken durch die des südlichen Teilkomplexes gestützt. 

 Obwohl auf eine Vielzahl von wissenschaftlichen Publikationen zur glazitektonischen 

Entwicklung von Jasmund zurückgegriffen werden kann, fehlt in den präsentierten Modellen häufig eine 

in sich schlüssige Theorie, die alle Bereiche des 100 km² großen Komplexes berücksichtigt. Deshalb 

liefert die Kombination aus den neuen Ergebnissen ein schlüssigeres Genesemodell für den gesamten 

glazitektonischen Komplex von Jasmund.  
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1. Introduction 

The well-exposed chalk massifs at the steep sea cliffs of Rügen Island in North Germany are a famous 

attraction for both visitors and scientists. The tectonic framework can be seen as one of the world’s 

smallest fold-and-thrust belts. Glacitectonic deformation can result in locally significant disruption and 

shortening of both bedrock and sedimentary sequences. It has been reported from a number of previously 

glaciated areas, including North America (e.g. MORAN et al., 1980; BLUEMLE & CLAYTON, 1984), the 

United Kingdom (e.g. HARRIS et al., 1995; 1997; THOMAS & CHIVERRELL, 2007; 

PHILLIPS et al., 2008; BURKE et al., 2009), and northern Europe (e.g. VAN DER WATEREN, 1986; 

VAN DER WATEREN et al., 2000; HUUSE & LYKKE-ANDERSEN, 2000; PEDERSEN, 2005; 2014; 2017).  

PEDERSEN (2005) has already pointed to the advantages of analysing glacitectonic complexes. 

The structures are at a much smaller scale than in the fold-and-thrust belts of large orogens and they do 

not require too extensive field mapping and expensive geophysical investigations. Glacitectonic 

complexes are excellent analogues for large-scale folding and thrusting.  

Addressing the steep cliffs of the Jasmund Peninsula (NE Rügen), mass movements have to be 

taken into account as a relevant geohazard. Those can be rockfalls (e.g. the Wissower Klinken, 2005 

and at the Fahrnitzer/Kieler Ufer, 2018) and landslides (e.g. in Lohme, 2005 and in Sassnitz/Wedding, 

2011). The onshore cause of the mass movements is coastal decomposition related to the local 

hydrology, hydrogeology, and particularly the geological-geomorphological framework. Hence, a good 

knowledge of Jasmund’s internal and surface structures is essential for handling such geohazards. 

The detailed analysis and interpretation of the structural features developed within the various 

glacitectonic complexes employs the techniques routinely used by structural geologists. It has led to a 

more systematic approach to investigation of complicated polydeformed glacigenic sequences. The 

structural inventory of glacitectonic complexes and their morphology also provide important 

information on their relationship to glacier/ice sheet dynamics, past glacial environmental conditions 

and key factors responsible for their formation (e.g. BENN & EVANS, 1996; VAN DER 

WATEREN et al., 2000; PHILLIPS et al., 2002; PEDERSEN, 2005; 2014; LEE & PHILLIPS, 2008; 

BENEDIKTSSON et al., 2008; PHILLIPS et al., 2008). For instance, BRADWELL et al. (2013) mentioned 

moraine spacing as a proxy for ice-front retreat rates or large-scale glacitectonic complexes are often 

associated with fast glacier flow (e.g. CROOT, 1988a; BENN & EVANS, 2010; VAUGHAN-

HIRSCH & PHILLIPS, 2017). 

Even though there is a high number of scientific publications on the tectonic evolution of 

Jasmund (e.g. LUDWIG, 1954/55; 2011; STEINICH, 1972; GROTH, 2003), the presented models often 

lack a consistent theory for its development integrating all parts of the 100 km2 large complex. Hence, 
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the motivation for this thesis is to combine old and new data as well as to bring in methods, which have 

not been applied on Jasmund, yet. A multi-method approach shall facilitate a better understanding of the 

structural and morphological setting. Furthermore, it shall help to come up with a more self-consistent 

genetic model for the entire tectonic complex of Jasmund, which includes information on the structural 

inventory, glacier kinematics, the detailed processes and key factors of formation, as well as glacier 

dynamics. 
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2. Location of the study area and its geological setting 

2.1 Location of the Jasmund Peninsula and research history 

Germany’s largest island, the Isle of Rügen, has been in focus of geological research for more than a 

century. It is located in the SW Baltic Sea (Fig. 2.1). Jasmund is a ca. 100 km² large peninsula in the 

Northeast of Rügen. The highest elevation in the inland of Jasmund is the Piekberg (160.9 m a. s. l.) and 

the highest elevation at the cliff is the Königsstuhl (117.9 m a. s. l.), both in the northeastern part of 

Jasmund. In the north and in the southeast, Jasmund is bounded by bays, the Tromper Wiek and the 

Prorer Wiek. The Großer and Kleiner Jasmunder Bodden are coastal lagoons adjacent to the peninsula 

in the west and southwest. 

 
Fig. 2.1 Overview maps of the investigation area. a) Rügen Island in the southwestern part of the Baltic Sea (red box). b) The 
Jasmund Peninsula in the NE of Rügen (red box). c) Topographic map of Jasmund (DTK100, 30 % transparency) with the 
digital elevation model (5 m solution, 10 times exaggerated, hillshade) in the background. 

 The Jasmund Peninsula consists of several large-scale folds and associated thrusts, which form 

an imbricate thrust stack or duplex deforming both Upper Cretaceous (Maastrichtian) chalk bedrock and 

Pleistocene glacial deposits (see GROTH, 2003; LUDWIG, 2011; GEHRMANN et al., 2017; 

GEHRMANN & HARDING, 2018). KEILHACK (1912) was the first, who subdivided the structural setting 

of Jasmund. Based on this division in several thrust blocks, he separated the Pleistocene cliff profiles 
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into “Sections” (“Diluvialstreifen” or “Streifen”) and numbered them (1-26). JAEKEL (1917) introduced 

an additional numbering of the chalk imbricates (I-XXVI). 

 The Pleistocene sediments lie paraconformably on the Maastrichtian chalk. They consist of at 

least three tills separated and overlain by units of interbedded gravel, sand, and clay. These Pleistocene 

deposits were systematically subdivided by labelling them M1 to M3 (tills) and I1 to I2 (interbedded 

sediments) (JAEKEL, 1917) (Fig. 2.2). The youngest Pleistocene sediments (M3) are the top of the 

sequence and truncate the tectonically deformed chalk and older Pleistocene sediments (M1, I1, M2, 

and I2). 
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▲Fig. 2.2 Sedimentary log of the exemplary Wissower Bach Syncline (Section 5) at the southeastern cliff coast, including 
information about age and main sedimentary properties. Unit abbreviations introduced by JAEKEL (1917) are given in the central 
boxes. The depositional units M1, I1, and M3 are shown in photographs (a, b, c) (modified after GEHRMANN et al., 2017). 

 The main questions in the long research history of Jasmund point to the chronology of till and 

interbedded-sediment deposition in the context of the surrounding area affected by the Scandinavian Ice 

Sheet (SIS) as well as the structural development. 

 JOHNSTRUP (1874) was one of the first, who published the imbricate structures in the Cretaceous 

and Pleistocene sedimentary units as well as the unconformably overlying younger Pleistocene deposits 

(M3). He suggested the glaciation theory to explain these phenomena. WAHNSCHAFFE (1882), 

GEIKIE (1874), SCHOLTZ (1886), BERENDT (1889) and PHILIPPI (1906) affiliated the model of glacier-

derived tectonism. KEILHACK (1912) also supposed glaciers to be responsible for the tectonic setting. 

Glacigenic complexes like Jasmund were observed on Svalbard (GRIPP, 1929) and the idea of a kind of 

partition of an ice stream into two evolved. Other previous workers, who favoured the idea of exogenic 

deformation are SLATER (1927), RICHTER (1933), GRIPP (1947), and BRINKMANN (1953). 

SLATER (1927) already suggested a local ice movement different to the main direction of the SIS, 

considering the unusual orientation of kinematic structural data. GRIPP (1947) rather observed the 

morphology of Jasmund and supposed a local ice movement to NW or N. BRINKMANN (1953) also 

considered the topography of the Baltic-Sea bed to assume a local ice movement towards E/NE. 

LUDWIG (1954/55) and STEINICH (1972) also favour the exogenic model, but they do not completely 

exclude endogenic tectonic effects. LUDWIG (1954/55) even considers the long-distance effect of the 

Alpine orogeny to explain exogenic structures in his model. 

 V. KOENEN (1887) was one of the first opposing the exogenic-development model, regarding to 

structural features (beds dipping towards SW) excluding an ice movement from a source in the NE. 

JAEKEL (1911, 1917) contradicted the glacitectonism idea, too. He assumed a tectonic activity along 

fault zones in the Cretaceous bedrock to be the course. Furthermore, COHEN & DEECKE (1889), 

KEILHACK (1912), BECKSMANN (1934), as well as BOLL (1946) supposed endogenic causes for the 

structural development of Jasmund. 

Recent investigations led to models, which safely suggest the glacitectonic development of 

Jasmund related to the SIS (e.g. GROTH, 2003; MÜLLER & OBST, 2006; KENZLER et al., 2010; 

LUDWIG, 2011; BRUMME, 2015; MEHLHORN, 2015; GEHRMANN et al., 2017; GEHRMANN & 

HARDING, 2018), which is mainly based on detailed structural, stratigraphical as well as 

sedimentological investigations and strongly rely on actualistic case studies in modern glaciated areas. 

2.2 Sedimentary record and chronology of deposition 

The oldest exposed sedimentary unit on Jasmund is the Upper Cretaceous chalk (lower Maastrichtian) 

(HERRIG, 2004) (see Fig. 2.2). Having regard to high-resolution stratigraphy, based on brachiopods it 
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could be demonstrated that the top of the chalk gets older towards SW (STEINICH, 1972, see also 

BRÜCKNER & PETZKA, 1967), indicating a very low-angle unconformity. Between the chalk and the 

overlying Pleistocene glacial deposits exists a hiatus of nearly 70 Ma (HERRIG, 2004, 

KENZLER et al., 2010). Paleogene and Neogene sediments have been eroded and reworked during the 

Pleistocene glaciations (KATZUNG et al., 2004). 

The glacial deposits beyond the chalk have been subdivided into at least three tills (M1 to M3) 

with intercalated units (I1 and I2) comprising gravel, sand, and clay (see Fig. 2.2). Although the regional 

stratigraphic correlation of the individual tills and their relationships to the interbedded sediments are 

still under debate (see KENZLER et al., 2015 and references therein), recent OSL data suggest that all 

except the lowermost till deposits can be attributed to the Weichselian (KENZLER et al. 2017, PISARSKA-

JAMROŻY et al., 2018). 

The older M1 till is widely thought to have been deposited during the Saalian glaciation (Marine 

Isotope Stage/MIS 6) (CEPEK, 1967; PANZIG, 1991; 1995; MÜLLER & OBST, 2006) and is interpreted 

as a subglacial traction till (EVANS et al., 2006). 

No unequivocal Eemian aged sediments (MIS 5e) have been identified in the Jasmund cliff 

sections (STEINICH, 1992; LUDWIG, 2006). Most of the Pleistocene sedimentary record (I1, M2, I2, and 

M3) on the Jasmund Peninsula is considered to have been deposited during the Weichselian glaciation, 

when the Scandinavian Ice Sheet (SIS) extended southwards across the Baltic Sea and into northern 

Europe. In this part of the Baltic Sea the Weichselian glaciation has been divided into three ice advances; 

the Brandenburg/Frankfurt phase (W1, < 24 ka BP), the Pomeranian phase (W2, 17.6 ka? BP), and 

finally the Mecklenburg phase (W3, 17 – 15 ka BP) (KATZUNG & MÜLLER, 2004; MÜLLER, 2004; 

LITT et al., 2007; JANKE & NIEDERMEYER, 2011; RINTERKNECHT et al., 2014) (Fig. 2.3). These three 

phases resulted in the deposition of regionally extensive till sheets intercalated by layers of clay, sand, 

and occasionally gravel (GROTH, 1969; LUDWIG, 2005; MÜLLER & OBST, 2006; PANZIG, 1995; JANKE 

& NIEDERMEYER, 2011). 
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Fig. 2.3 Extent of the Weichselian glaciers in Mecklenburg – Western Pomerania (source of DEM:  GDI-MV GAIA-MV). a) 
Position of Mecklenburg – Western Pomerania in Germany. b) Weichselian terminal moraines: W1 B - Brandenburg phase, 
W1 F – Frankfurt sub-phase, W2 max – early Pomeranian phase with maximum extent, W2 – Pomeranian phase, W3 – 
Mecklenburgian phase (W3 R: Rosenthal moraine, W3 R - Velgast moraine) (modified after LAMPE & LORENZ, 2010). 

Having regard to thermoluminescence (TL) (KRBETSCHEK, 1995) as well as 14C- and optically 

stimulated luminescence- (OSL) age data (KENZLER et al., 2015), the I1-sedimentary sequence was 

mainly deposited during the MIS 3 (60 – 27 ka). 

 The M2 diamicton on Jasmund has been assigned to the main ice advance of the SIS related to 

the Last Glacial Maximum (LGM) in the Brandenburg/Frankfurt W1 phase (after 21.6 ± 1.8 ka) 

(HOUMARK-NIELSEN, 2010; KENZLER et al., 2010; 2015). 

The I2 deposits do only occur for instance in the core of the large synclines in Section 4 to 7 

and Section 25 at the southeastern/eastern cliff coast and they are interpreted as frontal apron of the 

advancing Pomeranian W2 glacier (MÜLLER & OBST, 2006). 

The age of the youngest M3-till complex at the top of the cliff is poorly constrained and has 

previously been correlated with either the Pomeranian W2 ice advance, or locally the Mecklenburg W3 

phase (see MÜLLER & OBST, 2006; LITT et al., 2007; KENZLER et al., 2010). It lies unconformably upon 

a major erosion surface, which truncates the underlying glacitectonised sequence (chalk, M1 to I2) (e.g. 
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JAEKEL, 1917; LUDWIG, 1954/55; STEINICH, 1972; PANZIG, 1995; MÜLLER & OBST, 2006). However, 

its distribution can be very incomplete with strongly varying thicknesses (cm up to more than 10 m) 

(LUDWIG, 1954/55). 

If the regional correlations are correct, they would suggest that the formation of the large-scale 

glacitectonic structures of Jasmund post-dated the deposition of the M2 diamicton and the I2 sands and 

gravels, and therefore the Brandenburg/Frankfurt W1 advance phase. Consequently, glacitectonism of 

the Jasmund Peninsula probably occurred after the LGM (MIS 2), with large-scale folding and thrusting 

occurring in response to a re-advance of the SIS during the Pomeranian W2 phase (around 18.5 – 16.0 

ka) (GROTH, 2003; MÜLLER & OBST, 2006). 

2.3 Morphology and tectonic setting 

The tectonic architecture of Jasmund is well comparable to the exemplary sites Rubjerg Knude 

Glacitectonic Complex or Møns Klint in Denmark (see GRIPP, 1947; PEDERSEN, 2005; PEDERSEN & 

GRAVESEN, 2009). Thus, the study area of NE Rügen is assumed to be a glacitectonic complex, which 

has to be proven in this study. 

One striking morphological feature of Jasmund is the sequence of NW-SE-trending ridges in 

the north (northern ridge domain) and SW-NE-trending landforms in the southern part of the region 

(southern ridge domain) (see GROTH, 2003; GEHRMANN et al., 2017, GEHRMANN & HARDING, 2018). 

Fig. 2.4 shows a hillshade map of a digital elevation model (DEM) of Jasmund, which confirms the 

trend of the two ridge domains. The southern ridge domain is more arcuate than the northern 

(BRINKMANN, 1953). In the border zone of the two domains the northerly ridges are orientated nearly 

perpendicular to those in the southern district and some northerly crests slightly bend towards the east 

(GROTH, 2003; LUDWIG, 2011). Given that deposits relating to the Mecklenburg W3 phase are only 

locally preserved/developed, if at all, it can be argued that these landforms are also related to the 

Pomeranian W2 ice advance (GEHRMANN et al., 2017, GEHRMANN & HARDING, 2018). Based on these 

landform assemblage zones, the internal structures of the tectonic complex can also be roughly 

subdivided into a northern and southern structural sub-complex (see CREDNER, 1893; GRIPP 1947; 

BRINKMANN, 1953; VON BÜLOW, 1955; GROTH, 2003; LUDWIG, 2011). 
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Fig. 2.4 Digital elevation model with 5 m solution (DEM5, 10 times exaggerated, hillshade) of the Jasmund Peninsula. The 
northern and southern structural sub-complex are shown in yellow and red frames. The sections numbered 1 to 24 after e.g. 
KEILHACK (1912) and STEINICH (1972), are shown at the eastern cliff coast. A selection of tectonically important opencasts has 
been adopted from GROTH (2003). 

Dominant structural elements of Jasmund are upright isoclinal folds, overthrust folds, drag and 

mushroom folds with transitions into imbricate thrusts (LUDWIG, 2011). STEINICH (1972) differentiates 

between three groups of faults on Jasmund. The first group consists of normal and reverse faults older 

than the M1 till. Reverse faults, which cross the chalk as well the older Pleistocene deposits (M1 to I2) 

are most common on Jasmund and belong to the second group. Fractures intersecting the M3-till 

complex, are structures of the third group. 

In the Sections 1 to 4 at the cliff coast of the southern structural sub-complex (see Fig. 2.4), the 

older Pleistocene deposits (M1, I1, M2, and I2) are exposed in large synclines (e.g. LUDWIG, 1954/55, 

STEINICH, 1972, GEHRMANN et al., 2017). Further to the north until Kollicker Ort, these synclines are 

transected by faults at their southern limbs, which transition into clear thrust faults (e.g. STEINICH, 1972) 

(Fig. 2.5). This indicates a higher deformation grade (and an increase in tectonic stress) towards N 

(LUDWIG, 1954/55). In this cliff district folds are overtilted towards E/NE and thrust faults moderately 

dip to W/SW (LUDWIG, 1954/55, STEINICH, 1972). At the Königsstuhl in the north, again folding occurs 

and the chalk beds start to dip into a northeasterly direction (LUDWIG, 1954/55), which is due to the 

transition into the northern structural sub-complex. 
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Fig. 2.5 Overview of the structural conditions along the eastern cliff coast of Jasmund (southern structural sub-complex). a) 
Original cross section of the exemplary Section 5 (Wissower Bach Syncline) (STEINICH, 1972). The thick lines represent reverse 
faults. The dotted, numbered lines show the single flint bands within the chalk. Pleistocene deposits are marked with the known 
abbreviations M1, I1, M2, I2, and M3. b) Scheme of the deformation process of the single sections/complexes of Jasmund 
showing a sequential transition from folding to faulting/thrusting (modified after STEINICH, 1972). 

Northern structural sub-complex 

The thrust faults exposed at the northern cliff coast dip to NE (see MÜLLER & OBST, 2006; 

LUDWIG, 2011; STEINICH, 1972; LUDWIG, 2005). The abandoned strip mine Gummanz at the southern 

end of the northern structural sub-complex (see Fig. 2.4) showed faults and fold-axial planes dipping 

towards N/NE (BRINKMANN, 1953; LUDWIG, 1954/55). The structures of the northern sub-complex well 

correspond to the morphology (LUDWIG, 2011). 
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Southern structural sub-complex 

At the Königsstuhl, at which the boundary zone between the northern and southern sub-complex occurs 

(see Fig. 2.4), the southernmost thrust sheet of the northern sub-complex dips towards NE and the 

northernmost thrust sheet belonging to the southern district dips towards S (GROTH, 2003). 

Thrust faults and fold axes in the southeastern and eastern cliff sections are generally inclined 

towards S/SW initially suggesting a local ice push into a northern direction (e.g. ELBERT, 1906; 

STEINICH, 1972; LAGERLUND et al., 1995, GROTH, 2003). However, LUDWIG (1954/55, 2011) and 

LUDWIG & NESTLER (1958) interpreted these structures as “underthrusts”, which indicate that the 

glacier was not situated as high as the deforming beds and the folded and thrust deposits could only react 

by an “upglacier-escape”. This is based on observations of recent proglacial settings on Svalbard 

(GRIPP, 1929; CARLÉ, 1938). 

The chalk beds and thrust faults in the southern and southwestern inland of Jasmund strike SW-

NE and dip towards SE, for the most part (LUDWIG, 1954/55; 2011), which suggests a local movement 

towards NW. This can be confirmed with orientation data from the opencasts Mönkendorf and 

Wittenfelde (BRINKMANN, 1953) as well as Quatzendorf, Dargast, Goldberg-Blieschow, and Drosevitz-

Alt Mukran (GROTH, 2003) (see Fig. 2.4). However, the morphological trend sometimes deviates from 

the strike of the complicated internal structures of the tectonic complex (see STEINICH, 1972; 

LUDWIG, 2011). For instance, the orientation data from the central zone of the tectonic complex albeit 

very few, show a high irregularity (LUDWIG, 2011). Furthermore, the E-W striking valleys of the eastern 

coast do not display the complicated local structures seen in the cliff sections. The number of ridges 

does not mirror that of the single chalk anticlines (LUDWIG, 1954/55; 2011; STEINICH, 1972). For 

example, Sections 7, 10, and 13 (see Fig. 2.4), which are characterised by soft sediments, do not form 

valleys or become strongly visible at the surface (STEINICH, 1972). 

GROTH (2003) calculated a horizontal shortening of the southern sub-complex by ca. 43 % from 

3500 m to 2000 m. LUDWIG (1954/55, 2011) suggests a horizontal shortening by more than 50 % and a 

vertical heave of 200 m. 

2.4 Models for the structural development of Jasmund 

As already mentioned, there is a basic notion of a subdivision of Jasmund into a northern and southern 

structural sub-complex (see Fig. 2.4). The first model, in which the Jasmund Peninsula is subdivided 

that way has been elaborated by CREDNER (1893) (Fig. 2.6). GRIPP (1947), BRINKMANN (1953), 

LUDWIG (1954/55), VON BÜLOW (1955), and SCHULZ (1998) for instance followed this model, however 

with slight differences in detail (Fig. 2.6). BRINKMANN (1953) described an alternative architecture of 

alternating folds, thrust sheets and fault blocks. LUDWIG (1954/55) and SCHULZ (1998) suggested a 

prototype of a notched push moraine. 
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Fig. 2.6 Different models to interpret the structural conditions and development of the Jasmund Peninsula, created by 
CREDNER (1893), GRIPP (1947), BRINKMANN (1953), LUDWIG (1954/55), von BÜLOW (1955), and SCHULZ (1998) in the 19th 
and 20th century (modified after GROTH, 2003). 
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The latest models of the structural development of Jasmund have been created by GROTH (2003) 

and LUDWIG (2011) (Fig. 2.7). GROTH (2003) implemented a complex segmentation of the tectonic 

complex into five structural units, which are assigned to four developmental phases (Fig. 2.7a). 

However, the general subdivision into a northern and southern sub-complex can also be noted here. The 

model suggests a successive glacigenic formation of different structural units starting with the major 

part of the southern structural sub-complex (unit 1) by a push from SE (phase 1). This is followed by a 

glacier push from NE/E forming the northern structural sub-complex (unit 4) as well as the south of the 

southern sub-complex (unit 2) in phase 2. The deformation continued with a complicated reorganisation 

of the southernmost zone (push from NE). In the third phase, the small structural unit 3 is removed from 

unit 1 and attached to the southern zone (unit 2). Afterwards, in phase 4 the structural unit 5 is formed 

by a local ice push from SE. The complex deformation is completed by a final superposition of the lower 

parts (below 120 m a. s. l.) of the complex by the ice body, which truncated the top of the thrust sheets 

and deposited the M3-till complex. This final phase has already been mentioned by for example 

LUDWIG (1954/55) and BRINKMANN (1953) with regard to the eroded top of the chalk thrust sheets and 

the unconformably overlying M3 till. Based on macroscopic investigations of the particle fabric within 

the till and dragging features at the M3 base, RICHTER (1933) has already pointed to a M3-ice movement 

towards SW/SSW, which has been confirmed by microstructural till fabrics by BRUMME (2015). 

GROTH (2003) does not mention, whether the single phases of large-scale glacitectonism occurred 

during the Pomeranian or Mecklenburgian ice advance. 

LUDWIG (1954/55, 2011) rather separates the Jasmund Peninsula into three parts – a northern 

and a southern sub-complex, which bound a high central zone (Fig. 2.7b). The model suggests a 

polyphase contraction of the deposits at the confluence between two major ice streams, which were 

active during the Pomeranian W2 phase. The Jasmund Peninsula would have formed a topographic high, 

which at least initially separated the Baltic ice into two ice streams. Pressure formed between the two 

competing flows, resulted in folding and thrusting of the chalk bedrock and its Pleistocene cover. 

LUDWIG (2011) described that process as a loop-shaped accretion of thrust sheets, ending up in a 

compressional arc that is convex to the east. This compressional arc is segmented by transverse faults, 

which form the single sections visible at the cliff coast. The first evolutional stage is thought to have 

been followed by a westward shift of the southern and northern thrust sheets induced by the increasing 

ice push. The westward dislocation has already been described by KEILHACK (1912). Related transverse 

faults are rarely exposed, but there exist flexures up to slip faults in the quarry Wittenfelde south of the 

central zone of the tectonic complex (see Fig. 2.4), which indicate a shift of the southern zone towards 

NW (GROTH, 1961; LUDWIG, 2011). Related to this increasing glacier push, the central zone of Jasmund 

was further elevated with a steepening of faults. Finally, at least the low-lying marginal parts of the 

tectonic complex were superposed by the glacier, as the central zone was either too high or covered with 

dead ice (LUDWIG, 2004; 2011).  
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Especially, the tectonic features pointing to a glacial push from a southeastern/southwestern 

source are always prone to discussion (e.g. LAGERLUND et al., 1995; LUDWIG, 2011). How and where 

the Pomeranian W2 ice stream was separated into two, is still under debate. The initial topographic high 

around Jasmund assumed by LUDWIG (2011) is confirmed by the lack of Paleogene and older 

Pleistocene deposits over a wide area, except in certain tectonic depressions for instance on SW Rügen 

or NE Usedom (see GÜK 500). Furthermore, the distribution of the marine Cyprina Clay (similar age 

as I1 deposits) north and east of Rügen southwards to the Odra Bay points to a height difference between 

the seabed and Jasmund of up to a few tens of meters (LUDWIG, 2011). However, LUDWIG (2011) 

disbelieved that the topography can be a stand-alone reason for the large-scale folding and thrusting. 

 
Fig. 2.7 Recent models to interpret the structural conditions and development of Jasmund. a) The model created by 
GROTH (2003) shows five structural units, which were formed in four phases (the green, blue, orange and yellow arrows 
indicate the local push direction). Finally, the complex was superposed by the ice body (indicated by red arrows). b) The 
model designed by LUDWIG (2011) shows two competing main ice flows, which envelope a primary morphological high. 
Progressive ice push finally leads to a westward shift of the southern and northern zone along the boundaries of a central 
zone. 

Although the models suggested by GROTH (2003) and LUDWIG (2011) contribute to our 

understanding of the overall evolution of the Jasmund Peninsula, they show contradictory kinematic 

interpretations. There is still need for a more consistent theory for the development that integrates all 

parts of the 100 km2 large complex. The discrepancies between the internal structure and the surface 

morphology must be resolved and a more consistent genetic model is needed for the entire tectonic 

complex.  
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3. Glacitectonic complexes in association with surge-type glaciers 

3.1 Definition and origin of glacitectonic complexes 

Glacitectonic complexes originate from ice-marginal or proglacial deformation (PEDERSEN, 2005; 

VAUGHAN-HIRSCH & PHILLIPS, 2017). Those complexes are comparable to large-scale fold-and-thrust 

belts in terms of geometry and formation processes (BERTHELSEN, 1978; ABER, 1982; CROOT, 1987; 

BANHAM, 1988; PEDERSEN, 2005, VAUGHAN-HIRSCH & PHILLIPS, 2017). However, their differences 

are primarily the scale, as well as the presence of “free” water, the velocity of deformation, and the 

shallowness of penetrative deformation (PEDERSEN, 2005). In glacitectonic complexes, the deformation 

can extend to a depth of a few tens of metres up to 200 m (ABER et al., 1989; VAN DER WATEREN, 2003). 

They can be described by a thin-skinned thrust model (e.g. PEDERSEN, 2005; VAUGHAN-

HIRSCH & PHILLIPS, 2017). This is consistent with ice-marginal to proglacial deformation in different 

areas, both onshore (PEDERSEN, 2000; 2005; BENNETT, 2001; ANDERSEN et al., 2005, 

BENEDIKTSSON et al., 2008; PHILLIPS et al., 2008) and offshore (KRZYWIEC et al., 2003; 

ANDREASSEN & WINSBORROW, 2009; RÜTHER et al., 2013; HUUSE & LYKKE-ANDERSEN, 2000; 

PEDERSEN & BOLDREEL, 2017; VAUGHAN-HIRSCH & PHILLIPS, 2017). The geological setting of 

Jasmund is in many aspects comparable to Møns Klint (SE Denmark), known as a classic example of 

glacitectonics (PEDERSEN, 2000). Another example of Weichselian glacitectonism from Denmark is 

Lønstrup Klint (JESSEN, 1918; 1931; PEDERSEN, 2005). Furthermore, the complex in front of the surge-

type glacier Holmstrømbreen on Svalbard is a representative recent case (e.g. GRIPP, 1929; 

BOULTON et al., 1999; ETZELMÜLLER & HAGEN, 2005). 

 BOULTON et al. (1999) differentiated between thrust-dominated, fold-thrust-dominated and 

fold-dominated complexes. Glacitectonic thrust complexes can for instance be trisected like Møns Klint 

containing a proximal imbricate fan, a central antiformal stack, and a distal gently dipping imbricate fan 

(PEDERSEN, 2000; PEDERSEN & GRAVESEN, 2009) (Fig. 3.1). Another trisection has been introduced 

by BOULTON et al. (1999) in the glacitectonic system in front of Holmstrømbreen (Svalbard) – an 

internal (proximal) section with recumbent folds and rootless gliding nappes, an intermediate part with 

intensely folded and thrust beds, and an external (distal) part with open folds and small-scale thrusts 

(Fig. 3.2). Nevertheless, strain decrease from the central zone towards the foreland can be observed in 

all classic glacitectonic complexes. 
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Fig. 3.1 Principal structural framework of the exemplary glacitectonic complex of Møns Klint in SE Denmark. The thrust 
system is subdivided into (1) an imbricate fan in the proximal part (SSE), (2) an antiformal stack in the central part, (3) and 
an imbricate fan with gently dipping thrusts in the distal district (NNE). The Upper Cretaceous chalk unit is coloured in blue 
and the Pleistocene deposits in brown. The thrust faults are marked by red lines (modified after PEDERSEN & GRAVESEN, 
2009 and PEDERSEN, 2000). 
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 PEDERSEN (2014) introduced a hierarchy of bounding surfaces for the architecture of 

glacitectonic complexes, which follows the order from macro to minor forms (Fig. 3.3). First-order 

surfaces are the décollement surface and glacitectonic unconformities. Thrust faults comprising ramps 

and flats represent the second-order surfaces. Folded beds like anticlines and synclines are the third-

order surfaces, while small-scale folds and faults, for instance kink bands, conjugate faults, and box 

folds are classified as the fourth order. 

 
Fig. 3.3 Coastal cliff section and interpretation of the central part of the glacitectonic complex at Fur Knudeklint (N Denmark). 
The different architectural surfaces are marked with the numbers 1 to 3. The décollement surface (1) is located ca. 100 m below 
the present seal level and there appear erosional surfaces (1) in the uppermost part of the cliff section truncating the 
glacitectonised sequence of the different clay and ash layers. These surfaces belong to the first order. Second order surfaces are 
represented by the thrust faults (2). Third-order surfaces are the beds within the hanging-wall anticlines and footwall synclines 
(3) (PEDERSEN, 2014). 

 Hanging-wall anticlines and footwall synclines develop in relation to ramps and flats 

(PEDERSEN, 2005) (Fig. 3.4). The faults dip to the proximal zone of the complex, towards the proposed 

ice margin (VAUGHAN-HIRSCH & PHILLIPS, 2017). The spacing between these faults increases from the 

proximal to the distal zone, which indicates a greater degree of shortening towards the proposed ice 

margin (VAUGHAN-HIRSCH & PHILLIPS, 2017). Further features in glacitectonic complexes are back-

thrust faults dipping towards the foreland (BOULTON et al., 1999; PEDERSEN, 2005; VAUGHAN-

HIRSCH & PHILLIPS, 2017). Important arguments for the proglacial development of glacitectonic 

complexes are the piggyback basins, which contain syntectonic slump/slide deposits (PEDERSEN, 2005) 

(Fig. 3.4). 
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Fig. 3.4 Exemplary synthetic model of fault-bend folding in three steps. The thrust fault follows a staircase trajectory with a 
double flat-ramp-flat structure. This leads to the formation of two hanging-wall anticlines and a syntectonic piggyback basin 
in the syncline between them (PEDERSEN, 2005). 

 During a glacier advance fractures are initiated in the sediment sequences, when the failure limit 

is reached (PEDERSEN, 2005). A décollement is created, on which progressive shortening of the 

sedimentary sequence above occurs as response to contractional deformation (PEDERSEN, 2014). This 

leads to the formation of thrust faults (ramps). When deformation continues, fault-related folds, hence 

hanging-wall anticlines and footwall synclines develop along the ramps (cf. PEDERSEN, 2005, 

VAUGHAN-HIRSCH & PHILLIPS, 2017) (Figs. 3.4 and 3.5). However, in the analogue model for thrust-

and-fold systems presented by DIXON & LIU (1992) the development starts with a layer-parallel 

shortening transitioning into buckle-fold formation and ending up in thrust faulting (Fig. 3.6). This 

might depend on whether the glacier dynamics and kinematics, geological setting and environmental 

conditions lead to thrust- or fold-dominated complexes regarding to the differentiation by 

BOULTON et al. (1999). In spite of these different deformation alternatives, all models indicate that there 

exists a kind of thrust-fault propagation towards the foreland and the foreland structures are younger 

than the hinterland structures. 
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Fig. 3.5 Palaeo-landsystem of an exemplary glacitectonic complex in the Central Graben region (central North Sea). The 
structural architecture is dominated by listric reverse faults and thrusts from the proximal to the distal extremity of the complex 
(VAUGHAN-HIRSCH & PHILLIPS, 2017). 

 
Fig. 3.6 Evolutional stages of a cross-section model with the first stage on top (TH16-I) and the youngest stage at the bottom 
(TH16-V). The tectonic transport is directed from right to left. Note the initial development of buckle folds, the transition into 
faults with progressive deformation, as well as the preserved folds in the most proximal zone (DIXON & LIU, 1992). 
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 Large-scale glacitectonic deformation is based on over-pressurisation of the ice-marginal 

groundwater system (VAUGHAN-HIRSCH & PHILLIPS, 2017). An elevated pore-water pressure is 

frequently mentioned as the key control in the context of the development of glacitectonic complexes 

(e.g. ABER, 1982; BOULTON et al., 1999; PEDERSEN, 2005). An increase of pore-water pressure reduces 

friction and the yield strength of the sediment (BOULTON et al., 1999; BRANDES & LE HERON, 2010). 

This implies the reduction of the effective stress, thus the stress value required for failure along fault 

planes promoting progressive deformation. The over-pressurised groundwater system can evolve from 

the increased weight and forward motion of the advancing glacier (ABER, 1982), basal melting, thus 

recharge of subglacial aquifers (BOULTON et al., 1995), highly permeable sediments 

(BOULTON et al., 1999; VAUGHAN-HIRSCH & PHILLIPS, 2017), and/or a response to rapid ice advance 

(VAUGHAN-HIRSCH & PHILLIPS, 2017).  

 Rapid ice advance is also very often mentioned as an important controlling factor (ABER, 1982; 

VAUGHAN-HIRSCH & PHILLIPS, 2017). VAUGHAN-HIRSCH & PHILLIPS (2017) prefer surge-type 

behaviour to be capable of the formation of such large-scale glacigenic fold-and-thrust structures. The 

Holmstrømbreen is a convenient example (see BOULTON et al., 1999). PEDERSEN (2005) also brings up 

deformation velocities – different velocities during the entire glacitectonic deformation can be 

determined from the frequency of fractures, high velocities predominantly lead to imbricate structures, 

while low velocities rather cause very long, unbroken thrust sheets.  

 Another factor often mentioned related to glacitectonic complex formation is the presence of 

permafrost and its thickness (e.g. ABER, 1982; BOULTON et al., 1999, PEDERSEN, 2005). 

BOULTON et al. (1999) suggested that the thickness of the original sediments above the décollement acts 

as a guide to the thickness of contemporary permafrost. Differences in lithology influence the formation 

processes and geometry of glacitectonic complexes, too (BOULTON et al., 1999; PEDERSEN, 2005). 

Furthermore, ABER (1982) assumed the local topography to have an impact on the initiation of thrusting. 

3.2 Surging glacier landsystems 

Large-scale glacitectonic complexes are often associated with surge events (e.g. CROOT, 1988a; BENN 

& EVANS, 2010; VAUGHAN-HIRSCH & PHILLIPS, 2017). LAGERLUND (1987) has already stated the 

idea, that the glacitectonic structures in the southern Baltic Sea area may be related to surges of the 

branches of the Scandinavian Ice Sheet (SIS). Hence, the glacier dynamics that led to the formation of 

Jasmund during the Upper Weichselian are to be deduced from its structural and morphological setting. 

Process-form relationships are a vital aid in the recognition of palaeo-surges (BENN & EVANS, 2010). 

Therefore, landsystem models are readily constructed from currently glaciated areas and applied to sites 

formerly affected by glaciers. They help to categorise certain landforms and the associated lithology as 

well as to unravel their formation history. 
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 Surge events are very fast glacier advances with extreme contractional deformation in the 

marginal zone and elevated pore-water pressures, which are related to the meltwater escape. These are 

the conditions especially promoting proglacial tectonics (SHARP 1985a; CROOT 1988a; 

EVANS & REA 1999, 2003; BENNETT et al., 2004; EVANS et al., 2007). Glacier surges are defined as 

cyclic switches between rapid and slow flow on timescales of a few years to several decades 

(e.g. SHARP, 1988; RAYMOND, 1987; DOWDESWELL et al., 1995; BENN & EVANS, 2010; 

INGÓLFSSON et al., 2016). Current studies by SEVESTRE & BENN (2015) show that glaciers respond to 

their climatic and topographic environment by surging. Recent surge-type glaciers are located in dry 

and cold climates (“optimal surge envelope”) and they are large and branchy 

(SEVESTRE & BENN, 2015). However, they do not exclude the thermal regime, bed substrate, and 

subglacial topography as surge controls. 

 The landform assemblage of a terrestrial surging glacier landsystem has one characteristic 

feature – a thrust-block moraine, thus glacitectonically derived composite ridges 

(see EVANS & REA, 2003) (Fig. 3.7). 

 
Fig. 3.7 Landsystem model of a surging glacier landsystem with (a) the outer zone of proglacially thrust pre-surge sediments, 
which may grade into small push moraines, (b) the zone of weakly developed hummocky moraines located on the down-ice 
sides of topographic depressions, and (c) the zone of flutings, crevasse-squeeze ridges, and concertina eskers. (1) Proglacial 
outwash fan, (2) thrust-block moraine, (3) hummocky moraine, (4) stagnating surge snout covered by pitted and channelled 
outwash sediments, (5) flutings, (6) crevasse-squeeze ridge, (7) overridden and fluted thrust-block moraine, (8) concertina 
esker, (9) glacier with crevasse-squeeze ridges emerging at the surface (BENN & EVANS, 2010; EVANS & REA, 2003; after Evans 
et al., 1999; EVANS & REA, 1999). 

 Thrust-block moraines in Iceland are associated exclusively with surging glacier margins 

(SHARP, 1985a; CROOT, 1988b). Additional features of terrestrial surging glacier landsystems are zigzag 

eskers (concertina eskers), crevasse-squeeze ridges, long flutings, supraglacial hummocky moraines, 

blow-out structures or extrusion moraines, ice-cored sandur and glacilacustrine depo-centres, as well as 

overridden composite ridges (EVANS & TWIGG, 2002; EVANS & REA, 2003; BENN & EVANS, 2010; 

SCHOMACKER et al., 2014). However, the uniquely reliable landforms that seem to be diagnostic of 
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surging are zigzag eskers and crevasse-squeeze ridges (BENN & EVANS, 2010), since glaciers are 

massively crevassed in the active phase of the surge cycle (STREUFF et al., 2015; 

OTTESEN & DOWDESWELL, 2006; OTTESEN et al., 2008; SHARP, 1985b). Moreover, landforms and 

sediments need to be observed in combination and their spatial organisation in the entire system has to 

be considered (EVANS & TWIGG, 2002; BENN & EVANS, 2010). The surging glacier landsystem model 

has been applied to ancient settings by for instance EVANS et al. (1999), EVANS & REA (2003) and 

KEHEW et al. (2005). The model suggested by EVANS & REA (2003) has been partly renewed by 

SCHOMACKER et al. (2014). 

 CROOT (1988a) investigated several recent glacitectonic ridge systems in glacier forefields on 

Svalbard and associated these with surge events, too. A recent study by VAUGHAN-

HIRSCH & PHILLIPS (2017) also suggests that the development of large-scale thrust complexes like 

Jasmund may be associated with surge-type behaviour. They assume a pressurised ice-marginal 

groundwater system to act as a geological control upon the development of a glacitectonic thrust system. 

The hydrostatic pressure behaves differently during slow and rapid ice advances. In a surge event, the 

rate at which subglacial groundwater is forced towards the ice margin would exceed the rate of proglacial 

dissipation, while the pressure has time to dissipate during a slow advance.  Of course, this also depends 

on the porosity and permeability of the substrate below and in front of the glacier. 

 Surge-type behaviour has also been proven in the morphology of subaquatic systems. Even 

though Jasmund might have formed in a terrestrial setting, the subaquatic systems are worth being 

integrated here, since terrestrial and subaquatic/tidewater surge-type glaciers have a number of features 

in common. In Svalbard fjords, for instance, the imprints of former surges consist of large terminal 

moraines, long flutings, subglacial crevasse-squeeze ridges and overridden moraines 

(OTTESEN & DOWDESWELL, 2006; OTTESEN et al., 2008, BENN & EVANS, 2010, STREUFF et al., 

2015). 

3.3 Two debated proglacial landforms on Jasmund 

Glacitectonism can occur both sub- and proglacially (see ABER, 1982; CROOT, 1988b; ABER et al., 

1989; PEDERSEN, 1993; 1996; 2000; 2005). However, the large-scale Upper Weichselian 

glacitectonism in the area of Jasmund indicates a proglacial setting. A subglacial formation has already 

been excluded by e.g. LUDWIG (1954/55, 2011) due to gravitational, structural and morphological 

reasons. 

 Consequently, two different proglacial landforms can be considered to unravel the tectonic 

development of Jasmund. The subparallel ridges visible in the DEM might be push moraines or 

composite ridges. Both morphological features develop in different glacidynamic settings. 
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Push moraines 

Jasmund is often labelled as Stauchmoräne in German scientific papers (e.g. GRIPP, 1947; 

GROTH, 2003; LUDWIG, 2011). This term can be translated as push moraine, shoved moraine or thrust 

moraine (SCHWEIZER, 2012). However, the term push moraine is discussed in different ways. While 

VAN DER WATEREN (1995), ETZELMÜLLER et al. (1996), BOULTON et al. (1999), and BENNETT (2001) 

equate push moraines with the landform composite ridges, do BENN & EVANS (2010) use the term only 

for small moraines formed by ice push than by large-scale glacitectonic processes that excavate and lift 

proglacial material. The strict differentiation between composite ridges and push moraines is also stuck 

to in this work. 

 The subparallel ridges on the Jasmund Peninsula (see Fig. 2.4) may represent a series of (annual) 

push moraines. These develop through ice-marginal pushing during winter re-advances by glaciers 

undergoing overall retreat (BENN & EVANS, 2010). 

 In planform, push moraines (Fig. 3.8) are generally arcuate, but in detail they are often irregular 

and curvy, which depends on the morphology of the glacier front (BENN & EVANS, 2010). The cross 

profile of push moraines is usually asymmetric with gently dipping proximal and steep distal slopes. 

The overriding and deformation by the glacier are often indicated by small flutings on the ice-proximal 

slope of fresh push moraines (EVANS & TWIGG, 2002; EVANS & HIEMSTRA, 2005). However, these 

flutings can be covered and/or destroyed during subsequent glacier activity and are likely not expectable 

on Jasmund due to possible re-advances and natural as well as anthropogenic reworking during the 

Holocene. 

 Depending on the sediment properties in the glacier forefield, the composition of the push 

moraines can vary enormously. Subglacial till, mass-flow deposits, water-sorted sediments, and large 

boulders are possible features (BENN & EVANS, 2010). 
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Fig. 3.8 Bathymetry of annual (push) moraines in Van Keulenfjorden, Svalbard (OTTESEN et al., 2008). 

Composite ridges 

The internal bedding conditions of the Jasmund Peninsula seem to resemble those of the Møns Klint 

Glacitectonic Complex in SE Denmark. The morphology of eastern Møn Island is classified as a large 

composite ridges system, which is the most common and distinctive type of glacitectonic landforms 

(BENN & EVANS, 2010). Large composite ridges are one feature in the fourfold scheme of glacitectonic 

sediment-landform associations after ABER et al. (1989). The scheme distinguishes between the 

following glacitectonic landforms: hole-hill pairs, cupola hills, megablocks/rafts, large (> 100 m of 

relief) and small (< 100 m of relief) composite ridges. Beside the push moraine theory, large composite 

ridges should also be considered for the morphological appearance of the Jasmund Peninsula. 

 Large composite ridges are 100 to 200 m high and cover an area of 20 to more than 100 km² 

(ABER et al., 1989). These large-scale morphological features form a system of sub-parallel ridges and 

valleys, which are arcuate and concave to the glacier front, when viewed from above 

(BENN & EVANS, 2010) (Fig. 3.9). The internal structure of large-scale composite ridges often conforms 

the result of thin-skinned tectonics, i.e. several thrust sheets of basement material and/or unconsolidated 

deposits, usually with intercalated glacigenic and glacifluvial sediments (ABER et al., 1989; 

VAN DER WATEREN, 1995; 2003). The surficial crests correlate with the internal folds or edges of thrust 

sheets (BENN & EVANS, 2010). 
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Fig. 3.9 Composite ridges in front of Usherbreen, Svalbard (ETZELMÜLLER & HAGEN, 2005). 

The issue of finding the appropriate term for the morphological ridges on Jasmund 

The large-scale folds and faults visible at the southeastern and eastern cliff sections of Jasmund are 

assumed to be a part of a glacitectonic complex, in consideration to similar settings like Møns Klint or 

Rubjerg Knude (PEDERSEN, 2000; 2005; PEDERSEN & GRAVESEN, 2009). However, it is subject to 

debate, if the morphology of the Jasmund Peninsula is an expression of the internal structures. The 

structural domains of Jasmund broadly correspond to landform assemblage zones observed on the DEM 

(see Fig 2.4). However, work by e.g. LUDWIG (1954/55) and LUDWIG (2011) cast doubt on a complete 

conformity between the tectonic structure and the morphology of Jasmund. Within the central zone of 

the tectonic complex, structures with irregular dip and azimuth values were found. Furthermore, there 

appears to be a N-S trend of faults in the eastern cliff sections and E/NE verging folds in the south of 

the complex, which seem contrary to the majority of Jasmund’s surface structures. 

 A correlation of the ridge-crests to the individual anticlines and thrust tips at the cliff would 

support the composite-ridges hypothesis. However, if they do not match, the landforms can be composite 

ridges, anyway. It depends on the position of the individual ridge in that complex tectonic system and 

on detailed structural conditions. If the landforms are composite ridges, the crests might be underlain by 

chalk and the troughs by Pleistocene deposits such as tills or glacifluvial sediments. Push moraines 

would rather constitute of glacigenic tills, glacifluvial, and glacilimnic deposits, which are draped over 

the glacitectonised chalk unit. 

 The lengthways behaviour of the individual ridges throughout each sub-complex can be for 

instance be observed. Push moraines are often not consistent throughout the entire zone of the (former) 

glacier margin (cf. OTTESEN et al., 2005; 2008). However, complex fold-and-thrust structures also show 

merging or bifurcating ridges (see DIXON & LIU, 1992; BOULTON et al., 1999). 
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 Furthermore, it can be proven, if morphometric parameters like height, width, and slope angles 

of the ridges fit to the definition of push moraines or composite ridges having regard to similar glacigenic 

settings, both fossil and recent. Push moraines can have heights of 1 to 5 m, but they can even reach 

values of up to 25 or 30 m (see OTTESEN et al., 2005, 2008; WINKELMANN et al., 2010; 

STREUFF et al., 2015). Composite ridges are usually more than 5 metres high (BENNETT, 2001; 

BENEDIKTSSON et al., 2010).  

 The push-moraine width is generally between 50 and 250 m (OTTESEN et al., 2008, 

WINKELMANN et al., 2010). However, they can reach widths of up to 800 m (OTTESEN et al., 2005). 

This might also be the case in a composite-ridges setting. 

 Both landform types are the result of contractional deformation by an advancing ice front. 

Pushing and thrusting would highly likely result in asymmetric cross profiles, usually with steeper distal 

and flatter proximal slopes (e.g. SHARP, 1984; OTTESEN et al., 2008; VAUGHAN-HIRSCH 

& PHILLIPS, 2017). Thus, the flow-parallel topographic profile seems to be rather a weak tool to isolate 

push moraines from composite ridges. However, another objective is to use the results as information 

for Jasmund’s detailed structural development. 

 The key distinguishing criterion is the periodic spacing between the ridge crests. (Annual) push 

moraines are thought to be irregularly spaced, because their formation is strongly dependent on the 

climatic conditions with yearly temperature variations and resultant variability of margin retreat rates 

(SHARP, 1984; BENNETT, 2001). Analogue models show that individual thrusts in fold-and-thrust 

complexes are regularly spaced (see DIXON & LIU, 1992; NOBLE & DIXON, 2011). However, periodic 

spacing alone is not immediately a criterion for composite ridges, since detailed formation conditions 

need to be considered in a complex system like Jasmund. If this is done, the ridge spacing can act as a 

very meaningful interpretation tool.  

 The average spacing between push moraine crests can lie between 35 and 250 m 

(OTTESEN et al., 2008), or even 2200 m (WINKELMANN et al., 2010). An example from the NE-

Greenland shelf shows, that ridge widths and spacing can be different in push-moraine settings (see 

WINKELMANN et al., 2010). However, push moraines from Rindersbukta and Van Keulenfjorden 

(Svalbard) indicate a width-to-spacing ratio relatively close to one (OTTESEN et al., 2008). Thus, the 

width-spacing ratio seems to be a less strong determination criterion for push moraines. The ratio in a 

push-moraine setting might strongly vary, because of its dependence on climatic variations. However, 

composite ridges rather tend to produce a width-to-spacing ratio close to one 

(cf. BENEDIKTSSON et al., 2010).  
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4. Issues and challenges 

4.1 Specific research questions 

Is the description of Jasmund’s structural style in the existing models comparable to the modern, 

universal terminology? 

 As mentioned above, the geological setting of Jasmund is often termed as push moraine (see 

GRIPP, 1947; GROTH, 2003; LUDWIG, 2011). GROTH (2003) for instance, mentioned both push moraine 

and the large-scale glacitectonism in the same context. However, these terms have to be isolated from 

each other in a narrow sense, regarding to the modern descriptions of push moraines and composite 

ridges (as explained above). 

 STEINICH (1972), GROTH (2003), and LUDWIG (1954/55, 2011) for example, have already used 

terms like imbricate thrusts as well as different styles of synclines and anticlines to describe the structural 

architecture of Jasmund. As glacitectonic complexes are comparable to large-scale fold-and-thrust belts 

(BERTHELSEN, 1978; ABER, 1982; CROOT, 1987; BANHAM, 1988; PEDERSEN, 2005, VAUGHAN-

HIRSCH & PHILLIPS, 2017), the nomenclature of universal thrust tectonics can be used to describe their 

architecture (e.g. DAHLSTROM, 1970; MCCLAY, 1981; BUTLER, 1982; BOYER & ELLIOTT, 1982; 

DIEGEL, 1986; MITRA, 1986; WOODWARD et al., 1989; MCCLAY, 1992) – hence, also the architecture 

of Jasmund. 

 A new way of describing the architecture of glacitectonic complexes, which has to be taken into 

consideration, is given by PEDERSEN (2014) and PEDERSEN & BOLDREEL (2015). The classification of 

glacitectonic complexes into different architectural surfaces helps to organise those geological settings. 

Furthermore, the term “superimposed deformation” has to be considered, when the evolution of very 

complicated glacitectonised systems must be unravelled (see PEDERSEN, 2000; 

PEDERSEN & GRAVESEN, 2009). 

Is there a direct relation between the internal structure of Jasmund and its morphology? Which terms 

are appropriate for the morphological ridges – (annual) push moraines or composite ridges?  

 The detailed description of push moraines and composite ridges including similarities and 

differences is already given in the chapter before (3.3 Two debated proglacial landforms on Jasmund). 

How is the formation chronology of the different structural sub-complexes of Jasmund 

characterised? Can the glacier kinematics be adopted from the existing models? 

 The most recent formation models for the tectonic complex of Jasmund, created by 

GROTH (2003) and LUDWIG (2011) play a very important role in the understanding of the complex 

deformation history of Jasmund. However, there is still a lack of a consistent theory including all parts 

of the 100 km² large complex. The general assumption regarding the glacier kinematics is a local ice 
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push from NE affecting the northern part of Jasmund and a local push from SE affecting the southern 

part (e.g. GROTH, 2003, LUDWIG, 2011). The challenge is to create a consistent structural formation 

model and, in this context, to bring these glacier kinematics into question. 

What were the specific environmental conditions, when Jasmund was formed and what can we learn 

about the local glacier dynamics? 

 The objective is to examine, which were the potential key factors for the structural development 

of Jasmund. The character of the lithology in the SW Baltic Sea area might have affected the tectonic 

deformation. Hence, the rheology of the material is of importance, also the porosity and permeability, 

as well as pore-water amount, pressure, and permafrost in the proglacial environment. It has to be 

ascertained, which of these factors were present during the formation of the tectonic complex of Jasmund 

and if so, which factors were dominant and which less. The investigations must include the character of 

the ice stream. This implies a discussion on a potential Upper Weichselian surge-type glacier in the SW 

Baltic Sea region. 

4.2 Working hypotheses 

1) The study area in the NE of Rügen Island can be labelled as Jasmund Glacitectonic Complex. 

The internal structure might indicate a small-scale fold-and-thrust belt with fault-related folds. 

Therefore, the well-established terminology of thrust tectonics (e.g. JAMISON, 1987; 

SUPPE, 1983; MCCLAY, 1992; MITRA, 1992) can be applied in combination with modern terms 

from other glacitectonic studies (e.g. PEDERSEN, 2014). 

 

2) The combination of two complementary methods – restoration of 2D cross sections and 

landform analysis – helps us to come up with a self-consistent model for the deformation history 

of Jasmund including movement directions of the local glaciers. This involves a detailed 

description of the structural development, estimation of the horizontal shortening as well as 

depth and geometry of the décollement. 

 
3) The wide methodological spectrum might also facilitate the construction of a terrestrial surging 

glacier landsystem model and understanding of the past environmental conditions leading to the 

formation of the Jasmund Glacitectonic Complex. 
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5. Methods 

5.1 Data basis 

The investigation of the internal structure of Jasmund is based on mapped cliff sections from the entire 

southeastern and eastern coast. Geological cross sections constructed by STEINICH (1972), have been 

consulted and complemented with recent field observations. The cliff sections have been recorded in 

detailed local descriptions and photographs were taken on a vessel 500 m from the coast as well as with 

the help of drones. The discrimination between (annual) push moraines and composite ridges can be 

well facilitated by a landform analysis. To realise the associated techniques, high-resolution images of 

Jasmund’s surface are needed. Digital elevation models provide the opportunity to quantify land surface 

geometry (JORDAN, 2003). Such models of the Jasmund Peninsula have been provided by the Landesamt 

für innere Verwaltung Mecklenburg-Vorpommern (LAiV M-V) processed from LiDAR data (light 

detection and ranging). The resolution is either 1 meter or 5 metres (DEM1 and DEM5 resp.) and the 

LiDAR-point distance is 60 to 80 cm. Furthermore, digital elevation models of the Wittow Peninsula 

and SE Rügen, as well as bathymetric data from the southern Baltic Sea have been considered for a 

broader view onto the geomorphological and geological setting. Appropriate bathymetry maps have 

been provided by the Bundesamt für Seeschifffahrt und Hydrographie (BSH).  

5.2 Structural analysis - restoration of 2D cross sections 

5.2.1 The principles of fault-related folding 

The structures of Jasmund can be regarded as a fold-and-thrust belt at a smaller scale. A fold-and-thrust 

belt is subdivided into hanging-walls and footwalls detached by thrust faults following a staircase 

trajectory marked by flats and ramps (ROWLAND et al., 2007) (Fig. 5.1). When the ramps emerge, they 

usually dip at angles of less than 30° (ROWLAND et al., 2007). New thrusts form towards the foreland, 

which leads to progressively flatter and younger thrusts in the direction of tectonic transport 

(e.g. DIXON & LIU, 1992; ROWLAND et al., 2007; PEDERSEN, 2005). 
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Fig. 5.1 Schematic cross sections showing characteristic elements of a fold-and-thrust configuration: (a) Undeformed cross 
section with insinuated flat-ramp-flat geometry (dashed line). Letters a, b, and c show the position of the future cutoff points 
in the footwall. Letters a’, b’, and c’ show the future cutoff points in the hanging wall; (b) Cross section in the deformed state 
showing the relation of folds to thrust ramps and the new position of the hanging-wall cutoffs. The dashed lines indicate the 
axial traces. FWR means footwall ramp and HWR means hanging-wall ramp (ROWLAND et al., 2007). 

 Most fold-and-thrust belts contain three major fold-fault relationships: fault-bend folds, fault-

propagation folds, and detachment folds (e.g. MITRA, 1992) (Fig. 5.2). More complex structures like 

duplexes or imbricate-thrust systems consist of frameworks of such fault-related folds 

(SUPPE, 1983; MITRA, 1986; 1992). The geometry of a fold is influenced by fault parameters such as 

ramp height and angle, or propagation-to-slip ratio (ROWLAND et al., 2007; BRANDES & LE HERON, 

2010; BRANDES & TANNER, 2014). Hence, the fold geometry can also point to the position and 

geometry of the fault at depth. 
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Fig. 5.2 The three major fault-related folds in three different evolutional stages (oldest on top, youngest at the bottom). a) 
Detachment fold, b) fault-propagation fold, and c) fault-bend fold. Generated in Move, based on SUPPE (1983), WOODWARD et 
al. (1989), BRANDES & TANNER (2014). 

 Fault-bend folds develop, when a thrust steps up from a lower to a higher flat (Fig. 5.1 and 5.2). 

Hanging-wall ramps and flats in a fault-bend-fold model are defined by their position relative to the 

bedding. The beds of the hanging-wall ramp panels typically dip in the direction of tectonic transport 

(e.g. SUPPE, 1983; ROWLAND et al., 2007). Flats are the panels between ramp panels and do not contain 

truncated strata (Fig. 5.1). Each hanging-wall ramp must have a corresponding footwall ramp of equal 

length (see SUPPE, 1983). The geometry of the hanging-wall anticline is directly related to the 

displacement stage of the hanging-wall block (PEDERSEN, 2005; PEDERSEN & BOLDREEL, 2017) 

(Fig. 5.2). 

 Fault-propagation folds evolve, when the fault dies out upward into the axial surface of the 

syncline, forming a blind thrust (e.g. WOODWARD et al., 1989; SUPPE & MEDWEDEFF, 1990; 

SHAW et al., 2005) (Fig. 5.2). In that case, the shortening above the fault tip transitions from faulting 

into folding. The backlimb of the hanging-wall anticline in both fault-bend and fault-propagation folds 

dips more gently than the forelimb, but fault-propagation folds have a stronger asymmetry than fault-

bend folds (ROWLAND et al., 2007). The forelimb of the anticlines in fault-propagation folds is even 

very steep to overturned, which is a strong stand-alone feature (ROWLAND et al., 2007). In all growth 

stages of both fold models, the backlimb has the same dip as the ramp. 

 Detachment folds develop above a detachment or thrust that is parallel to the bedding, which 

means that no ramp is needed above a flat to promote folding (e.g. JAMISON, 1987; MCCLAY, 1992) 

(Fig. 5.2). 

5.2.2 Cross-section construction 

The structural conditions in a certain geological setting can be explained by applying different models. 

Traditional cross-section constructions started with conceptual models of structural geometries based 

on field observations, experimental models, and interpretations of structures (e.g. WILLIS & 
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WILLIS, 1934; RICH, 1934; CAREY, 1962; DE SITTER, 1964; DAHLSTROM, 1969a).  Geometrical 

models simply contain the primary dataset (BRANDES & TANNER, 2014). However, they provide a direct 

link to interpretation, e.g. fault-bend and fault-propagation-fold models created by SUPPE (1983, 1985) 

or the duplex models by BOYER & ELLIOTT (1982) and SUPPE (1983). Kinematic models present the 

evolution of structures (BRANDES & TANNER, 2014). Such geometrical and kinematic approaches to 

fault-related folds were developed to determine the different types of interaction between folding and 

faulting (e.g. SUPPE, 1983; JAMISON, 1987; SUPPE & MEDWEDEFF, 1990). Models incorporating 

variations in folding behaviour were developed for structures formed by a complex combination of two 

or more mechanisms of folding occurring simultaneously or in succession (MITRA, 1992). Dynamic 

models involve the forces and stresses that produce the structures (BRANDES & TANNER, 2014). In the 

investigation of the structural development of Jasmund, the main task is to apply a geometrical model 

in combination with a kinematic one. Additionally, a derivation of the dynamic development from the 

interpreted cross sections is attempted. 

 A geometrically and geologically correct cross section of the eastern coastal area of Jasmund 

has to be constructed. However, an interpretation of the entire cliff section would complicate the already 

complex conditions too much and challenge the internal memory of the computer. Therefore, the cliff 

must be separated into seven related cross sections including 23 sub-sections labelled as S01 to S23 (see 

STEINICH, 1972). The related sections are the Gakower Ufer Section (S01 – S03), Wissower Ufer 

Section (S04), Schnaks Ufer Section (S05 – S07), Tipper Ort Section (S08 – S10), Kieler Ufer Section 

(S11 – S16), Kollicker Bach Section (S17 – S19), and Stubbenkammer Section (S20 – S23). The final 

illustration of the entire cliff profile is realised in a simplified model, successively.  

 The software Move2017.1 (MIDLAND VALLEY EXPLORATION LTD., 2017) is used as working 

platform. For digitisation, the cross sections from STEINICH (1972) are inserted into previously 

constructed section traces containing information of the cliff-face orientation from STEINICH (1972). 

The reason for only constructing cross sections from the eastern coastal area is the poor data basis of the 

chalk unit and the inappropriate exposure conditions of the northern cliff. However, the main reason is 

the higher complexity of the eastern coast highly likely providing more information about the entire 

glacitectonic development.  

 The flint bands in the chalk unit are taken as single horizons (F01 to F66) for more information 

and a more reliable interpretation. Thickness information can be derived from the completely exposed 

flint bands in the cross section S08 (see STEINICH, 1972). However, the thicknesses between the single 

flint bands change across the entire eastern cliff, so that the values must be adapted in the particular 

sections. The top of the chalk unit is the horizon “chalk top”. The Pleistocene beds are traditionally 

labelled as M1, I1, M2, and I2. The tectonic boundary between the deformed part and the M3 unit is 

termed “erosional surface”. The stratigraphy and thickness information can be seen in Appendix A. 
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 A highest possible simplification of the bedding conditions is intended to ease modelling. Thus, 

some corrections need to be done on the original cross sections from STEINICH (1972), also when certain 

geometries cannot be proven from current field observations. Before the structural modelling, each cross 

section needs to be projected. This minimises geometrical errors. The new section trace is perpendicular 

to the regional strike of the major thrust faults (Fig. 5.3). Consequently, the azimuth of the section trace 

corresponds to the tectonic transport direction. Cross-section traces orientated more than 5° - 10° from 

parallel to the tectonic transport may not restore to a reasonable pre-deformational configuration 

(ROWLAND et al., 2007). Each projection angle has been ascertained from the orientation of the local 

ridges and corresponding valleys in the DEM. 

 
Fig. 5.3 Projection of cross section traces (red lines) in Move shown on the Stubbenkammer Section (S20-S23). The tracks 
S20-1, S20-2, S21, S22, and S23 indicate the original cliff face including all major changes in the azimuth. The projected tracks 
are labelled as e.g. S21_azimuth185°. The large track in the east comprises all sections projected to an azimuth of 195°. The 
violet lines indicate the local thrust faults and the dashed white lines are for orientation and projection-angle calculations based 
on the morphology (adapted from the DEM5). 

 Based on the rules of fault-related folding (e.g. the ramp geometry corresponds to the backlimb 

dip of the hanging-wall anticline), the geometry is interpreted beyond the top and bottom lines of each 

cross section. For horizon construction, the appointed stratigraphy (see Appendix A) is used and known 

horizons from the mapped cliff sections act as template lines. The parallel (bisector) construction method 

has mainly been applied in Move. This implies parallel folds and maintaining a constant bedding 
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perpendicular to the thickness along the length of a horizon across folds. During modelling successive 

corrections are frequently needed for simplification of complex deformation. 

5.2.3 Methodology of the restoration 

History and principles of balancing and restoration 

Structural restoration and balancing techniques lead to geometrically and geologically correct cross 

sections. They have improved the analysis of the temporal and spatial evolution of deformed areas (e.g. 

BRANDES & LE HERON, 2010). This includes the quantification of total shortening as well as the depth 

and geometry of décollement surfaces. Hence, these methods may help to get a deeper insight into the 

architecture and deformation history of Jasmund. 

 The principle of balanced cross sections in structural analysis was first outlined by 

DAHLSTROM (1969b) and further improved by SUPPE (1985). The technique is seen to be less trivial in 

glacial environments as e.g. the glacitectonic disturbances are too complex 

(BENEDIKTSSON et al., 2010). Nevertheless, cross-section balancing is an increasingly applied method 

in glacial environments. This was well demonstrated for instance by CROOT (1987, 1988b), KLINT & 

PEDERSEN (1995), PEDERSEN (1996, 2005), HART & ROBERTS (1997), BOULTON et al. (1999), and 

BENEDIKTSSON et al. (2010). 

 The basic method of balancing a cross section is the restoration of folds and thrust sheets back 

to the initial pre-deformational position (DAHLSTROM, 1969b). A balanced cross section must be both 

admissible and viable. Admissible means that the cross section is geologically reasonable with respect 

to the tectonic setting of the study area (FOSSEN, 2016). Viable implies that the cross section is restorable 

through kinematically reasonable steps ending up in a cross section without large gaps or overlaps, fault 

offsets, curved and non-horizontal layers (MITRA, 1992; ROWLAND et al., 2007; FOSSEN, 2016). 

However, this implies plane strain and the lack of volume change (ROWLAND et al., 2007). 

 The methods of balancing can be classified into two main approaches – construction approach 

and restoration approach (MITRA, 1992). Using the construction approach means, that initially 

undeformed beds are forward modelled by using geometrically and kinematically balanced models. The 

restoration approach implies the reconstruction of the cross section in its undeformed state to test the 

validity of the interpretation. 

Theory of restoration and implementation in Move 

The application of restoration techniques in modern software leads to an enormous time saving and 

provides the opportunity to check different geometries and algorithms. However, the way, how the 

software works should be still understood for creating reasonable cross sections. 
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 Two different approaches go for balanced cross sections – line balance and area balance 

(PEDERSEN, 2005; FOSSEN, 2016). This means, that the horizon lengths as well as the thickness of the 

beds are maintained, when the cross section is re-deformed to the original state. 

 Regarding to the structural evolution of a fold-and-thrust belt, balancing works backwards from 

the distal to the proximal deformation area (see PEDERSEN, 2005). Thus, the deformational features of 

the Stubbenkammer Section (S20 – S23) closest to the foreland of the southern structural sub-complex 

are the first to be restored and those of the Gakower Ufer Section (S01 – S03) closest to the hinterland 

are the last. 

 The construction of a restored cross section starts with inserting a regional pin line on the 

deformed cross section. Typically, this is an area of no interbed slip such as the zone beyond the limits 

of thrusting or in a fixed fold hinge (ROWLAND et al., 2007) (Fig. 5.4). The length of each stratigraphic 

unit is measured from the pin line to either end of the constructed cross section. The bed-length 

measurements are then transferred from the deformed to the undeformed section. For determining fault 

positions, the length from the pin line to each cutoff point is needed. Finally, the cutoff points can be 

connected with each other leading to the pre-thrusting configuration of the fault (ROWLAND et al., 2007). 

This entire process is automatically accomplished by the software Move and the supplementary module 

2D Kinematic Modelling. 

The amount of the net horizontal shortening can be determined by measuring the length of the 

deformed and undeformed beds (after ROWLAND et al., 2007): 

   𝑠 ∗ 100 %     (1) 

sh ... total horizontal shortening 

ld ... length of deformed beds 

lu ... length of undeformed beds 

 



Methods 

39 
 

 
Fig. 5.4 Possible pin line positions (black arrows), applied in Move, to restore the hanging-wall anticline. The left arrow is 
located beyond the limits of thrusting and the right in the fold hinge. In both positions, no interbed slip occurs. 

The use of algorithms in Move 

2D Kinematic Modelling, the supplementary module of Move provides plenty of possibilities to restore 

the single cross sections of the southern structural sub-complex of Jasmund. The methods, best coming 

into question for this study area are described in this chapter. Part of the restoration workflow for the 

eastern coastal cliff sections of Jasmund is to choose the most appropriate algorithm for the 

reconstruction of best-fit balanced cross sections for S01 to S23. The 2D Move-on-Fault workflow 

includes six different algorithms (Fig. 5.5). Fault Bend Fold, Detachment Fold, and Fault Propagation 

Fold are suitable methods for forward modelling. The methods Simple Shear, Fault Parallel Flow, and 

Trishear are applicable to both forward modelling and restoration. 
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▲Fig. 5.5 Overview of possible workflows 2D Unfolding and 2D Move-on-Fault in Move/2D Kinematic modelling with the 
single methods/algorithms. 

 The Simple Shear algorithm is most applicable to extensional tectonic regimes. Since Jasmund 

is a contractional system, the algorithms Fault Parallel Flow and Trishear would initially be in line for 

the cross-section restoration. 

 The Fault Parallel Flow method is based on EGAN et al. (1997) and KANE et al. (1997). It is 

best suited for modelling hanging-wall movement on faults of such fold-and-thrust systems like Jasmund 

and can be applied to complex geometries. The method implies a particulate laminar flow in the hanging 

wall parallel to a ramp by a user-defined distance (Fig. 5.6). The fault plane is subdivided into discrete 

dip domains where a change in the fault’s dip is marked by a dip bisector (Fig. 5.6). The flow lines are 

hypothetic bedding surfaces parallel to the thrust fault surface. 

 
Fig. 5.6 Principle of the Fault Parallel Flow algorithm when restoring a cross section. (A) Deformed state of a fault-bend fold 
with three ramps. (B) Theoretical mechanics of the algorithm using flow lines (black) parallel to the fault and dip bisectors 
(red). (C) Restored cross section (MIDLAND VALLEY EXPLORATION LTD., 2017). 

 The Trishear method bases on ERSLEV (1991) and was designed to model geological structures 

like for instance fault-propagation folds. The beds are deformed within a triangular zone of shear 

emanating from the tip of a propagating fault (Fig. 5.7). The algorithm was designed as an alternative 

to models for fault-related folds, where lithologies are poorly laminated, which probably will not deform 

by kink band migration (HARDY & FORD, 1997). BRANDES & LE HERON (2010) for instance used the 

Trishear approach to simulate the process of glacier-induced deformation in soft sediments. 
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Fig. 5.7 Exemplary homogeneous trishear model, generated in Move, showing the triangular zone of shear emanating from the 
tip of the propagating fault (MIDLAND VALLEY EXPLORATION LTD., 2017). 

 Nevertheless, there is also the opportunity to use the algorithms of the 2D Unfolding workflow 

(see Fig. 5.5). The single thrust sheets of the southern sub-complex of Jasmund can be separated into 

single blocks where each of them contains more or less pure fold structures. These can be individually 

re-deformed to the original geometry by applying the methods Simple Shear, Line Length, or Flexural 

Slip in the 2D Unfolding workflow (see Fig. 5.5). Finally, the single restored blocks will be assembled 

again. This approach has been adapted from the restoration workflow of the Wheeler Ridge anticline in 

California (MUELLER & SUPPE, 1997) and should be considered for the restoration of the cross sections 

of Jasmund, too. 

 The Simple Shear algorithm unfolds the horizons by applying a vertical or simple shear process. 

It is best suited for flattening a regional dip that does not dip too steeply. However, the majority of 

Jasmund’s thrust faults shows very steep inclinations like 60° to nearly vertical (see STEINICH, 1972). 

Therefore, this algorithm is less suitable for this study area. Moreover, line-length loss appears between 

the deformed and undeformed configuration, especially when beds are steeply inclined. Such line length 

loss is not desired for the balancing at the eastern cliff coast of Jasmund. 

 The method Line Length can be applied to any set of lines. The algorithm unfolds the deformed 

horizons to perfectly straight lines, independently of one another. This eases the restoration, as no 

template bed is required. Another advantage is that the percentage deformation can be specified. The 

fold limbs are rotated around a pin purely from the deformed to straight state. In this process, the line 

length is maintained, but no bed thickness variations. This means that each horizon is simply unfolded 

to horizontal ignoring the original stratigraphy. 

 Another choice for the restoration of the cross sections in the southern sub-complex of Jasmund 

is the Flexural Slip method. This controls unfolding by using a pin and a slip-system parallel to the 

template bed. Bed thickness variations are maintained, as well as the line length of the template horizon 

and of passive objects parallel to that (e.g. FOSSEN, 2016). The algorithm rotates the fold limbs around 

the pin line to a datum or template geometry. All points along the pin are not translated. The pin should 

correspond to the axial surface of the fold. The algorithm can be used to validate complex thrust 

deformations. In this method, also dip-domain bisectors are projected from the template bed (Fig. 5.8). 

The flow paths are calculated for all points of the passive objects in the unfolding direction. The 

algorithm calculates the sinuous distance of each point along the flow path to the pin line for all passive 
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beds. Which algorithm is the better choice for the restoration of each thrust sheet of Jasmund, will be 

decided individually. 

 
Fig. 5.8 Sequence of cross sections showing the mechanics of the flexural slip unfolding algorithm works. (A) Fold with 
thickness variations. (B) Constructed slip system parallel to the template bed using dip domain bisectors (red lines) of the 
template bed. The intersections between the slip system and the passive beds record the thickness variations. The pin is shown 
as red arrow. (C) The template bed and passive beds are unfolded around in relation to the pin using the slip system (MIDLAND 

VALLEY EXPLORATION LTD., 2017). 
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5.3 Methodology of landform analysis 

The internal structure, shape and size of certain glacigenic landform assemblages can provide significant 

insights into their development, associated environmental conditions and glacier dynamics. It is 

therefore important to perform a landform analysis of Jasmund. This includes the classification of the 

subparallel ridges of the northern and southern sub-complex (see Fig. 2.4) either as composite ridges or 

as (annual) push moraines, since both terms indicate completely different glacigenic formation histories. 

 Numerical terrain analysis techniques can be used to characterise tectonics in a quantitative way 

(see SIEGAL & GILLESPIE, 1980; DRURY, 1987; PROST, 1994; JORDAN, 2003), including the tectonic 

setting of Jasmund. Intense geomorphological investigations on recent glacial landsystems were 

performed in Iceland by the use of historical maps, as well as aerial photographs and digital elevation 

models (e.g. EVANS & TWIGG, 2002; BENEDIKTSSON et al., 2008, 2010; EVANS, 2011; 

BRADWELL et al., 2013; SCHOMACKER et al., 2014). Further glacial landforms were investigated in 

submarine settings in the area of Greenland and Svalbard using bathymetric data (e.g. 

OTTESEN et al., 2008; WINKELMANN et al., 2010; STREUFF et al., 2015). As example from 

Germany/Poland, remote sensing techniques were applied for geomorphological studies in a 

glacitectonic setting at the Elsterian or Saalian Muskau Arch (e.g. KRENTZ, 1995; KUPETZ, 2003). 

Furthermore, LANG et al. (2018) integrated DEM analyses in their studies of the Saalian glacier extent 

in northern central Europe. HARDT et al. (2015, 2016) used DEM analysis in their investigation of 

Weichselian ice-marginal landforms in NE Germany. Spectral Fourier transformation is a general 

technique to analyse the properties of periodic (sinusoidal) signals. Using the elevation of ridges and 

troughs encoded in a DEM as signal, Fourier analysis can also be used in terrain analysis to measure its 

dominant wavelength (PERRON et. al., 2008; SPAGNOLO et al., 2017). 

 Different criteria have been chosen for the characterisation of the spatial features of Jasmund. 

These include the orientation/outer shape of the complex, the total size of the area and the number of 

ridges as well as their length, width and height. Furthermore, the spacing between the ridge crests and 

their slope angles were considered. The periodicity of the ridges may provide additional insight into the 

formation history of Jasmund. Information from field observations and restored cross sections can 

provide additional insight into the internal structure and lithofacies of the morphological highs.  

 Finally, the investigation of a possible conformity between the internal tectonic structures and 

the ridges above can help to determine if structures and landforms belong to the same evolutional process 

or if they need to be dissociated from each other. Thus, the major thrust faults along the shoreline need 

to be localised by collecting GPS data and be compared with the position of the ridges in the digital 

elevation model using ArcGIS. 
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Geomorphological mapping 

A geomorphological map is essential for the construction of a prospective landsystem model for the 

tectonic complex of Jasmund and its surroundings. Modern landsystem analogues can be critically 

applied to Quaternary palaeoglaciological reconstructions (see EVANS, 2011). Recent sites have 

promoted an improved understanding of process-form relationships in glacial geomorphology (e.g. 

PRICE, 1969; SHARP, 1985a; EVANS & TWIGG, 2002; KJÆR et al., 2008, EVANS, 2011). Intense 

landsystem mapping helps us to recognise spatial and temporal changes in the studied environment. It 

has been used in palaeo-ice sheet reconstructions for instance as indicators of basal thermal regime 

changes and switches in ice dynamics (e.g. COLGAN et al., 2003; EVANS et al., 1999; 2008; 

EVANS & TWIGG, 2002; EVANS, 2011). Geomorphological maps can provide supplementary 

information to determine the detailed structural evolution, former glacier kinematics, and finally glacier 

dynamics. The investigation of the Jasmund Peninsula may benefit from the comparison with previous 

studies on recent glaciated environments.  

 The geomorphological mapping techniques are basically orientated on EVANS & TWIGG (2002) 

and EVANS (2011). The mapping is performed using the software ArcGIS 10.2. Interpretations of 

surface materials and landforms are realised by a combined approach involving the digital elevation 

models DEM5 as well as DEM1 for more detail, a review of topographical and geological maps (see 

DTK 10, 2017; ÜKQ 200, 1995; NIEDERMEYER et al., 2010; 2011), and field survey of the local 

landform morphologies and their internal composition. The subsequent classifications of landform and 

sediment type are based on known process-form relationships in recently deglaciated terrains on for 

instance Svalbard or Iceland (e.g. BOULTON et al., 1999; EVANS & TWIGG, 2002; OTTESEN et al., 2008; 

EVANS, 2009; 2011). Younger formations like Holocene fenland and sea sand plains as well as recent 

rivers or creeks are included in the map classification. However, anthropogenic features like built-up 

areas, roads or open pits are filtered out. 

Ridge stacking and ridge morphometry 

Based on the digital elevation model and geomorphological map, the spatial analysis continues with a 

graphical and numerical investigation of the elongated landforms on the Jasmund Peninsula – ridge 

stacking and morphometry. Initially, elevation profiles are extracted from the digital elevation model 

DEM1, which is performed in ArcGIS 10.2. Profiles that provide valid information about the 

geomorphology should ideally consist of a continuous tract of parallel ridges and should not be affected 

by natural drainage or anthropogenic impact (built-up areas, roads, trails, open pits etc.) 

(CLINE et al., 2015). The latter is especially problematic in the northern structural sub-complex of 

Jasmund due to the effects of agriculture. Furthermore, the profiles need to be constructed parallel to 

the assumed glacier-flow direction, which is highly likely perpendicular to the morphological ridges. 
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Nine profile tracks have been placed over the southern sub-complex and five over the northern 

(Fig. 5.9). 

 
Fig. 5.9 DEM of Jasmund showing the profile tracks (red lines) used for the landform analysis: S01 to S09 in the southern 
ridge domain and N01 to N05 in the northern ridge domain. The different groups are marked by yellow fields: South-group, 
Centre-group, and North-group. 

 The profiles show the abbreviations S (for southern sub-complex), N (for northern sub-complex) 

and a number indicating the construction chronology. All profiles have been allocated to three different 

groups. The North-group includes all profiles from the northern sub-complex, N01-N05. The South-

group comprises the southwestern district of the southern sub-complex, thus the profiles S01, S07, S08, 

and S09. The Centre-group consists of S02-S06 and is located in the northeastern part of the southern 

sub-complex. This differentiation into three groups is based on the spatial configuration of the northern 

and southern sub-complex and on a system of zones used by CREDNER (1893) and LUDWIG (2011).  

 To increase the signal-to-noise ratio a profile has been sampled several times in a so-called 

profile swath, using the Copy Parallel tool in ArcGIS. For the 5p swaths, four additional profiles have 

been created, two on each side of the central profile (track), at offset distances of 25 m and 50 m. For 

the 9p swath, 4 new profiles were created at each side at a distance of 1 m from each other. Taking the 
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evolutional models of Jasmund into account (e.g. GROTH, 2003; LUDWIG, 2011), the northerly profile 

swaths have their distal ends in the SW (towards the foreland) and their proximal end in the NE (towards 

the hinterland). The profile swaths of the southern sub-complex have their distal end in the NW and 

their proximal end in the SE. 

 The elevation data are added from the DEM to the profile-swath tracks by selecting “Profile 

Graph” from the 3D Analyst Toolbar. After the processing in ArcGIS each swath-spreadsheet file (.csv) 

is exported for further analysis in MS Excel and Python. When the data are imported into MS Excel, it 

is displayed in tabular form as multiple x and y values for each of the five profile tracks representing the 

horizontal distance from the start point and the elevation. Individual swath profiles are shown in 

elevation profiles (Fig. 5.10a). Subsequently, the swath profiles are averaged (swath-averaged profile, 

Fig. 5.10b) to reduce data contamination from post-glacial and anthropogenic impact 

(CLINE et al., 2015). These steps prepare the data for ridge stacking. 

 
Fig. 5.10 Exemplary elevation profiles of the track N02 from the northern ridge domain. (a) All 5 profiles from the profile 
swath. (b) Swath-averaged elevation profile. 

Ridge stacking is a method commonly used to reduce waveform noise (see 

PERSH & HOUSTON, 2004; STILLA et al., 2007; ABBOTT et al., 2009; YAO & STILLA, 2010). The 

primary objective is the assessment of the shape, especially the symmetry of the ridges. Furthermore, 

the height and width of these landforms can be precisely determined. The technique applied here is 
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partially based on the methodology of CLINE et al. (2015), which covers the development of late-

Wisconsinan washboard moraines in Story County (Iowa, USA). For the investigation of Jasmund’s 

surface structure, ridge stacking has been performed in MS Excel, partly using the results generated in 

Python by Chris Harding (Iowa State University). The compiled Excel spreadsheet is added to 

Appendix B. 

 All distinct ridges (from trough to trough) are selected from the swath-averaged profile for 

plotting (“stacking”) in one coordinate system (Fig. 5.11a). CLINE et al. (2015) used detrended swath-

averaged profiles for stacking, because most moraines in their study were superimposed upon larger 

undulations, which could have created artificially skewed profiles. The objective of detrending in the 

investigation of Jasmund is, first and foremost, to enable a comparability of the results from two different 

geological settings – the subglacial washboard moraines (Story County, Iowa) and proglacially pushed 

ridges on Jasmund. Thus, the stacking process has been performed with detrended data. However, the 

original ridges (with trend) could still contain helpful information for the interpretation. Thus, the 

morphometric calculations (explained in the end of this sub-chapter) were performed on the original 

data. 

 Even on a detrended profile, the elevations of the two ridge troughs are not necessarily the same. 

One trough is very often higher or lower than the other. Here, two different analysis approaches have 

been introduced for the investigation of the morphological ridges on Jasmund: a) using the ridges with 

possible different trough elevations and b) rotating each ridge around the centre so that both troughs are 

at the same elevation. Since the rotation tends to move the crest towards the centre and thus affects the 

symmetry, rotated ridges are primarily not suitable for a symmetry analysis. However, the advantage of 

rotated ridges with troughs at the same heights is that they provide a more coherent ridge stack that 

allows for general shape investigations and comparisons on a visual base. Using the unrotated ridges in 

the ridge-stacking process leads to better conditions for investigating the symmetry behaviour of the 

ridges based on the morphometric calculations (explained below). Figure 5.11b shows, how the trough-

peak-trough curves are rotated so that the first and last sample are at the same elevation, its highest (post-

rotation) elevation is used to mark a structural peak (shown with a +). The shifting of the crest is 

particularly noticeable for ridge N02.1. 

Subsequently, the profiles are normalised to better compare the shapes of differently scaled 

ridges. Every profile length is normalised to the length of the longest ridge profile (x) (Fig. 5.11c). The 

horizontal normalisation has been performed on both sides of each ridge (“centre-based normalisation”) 

to ensure that all “left” sides can be compared to each other as well as all “right” sides of the ridges. A 

simple normalisation where the ridge crests are not centred around 0.5, would lead to a more chaotic 

graphs compilation with wider error bars at the mean graph. Even though the ability of direct visual 

comparison of the ridge symmetries gets lost, in this methodological step a more detailed image of each 
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ridge side is gained. Afterwards, vertical normalisation of every profile is performed (y). After this 

scaling of the x- and y-axis, all crests are aligned at x=0.5 and y=1.0 to create a representative profile 

(Fig. 5.11d). For each profile, this results in a set of ridges that are normalised both vertically and 

horizontally and can therefore be compared with each other. Figure 5.11e shows such a set with 

additional lines indicating the average with error bars showing ±1 standard deviation, representing the 

height variability between all ridges of one elevation profile, and the median. 
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▲Fig. 5.11 Stepwise strategy of ridge stacking on the exemplary profile N02: (a) Original trough-peak-trough segments 
extracted from the elevation profile, (b) rotated ridge crests with its highest (post-rotation) elevation to mark a structural peak 
(shown with +), (c) normalized curves in x, (d) normalized curves in y and stacked at their peaks, (e) resulting stack of curves 
averaged and plotted with error bars (± 1 standard deviation) (GEHRMANN & HARDING, 2018). 

 Geomorphometry is the numerical representation of topography (PIKE, 1995). The detailed 

assessment of the ridge morphometries is inspired by BRADWELL et al. (2013). The data of the original 

ridge crests (with trend) are the basis for determining its morphometry including height, width and 

spacing of the ridges. Furthermore, the ridge height, crestline position and ridge width are used to 

calculate the slope angles using trigonometry (Fig. 5.12). The Excel spreadsheet for the single 

calculations is attached to Appendix B. 

 
Fig. 5.12 Scheme of measurement and calculation of morphometric parameters in ridges crests, e.g. push moraines, including 
trigonometric techniques (BRADWELL et al., 2013). 

Ridge spacing and periodicity 

Several landform features on Jasmund mentioned above, can be directly measured and calculated using 

the digital elevation model in ArcGIS. The determination of spacing between the morphological ridges 

and their periodicity, however, are based on techniques of the Fourier analysis. A landform analysis of 

this style has not been applied to Jasmund, yet. 

 Fourier analysis has been used for the investigation of time domain signals in engineering, 

physics, meteorology and marine sciences. The method, also known as spectral or harmonic analysis 

(CHATFIELD, 2004), measures the degree of non-randomness in complex waveforms 

(PERRON et al., 2008). In these cases, waves represent changes in the signal strength over time. The 

discovery of the Milankovitch cycles (HAYS et al., 1976) is a famous example of using Fourier analysis. 

 However, spectral analysis has also been used in terrain analysis, were waves represent changes 

of elevation over distance. (PIKE & ROZEMA, 1975, GARVIN & WILLIAMS, 1993; PERRON et al., 2008; 

DAVIS & CHOJNACKI, 2017; CLINE et al., 2015). It has for instance been applied to identify periodic 
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structures in terrain data (RAYNER, 1972; HANLEY, 1977; STROMBERG & FARR, 1986; RICARD et al., 

1987; MULLA, 1988; GALLANT, 1997). Others used the spectrum to describe the variance structure or 

scaling properties of the topography (e.g. STEYN & AYOTTE, 1985; VOSS, 1988; ANSOULT, 1989; 

HOUGH, 1989; GOFF & TUCHOLKE, 1997).  As these publications suggest spectral analysis can also be 

applied to elevation data, it has been used in the investigation of the ridges on Jasmund, too. 

 Using the Fourier transformation, the data are converted from a spatial domain to a frequency 

domain (CHORLEY, 1972), i.e. from spatial data, where the signal is graphed along the x and y dimension 

into a graph that shows, how much of each frequency is contained in the signal. Note that for terrain 

analysis the wavelength (1/frequency) is often used instead of the frequency. The methodology applied 

here is closely related to CLINE et al. (2015). The MATLAB Script for the multi-step Fourier analysis 

was written by Chris Harding (Iowa State University, USA), based upon the code written by 

PERRON et al. (2008) and MEKO (2011). All profile-swath data (5p and 9p) were generated in ArcGIS 

and were exported as spreadsheet files (.csv) for use in the spectral analysis. 

The MATLAB script creates a periodogram from a swath of morphological profiles in four steps: (1) 

detrending, (2) padding, (3) tapering, (4) FFT computation. The individual script applied for the 

investigations on Jasmund is on the data medium (Fourier_analysis.zip). Recall that each profile swath 

contains multiple tracks that are parallel to a centre track at certain spacing. It is possible to average the 

elevation of each track, detrend, pad, and taper it, and calculate the periodogram from it (pre-averaging). 

The more computationally intensive approach is to perform these steps on each track and average the 

resulting periodograms (post-averaging). The differences in the periodograms are not very appreciable, 

but post-averaging seems to lead to a less noisy graph (Fig. 5.13) and thus, it has been used here. 
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Fig. 5.13 Exemplary periodogram of profile N02 (5p), which shows two different graphs. The black graph represents the result 
of post-averaging. The grey graph shows the pre-averaging result (Chris Harding, personal communication). 

 To remove the effect of regional morphology, the data must be detrended, which works as a 

high-pass filter to remove low-frequency/large wavelength artefacts. A polynomial function of a certain 

order (0, 1, 2, etc.) is fitted to the averaged profile, large-scale, regional variations can be approximated 

and subtracted from the profile (CLINE et al., 2015) (Fig. 5.14). Even though higher-order polynomials 

(3, 4, 5) capture more of the total variance, the objective is only to remove regional signals from the 

smaller scale signal. A higher order leads to “over-fitting”, which is mathematically correct, but 

unrealistic in a geological setting like Jasmund. After detrending, the terrain “waves” change around a 

new 0 elevation. 
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Fig. 5.14 Mechanics of the detrending step. (a) Swath-averaged elevation profile of N02 (black line) and different graphs 
representing the calculated trend orders 1 to 6. b) Residual graphs of the elevation profile after trend order removal. 
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 In the Fast Fourier transform (FFT, COOLEY & TUKEY, 1965), the algorithm used here requires 

a number of samples to be a power of two. It is therefore necessary to perform a padding operation by 

adding “zero” elevation values to the detrended elevation samples until the number of samples is the 

next higher power of two (“padpower”). For example, 947 samples would be 0 padded to 1024 samples, 

2134 samples to 4096. This process has no influence on the character of the data and the resultant 

spectrum, since the detrended elevation samples are already centred around zero (BLOOMFIELD, 2000).  

 To prevent incomplete cycles at either end of the graph, tapering is necessary. If this is not done, 

“spectral leakage” will occur, which creates peaks that are less sharp (PERRON et al., 2008; 

CLINE et al., 2015) (Fig. 5.15). To smoothly “squeeze” the amplitude to 0 at each end without affecting 

the character of the waves, a binomial filter is applied. 

  
Fig. 5.15 The left plot shows a synthetic waveform with an incomplete cycle at the right end of the wave (blue) and the same 
waveform after being tapered (green). The right plot shows the spectrum computed from the untampered waveform (blue) and 
the spectrum from the tapered waveform (green). The tapered spectrum shows sharper peaks (CLINE, 2011). 

 In the investigation of Jasmund, a discrete Fourier transformation (DFT) is applied using the 

fast Fourier transformation (FFT). The result is a periodogram that plots the spectral power 

(amplitude) against the frequency/wavelength (Fig. 5.16). It shows the spectral power, thus the strength 

of the periodic components (y-axis) over the distance (x-axis) (CHATFIELD, 2004). The y-axis displays 

the normalised mean squared-amplitude of the variance, in which the sum of the spectral power of all 

components corresponds to the variance of the data (CLINE, 2011). Any spectral peak higher than the 

95 % confidence interval (assuming that spectral power follows a chi-square distribution with two 

degrees of freedom) reflects statistically significant periodicity at that wavelength (PERRON et al., 2008, 

CLINE et al., 2015). 
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Fig. 5.16 Periodogram of the exemplary profile N02 showing the mean-squared amplitude of the variance of the data (y-axis) 
and the frequency (x-axis, bottom), as well as the wavelength (x-axis, top). Each peak above the 95 % confidence level is 
statistically significant. 

 For some periodograms, noisy minor peaks can overpower major peaks. Smoothing with a low-

pass filter can help to bring out major peaks by removing high-frequency variations, i.e. minor peaks 

within the graph (CLINE, 2011). However, for the profiles of Jasmund, smoothing was not necessary, 

possibly because of a high signal-to-noise ratio from sampling multiple tracks per profile. 

The described multi-step process of spectral analysis has been performed with different DEM 

resolutions (DEM1, 1 m cells and DEM5, 5 m cells), different numbers of individual profiles within a 

profile swath (5 profiles with a 25 m distance and 9 profiles with 1 m distance), and various trend-

removal orders to investigate, which parameters work best for the study area of Jasmund. For the final 

assessment the digital elevation model with 1 m resolution, swaths with nine individual profiles (9p), 

trends of orders 1 or 2 and a padpower of 1 were generally used. In some cases, other parameter 

combinations yielded additional insights.  
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6. Structural analysis of the southern sub-complex sections 

The structural analysis of the southern sub-complex sections is divided into the classic structural-

analysis elements – geometric analysis, kinematic analysis, and dynamic interpretation (see e.g. 

FOSSEN, 2016). The geometric analysis includes the structural description of the individual sections of 

the southern sub-complex, thus the definition of bed shapes or fold structures, measurement of the fault 

and bed orientations, classification of existing thrust systems, but also the definition of sedimentary 

units. The orientation data are given as dip direction/dip. The dimensions and key structural 

characteristics of the individual thrust sheets are summarised in Table 1 in chapter 6.8. 

The major objectives of the kinematic analysis are strain quantification and the illustration of 

stress orientation. This is realised by the restoration of the single sections Gakower Ufer (GU), Wissower 

Ufer (WU), Schnaks Ufer (SU), Tipper Ort (TO), Kieler Ufer (KU), Kollicker Bach (KB), and 

Stubbenkammer Section (SK). The restoration process has been performed in several experiments using 

different algorithms and bedding geometries until the best-fit interpretation of each section could be 

used for shortening calculations and further interpretation. Within the scope of the restoration, the 

individual thrust sheets (S01 to S23) have been re-named according to the single sections mentioned 

above and the chronology of re-deformation, always starting at the most distal part and ending at the 

most proximal part. Thus, for instance S17, S18, and S19 of the Kollicker Bach Section are labelled as 

KB3, KB2, and KB1. The here performed kinematic analysis includes strain partitioning. Thus, the 

amount of shortening has been separated into folding and faulting. Consolidation can be additionally 

assumed as part of layer-parallel shortening. However, it has not been further separated out and is 

included in the shortening amount by faulting (translation along décollement and thrust faults). 

The actual dynamic interpretation follows in chapter 8.3 (Dynamic development of the southern 

structural sub-complex). This includes the sequential structural evolution of the southern sub-complex 

implying changes in the shapes and the formation of new structures. In fact, a dynamic analysis means 

the reconstruction of orientation and magnitude of the stress field that causes the kinematics 

(FOSSEN, 2016). Hence, this interplay of forces and kinematics will be discussed in chapter 8.4 

(Implications for the palaeo-environment and glacier dynamics).  
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6.1 Gakower Ufer Section (S01 – S03) 

6.1.1 Structural description 

The Gakower Ufer Section (GU) represents an imbricate fan with three, maybe four thrust sheets. They 

display a high amount of folding and transition to fault-bend folding. The sheets are labelled as S01a, 

S01b, S02, and S03 or GU4, GU3, GU2, and GU1 regarding to the restoration process (Fig. 6.1). The 

horizontal length of the entire section is about 1131 m. The location Hengst at S02 is the highest point 

of the cliff profile (45 m a. s. l.). The highest elevation of the interpreted cross section is also at S02. It 

is the top of its hanging-wall anticline (ca. 145 m a. s. l.). The northeastern and frontal boundary of GU 

is the footwall ramp of S03 lying above the thrust sheet S04a of the Wissower Ufer Section. The 

southwestern boundary of GU is not fully clear due to the poor outcrop conditions. Three different 

architectural surfaces occur between S01a and S03 (cf. PEDERSEN, 2014) (Fig. 6.1b). (1) The base-M3 

unconformity is a first-order surface, but the top of the cliff for instance in S02 does also belong to the 

first order. Another first-order surface is the décollement zone at ca. 90 m b. s. l. However, it steps down 

to a depth of ca. 105 m b. s. l. at the footwall ramp of S03. (2) The ramps, intermediate and upper flats 

between the sections are second-order surfaces. (3) The bedding outlining the folds, especially the 

hanging-wall anticlines and the footwall synclines of S02 and S03 belong to the third order. In this 

chapter, the individual thrust sheets are described from the most distal (S03) to the most proximal part 

(S01a), considering their presumed age from youngest to oldest and the chronology of the restoration 

process. 

 
Fig. 6.1 Interpretation of the Gakower Ufer Section (S01 to S03). a) Overview of S01a to S03 at the cliff. The red/yellow 
dashed lines indicate thrust faults. The black dashed lines show the sedimentary boundaries between chalk and glacigenic 
deposits. The dashed brown line indicates the unconformity between the glacitectonised sequence and the M3-till complex. 
b) Projected and interpreted cross section (simplified). The numbers 1 to 3 mark the architectural surfaces. The transparent 
fields show areas, where the geometry is debatable. 
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S03 thrust sheet (GU1) 
The frontal thrust sheet in the NE of the Gakower Ufer Section is S03 (Fig. 6.1). At the cliff base it has 

a horizontal length of 171 m, but the total horizontal length from the SW end to the NE end is 338 m. 

The chalk unit is 107 m thick. It contains the flint bands F01 to F53, considering the best-fit model and 

the correlation with the bedding in the Wissower Ufer Section in the north. The Pleistocene unit may 

have a thickness of 8 m in the modelled cross section. The length and thickness values are summarised 

in Table 1 in chapter 6.8 and in Appendix F. 

 The thrust sheet outlines a fault-bend fold and contains an open footwall-syncline in its trailing 

edge and a sat hanging-wall anticline in its frontal part (Fig. 6.2a). Hinge points in the footwall ramp at 

section meter 969 (60 m b. s. l.) and 1007 (55 m b. s. l.) cause a step-like geometry of the fold limb. 

Thus, the bed inclination is flatter (220/08) between section meter 947 and 1000 (corresponds to profile 

meter/PM 1020 and 1070 in STEINICH (1972)) compared to the inclination SW and NE of this zone 

(220/28, 220/48). The thrust fault starts at the décollement 90 m b. s. l. Until the northeastern hinge point 

the ramp has an inclination of mainly 245/25. Then it turns into a moderately dipping ramp (245/46). 

Above the cliff base the ramp gets steeply inclined with 245/85. It has to be taken into account that the 

thrust sheet geometry has been strongly simplified compared to the construction by STEINICH (1972) to 

outline the main geometry of the glacitectonic deformation of the Gakower Ufer Section. Complicated 

faults in the frontal edge of S03 (see Appendix E) have been neglected in the presented best-fit model. 

S02 thrust sheet (GU2) 
The S02 thrust sheet is characterised by a distinct syncline-anticline pair and a steep fault between the 

folds (Figs. 6.1 and 6.2b). The length of the sheet is 149 m at the beach level. The total length from the 

SW to the NE end is 283 m. The Cretaceous chalk unit contains the flint bands F01 to F50. The bed 

thickness between these flint bands is minimum 75 m in the footwall syncline and 103 m in the hanging-

wall anticline. However, especially in the trailing edge SW of the steep fault, the thickness of the entire 

bedding is higher, since there might be older chalk deposits below the oldest known flint band F01 

associated with the displacement along the fault. The beds of the Pleistocene unit have a thickness of 

15 to 9 m. Thus, the entire thickness of the beds in S02 is ca. 90 to 112 m. 

The fold structure of S02 exhibits a very tight to isoclinal footwall syncline in the SW and a sat 

hanging-wall anticline in the NE (Fig. 6.2b). The northeastern syncline limb is disturbed by a steep fault 

(220/82) with a strong vertical offset of ca. 35 m. Since it is cut by a first-order architectural surface 

(cliff top), its age cannot be determined. However, regarding to comparisons with the structures in the 

thrust sheets farther to the north, it is assumed to be a glacitectonic satellite fault. Such a satellite fault 

develops, when the main thrust fault splits up at a branch point into two or more faults 

(see FOSSEN, 2016; PEDERSEN & BOLDREEL, 2017). The frontal ramp starts at the décollement at 

ca. 90 m b. s. l. (section meter 794) with a gentle inclination to SW (220/22) going over into a moderate 
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inclination (220/49). At another hinge point above the cliff base the thrust fault gets steeply inclined 

towards SW (220/72). At section meter 911 m at 38 m a. s. l. the ramp is assumed to turn into the upper 

flat outlining a gentle to moderate dip towards SW. 

 
Fig. 6.2 Detailed 2D cross sections of a) S03 and b) S02. The coloured lines represent the flint bands of the chalk as well as 
horizons of the Pleistocene beds, the red lines are faults. The cross sections constructed by STEINICH (1972), are shown in the 
background of each model. 

S01b thrust sheet (GU3) 
The thrust sheet S01b of the Gakower Ufer Section is not fully interpreted in this model, since there are 

too few data from the vegetated area NE of it. At least, a SW-verging anticline can be assumed for S01b 

(Figs. 6.1 and 6.3a). There is a normal fault dipping to NE (055/35 after STEINICH (1972)), at which the 

upper flint bands F44 to F50 and presumably Pleistocene deposits are displaced. The thickness between 

F01 and the chalk top is assumed to be about 115 m. The horizontal length of S01b is minimum 224 m 

(min 65 m at the cliff base). Either S01b is a long sheet subjected to folding or there might be a thrust 

sheet S01c northeast of S01b. 
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S01a thrust sheet (GU4) 
The southwesternmost thrust sheet of the Gakower Ufer Section is S01a (Fig. 6.1). It has a horizontal 

length of 316 m at the cliff base and a total horizontal length of 368 m. The chalk unit contains the flint 

bands F01 to F50, regarding to the best-fit model, based on the correlation with the thrust sheets in the 

NE. However, this interpretation is subject to debate, since the youngest flint band in the construction 

created by STEINICH (1972) is F38. Nevertheless, the thickness of the Cretaceous deposits is maximum 

89 m. The Pleistocene beds are maximum 36 m thick in the southwestern syncline. In this best-fit model 

the thickness of the Pleistocene unit has been constructed to be constantly 36 m. However, it is likely 

thinner, compared to the thrust sheets north of it. The entire bed thickness in the presented best-fit model 

of S01a is maximum 125 m. 

 The S01a thrust sheet shows a succession of two syncline-anticline pairs (Fig. 6.3b). The open 

syncline in the trailing edge of the thrust sheet is SW-verging with an axial plane moderately to steeply 

dipping to NE (040/63). It is followed by a sat anticline, which is SW-verging, too. However, the axial 

plane dips steeper to NE (040/73). It is in fact a hanging-wall anticline, since there occurs a ramp below 

the thrust sheet between section meter 177 and 219. As the thrust fault turns into an intermediate flat 

and then into an upper ramp at section meter 309, the bedding of S01a forms another hanging-wall 

syncline-anticline pair. Their axial planes are steeply inclined to NE or even nearly vertical in the 

northeastern hanging-wall anticline (040/63, 040/84). The frontal thrust fault of S01a starts at the 

décollement surface at section meter 177. There, it forms the lower ramp, which moderately dips to SE 

(220/42). It turns into the intermediate flat and then into the upper flat. This is moderately inclined to 

SW (220/52), but at the cliff base it gets steeper (220/81, 220/70 in STEINICH (1972)). It has to be taken 

into account that the created structural configuration of S01a is extremely simplified to highlight the 

main deformation of the southern sub-complex development. The cross section created by 

STEINICH (1972) shows strongly deformed beds by at least three faults (see Appendix E). All in all, the 

here presented model shows the general geometry of the southwestern part of the Gakower Ufer Section 

and can be easily used for the kinematic analysis. 
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Fig. 6.3 Detailed 2D cross sections of a) S01b and b) S01a. The coloured lines represent the flint bands of the chalk as well as 
horizons of the Pleistocene beds, the red lines are faults. The cross sections constructed by STEINICH (1972), are shown in the 
background of each model. 

6.1.2 Kinematic analysis (restoration) 

Before performing the kinematic analysis, each cross section has been digitised on a section trace with 

the original azimuth of the cliff (see Fig. 5.3 for methodology). For bedding construction and the 

subsequent restoration, the individual cross sections must be projected to a large section trace with an 

azimuth of 220°. The azimuth has been adopted from the main orientation of the thrust faults. The 

projection has been performed normal to the sections, thus the projection-line azimuth is 130°. 

The restoration of the individual thrust sheets started with the 2D Move on Fault workflow for 

S02 (GU2). The Fault Parallel Flow algorithm has been applied to re-deform the satellite faults. To 

further restore the sections S03 (GU1), S02 (GU2), S01b (GU3), and S01a (GU4), respectively, the 

algorithms Flexural Slip and Line Length of the 2D Unfolding workflow have been applied. The 

flexural-slip unfolding has mostly been realised with a separation of each thrust sheet into two parts 

(frontal and trailing part) and a successive re-deformation using either a vertical pin in the trailing edge 
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or an inclined pin in the core of the footwall syncline. The frontal zone of the thrust sheets has been re-

deformed with the help of a pin inserted in the core of the anticline. The line-length unfolding required 

a pin, which has a similar orientation to the axial plane of the footwall syncline or hanging-wall anticline. 

More information about the methodology is given in chapter 5.2. The different results are shown on the 

example S03 in Figure 6.4. The restored cross section still shows residual folds after applying the 

Flexural Slip algorithm, which could be manually adjusted, if intended. Nevertheless, the result indicates 

certain bedding characteristics of each section, which cannot be detected by only applying the Line 

Length algorithm, as it does not maintain thickness variations. However, it led to the requested straight 

beds in the re-deformed cross section. The line-length unfolded thrust sheets of the Gakower Ufer 

Section have been used for horizontal shortening calculations. 

The initial length of the Gakower Ufer Section has been determined to 1806 m. This is the length 

suggested for the state before glacitectonism of the southern structural sub-complex. Now the section 

measures 1131 m. Thus, the entire horizontal shortening of the Gakower Ufer Section is 675 m (37.4 %). 

This includes both folding and the translation along the flats and ramps. The process of folding 

constitutes 34.5 % (233 m) of the entire deformation, while the translation part constitutes at least 

65.5 % (442 m). It has to be considered that the central part of the Gakower Ufer Section has no data 

due to the poor outcrop conditions. This “gap” has been considered in the restored cross section, which 

only includes the translation part in the shortening results. Thus, the amount of folding is likely higher 

than only 34.5 %. However, the strongly faulted S01a thrust sheet suggested by STEINICH (1972) has 

not been included in the here presented model, which may increase the faulting amount of the entire 

deformation. The amount of displacement along the individual thrust faults is 209 m (GU4), 202 m 

(GU2), and 174 m (GU1). As there are not enough data, the displacement of GU3 cannot be safely 

determined. A summary of the horizontal shortening and strain partitioning in all sections and thrust 

sheets is given in Table 2 in chapter 6.8. 
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Fig. 6.4 Summarised restoration process of the exemplary cross section S03. a) Interpreted 2D cross section. The vertical pin 
in the trailing edge in the SW has been constructed in the core of the footwall syncline to prepare the first step of the flexural-
slip unfolding. The almost vertical pin in the core of the hanging-wall anticline is needed for the second flexural-slip step and 
for line-length modelling. The black dotted lines represent the target lines for the flexural-slip workflow. b) Restoration result 
from the application of the Flexural Slip algorithm. c) Restoration result from the application of the Line Length algorithm. 
The cross sections constructed by STEINICH (1972), are shown in the background of each step. 

Considering the kinematic analysis, a contractional system can be suggested for the Gakower 

Ufer Section. It shows an imbricate thrust system with at least four individual thrust sheets (GU1, GU2, 

GU3, and GU4). The compressional stress may have been directed from SW to NE. The final cross 

section of the Gakower Ufer Section cannot be completely balanced with the available data. There 

appears a large gap in the frontal end of S01a (GU4) (Fig. 6.5). The small gap in the NE of S03 (GU1) 

is only minor. The gaps might be related to minor tectonic erosion due to shearing along the thrust faults, 
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which points to volume change as part of the deformation complicating the kinematic analysis. The 

geometry of S01b (GU3) and the assumed fourth thrust sheet S01c is not fully clear and subject to 

debate. Furthermore, it has to be taken into account that the results only show a 2D interpretation, but 

plane strain might be a too simple assumption for the tectonic setting of Jasmund. 

The restored Gakower Ufer Section shows a chalk top at relatively the same position (ca. 0 to 

14 m a. s. l.). There seems to be an offset between S02 (GU2) and S03 (GU1) with the S03 block lying 

at a higher position. However, the youngest flint band of GU1 is F53, while that in the other thrust sheets 

is assumed to be F50. Hence, there is no distinct tectonic displacement assumed at this location. The 

thickness of the Pleistocene unit in GU4 and GU3 is assumed to be overstated in this best-fit model as 

it is an effect of the thick Pleistocene succession in the syncline of GU4. The original thickness is 

assumed to be not that high in the Gakower Ufer Section, rather like in GU2 and GU1. Considering the 

presented best-fit model, the pre-glacitectonic state of the Gakower Ufer Section is suggested to be 

relatively undisturbed with only a small escarpment at the palaeo-surface between GU2 and GU1 related 

to the flint-band succession. However, it must be considered that the here suggested model does not 

include the complicated fault-related deformation given by STEINICH (1972). 

 
Fig. 6.5 Interpretation and restoration of the Gakower Ufer Section (S01 to S03) with horizontal-shortening results. a) Cross 
section interpreted above and below the cliff boundaries (simplified). b) Restored cross section indicating the configuration 
before the glacitectonic deformation of the southern structural sub-complex. The restored thrust sheets are additionally labelled 
with the new abbreviations GU1 to GU4, which represent the chronology of the restoration process. 
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6.2 Wissower Ufer Section (S04) 

6.2.1 Structural description 

The Wissower Ufer Section (WU) represents an imbricate fan with three thrust sheets, each of them 

displays fault-bend folding. They are labelled as S04a, S04b, and S04c or WU3, WU2, and WU1 

regarding to the restoration process (Fig. 6.6). The horizontal length of the entire section is about 663 m. 

The highest point of the cliff profile is at section meter 490 (PM 1530 after STEINICH (1972)) in S04c 

(46 m a. s. l.). The highest elevation of the interpreted cross section is the top of the S04c anticline 

(ca. 119 m a. s. l.). The northeastern and frontal boundary of WU is the footwall ramp of S04c lying 

above the thrust sheet S05 of the Schnaks Ufer Section. The southwestern boundary of WU is the thrust 

fault below the S03 thrust sheet of the Gakower Ufer Section. Three different architectural surfaces 

occur between S04a and S04c (cf. PEDERSEN, 2014). (1) The base-M3 unconformity is a first-order 

surface, but the top of the cliff in the northeast of S04c does also belong to the first order. An additional 

first-order surface is the décollement zone at ca. 120 m b. s. l. However, it steps up to a depth of 

ca. 105 m b. s. l. below S04a. (2) The thrust faults between the sections are second-order surfaces and 

(3) the bedding outlining the hanging-wall anticlines as well as the footwall syncline of S04a belong to 

the third order (Fig. 6.6b). In this chapter, the individual thrust sheets are described from the most distal 

(S04c) to the most proximal part (S04a), considering their presumed age from youngest to oldest and 

the chronology of the restoration process. 

 
Fig. 6.6 Interpretation of the Wissower Ufer Section (S04a to S04c). a) Overview of S04a to S04c at the cliff. The red (solid 
and dashed) lines indicate thrust faults. The black dashed lines show the boundaries between chalk and glacigenic deposits. 
The dashed brown line indicates the unconformity between the glacitectonised sequence and the M3-till complex. b) Projected 
and interpreted cross section (simplified). The numbers 1 to 3 mark the architectural surfaces. The transparent field in the 
trailing end of S04a is stratigraphically not fully clear, partly below the oldest flint band F01 and debatable. 
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S04c thrust sheet (WU1) 

The thrust sheet S04c has a length of 208 m at beach level from the thrust fault in the southwest until 

the frontal ramp. Regarding to the best-fit construction, the entire length with the parts below the cliff 

bottom and above the cliff top is 499 m. The thickness of the bedding in section S04c is ca. 135 m. The 

chalk unit including the beds F01 to F54 and the chalk top, has a thickness of 116 m, while the 

Pleistocene unit (chalk top to I2) is only 19 m thick. The length and thickness values are summarised in 

Table 1 in chapter 6.8 and in Appendix F. 

Regarding to the best-fit construction of WU performed in Move, the geometry of S04c indicates 

the southwestern limb of the hanging-wall anticline (Fig. 6.7a). The beds are gently inclined to SW in 

the suggested model (e.g. F50: 225/18). However, STEINICH (1972) mentioned a moderate dip to W 

(280/40). There are two faults in the central to northeastern part of the thrust sheet. They might indicate 

satellite faults, which developed through glacitectonic deformation. Hence, they are of Upper 

Weichselian age. The southwestern fault is situated at section meter 440 (matches PM 1515 in 

STEINICH (1972)). The northeastern fault sits at section meter 500 (PM 1580 in STEINICH (1972). Both 

faults are reverse faults with vertical offsets of ca. 3 m and ca. 2 m. The ramp in the northeast has some 

minor hinge points, where the dip slightly changes, but it mainly has a gentle inclination to W (260/22). 

This confirms the dip direction given by STEINICH (1972) and GEHRMANN et al. (2017). At section 

meter 293 and at a depth of 120 m b. s. l. the ramp turns over into the décollement surface. The 

Pleistocene deposits M1, I1, M2, and I2 are not apparent at the cliff and have also not been included in 

the cross section suggested by STEINICH (1972). However, regarding to the best-fit interpretation of the 

Wissower Ufer Section, there might have been older Pleistocene deposits before erosion and deposition 

of the M3-till complex. They are truncated by the footwall ramp of S04b at a very high level above the 

recent cliff top. 

S04b thrust sheet (WU2) 

The horizontal length of the thrust sheet S04b is 168 m at beach level. The total length is about 366 m. 

The entire bed thickness in the thrust sheet is ca. 134 m in the central part and ca. 153 m in the hanging-

wall anticline. The chalk unit contains the flint bands F01 to F54 and has a thickness of about 124 m to 

145 m (WSW to ENE). The Pleistocene deposits (horizons chalk top, M1, I1, and M2) measure ca. 14 m.  

The northeastern boundary of the thrust sheet is the S04b/S04c footwall ramp. Its geometry is 

characterised by several hinge points like in the footwall ramp of S04c, but it is steeper and dips to WSW 

(225/40) (Fig. 6.7b). This is well comparable to the orientation 225/45 given by STEINICH (1972). The 

steepest zone of the ramp is above the hinge point at section meter 369 (depth: 39 m b. s. l.) with 225/64. 

Below the hinge point the orientation is 225/29. In fact, the thrust fault indicates a short flat between 

section meter 402 and 425, which is not horizontal, but parallel to the bedding of the thrust sheet below 

(225/25). The Pleistocene deposits M1, I1, M2, and I2 are not apparent at the cliff and have also not 
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been included in the cross section created by STEINICH (1972). However, regarding to the best-fit 

interpretation of the Wissower Ufer Section, there might have been older Pleistocene deposits before 

erosion and deposition of the M3-till complex. They are truncated by the footwall ramp of S04a at a 

very high level. 

S04a thrust sheet (WU3) 

The S04a thrust sheet has a horizontal length of 116 m at the cliff bottom, but the entire length is 232 m. 

The entire thickness of the bedding is about 114 m in the footwall syncline of S04c. The Cretaceous unit 

contains the flint bands F01 to F53 and has a thickness of ca. 100 m. The Pleistocene deposits including 

M1, I1, M2, and I2, are 14 m thick. 

S04a shows a very tight to isoclinal footwall syncline in the trailing edge (Fig. 6.7c). The 

southwestern limb of the major syncline moderately dips to NE (052/55) and the northeastern limb is 

inclined to WSW (248/60) (MEHLHORN, 2015). These values correspond to the orientation of the 

syncline in the best-fit model constructed in Move (southwestern limb: 065/76, northeastern limb: 

245/62).  However, the core zone of this syncline indicates a NE-verging adventive anticline 

(MEHLHORN, 2015). The hanging-wall anticline has an open geometry (Fig. 6.7c). The frontal thrust 

fault of S04a starts at section meter 146 at a depth of 105 m b. s. l., where the décollement zone is 

located. First, it indicates a rather listric shape and gets steeper to nearly vertical at section meter 200 

(250/77). At a cliff height of ca. 21 m, the ramp turns into a more gently, but still moderately inclined 

ramp (250/53). At section meter 246 the ramp turns into the upper flat, which is not horizontal, but 

quasi-parallel to the bedding of S04b (250/19). 
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Fig. 6.7 Detailed 2D cross sections of a) S04c, b) S04b, and c) S04a. The coloured lines represent the flint bands of the chalk 
as well as horizons of the Pleistocene beds, the red lines are faults. The cross sections constructed by STEINICH (1972), are 
shown in the background of each model. The black dashed line marks a simplified boundary of S04a. 
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6.2.2 Kinematic analysis (restoration) 

The kinematic-analysis methodology is similar to that of the Gakower Ufer Section, which is described 

in chapter 6.1.2. The individual projected cross sections have azimuths of 245° (S04a), 250° (S04b), and 

225° (S04c). The projection has been adjusted to the thrust faults at their trailing ends. The azimuth of 

the final large track comprising all thrust sheets of the Wissower Ufer Section is 240°. The local 

projection-line azimuth is 129°. 

The restoration of the individual thrust sheets started with the 2D Move on Fault workflow to 

re-deform the satellite faults in S04c (WU1) and S04b (WU2). The Fault Parallel Flow algorithm has 

been applied to realise this. The different results of the flexural-slip and line-length unfolding are shown 

on the example S04a in Figure 6.8. The restored cross sections are similar after the separate application 

of both algorithms. The flexural-slip unfolding only led to neglectable small folds. The line-length 

unfolded thrust sheets of the Wissower Ufer Section have been used for horizontal shortening 

calculations. 

The initial length (before glacitectonism in the southern structural sub-complex) of the 

Wissower Ufer Section has been determined to at least 1050 m. Now, the section measures 663 m. Thus, 

the entire horizontal shortening of the Wissower Ufer Section is minimum 417 m (39.7 %). This includes 

both folding and the translation along the flats and ramps. The process of folding constitutes only 34.1 % 

(142 m) of the entire deformation, while the consolidation and translation part constitute at least 65.9 % 

(275 m). The amount of displacement along the individual thrust faults is 217 m (WU1), 196 m (WU2), 

and 125 m (WU3). A summary of the horizontal shortening and strain partitioning in all sections and 

thrust sheets is given in Table 2 in chapter 6.8. 

 

 



Structural analysis of the southern sub-complex sections 

69 
 

 
Fig. 6.8 Summarised restoration process of the exemplary cross section S04a. a) Interpreted 2D cross section. The pin in the 
footwall syncline of the trailing edge has been constructed to prepare the first step of the flexural-slip unfolding. It has an 
inclination of 245/55. The pin in the ENE part of the thrust sheet has been placed in the axial-plane zone of the hanging-wall 
anticline. It has been used for the second step of the flexural-slip workflow and line-length unfolding. Its orientation is 065/82. 
The black dotted lines represent the target lines for the Flexural Slip workflow. b) Restoration result from the application of 
the Flexural Slip algorithm. c) Restoration result from the application of the Line Length algorithm. The cross sections 
constructed by STEINICH (1972), are shown in the background of each model. The black dashed line marks a simplified 
boundary of S04a. 
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The final cross section of the Wissower Ufer Section cannot be fully balanced with the available 

data. There appear larger gaps in the frontal ends of the restored thrust sheets S04b and S04c and a 

smaller gap in the frontal end of S04a (Fig. 6.9). Regarding to the amount of lacking bed lengths and 

the shape of the gaps, they might be mainly related to tectonic erosion due to shearing along the thrust 

faults. However, the effect of 3-dimensional deformation cannot be fully excluded. Considering the 

kinematic analysis, a contractional system can be suggested for the Wissower Ufer Section. It shows an 

imbricate fan with three individual thrust sheets (WU1, WU2, WU3). The local compressional stress 

may have been directed from WSW to ENE. This unusual orientation may indicate a complicated stress 

environment, when the surrounding sections are considered. The top-chalk position of the Wissower 

Ufer Section is relatively constant throughout the entire restored cross section likely indicating a 

consistent bedding without major offsets. This is also confirmed by the top zone of the Cretaceous unit, 

which contains nearly the same flint bands (F53 in S04a, F54 in S04b and S04c). However, the beds of 

S04a seem to be thinner than those of S04b and S04c, since the décollement is at a lower depth in this 

zone of the Wissower Ufer, although the stratigraphy is nearly identical. 

 
Fig. 6.9 Interpretation and restoration of the Wissower Ufer Section (S04a to S04c) with horizontal-shortening results. a) Cross 
section interpreted above and below the cliff boundaries (simplified). b) Restored cross section indicating the configuration 
before the glacitectonic formation of the southern structural sub-complex. The restored thrust sheets are additionally labelled 
with the new abbreviations WU1 to WU3, which represent the chronology of the restoration process.  
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6.3 Schnaks Ufer Section (S05 – S07) 

6.3.1 Structural description 

The tectonic situation of the Schnaks Ufer Section (SU) can be described as an imbricate fan comprising 

three thrust sheets subjected to fault-bend folding (Fig. 6.10). The thrust sheets are labelled as S05, S06, 

and S07 (alternatively SU3, SU2, SU1). The horizontal length of the entire section is about 944 m, the 

highest point of the cliff profile is the so-called Rabenklint in S06 (54 m a. s. l.), but the highest point 

of the interpreted cross section is the hanging-wall anticline of S06 a bit further to ENE 

(ca. 137 m a. s. l.). The northeastern and frontal boundary of the Schnaks Ufer Section is the footwall 

ramp above S08 of the Tipper Ort Section. The southwestern boundary is a thrust fault, which functions 

as ramp for the S04c thrust sheet of the Wissower Ufer Section. Three different architectural surfaces 

occur between S05 and S07 (cf. PEDERSEN, 2014). (1) The top of the cliff is a first-order surface. In S05 

and S06, the base-M3 unconformity truncates the glacitectonised sequence, which is also a first-order 

surface. An additional first-order surface is the décollement zone at ca. 120 m b. s. l. (2) The thrust faults 

between the sheets are second-order surfaces and (3) the bedding outlining the hanging-wall anticlines 

and the footwall syncline in S05 belong to the third order (Fig. 6.10b). In this chapter, the individual 

thrust sheets are described from the most distal (S07) to the most proximal part (S05), considering the 

chronology of the subsequent restoration process. 

 
Fig. 6.10 Interpretation of the Schnaks Ufer Section (S05 to S07). a) Overview of S05 to S07 at the cliff. The red/yellow (solid 
and dashed) lines indicate thrust faults. The black dashed lines show the boundary between chalk and glacigenic deposits. The 
brown dashed line marks the base of the M3-till complex. b) Projected and interpreted cross section (simplified). The numbers 
1 to 3 mark the architectural surfaces. The blue lines and arrows show separate chalk massifs. The transparent field in the WSW 
is stratigraphically below the oldest flint band F01 and subject to debate. 
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S07 thrust sheet (SU1) 

The horizontal length of the thrust sheet is 390 m at the cliff bottom, but the entire thrust sheet is in fact 

745 m long. The thickness of the beds in S07 is about 120 m. The thrust sheet contains the Cretaceous 

flint bands F01 to F54. Its thickness is ca. 96 m. The Pleistocene unit includes M1, I1, and M2. The I2 

bed does also exist, but the upper boundary is not fully clear. The Pleistocene unit is in total ca. 24 m 

thick. The length and thickness values are summarised in Table 1 in chapter 6.8 and in Appendix F. 

The simplified best-fit construction of S07 only shows a long thrust sheet with gently inclined 

beds (245/09) and a relatively open hanging-wall anticline in the ENE (Figs. 6.10 and 6.11a). 

STEINICH (1972) described a fault at the cliff bottom below the chalk massif of the “Kleine Wissower 

Klinken” (KWK), where the chalk unit is situated above Pleistocene beds (M1, I1). It is situated at 

section meter 500 in the here presented cross section. (see also Fig. E6 in Appendix E). The fault dips 

gently towards W (255/15 after Steinich (1972)). New orientation measurements (252/24) confirm these 

results. However, the position of the fault seems to be closer to the cliff base today than in the map 

constructed by STEINICH (1972). The chalk massif of the “Große Wissower Klinken” (GWK) indicates 

an anticline. Its fold axis is inclined to W (STEINICH, 1972). This chalk massif seems to have a lower 

height today than in the cross section constructed by STEINICH (1972). Perhaps, this points to the 

westward dip of the structure. The district ENE of the KWK could be labelled as S07a and the district 

ENE of the GWK as S07b. However, behind this GWK (towards the inland) appear Pleistocene deposits 

again. Thus, the chalk massifs have been neglected in this construction and have only been marked by 

blue lines in the cross section in Figure 6.10 to ease the restoration and interpretation. This complicated 

structure will be discussed in chapter 8, particularly in chapter 8.2.2 (Interpretation of particular 

structures). 

The footwall ramp below S07 starts at the décollement zone at ca. 120 m b. s. l. and it is gently 

inclined to SSW (205/15). At a distinct hinge point at section meter 864 and ca. 9 m b. s. l. the inclination 

changes to 205/67. At section meter 890 (52 m a. s. l.) the ramp turns into the upper flat. This dips very 

weakly towards SSW (205/05). There is a reverse fault visible at the cliff base of section meter 739 

(corresponds to PM 2292 in STEINICH (1972)), which moderately dips towards WSW (245/60). The 

vertical offset at this fault is ca. 5 m. It is suggested to be a glacitectonic satellite fault in the best-fit 

model. 

S06 thrust sheet (SU2) 

The thrust sheet S06 has a horizontal length of 160 m at the cliff bottom, but 490 m in total. The 

maximum thickness of the beds is 132 m in the footwall-ramp panel. The thickness in the hanging-wall 

anticline is only ca. 105 m. However, the vertical extent of the M2 bed in the northeasterly anticline is 

not as clear as in the southwestern part, where the upper flat of S05 forms the top boundary (Figs. 6.10 

and 6.11b). Furthermore, the anticline includes only the flint bands F05 to F55. The southwestern thrust-
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sheet part includes F01 to F56. There is a slight angular unconformity between the chalk top and the 

Pleistocene unit. The chalk horizons F05 to F55 show a thickness of 87 m in the SW and 82 m in the 

NE, which indicates a slight bed thickness decrease towards NE. The thickness of the Pleistocene 

deposits is ca. 35 m in the footwall-ramp panel. 

The bedding in the thrust sheet indicates a hanging-wall anticline, which has a box-fold shape 

and is relatively tight compared to the bedding conditions of the footwall-ramp panel. The flint bands 

F01 to F14 start with a horizontal bedding in the trailing edge, which turns into a gentle inclination 

towards SSE at section meter 194 to 401. The inclination further increases at section meter 401 to 439 

(165/45 after STEINICH (1972)). The best-fit configuration of S06 has been massively simplified 

compared to the interpretation by STEINICH (1972) with the aim to illustrate the deformation that mainly 

formed the southern structural sub-complex. Hence, two faults suggested by STEINICH (1972), have 

been neglected. Their age cannot be determined. The southwestern fault has an orientation of 145/70 

and the northeastern one dips into an eastern direction (STEINICH, 1972). The northeastern thrust fault 

of S06 shows a distinct flat-ramp-flat structure. The lower flat is the décollement zone at ca. 120 m 

b. s. l. At section meter 199, it turns into a ramp, which exhibits a listric shape between section meter 

405 and 442. In its lower parts the inclination is 245/12, but above the cliff base it is moderately to 

steeply inclined towards WSW (245/69, 245/50 after STEINICH, 1972). The transition into the upper flat 

occurs at section meter 458, ca. 25 m a. s. l. (corresponds to PM 2050 in STEINICH (1972)). The flat 

mirrors the geometry of thrust sheet S07. It is horizontal over a very short distance, but it is mainly 

inclined towards WSW by 9° (245/09). 

S05 thrust sheet (SU3) 

The westernmost thrust sheet of the Schnaks Ufer Section is S05 (Figs. 6.10 and 6.11c). The horizontal 

length of the cliff section is about 254 m at the cliff base, but the entire length is 699 m. The thickness 

of the sedimentary succession in the thrust sheet is ca. 187 m to 126 m from W to E in the western 

anticline limb. Hence, there is a thickness decrease from W to E, which is highly likely related to the 

thickness increase in the footwall-syncline core, particularly in the Pleistocene I1 bed. The Cretaceous 

unit contains the flint bands F01 to F56. Its thickness is 120 m to 108 m from the centre of the footwall 

syncline in the trailing edge to the eastern part of the syncline limb. The Pleistocene unit contains the 

beds M1, I1, M2, and I2. The thickness from the chalk-top horizon to I2 is relatively constant with 

ca. 18 m, but it is up to 67 m in the core of the syncline. However, there is no safe information on the 

real thickness of the I2 bed due to its truncation by the base-M3 unconformity. 

The E-verging Wissower Bach Syncline in the W of S05 has been described in detail by 

GEHRMANN et al. (2017), including stratigraphy and microstructures. It rather represents a recumbent 

fold, which is very tight to isoclinal. This geometry is highly likely related to the load of the hanging-

wall anticline of S04c in the west. Hence, the western limb of the syncline is overturned, which leads to 
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an age inversion in the stratigraphy with M1 on top and I1 as well as M2 below. Compared to the western 

limb, the eastern limb is very long with flint bands that are orientated at ca. 260/34 to 260/28 (W to E) 

in the best-fit construction (250/45 in GEHRMANN et al., 2017). The hanging-wall anticline of S05 is 

relatively open compared to the syncline in the trailing edge of the thrust sheet. The frontal part of S05 

is much more complex in the interpretation given by STEINICH (1972). In the here suggested best-fit 

configuration, the tectonic setting has been massively simplified to show the main deformation, which 

formed the southern structural sub-complex. The thrust fault in the east of S05 starts at the décollement 

zone at ca. 120 m b. s. l. (section meter 133). The footwall ramp is gently inclined towards SW (225/27), 

but at section meter 328 it turns into a steeply inclined fault (225/71). At a hinge point at section 

meter 347 (corresponds to PM 1865 in STEINICH (1972)) the fault gets flatter again, 225/47 in the best-

fit construction and 225/50 after STEINICH (1972). At section meter 383 (PM 1910 in STEINICH (1972)) 

the ramp turns into the upper flat. It mirrors the bed orientation in S06 and is gently inclined towards 

SW (225/20). 
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Fig. 6.11 Detailed 2D cross sections of a) S07, b) S06, and c) S05. The coloured lines represent the flint bands of the chalk as 
well as horizons of the Pleistocene beds, the red lines are faults. The legend for the horizons and faults can be found in Fig. 6.7. 
The cross sections constructed by STEINICH (1972), are shown in the background of each model.  
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6.3.2 Kinematic analysis (restoration) 

The kinematic-analysis methodology is similar to that of the southerly sections, which is described in 

detail in the chapters 5.2 and 6.1.2. The individual projected cross sections have azimuths of 245° (S07), 

225° (S06), and 260° (S05). The azimuth of the final large track comprising all thrust sheets of the 

Schnaks Ufer Section is 243°. The local projection-line azimuths are 138° for S07 (SU1), 133° for S06 

(SU2), and 141° for S05 (SU3). 

The restoration of the individual thrust sheets started with the 2D Move on Fault workflow to 

re-deform the satellite fault in S07 (SU1). The different results of the subsequent flexural-slip and line-

length unfolding are shown in the example S06 in Figure 6.12. The resultant restored cross sections 

show only minor differences. The Flexural Slip algorithm led to residual folds, for instance the slight 

monoclonal structure in S06 (SU2) (Fig. 6.12b). The line-length unfolded thrust sheets of the Schnaks 

Ufer Section show a perfect re-deformed state with maintenance of the line length. These results have 

been used for horizontal shortening calculations. 

The initial length (before glacitectonism in the southern structural sub-complex) of the Schnaks 

Ufer Section has been determined to at least 1872 m. Now, the section measures 944 m. Thus, the entire 

horizontal shortening of the Schnaks Ufer Section is minimum 928 m (49.6 %). This includes both 

folding and the translation along the flats and ramps. The process of folding constitutes only 15.8 % 

(147 m) of the entire deformation, while the translation part constitutes minimum 84.2 % (781 m). The 

amount of displacement along the individual thrust faults is 475 m (SU1), 294 m (SU2), and 211 m 

(SU3). A summary of the horizontal shortening and strain partitioning in all sections and thrust sheets 

is given in Table 2 in chapter 6.8. 
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Fig. 6.12 Summarised restoration process of the exemplary thrust sheet S06. a) Interpreted 2D cross section. The vertical pin 
to the left has been constructed at the southern end of the section to prepare the first step of the flexural-slip unfolding (trailing 
thrust-sheet end). The black dotted lines represent the target lines, respectively. The right pin has been used for the second 
flexural slip unfolding step and for the line-length modelling. It has an orientation of 045/86 and is situated at the fold axis of 
the hanging-wall anticline. b) Restoration result from the application of the Flexural Slip algorithm. c) Restoration result from 
the application of the Line Length algorithm. The cross sections constructed by STEINICH (1972), are shown in the background 
of each restoration step. 

 

 

 



Structural analysis of the southern sub-complex sections 
 

78 
 

The final cross section of the Schnaks Ufer Section cannot be fully balanced. There appear large 

gaps in the frontal ends of the restored thrust sheets, especially in SU1 (Fig. 6.13). The gaps might be 

related to minor tectonic erosion due to shearing along the thrust faults and to 3-dimensional 

deformation, highly likely including more than one deformation event. It has to be considered that the 

results only show a 2D interpretation. The results may point to a very complicated deformation history 

in the area of the Schnaks Ufer Section indicating unusual bedding and fault orientations. Considering 

the kinematic analysis, a contractional system can be suggested for the Schnaks Ufer Section. It shows 

an imbricate fan with three individual thrust sheets (SU1, SU2, SU3) that contain internal hanging-wall 

anticlines and a distinct footwall syncline in SU3 (S05). The compressional stress seems to have been 

directed from SW/WSW to NE/ENE. The restored cross section does not show distinct offsets between 

the sheets. The youngest flint band at the top of the chalk unit is F56 in SU3 and SU2, and F54 in SU1, 

which confirms the assumption of a relatively undisturbed bedding in this zone before glacitectonism of 

the southern sub-complex. There is only a weak bed inclination presumed, when the slight unconformity 

between the Pleistocene and the Cretaceous unit is considered. 

 
Fig. 6.13 Interpretation and restoration of the Schnaks Ufer Section (S05 to S07) with horizontal-shortening results. a) Cross 
section interpreted above and below the cliff boundaries (simplified). b) Restored cross section indicating the configuration 
before the glacitectonic deformation of the southern structural sub-complex. The restored thrust sheets are additionally labelled 
with the new abbreviations SU1 to SU3, which represent the chronology of the restoration process. 
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6.4 Tipper Ort Section (S08 – S10) 

6.4.1 Structural description 

The Tipper Ort Section (TO) comprises a complex tectonic framework. Based on the structural analysis, 

which resulted in a new interpretation and simplification of the cross sections constructed by 

STEINICH (1972), it indicates an imbricate fan comprising four thrust sheets. However, the two central 

thrust sheets may form a small duplex stack. The sheets are labelled as S08, (S09a), S09c, S09b, and 

S10 from SSW to NNE. They are subjected to fault-bend folding (Fig. 6.14). The sheet S09a represents 

an exception within the Tipper Ort Section, considering the best-fit version and the tectonic 

configuration shown by STEINICH (1972). The horizontal length of the entire section is about 872 m. 

The maximum altitude of the cliff profile is 62 m a. s. l. in the area NNE of the Tipper Bach. The highest 

point in the cross section constructed geometrically is the crest of the hanging-wall anticline of S08 

(ca. 135 m a. s. l.). The northern boundary of the Tipper Ort Section is the footwall ramp above S11 of 

the Kieler Ufer Section. The southern boundary is a thrust fault, which functions as ramp for the S07 

thrust sheet of the Schnaks Ufer Section. Three different architectural surfaces are distinguished in the 

Tipper Ort Section (cf. PEDERSEN, 2014). (1) The base-M3 unconformity and/or cliff top are first-order 

surfaces. Another first-order surface is the décollement situated at ca. 120 m b. s. l. The S09c thrust 

sheet does not reach the décollement zone. It ends at the intermediate flat ca. 78 m b. s. l. (2) The ramps 

between the thrust sheets, intermediate and upper flats are second-order surfaces. (3) The bedding 

outlining the hanging-wall anticlines and the syncline in S08 belong to the third order (Fig. 6.14b). In 

this chapter, the individual thrust sheets are described in the chronology of the restoration process. 

Fig. 6.14 Interpretation of the Tipper Ort Section (S08 to S10). a) Overview of S08 to S10 at the cliff. The red/yellow solid 
lines indicate thrust faults. The black dashed lines show the sedimentary boundaries between chalk and glacigenic deposits. 
b) Projected and interpreted cross section (simplified). The numbers 1 to 3 mark the architectural surfaces. The blue lines in 
the cross section show the original position of S09a. The transparent fields are zones, where the geometries are not fully clear. 
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S10 thrust sheet (TO1) 

The thrust sheet S10 displays a fault-bend fold with relatively gently inclined beds (Figs. 6.14b and 

6.15a). The horizontal length of the section is 169 m at the cliff base, but it is ca. 566 m from the 

southwesternmost to the northeasternmost end. The maximum thickness of the beds in S10 is about 

160 m in the central part of the footwall-ramp panel (around section meter 683). There, the chalk unit 

contains the horizons F01 to F54 and has a thickness of 97 m. The hanging-wall anticline only contains 

the flint bands F16 to F54. The thickness of the chalk unit decreases from the footwall-ramp panel in 

the SW to the hanging-wall anticline in the NE (F16 to chalk top: 62 m to 56 m). The Pleistocene 

deposits are ca. 29 m thick. However, in the central part of the footwall ramp the bed thickness is much 

higher (ca. 63 m), which can be associated with a higher content of I2 deposits. The length and thickness 

values are summarised in Table 1 in chapter 6.8. 

The footwall-ramp panel consists of gently inclined beds (215/13), while the beds of the tight 

hanging-wall anticline show a moderate to steep inclination (215/57) (Fig. 6.15a). These results confirm 

the orientation 220/35 given by STEINICH (1972). The Pleistocene M1 bed reaches the cliff bottom and 

is cut by the S09b/S10 thrust fault only at or even closely below the cliff bottom (Figs. 6.14b and 6.15a). 

The thrust fault at the northeastern end starts at the décollement zone at ca. 120 m b. s. l. and gently dips 

towards SSW (205/16). At a hinge point at section meter 743 the inclination changes to 205/59 and at 

another hinge point at section meter 800 ca. 9 m a. s. l. it changes to 205/38. At section meter 846 it 

turns into the upper flat, which is gently inclined towards SSW (205/13). These results correspond to 

the general orientation 205/50 given by STEINICH (1972). 

S09b thrust sheet (TO2d1) 

The thrust sheet S09b is a fault-bend fold that is limited to the north by a steep thrust fault south of S10 

(Figs. 6.14b and 6.15b). It has a horizontal length of ca. 264 m at the cliff base and about 526 m 

horizontal length in the interpreted cross section. The thickness of the beds in S09b increases towards 

NNE from 109 m at section meter 395 to 114 m at section meter 569. The chalk horizons include F01 

to F56 and reach total thicknesses of 95 m to 99 m (from SSW to NNE). The flint bands dip towards 

SW (210/25, 220/50 after STEINICH, 1972). There is an angular unconformity (discordance) visible 

between the chalk unit and the Pleistocene deposits of the southern part in S09b. Between section meter 

353 and 443 (matches PM 2793 to 2888 in STEINICH, 1972), the flint bands F55 and F56 are truncated 

by the base of the Pleistocene beds. The tops of I1 and the assumed beds M2 and I2 are not fully clear, 

but the thickness of the M1 bed can be ascertained, which is ca. 6 m in the SSW and 4 m in the NNE. 

However, the thickness of the entire Pleistocene unit seems to be thicker around section meter 440 of 

the best-fit construction compared to the Pleistocene deposits in the hanging-wall anticline, which is 

comparable to the situation in S10. The Pleistocene beds reach the cliff bottom and are cut by the 

southern thrust fault similar to the Pleistocene beds of S10. 
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In the best-fit model, S09b is the lower element of a small duplex stack. Duplex formation will 

be discussed in chapter 8.2.1 and 8.3. The duplex element S09b shows an S element, in consideration of 

PEDERSEN (2005) (see inset in Fig. 6.15c) and it is characterised by an open folded geometry both in 

the footwall-ramp panel and in the hanging-wall anticline (Figs. 6.14b and 6.15b). This is related to the 

thrust-fault geometry at the northern section end. It indicates two ramps, which are connected with each 

other by an intermediate flat. The décollement is at ca. 120 m b. s. l. From the décollement the footwall 

ramp stretches upwards with a gentle inclination towards SW (215/22). It turns into an intermediate flat 

at a hinge point 18 m b. s. l. at section meter 553. The flat extends about 60 m northwards onto another 

hinge point (at section meter 615), from where an upper ramp rises steeply towards the top of the section 

(215/61, 215/65 after STEINICH, 1972). There is an increase in the inclination (ca. 77°) of the upper ramp 

towards the top of the cross section. The section S09b contains three steeply dipping faults with minor 

displacement. The southern fault seems to steeply dip to NNE with a displacement of nearly 5 m, the 

two northern faults dip steeply to SW and show displacements of 2.5 m and 0.2 m, respectively. The 

faults are interpreted to be glacitectonic satellite faults. 

S09c thrust sheet (TO2d2) 

S09c is a new thrust sheet in the best-fit interpretation compared to the model suggested by 

STEINICH (1972) (Fig. 6.14b). The length of the section is 149 m at the cliff bottom, while the entire 

length is assumed to be about 357 m. The youngest traceable flint band is F51 (Fig. 6.15c). The thickness 

from F01 to F51 is ca. 77 m. However, the whole thickness of the chalk unit is assumed to be about 

99 m. The thrust faults at both ends of the thrust sheet have been constructed in consideration of the 

geometry of the southern and northern thrust sheet as well as the geometry of the cliff top and the trend 

of the creek Tipper Bach. Due to the poor exposure, the cross section is only shown in its simplest 

possible way (Fig. 6.15c). The northern hanging-wall anticline has only been roughly interpreted for the 

final best-fit cross section (Fig. 6.14b). S09c shows the upper element of the duplex stack and is assumed 

to be an S-type element, too. The thrust fault bounding S09c in the north is moderately inclined to SSW 

(210/35). It passes into the intermediate flat at ca. 78 m b. s. l. along a listric fault.  
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Fig. 6.15 Detailed 2D cross sections of a) S10, b) S09b, and c) S09c. The coloured lines represent the flint bands of the chalk 
as well as horizons of the Pleistocene beds, the red lines are faults. A detailed legend for the horizons and faults can be found 
in Fig. 6.7. The cross sections constructed by STEINICH (1972), are shown in the background of each model. The schematic 
illustration of a duplex stack including the three different elements (L, S, and G) is given in (c) (modified after PEDERSEN, 2005). 
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S08 thrust sheet (T03) 

Thrust sheet S08 shows an obvious syncline-anticline pair (Figs. 6.14b and 6.16a). S08 has a horizontal 

length of ca. 180 m at the cliff bottom and the syncline-anticline pair is totally 326 m long. However, 

the thrust sheet in fact continues further to SSW close to the décollement zone at ca. 120 m so that it 

reaches up to 689 m (Fig. 6.16a). The stratigraphy and geometry below the oldest known flint band F01 

is not fully clear. The maximum thickness of the beds is ca. 110 m in the core of the syncline in the 

trailing edge of S08. The syncline contains the chalk horizons F01 to F66 as well as the Pleistocene beds 

M1, I1, M2, and presumably I2. The thickness of the chalk unit in the syncline is ca. 95 m. The 

Pleistocene deposits are about 15 m thick. The length and thickness values are summarised in Table 1 

in chapter 6.8. 

The anticline of S08 contains three reverse faults, which are steeply inclined towards SSE 

(168/80 after STEINICH (1972)) (Fig. 6.16a). They might be glacitectonic satellite faults. The vertical 

offset at these faults is only minor, 4.5 m to 1.1 m. The flint bands in the southern limb of the anticline 

have an orientation of ca. 190/35 and 190/60 (STEINICH, 1972). The footwall ramp below S08 is 

moderately inclined to SSW (210/50) and ends up in the décollement at ca. 120 m b. s. l. 

S09a thrust sheet 

S09a has a special position in the Tipper Ort Section. It is situated between S08 and S09b in the cliff 

section constructed by STEINICH (1972) (Fig. 6.14). However, it is in fact a separate section with another 

orientation in the new best-fit configuration. While the other thrust sheets dip towards a southern 

direction, the beds in S09a seem to dip into a western direction. The southern boundary is a thrust fault, 

which dips towards SSW (210/40, 210/70) (Fig. 6.16b). The northern boundary is a thrust with an 

inclination of 340/75, thus it dips to NNW (STEINICH, 1972). This may indicate, that the northern and 

southern boundary could merge in the west behind this thrust sheet leading to the interpretation of one 

fault that dips steeply towards W. Thus, the structure may strike S-N. The surface structure in the digital 

elevation model confirms this interpretation (see Fig. 2.4). S09a represents a single ridge striking S-N, 

different from the surrounding ridge crests. The thrust sheet in Figure 6.16b shows the eastern limb of 

an anticline parallel to the azimuth of the axial plane (S-N trend). The current outcrop conditions enable 

a view of a fold position closer to the axial plane, since the chalk top is now at a higher position than 

shown in Figure 6.16b. This is related to the coastal retreat. 

The section S09a shows a very complex structural configuration. In the southern part the 

Pleistocene and upper chalk beds seem to be dragged into a southern direction. S09a has only a 

horizontal length of 151 m at the cliff bottom. However, this is in fact the value of the lateral fold 

dimension in this hillside cutting and does not give information on the real measures of this single 

structure. In consideration of the poor data situation at this outcrop, the interpretation in Move has only 

been done as far as it was realistic. The chalk unit contains the horizons F01 to F64 in the best-fit 
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configuration of S09a. Its thickness can be assumed to be about 117 m. The Pleistocene unit is ca. 15 m 

thick and contains the M1, I1, and M2 beds in the configuration shown in Figure 6.16b. Furthermore, 

there exist two faults, which do not deform the Pleistocene beds. Hence, they can be interpreted to be 

older than the glacitectonic structures in the Tipper Ort Section. Both are reverse faults, which may dip 

to WNW. The northerly fault has an orientation of 302/60 in the construction suggested by 

STEINICH (1972). 

 
Fig. 6.16 Detailed 2D cross sections of a) S08 and b) S09a. The coloured lines represent the flint bands of the chalk as well as 
horizons of the Pleistocene beds, the red lines are faults. The cross sections constructed by STEINICH (1972), are shown in the 
background of each model. 
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6.4.2 Kinematic analysis (restoration) 

The kinematic-analysis methodology is similar to that of the southerly sections, which is described in 

the chapters 5.2 and 6.1.2. The individual projected cross sections have azimuths of 215° (S10), 210° 

(S09), and 205° (S08). The azimuth of the final large track comprising all thrust sheets of the Tipper Ort 

Section is 210°. The local projection-line azimuth is 120°. 

The restoration of the individual thrust sheets started with the 2D Move on Fault workflow for 

S09b (TO2d1) and S08 (TO3). The different results of the subsequent flexural-slip and line-length 

unfolding are shown in the example S08 in Figure 6.17. Both results do not show that significant 

differences. There are only some minor residual folds in after the Flexural Slip workflow. The line-

length unfolded thrust sheets of the Tipper Ort Section have been used for horizontal shortening 

calculations. 

The initial length (before glacitectonism in the southern structural sub-complex) of the Tipper 

Ort Section has been determined to minimum 1788 m. Now, the section measures 872 m. Thus, the 

entire horizontal shortening of the Tipper Ort Section is at least 916 m (51.2 %). This includes both 

folding and the translation along the flats and ramps. The process of folding constitutes 35.5 % (325 m) 

of the entire deformation, while the consolidation and translation part constitute at least 64.5 % (591 m). 

The amount of displacement along the individual thrust faults is 182 m (TO1), 358 m (TO2d1), 358 m 

(TO2d2), and 167 m (TO3). A summary of the horizontal shortening and strain partitioning in all 

sections and thrust sheets is given in Table 2 in chapter 6.8. 
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◄Fig. 6.17 Summarised restoration process of the exemplary cross section S08. a) Interpreted 2D cross section. b) Restoration 
result from the application of the Fault Parallel Flow algorithm in the 2D Move on Fault workflow to re-deform the three 
satellite faults. The pin in the core of the footwall syncline in the trailing edge of S08 has been placed there to prepare the 
unfolding processes. The inclination is 205/75. The black dotted line is the target line, which the chalk-top horizon has been 
re-deformed to as template bed. c) Restoration result from the application of the Flexural Slip algorithm. d) Restoration result 
from the application of the Line Length algorithm. The cross sections constructed by STEINICH (1972), are shown in the 
background of each restoration step. 

The final cross section of the Tipper Ort Section cannot be fully balanced. There appear gaps in 

the northern ends of the restored thrust sheets S10 (TO1), S09b (TO2d1), and S08 (TO3) (Fig. 6.18). 

The gaps might be related to minor tectonic erosion due to shearing along the thrust faults. However, a 

fair quantity of lacking bed lengths in the restored cross section must be affected by 3-dimensional 

deformation, highly likely including more than one event. Considering the kinematic analysis, a 

contractional system can be suggested for the Tipper Ort Section. It shows an imbricate thrust system 

with two individual thrust sheets (TO1, TO3) and a duplex stack in the centre (TO2d1, TO2d2). The 

compressional stress may have been directed from S/SSW to N/NNE. The thickness of the chalk unit in 

the Tipper Ort Section is relatively constant throughout the entire section with around 95 to 100 m. The 

Pleistocene beds are around 15 m thick, but they are very thick in S10, especially in the trailing edge 

with 63 m. 

Even though S08 contains the most flint bands, it still has one of the lowest chalk-unit 

thicknesses of the entire Tipper Ort Section. Regarding to the top of the chalk, there appear only minor 

offsets between the individual thrust sheets of the restored cross section. However, the flint bands at the 

top of the chalk unit get generally older towards NNE, from TO3 (F66) to TO1 (F54). The bounding 

thrust sheets in the Schnaks Ufer Section (S) and Kieler Ufer Section (N) contain the horizon F54 as the 

topmost chalk bed. Hence, there must have been a considerable offset between the Cretaceous deposits 

of S07 and S08 before glacitectonism indicating that S07 lay at a higher level relative to S08. 



Structural analysis of the southern sub-complex sections 
 

88 
 

 
Fig. 6.18 Interpretation and restoration of the Tipper Ort Section (S08 to S10) with horizontal-shortening results. a) Cross 
section interpreted above and below the cliff boundaries (simplified). b) Restored cross section indicating the configuration 
before the glacitectonic deformation of the southern structural sub-complex. The restored thrust sheets are additionally labelled 
with the new abbreviations TO1 to TO3, which represent the chronology of the restoration process.  
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6.5 Kieler Ufer Section (S11 – S16) 

6.5.1 Structural description 

The tectonic setting of the Kieler Ufer Section (KU) is interpreted as an imbricate fan comprising six 

major thrust sheets subjected to fault-bend folding. The six thrust sheets are annotated as S11 to S16 

(Fig. 6.19). The horizontal length of the entire section is about 1202 m. The highest point of the cliff 

profile is at the southernmost top of S15 (64 m a. s. l.), but the highest point of the interpreted cross 

section is the hanging-wall anticline of S14 (166 m a. s. l.). The frontal boundary in the NNE of the 

Kieler Ufer Section is the footwall ramp above S17 of the Kollicker Bach Section. The boundary in the 

SSW is a thrust fault, which functions as ramp for the S10 thrust sheet of the Tipper Ort Section. The 

best-fit model of KU shows a complication of the tectonic situation in its central part. There appears a 

duplex stack between S12 and S14 (KU3d3, KU3d2, and KU3d1) and the lowermost part of the thrust 

sheet S15 (KU2) is subject to debate. Three different architectural surfaces occur between S11 and S16 

(cf. PEDERSEN, 2014) (Fig. 6.19b). (1) The top of the cliff and minor zones, where the base-M3 

unconformity occurs (S12, S16) are first-order surfaces. Another first-order surface is the décollement 

zone at ca. 120 m b. s. l. (2) The ramps and upper flats between the sections are second-order surfaces. 

Considering the duplex stack, the intermediate flat at ca. 92 m b. s. l. (KU3d3) does also belong to the 

second-order surfaces. (3) The bedding outlining the hanging-wall anticlines and the footwall syncline 

in S13 belong to the third order. In this chapter, the individual thrust sheets are described from the most 

distal (S16) to the most proximal part (S11), considering their presumed age from youngest to oldest 

and the chronology of the restoration process. 

 
Fig. 6.19 Interpretation of the Kieler Ufer Section (S11 to S16). a) Overview of S11 to S16 at the cliff coast. The red/yellow 
lines indicate thrust faults. The black dashed lines show the boundary between chalk and glacigenic deposits. b) Projected and 
interpreted cross section (simplified). Architectural surfaces are marked by numbers 1 to 3. Transparent fields represent roughly 
interpreted parts, which are subject to debate. 
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S16 thrust sheet (KU1) 
The horizontal length of S16 at the cliff base is 175 m, but it is 294 m from its SSW to its NNE end. The 

thickness of the Cretaceous unit including F01 to F54 is 98 to 89 m thick (from SSW to NNE), while 

the Pleistocene unit (M1, I1, and M2) is 24 m thick. Thus, the entire thickness of the bedding in S16 is 

122 to ca. 113 m from its trailing to its frontal edge, which indicates a thickness decrease of the 

Cretaceous beds by ca. 10 m. The length and thickness values are summarised in Table 1 in chapter 6.8. 

The flint bands in the Cretaceous chalk and the Pleistocene beds dip towards SSW. The gently 

inclined horizons in the footwall-ramp panel of S16 get steeper towards the centre of the hanging-wall 

anticline (Fig. 6.20a). The Pleistocene deposits reach the cliff bottom, since their trend corresponds to 

the geometry of the footwall ramp below S16 with a moderate inclination and they are cut by the 

S15/S16 thrust fault only at or even closely below the cliff bottom (Figs. 6.19b and 6.20a). The horizons 

are displaced by a reverse fault at section meter 951 (matches PM 4525 in STEINICH (1972)) with an 

offset of at least 6 m. The fault dips steeply towards SW (235/70 regarding to STEINICH (1972)). It is 

impossible to determine the exact age of the fault, as it is truncated by the erosional unconformity at the 

cliff top. However, regarding to the best-fit interpretation and in comparison to the faults in the 

surrounding sections, the reverse fault in S16 is interpreted to be a glacitectonic satellite fault. While the 

trailing end shows horizons with a gentle inclination towards SSW, the hanging-wall anticline of S16 is 

very tight. This geometry corresponds to the thrust fault between S16 and S17. It starts at the 

décollement at 120 m b. s. l. with a gentle to moderate inclination (210/38) and it gets extremely steep 

to the top of the cliff (210/79, 210/80 after STEINICH (1972)). The thrust is interpreted to have a slight 

listric shape and reaches the décollement at ca. 120 m b. s. l. 

S15 thrust sheet (KU2) 

The thrust sheet S15 is characterised by an open folded geometry both in the footwall-ramp panel and 

in the hanging-wall anticline (Figs. 6.19b and 6.20b). The beds of S15 are relatively short compared to 

the other thrust sheets of the Kieler Ufer Section, except S13. The horizontal length is 138 m at the cliff 

base, the total length is 427 m (max 477 m). The maximum thickness of the beds down to F01 in S15 is 

relatively constant (128 m). The Pleistocene unit with the M1 and I1 deposits is ca. 21 to 12 m, while 

the chalk unit including the beds F01 to F54 is ca. 107 m thick. 

The beds of the southern anticline limb dip towards SSW by 30° on average (210/30). Thus, 

they are more gently inclined than the horizons in S16 (205/45). However, the thrust fault between S14 

and S15 is much steeper between 0 and 51 m a. s. l. and therefore it truncates the Pleistocene beds at a 

higher level than the ramp below S15 (Fig. 6.20b). Thus, the Pleistocene unit does not reach the beach 

level. The Cretaceous flint bands are displaced by a reverse fault with a presumed orientation of 

about 250/47 below the beach level and ca. 250/56 above, regarding to the best-fit construction 

(Fig. 6.20b). The fault is assumed to be a satellite fault, based on the comparison with the surrounding 
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sections of the best-fit interpretation. The fault forms a steep splay at a branch point about 7 m a. s. l. 

(ca. 250/90, regarding to STEINICH (1972)). The offset at the main fault is about 10 m in the lowermost 

part. Above the branch point, the offset is less strong with ca. 3 to 4 m at each fault. The thrust fault 

between S15 and S16 starts at section meter 790 at the décollement surface. It is steeply inclined to SSW 

(205/65) and at a hinge point ca. 15 m above the cliff base (section meter 854) it turns into a moderately 

inclined thrust fault (205/38). In fact, it represents an upper flat, since it is parallel to the bedding in the 

S16 thrust sheet below. The inclination results from the best-fit model well correspond to the orientation 

205/35 given by STEINICH (1972). 

S14 thrust sheet (KU3d1) 

S14 is a long thrust sheet with an open hanging-wall anticline (Figs. 6.19b and 6.20c). The horizontal 

length of S14 is 178 m at the beach level, but the entire horizontal length from the SSW end to the NNE 

end is ca. 820 m. The Cretaceous beds (F01 to F54) are maximum 89 m thick. The thickness of the 

Pleistocene unit is 22 m and it includes the beds M1, I1, as well as M2. Thus, the entire thickness of the 

beds in S14 is ca. 111 m. 

The thrust sheet S14 is the lowermost element of the central duplex stack. It is an S-type segment 

(see inset in Fig. 6.15c). The thickness of S14 is only 28 m in the first 230 m between the décollement 

and the intermediate flat. In this zone, it contains the flint bands F01 to F16, which show a horizontal 

bedding. The thrust-sheet thickness gradually increases from section meter 322 to 555. There, the flint 

bands gently dip towards SSW (220/19), but the inclination increases towards the anticline core 

(220/60). The thrust faults bounding the thrust sheet in the SSW and NNE are relatively steep in the cliff 

section, but they are more gently inclined below the cliff bottom. The frontal ramp starts at the 

décollement at section meter 491. It is initially gently inclined towards SSW (210/21). At the hinge point 

at section meter 699 and 37 m b. s. l. the inclination gets steeper (210/61). At another hinge point 

53 m a. s. l., the thrust fault turns into a gently inclined fault (210/24). 
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Fig. 6.20 Detailed 2D cross sections of a) S16, b) S15, and c) S14. The coloured lines represent the flint bands of the chalk as 
well as horizons of the Pleistocene beds, the red lines are faults. The cross sections constructed by STEINICH (1972), are shown 
in the background of each model. 
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S13 thrust sheet (KU3d2) 

S13 is a very small thrust sheet, which is the central element of the duplex stack (Fig. 6.19b). It is also 

an S-type element. The horizontal length of the thrust sheet is 131 m at the cliff base, but it is 315 m 

from its SSW end to its NNE end. The entire bed thickness in S13 is maximum 108 m. The chalk unit 

has a thickness of maximum 94 m and contains the flint bands F01 to F54. The Pleistocene deposits 

including the beds M1, I1, and M2 are maximum 14 m thick. The length and thickness values are 

summarised in Table 1 in chapter 6.8. 

 The bedding of the S13 thrust sheet shows a gentle to moderate inclination (Fig. 6.21a). The 

upper flint bands of the chalk unit and the Pleistocene beds are dragged along the footwall ramp of S12 

so that they form a slight footwall syncline in the trailing edge. There appears a reverse fault at section 

meter 528 (corresponds to PM 3985 in STEINICH (1972)). It may be moderately to steeply inclined 

towards S (190/61). The age cannot be safely determined, as the fault is truncated by a first-order 

architectural surface (cliff top). However, in comparison to the tectonic situation of the thrust sheets 

south and north of S13, the fault is presumed to be a satellite fault, thus of Upper Weichselian age. The 

base of the thrust sheet is not the décollement or another flat. It is a gently inclined footwall ramp 

(220/12), which gets steeper at ca. 53 m b. s. l. (220/53). At 21 m a. s. l. the ramp may pass into the 

upper flat. 

S12 thrust sheet (KU3d3) 

S12 is the upper segment of the duplex stack, also indicating an S-type element (Fig. 6.19b). The thrust 

sheet has a horizontal length of 184 m at the cliff base. The entire horizontal length is 506 m. The entire 

bed thickness in the thrust sheet is 106 m from the F01 flint band to the topmost bed in the Pleistocene 

sequence. However, the bed thickness from the thrust-sheet base to the top is 131 m. The Cretaceous 

unit has a thickness of 81 m (F01 to F54/chalk top), but maximum 106 m. The Pleistocene sequence is 

ca. 25 m thick. 

The bedding of S12 indicates a gentle inclination (225/07) until it exhibits a kink-like geometry 

at about section meter 362 (Fig. 6.21b). Northeast of this area the inclination is 225/53. There occurs a 

presumed glacitectonic satellite fault at section meter 415, which steeply dips to S (STEINICH, 1972). 

The vertical offset at this reverse fault is about 15 m. Northeast of the fault, the flint bands of the 

hanging-wall anticline show a succession of two smaller anticlines and a syncline in between, which 

may point to a thrust fault geometry exhibiting a double ramp between section meter 445 and 500 rather 

than the simplified fault shown in Figure 6.21b. The thrust sheet does not reach the décollement surface 

at 120 m b. s. l., but the intermediate flat at ca. 92 m b. s. l. At section meter 323 it turns into the actual 

footwall ramp of S13, which is gently inclined towards SSW. At section meter 349 starts the footwall 

ramp of S12. It has a moderate inclination towards S (190/45). 
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S11 thrust sheet (KU4) 

The southernmost thrust sheet of the Kieler Ufer Section is S11 (Fig. 6.19). The horizontal length of the 

cliff section is about 162 m. The entire thrust sheet has a horizontal length of 478 m from the 

southernmost to the northernmost end. The thickness of the bedding in the sheet is maximum 116 m. 

The chalk deposits contain the flint bands F01 to F54 and they are about 100 m thick. The Pleistocene 

unit, which contains the beds M1 and I1 is ca. 16 m thick. 

S11 is an individual thrust sheet SSW of the duplex stack. Due to the step-like geometry of the thrust 

fault between S11 and S12, the bedding also shows a kinking geometry (Fig. 6.21c). In the SSW of S11, 

the beds are moderately inclined to SSW (205/45), while the central beds are gently inclined (205/18). 

Farther north, the inclination gets steeper again to form the southern limb of the hanging-wall anticline. 

The hanging-wall anticline is characterised by two smaller anticlines comparable to the frontal edge of 

S12. This is a hint to a double-ramp configuration of the frontal thrust fault (Fig. 6.21c). Below this 

structure the ramp steeply dips to SW (225/61). At a hinge point at section meter 148, 57 m b. s. l. the 

ramp is only gently inclined (225/13). However, it gets steeper at section meter 210. In its lowermost 

part, it forms the ramp between the décollement surface and the intermediate flat, on which S12 and S13 

were translated. The S11 thrust sheet contains two reverse faults. The southern fault can certainly be 

interpreted as a pre-Quaternary structure, since it does not displace the chalk top and the Pleistocene 

beds above. The fault has a very steep inclination towards SSW (205/80) and an offset of maximum 

2 m. The northerly fault is assumed to be of Quaternary age, in comparison to the surrounding reverse 

faults of the Kieler Ufer Section. Thus, it may have been formed during glacitectonism of the southern 

structural sub-complex. It dips towards SW by 72°, regarding to STEINICH (1972) and the best-fit 

interpretation. The horizons are displaced by ca. 10 m. 
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Fig. 6.21 Detailed 2D cross sections of a) S13, b) S12, and c) S11. The coloured lines represent the flint bands of the chalk as 
well as horizons of the Pleistocene beds, the red lines are faults. A detailed legend for the horizons and faults can be found in 
Fig. 6.20. The cross sections constructed by STEINICH (1972), are shown in the background of each model. 
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6.5.2 Kinematic analysis (restoration) 

The kinematic-analysis methodology is similar to that of the sections south of the Kieler Ufer Section, 

which is described in the chapters 5.2 and 6.1.2. The individual projected cross sections have azimuths 

of 205° (S16), 210° (S15), 220° (S14), 190° (S13), 225° (S12), and 205° (S11). The projection has been 

adjusted to the thrust faults at their trailing edges or individually to the flint-band inclinations. Finally, 

the section-trace azimuths are not more than 5° from parallel to the tectonic transport, thus they are still 

a proper basis to construct a reasonable pre-deformational configuration (ROWLAND et al., 2007). The 

azimuth of the final large track comprising all thrust sheets of the Kieler Ufer Section is 210°. The local 

projection-line azimuth is 298.04°. 

The restoration of the individual thrust sheets started with the 2D Move on Fault workflow to 

re-deform the satellite faults in S16 (KU1), S15 (KU2), S13 (KU3d2), S12 (KU3d3), and S11 (KU4). 

The different results of the flexural-slip and line-length unfolding are shown on the example S16 in 

Figure 6.22. Even though, the restored cross section still shows residual folds and gaps after applying 

the Flexural Slip algorithm, the result points to distinct bedding characteristics like for instance thickness 

variations. The application of the Line Length algorithm does not reveal the thickness variations, but it 

led to the requested straight beds in the re-deformed cross section. The line-length unfolded thrust sheets 

of the Kieler Ufer Section have been used for horizontal shortening calculations. 

The initial length (before glacitectonism in the southern structural sub-complex) of the Kieler 

Ufer Section has been determined to at least 2482 m. Now, the section measures 1202 m. Thus, the 

entire horizontal shortening of the Kieler Ufer Section is minimum 1280 m (51.6 %). This includes both 

folding and the translation along the flats and ramps. The process of folding constitutes only 20.5 % 

(263 m) of the entire deformation, while the translation part is even 79.5 % (1017 m). The amount of 

displacement along the individual thrust faults is 206 m (KU1), 164 m (KU2), 328 m (KU3d1), 521 m 

(KU3d2), 438 m (KU3d3), and 243 m (KU4). A summary of the horizontal shortening and strain 

partitioning in all sections and thrust sheets is given in Table 2 in chapter 6.8. 
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▲Fig. 6.22 Summarised restoration process of the exemplary cross section S16. a) Interpreted 2D cross section. b) Cross 
section after the application of the Fault Parallel Flow algorithm of the 2D Move on Fault workflow to remove the displacement 
at the satellite fault. The vertical pin to the left has been constructed at the southern end of the section to prepare the first step 
of flexural-slip unfolding. The black dotted lines represent the target lines. The right pin has been used for the second step of 
flexural-slip unfolding and line-length modelling. It has an orientation of 025/84 and it is situated in the core of the hanging-
wall anticline. c) Restoration result from the application of the Flexural Slip algorithm. c) Restoration result from the application 
of the Line Length algorithm. The cross sections constructed by STEINICH (1972), are shown in the background of each process 
step. 

A contractional system can be suggested for the Kieler Ufer Section. It shows an imbricate fan 

with three individual thrust sheets (KU1, KU2, and KU4) and a duplex stack in the centre (KU3d1, 

KU3d2, KU3d3). The stress may have been directed from S/SSW to N/NNE. The final cross section of 

the Kieler Ufer Section cannot be completely balanced. There appear smaller gaps in the northern ends 

of the restored thrust sheets KU1, KU2, and KU3d1 (Fig. 6.23). A large gap can be seen in the northern 

end of KU3d2. It has to be taken into account that the restored cross section only shows a 

2D interpretation. The results may point to a very complicated bedding and deformation history in the 

area of the Kieler Ufer Section. This is confirmed by the high amount of shortening (51.6 %) and the 

duplex stack in the centre. The position of the chalk top is relatively constant at 30 m b. s. l. throughout 

the restored Kieler Ufer Section. Only KU2 (S15) seems to end above the today’s beach level. It seems 

to form an individual uplifted structure with a vertical offset of ca. 23 to 30 m on each side (KU1/S16, 

KU3d1/S14). The topmost flint band is F54 in all thrust sheets. 

 
Fig. 6.23 Interpretation and restoration of the Kieler Ufer Section (S11 to S16) with horizontal-shortening results. a) Cross 
section interpreted above and below the cliff boundaries (simplified). b) Restored cross section indicating the configuration 
before the glacitectonic deformation of the southern structural sub-complex. The restored thrust sheets are additionally labelled 
with the new abbreviations KU1 to KU4, which represent the chronology of the restoration process.  
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6.6 Kollicker Bach Section (S17 – S19) 

6.6.1 Structural description 

The tectonic setting of the Kollicker Bach Section (KB) constitutes three thrust sheets each of which 

displays fault-bend folding. The three thrust sheets are labelled as S17, S18, and S19 (Fig. 6.24). The 

horizontal length of the entire section is about 920 (max 987 m), the highest point of the cliff profile is 

at the northeasternmost top of S18 (70 m a. s. l.), the highest elevations of the interpreted cross section 

are at the hanging-wall anticlines of S17 and S18 (134 m a. s. l.). The northeastern and frontal boundary 

of the Kollicker Bach Section contains the footwall ramps at the trailing edges of S20-2 and S20-1 as 

well as the footwall flat below S19. The southwestern boundary is a thrust fault, which functions as 

ramp for the S16 thrust sheet. Three different architectural surfaces occur between S17 and S19 

(cf. PEDERSEN, 2014). (1) The top of the cliff and partly the base-M3 unconformity are first-order 

surfaces. Another first-order surface is the décollement zone situated at ca. 120 m b. s. l. (2) The thrust 

faults constituting footwall ramps and upper flats between the sections are second-order surfaces and 

(3) the bedding outlining the hanging-wall anticlines belong to the third order (Fig. 6.24b). Here, the 

individual thrust sheets are described from the most distal (S19) to the most proximal part (S17), 

considering their presumed age from youngest to oldest and the chronology of the restoration process. 

 
Fig. 6.24 Interpretation of the Kollicker Bach Section (S17 to S19). a) Overview of S17 to S19 at the cliff. The red/yellow 
(solid and dashed) lines indicate thrust faults. The black dashed lines show the boundary between chalk and glacigenic deposits. 
b) Projected and interpreted cross section (simplified). The numbers 1 to 3 mark the architectural surfaces. 

S19 thrust sheet (KB1) 

The horizontal length of S19 at the cliff base is 228 m, but it is measured in the interpreted cross section 

to about 502 m from the southernmost edge in the trailing end to the frontal boundary on the northern 

top. The total thickness of the beds in S19 is ca. 133 m in the trailing end and ca. 79 m at the right top 

of the thrust sheet (hanging-wall anticline). However, the best-fit interpretation of S19 shows that the 

stratigraphy of the hanging-wall anticline (F23 to F54, chalk top to I2) might not be as complete as in 
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the footwall-ramp panel (F01 to F54, chalk top to I2). The thickness between the horizons F23 and M2 

is ca. 94 m in the footwall-ramp panel. This indicates a thickness decrease in the chalk unit by ca. 15 m 

from the southern to the northern part of S19. The Cretaceous unit is 91 to 59 m thick (from SSW to 

NNE), while the thickness of the Pleistocene unit ranges from 31 to 20 m (from SSW to NNE). The 

Pleistocene deposits are cut by the frontal thrust fault of S18 ca. 28 m below the cliff bottom (Figs. 6.24 

and 6.25a). The length and thickness values are summarised in Table 1 in chapter 6.8.1. 

The architecture of S19 represents a typical fault-bend fold developed on a flat-ramp-flat 

structure (Figs. 6.24 and 6.25a). The footwall ramp below S19 is the thrust fault between the sections 

S19 and S20-1 as well as S20-2. It is moderately inclined towards SSW (210/35), considering the best-

fit configuration. The ramp turns into the décollement surface at ca. 120 m b. s. l. The geometry of the 

upper flat may be debatable in this model. In consideration of the bedding geometry in the S20-1 sheet, 

the upper flat below S19 might be gently inclined towards SSW (210/09). 

S18 thrust sheet (KB2) 

The thrust sheet S18 shows a fault-bend fold with a very open hanging-wall anticline (Figs. 6.24 and 

6.25b). The horizons are gently inclined towards SW (e.g. F50: 235/17). The section has a length of 

293 m at the cliff base, but about 496 m total horizontal length. The entire thickness of the beds F01 to 

I1 in S18 is 114 m in the southwestern part. However, it is thicker in the hanging-wall anticline in the 

northeast (ca. 124 m). The stratigraphic thickness of the chalk (F01 to F54) is ca. 95 m ± 5 m. The 

Pleistocene unit with the M1 and I1 deposits is ca. 24 m thick. Thus, there is a thickness increase in the 

chalk unit from SW to NE. In the best-fit construction of thrust sheet S18, there is big space below the 

oldest flint band F01. As there are not enough data from the subsurface, it is not fully clear, whether the 

thrust sheet contains flint bands older than F01 below ca. 73 m b. s. l. This would imply a higher 

thickness of the chalk unit. Another option was a duplex element between the intermediate flat at 

73 m b. s. l. and the décollement at 120 m b. s. l. The structural configuration is further discussed in 

chapter 8.2.2. 

There are two reverse faults in the northeastern edge of S18, which might be interpreted as 

satellite faults related to the northern ramp. The southwestern fault occurs at section meter 418 and the 

northeastern at section meter 470 (matches PM 4995 and PM 5047 in STEINICH (1972)) (Fig. 6.25b). 

As they are truncated by the erosional unconformity below the M3-till complex, an exact age 

determination is impossible. However, regarding to the best-fit interpretation and compared to the faults 

in the surrounding sections, the reverse faults in S18 are interpreted to be glacitectonic, thus they have 

an Upper Weichselian age. The southwestern fault has an orientation of about 155/50 (STEINICH, 1972). 

The offset in the best-fit interpretation is ca. 10 m. The northeastern fault is inclined towards SW 

(230/35) (STEINICH, 1972). The model shows an offset of ca. 10 m at this fault, too. The thrust fault 

between S18 and S19 is moderately inclined to SSW (200/50). STEINICH (1972) stated a similar thrust-
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fault orientation of ca. 200/65 above the beach level. The ramp turns into the décollement surface at 

section meter 398 at 120 m b. s. l. and into the upper flat at section meter 555 at ca. 63 m a. s. l. 

S17 thrust sheet (KB3) 

The southernmost thrust sheet of the Kollicker Bach Section is S17. It forms a distinct fault-bend fold 

(Figs. 6.24 and 6.25c). The horizontal length of S17 is only 159 m at the beach level. This is related to 

the steeper inclination of the horizons. The total length is 425 m. The entire thickness of the beds from 

F01 to M2 is ca. 125 to 140 m. The Cretaceous beds (F01 to F54) are 107 to 122 m thick (SSW to NNE), 

while the thickness of the Pleistocene unit is constantly at least 18 m. The Cretaceous deposits show a 

similar phenomenon of thickness increase from SSW to NNE like in S18. 

The hanging-wall anticline of S17 is much tighter than that of S18. The flat-ramp-flat structure 

is not as clear as in S19. The geometric model of the Kollicker Bach Section suggests two possible ramp 

orientations. The first case shows a ramp with a hinge point at ca. 7 m a. s. l. at section meter 197 

(matches PM 4790 in STEINICH (1972)) (Fig. 6.25c). There, the inclination changes from 235/64 (upper 

part) to 235/21 (lower part). This geometry well corresponds to the bedding within the S17 thrust sheet. 

It may imply a continuation of S18 further to SSW below S17 and would suggest a duplex stack of the 

two segments S17 and S18. Another suggestion is a steep ramp (235/72) shown in Figure 6.25c, which 

leads to a flat-ramp-flat structure without any additional hinge points. However, this geometry requires 

either a duplex segment below S17 or older Cretaceous flint bands below F01. This issue is similar to 

that in S18. The structural configuration is also further discussed in chapter 8.2.2. The thrust fault 

bounding S17 in the south is very steep, but it forms a slightly listric geometry below the cliff bottom 

ending up in the décollement zone at ca. 120 m b. s. l. (Fig. 6.25c). The upper horizons of the Cretaceous 

unit (F46 to F54) and the Pleistocene beds are folded in a footwall syncline below the S16/S17 thrust 

fault like in S13. This syncline can be added to the architectural surfaces of the second order in the 

Kollicker Bach Section. 
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Fig. 6.25 Detailed 2D cross sections of a) S19, b) S18, and c) S17. The coloured lines represent the flint bands of the chalk as 
well as horizons of the Pleistocene beds, the red lines are faults. A detailed legend for the horizons and faults can be found in 
Fig. 6.20. The cross sections constructed by STEINICH (1972), are shown in the background of each model. 
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6.6.2 Kinematic analysis (restoration) 

The kinematic-analysis methodology is similar to that of the sections south of the Kollicker Bach 

Section, which is described in the chapters 5.2 and 6.1.2. The individual projected cross sections have 

azimuths of 200° (S19), 235° (S18), 210° (S17). The azimuth of the final large track comprising all 

thrust sheets of the Kollicker Bach Section is 215°. The local projection-line azimuth is 125°. 

The restoration started with the 2D Move on Fault workflow to re-deform the satellite faults in 

S18 (KB2). The different results of the flexural-slip and line-length unfolding are shown on the example 

S19 in Figure 6.26. Even though, the restored cross sections may show residual small folds after 

applying the Flexural Slip algorithm, the result points to distinct thickness changes within the beds. For 

instance, the thicker Pleistocene deposits in the trailing end of S19 can be best seen in the restored cross 

section shown in Figure 6.26b. The application of the Line Length algorithm does not reveal these 

thickness variations, but it led to the requested straight beds in the re-deformed cross section. The line-

length unfolded thrust sheets of the Kollicker Bach Section have been used for horizontal shortening 

calculations. 

The initial length (before glacitectonism in the southern structural sub-complex) of the Kollicker 

Bach Section has been determined to at least 1320 m. Now, the section measures 920 m. Thus, the entire 

horizontal shortening of the Kollicker Bach Section is minimum 400 m (30.3 %). This includes both 

folding and the translation along the flats and ramps. The process of folding constitutes 37.7 % (151 m) 

of the entire deformation, while the translation and consolidation part constitute at least 62.3 % (249 m). 

The amount of displacement along the individual thrust faults is 252 m (KB1), 194 m (KB2), and 199 m 

(KB3). A summary of the horizontal shortening and strain partitioning in all sections and thrust sheets 

is given in Table 2 in chapter 6.8. 
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Fig. 6.26 Summarised restoration process of the exemplary cross section S19. a) Interpreted 2D cross section. The vertical pin 
to the left has been constructed at the southern end of the section to prepare the first step of flexural-slip unfolding. The black 
dotted lines represent the target lines, respectively. The right pin has been used for the second step of flexural-slip unfolding. 
It has an orientation of 020/86 and is situated at the axial plane of the hanging-wall anticline. The vertical pin in the middle has 
been used for the line-length modelling. b) Restoration result from the application of the Flexural Slip algorithm. c) Restoration 
result from the application of the Line Length algorithm. The cross sections constructed by STEINICH (1972), are shown in the 
background of each process step. 
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The final cross section of the Kollicker Bach Section cannot be fully balanced with the available 

data. There appear large gaps in the northern ends of the restored thrust sheets S17 (KB3) and S18 (KB2) 

and also a smaller gap in S19 (KB1) (Fig. 6.27). The gaps might be related to minor tectonic erosion 

due to shearing along the thrust faults. However, a fair quantity of lacking bed lengths in the restored 

cross section must be affected by 3-dimensional deformation, highly likely including more than one 

event. Considering the kinematic analysis, a contractional system can be suggested for the Kollicker 

Bach Section. It shows an imbricate fan with three individual thrust sheets (KB1, KB2, KB3). The 

compressional stress may have been directed from SW to NE.  

The re-deformed cross section shows three thrust sheets with decreasing chalk-unit thickness 

from SW to NE, while the thickness of the Pleistocene beds is relatively constant throughout the section. 

This implies volume changes in the sheets. The top of the chalk is at a higher level in the SW end and 

at a lower level at the NE end. However, the youngest flint band is F54 in each sheet. Based on this, 

there can be observed offsets between KB3 and KB2 and KB1 in the restored cross section, which appear 

to indicate reverse faults dipping into a southwestern direction (Fig. 6.27b). The vertical offsets are 

ca. 14 and 31 m. 

 
Fig. 6.27 Interpretation and restoration of the Kollicker Bach Section (S17 to S19) with horizontal-shortening results. a) Cross 
section interpreted above and below the cliff boundaries (simplified). b) Restored cross section indicating the configuration 
before the glacitectonic deformation of the southern structural sub-complex. The restored thrust sheets are additionally labelled 
with the new abbreviations KB1 to KB3, which represent the chronology of the restoration process. 
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6.7 Stubbenkammer Section (S20 – S23) 

6.7.1 Structural description 

The Stubbenkammer Section (SK) represents an imbricate fan with five thrust sheets each of which 

displays fault-bend folding. They are labelled as S20-1, S20-2, S21, S22, and S23 (Fig. 6.28). The newly 

constructed cross section may indicate a small sixth thrust sheet between S20-1 and S20-2. These three 

sections may form a duplex stack. The horizontal length of the entire section is about 1151 m. The 

highest point of the cliff profile is at the top of the Königsstuhl (117.9 m a. s. l.), which has also the 

highest elevation of the entire cliff of Jasmund. The position of the maximum cliff elevation also 

corresponds to the highest elevation of the interpreted cross section, which is the anticline of S23 

(ca. 147 m a. s. l.). The southern boundary of SK is the flat-ramp-flat structure below the S19 thrust 

sheet of the Kollicker Bach Section. Three different architectural surfaces occur between S20-1 and S23 

(cf. PEDERSEN, 2014). (1) The top of the cliff is a first-order surface. An additional first-order surface is 

the décollement zone at ca. 120 m b. s. l. The S20-1 thrust sheet does not reach the depth of 120 m b. s. l. 

It ends at an intermediate flat ca. 24 m b. s. l. (2) The thrust faults between the sections are second-order 

surfaces and (3) the bedding outlining the hanging-wall anticlines belong to the third order (Fig. 6.28b). 

In this chapter, the individual thrust sheets are described from the most distal (S23) to the most proximal 

part (S20-1), considering their presumed age from youngest to oldest and the chronology of the 

restoration process. 

 
Fig. 6.28 Interpretation of the Stubbenkammer Section (S20-1 to S23). a) Overview of S20-1 to S23 at the cliff. The red/yellow 
(solid and dashed) lines indicate thrust faults. The black dashed line shows the boundary between chalk and glacigenic deposits. 
b) Projected and interpreted cross section (simplified). The numbers 1 to 3 mark the architectural surfaces. 
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S23 thrust sheet (SK1) 

The thrust sheet S23 is the Königsstuhl section (Figs. 6.28 and 6.29a). The length of the section is 220 m 

at beach level from the thrust fault in the south until the end of the constructed Stubbenkammer Section. 

Regarding to the best-fit construction, the entire length with the parts below the cliff bottom is 547 m. 

The thickness of the bedding in section S23 is ca. 164 m in the footwall-ramp panel around section meter 

890, but it increases to 175 m in the zone of the fold hinge. The chalk unit including the flint bands F01 

to F59, has a thickness of 130 to 146 m (S to N), while the Pleistocene unit (horizons chalk top to I1) is 

only 34 to 29 m thick. The length and thickness values are summarised in Table 1 in chapter 6.8. The 

beds are very steeply inclined to vertical between section meter 925 and 1020 (50 to 55 m a. s. l.). The 

position matches PM 6665 to 6800 in the cross section from STEINICH (1972). However, a strong 

inclination change gets obvious in hinge points for instance in the Pleistocene beds or chalk-top to F53 

horizon. To the south, the beds are gently inclined to S, the dip angle is 20° in STEINICH (1972) (chalk 

top: 185/12 in this model). 

Regarding to the best-fit construction of SK performed in Move, the geometry of S23 seems to 

represent the southern limb of an anticline, which indicates the shape of a box fold (Fig. 6.29a). 

However, the stratigraphy of the flint bands within the chalk is not fully clear in the northernmost part 

of the section and hampers a reliable interpretation. The structural configuration is further discussed in 

chapter 8.2.2. Whether the décollement zone at 120 m b. s. l. turns into a typical ramp dipping to S like 

in the other thrust sheets of the Stubbenkammer Section, is not fully clear. The Pleistocene deposits do 

not reach the beach level at the trailing end of the thrust sheet because of the change to a gentle bed 

inclination and the truncation by the southern thrust fault, which is the footwall ramp below S22. 

S22 thrust sheet (SK2) 

The thrust sheet S22 is known as the “Kleine Stubbenkammer”, a chalk massif with an elevation of 

ca. 111 m a. s. l (Fig. 6.28 and 6.29b). The horizontal length of this section is ca. 255 m at beach level. 

However, the total length is about 513 m. The entire bed thickness of the thrust sheet is relatively 

constant with ca. 165 m. The chalk unit contains the flint bands F01 to F63 and has a thickness of about 

130 m. The Pleistocene deposits (chalk top, M1, I1, M2, and maybe I2) measure ca. 35 m. The northern 

boundary of the thrust sheet is the S22/S23 footwall ramp. It is inclined to S by 57° (185/57) 

(Fig. 6.29b). However, immediately below the beach level the inclination turns into 185/18. At this 

point, the fault seems to form a short intermediate flat. The fault geometry is interpreted to follow exactly 

the trend of the bedding in S22. This represents a hanging-wall anticline with a moderately inclined 

southern limb (185/45; 170/40 in STEINICH (1972)) only over a short distance from section meter 731 

to 768, which then turns into a gently inclined limb (185/18; 170/20 in STEINICH (1972)) until it is 

truncated by the footwall ramp of S21 (Fig. 6.29b). The Pleistocene unit does not reach the cliff bottom 

due to the truncation. 
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S21 thrust sheet (SK3) 

The S21 thrust sheet has a horizontal length of 207 m at the cliff bottom, but the entire length is 465 m. 

The entire thickness of the bedding is about 120 m in the southerly footwall-ramp panel and ca. 125 m 

in the hinge of the hanging-wall anticline. However, it must be taken into account that the southern part 

contains the flint bands F01 to F57 as well as the Pleistocene beds M1 to M2, while the strata in the 

anticline hinge only contains the flint bands F06 to F57 below the Pleistocene deposits. Despite the lack 

of the oldest chalk beds in the northern end of S21, the thickness data point to a thickness increase 

towards N. The Pleistocene unit has a relatively constant thickness of ca. 27 m. Thus, the variability 

comes from the chalk (93 m to 98 m from S to N). 

The thrust sheet shows a relatively tight hanging-wall anticline (Fig. 6.28 and 6.29c). The 

southern limb contains at least two distinct, kink-like zones of inclination change. The part close to the 

fold axis dips moderately towards S (185/50). This corresponds to the orientation 190/45 measured by 

STEINICH (1972). Around section meter 531 (e.g. F50) the inclination gets flatter (185/22) and south of 

the area around section meter 436 the beds dip steeper towards S (185/37) until the geometry turns into 

a horizontal bedding. Above the beach level, the northerly thrust fault dips towards S by 56° (185/56), 

but the orientation turns into 185/28 ca. 35 m below the cliff bottom. At a depth of ca. 120 m b. s. l. it 

turns into the décollement surface. 

S20-2 thrust sheet (SK4d1) 

The S20-2 sheet has only a horizontal length of 115 m at beach level, but the entire length is much larger 

with ca. 653 m. The thrust sheet contains the flint bands F01 to F53 and the Pleistocene beds M1 to M2 

(Fig. 30a). The entire bed thickness in the footwall-ramp panel, where the bedding is horizontal, can be 

measured from the décollement below F01 to the intermediate flat above F51 (96 m). The bedding in 

the northern end of S20-2 only contains the horizons F40 to F53, chalk top as well as M1 and I1 due to 

the ramp geometry. The entire bed thickness in that part of the thrust sheet is about 79 m. The Pleistocene 

unit can be estimated to a thickness of ca. 37 m. All in all, the thickness of the single beds is relatively 

constant throughout the thrust sheet. A variability only comes from the special tectonic conditions. 

The S20-2 thrust sheet forms the lowermost segment of a duplex stack comprising in total three 

elements. It forms an S-type segment (see inset in Fig. 6.30b). The northern boundary of S20-2 is the 

footwall ramp above S21. The geometry is characterised by an obvious hinge point 17.5 m a. s. l. at 

section meter 412 (corresponds to PM 5910 in STEINICH (1972)). There, the thrust fault forms a very 

short, inconspicuous intermediate flat and NNE of it the fault is gently inclined towards SSW (210/28) 

and, below the hinge point it shows an orientation of 210/45 until it passes into the décollement at section 

meter 204 (Fig. 30a). Close to the beach level, the Pleistocene deposits are truncated by the footwall 

ramp of S20-1, F53 and F52 below the beach level. However, all horizons below F52 are truncated by 

the actual footwall ramp of the thrust sheet S19, which belongs to the Kollicker Bach Section (Fig. 30a). 
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S20-1 thrust sheet (SK4d2, SK4d3) 

The southernmost thrust sheet of the Stubbenkammer Section, S20-1 (Fig. 28) has a special role in the 

structural context of the entire section. At the cliff bottom, it has a horizontal length of 188 m, but it has 

a total length of 307 m. The trailing end of the thrust sheet is not fully clear, but regarding to the best-

fit construction of the Stubbenkammer and Kollicker Bach Section, the sheet might end up at the 

intermediate flat at ca. 24 m b. s. l. The entire thrust sheet S20-1 is not very thick with maximum 76 m. 

The only beds, which can be safely recognised, are the flint bands F49, F50, F51, F52, and the chalk top 

as well as the Pleistocene beds with M1, I1, and M2. They have an orientation of 220/40 

(STEINICH, 1972). The thickness of the Pleistocene unit is maximum 29 m. 

Regarding to the cross section constructed by STEINICH (1972), another fault has been added to 

the system in the modelling process with Move. This fault separates S20-1 into two parts, thus S20-1a 

and S20-1b. The tectonic setting of S20-1 together with S20-2 can be described as a duplex stack 

(Figs. 6.30a, b). Regarding to the fault-bend-fold model for duplex units introduced by 

PEDERSEN (2005), the lowermost segment S20-2 and the middle segment S20-1b indicate S-structures 

(inset in Fig. 6.30b). Their trailing parts are parallel to the individual flats below. The intermediate parts 

are parallel to their footwall ramps and their frontal parts to the upper flats. The upper duplex segment 

S20-1a shows a G-structure (inset in Fig. 6.30b). Its trailing part is parallel to the footwall ramp and the 

frontal part to the upper flat, thus giving the shape of a Γ (Gamma in the Greek alphabet). 

The thrust fault below S20-1a turns from the intermediate flat at ca. 24 m b. s. l. (section 

meter 125) into a ramp that moderately dips to SSW (210/46). At section meter 146 (depth of 

ca. 3 m b. s. l.) it passes into a short intermediate flat. A second ramp follows at the hinge point of 

section meter 178. It has an orientation of 210/22, which changes to 210/37 in the upper zone of the cliff 

section. The interpreted thrust fault above the cliff top is again gently inclined. The frontal thrust fault 

of S20-1 shows an inclination of 210/56 in the best-fit configuration, which is close to the measured 

orientation 215/60 after STEINICH (1972). The dip changes below the beach level to 210/12 until it gets 

horizontal at ca. 24 m b. s. l. (section meter 167). Furthermore, there is a distinct pre-Quaternary reverse 

fault in S20-1a with an inclination of 210/45 (STEINICH, 1972). However, the offset is not clear. It can 

only be observed that the flint bands F51 and F52 in the footwall are ca. 7.9 m higher (vertical) than F49 

and F50 in the hanging wall. Regarding to this, there might be estimated an offset of ca. 2 m. The 

southern boundary of the duplex stack (S20-1a/b, S20-2) is the thrust fault below S19. 
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Fig. 6.29 Detailed 2D cross sections of a) S23, b) S22, and c) S21. The coloured lines represent the flint bands of the chalk as 
well as horizons of the Pleistocene beds, the red lines are faults. The cross sections constructed by STEINICH (1972), are 
shown in the background of each model. 
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Fig. 6.30 Detailed 2D cross sections of a) S20-2 and b) S20-1. The coloured lines represent the flint bands of the chalk as well 
as horizons of the Pleistocene beds, the red lines are faults. A detailed legend for the horizons and faults can be found in 
Fig. 6.29. The cross sections constructed by STEINICH (1972), are shown in the background of each model. The schematic 
illustration of a duplex stack including the three different elements (L, S, and G) is given in (b) (modified after 
PEDERSEN, 2005). 
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6.7.2 Kinematic analysis (restoration) 
 
The kinematic-analysis methodology is similar to that of the other sections, which is described in the 

chapters 5.2 and 6.1.2. The individual projected cross sections have azimuths of 185° (S23), 185° (S22), 

185° (S21), 210° (S20-2), and 210° (S20-1). The projection has been adjusted to the thrust faults at their 

trailing edges or individually to the flint-band inclinations. Finally, the section-trace azimuths are not 

more than 5° from parallel to the tectonic transport, thus they are still a proper basis to construct a 

reasonable pre-deformational configuration (ROWLAND et al., 2007). The azimuth of the final large track 

comprising all thrust sheets of the Stubbenkammer Section is 195°. The local projection-line azimuth is 

105°. 

The different results of the flexural-slip and line-length unfolding are shown on the example 

S22 in Figure 6.31. Even though, the restored cross section still shows residual folds after applying the 

Flexural Slip algorithm, the result points to distinct thickness changes within the beds. The application 

of the Line Length algorithm does not reveal the thickness variations, but it led to the requested straight 

beds in the re-deformed cross section. The line-length unfolded thrust sheets of the Stubbenkammer 

Section have been used for horizontal shortening calculations. 

The initial length (before glacitectonism in the southern structural sub-complex) of the 

Stubbenkammer Section has been determined to at least 2293 m. Now, the section measures 1151 m. 

Thus, the entire horizontal shortening of the Stubbenkammer Section is minimum 1142 m (49.8 %). 

This includes both folding and the translation along the flats and ramps. The process of folding 

constitutes only 18.1 % (207 m) of the entire deformation, while the translation part constitutes 

minimum 81.9 % (935 m). The amount of displacement along the individual thrust faults is 262 m 

(SK2), 79 m (SK3), 215 m (SK4d1), 379 m (SK4d2 and SK4d3). In this suggested best-fit construction 

of the Stubbenkammer Section, the thrust sheet SK1 (S23) has only been shortened by folding. A 

summary of the horizontal shortening and strain partitioning in all sections and thrust sheets is given in 

Table 2 in chapter 6.8. 

 

 



Structural analysis of the southern sub-complex sections 

113 
 

 
Fig. 6.31 Summarised restoration process of the exemplary cross section S22. a) Interpreted 2D cross section. The vertical pin 
to the left has been constructed at the southern end of the section to prepare the flexural-slip unfolding. The black dotted line 
represents the target line. The right pin has been used for the line-length modelling. It has an orientation of 005/84 and is 
situated at the axial plane of the hanging-wall anticline. b) Restoration result from the application of the Flexural Slip algorithm. 
c) Restoration result from the application of the Line Length algorithm. The cross sections constructed by STEINICH (1972), are 
shown in the background of each step. 
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The final cross section of the Stubbenkammer Section cannot be fully balanced with the 

available data. There appear gaps in the northern ends of the restored thrust sheets S20-2 (SK4d1), S21 

(SK3), and S22 (SK2) (Fig. 6.32). The gaps might be related to minor tectonic erosion due to shearing 

along the thrust faults. However, a fair quantity of lacking bed lengths in the restored cross section must 

be affected by 3-dimensional deformation, highly likely including more than one event. It has to be 

taken into account, that the results only show a 2D interpretation. The results may point to a very 

complicated bedding and deformation history in the area of the Stubbenkammer Section, which 

represents the boundary zone between the northern and southern structural sub-complex. Considering 

the kinematic analysis, a contractional system can be suggested for the Stubbenkammer Section. It 

shows an imbricate thrust system with three individual thrust sheets (SK1, SK2, SK3) and a duplex stack 

in the south (SK4d1, SK4d2, SK4d3). The compressional stress may have been directed from S/SSW to 

N/NNE. The thickness of the chalk unit in the Stubbenkammer Section increases towards north, while 

the thickness of the Pleistocene beds is relatively constant throughout the section. Furthermore, the flint 

bands at the top of the chalk unit get younger towards north, from SK4d1 (F53) to SK2 (F63). However, 

the Kieler Ufer and Kollicker Bach Section in the south contain the horizon F54 as the topmost chalk 

bed in all thrust sheets. In consideration of this flint-band configuration, there can be observed an offset 

between SK3 and SK2 as well as SK2 and SK1 in the restored cross section appearing like normal faults 

dipping into a southern direction (Fig. 6.32b). The vertical offsets are ca. 24 and 8 m. 

 
Fig. 6.32 Interpretation and restoration of the Stubbenkammer Section (S20-1 to S23) with horizontal-shortening results. 
a) Cross section interpreted above and below the cliff boundaries (simplified). b) Restored cross section indicating the 
configuration before the glacitectonic deformation of the southern structural sub-complex. The restored thrust sheets are 
additionally labelled with the new abbreviations SK1 to SK4, which represent the chronology of the restoration process. 
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6.8 Summary 

The southern structural sub-complex of Jasmund indicates a contractional fold-and-thrust system. It is 

a large imbricate fan with ca. 21 individual thrust sheets and at least three duplex stacks (Fig. 6.33). The 

décollement zone is located at a depth of ca. 120 m b. s. l. However, the position changes to 

105 m b. s. l. (S04a) and 90 m b. s. l. (S03) in the proximal zone. The local stress has been determined 

to be orientated S/SW to N/NE. The structural data of the ramps are summarised in Table 1. The total 

horizontal shortening of the southern structural sub-complex has been determined to 5510 m (49.1 %). 

Thus, the original pre-glacitectonic cross section was 11230 m long and now it has a length of 

ca. 5720 m, considering the average azimuths of the modelled cross sections. 

The most proximal part of the southern sub-complex is fold-thrust-dominated. However, only 

after at least 800 m the structures turn into imbricate stacks subjected to fault-bend folding. There occur 

zones of more distinct folding in the frontal zone of the Gakower Ufer Section (S02, S03), in the trailing 

ends of the Wissower Ufer (S04a) and Schnaks Ufer Section (S05), as well as in the thrust sheet S08 of 

the Tipper Ort Section. These thrust sheets indicate syncline-anticline pairs with distinct footwall-

synclines in their trailing ends. The horizontal shortening of the Gakower Ufer and Wissower Ufer 

Section is only less than 40 %, respectively, when the shortening amount of the entire sub-complex is 

considered. Even though, the proximal zone indicates more folding than the central and distal part, 

faulting is still dominant with about 65.5 % of the total shortening, respectively in the Gakower and 

Wissower Ufer Section, and even 84.2 % in the Schnaks Ufer Section (Tab. 2). The reason may be the 

intensive deformation immediately in front of the glacier front and the presumed longer time for 

deformation compared to the beds of the distal zone. The detailed interpretation of the structural 

evolution is given in chapter 8.3 (Dynamic development of the southern structural sub-complex). The 

Schnaks Ufer Section could in fact be assigned to the central zone of the southern structural sub-

complex. In the best-fit model, it shows a relatively simple configuration of three individual imbricated 

thrust sheets. However, the stratigraphy and geometry of the trailing end in S05 is not fully clear. 

Moreover, the S07 thrust sheet, constructed as a long gently inclined thrust sheet, is subject to debate 

(see chapter 8.2.2. Interpretation of particular structures). Thus, it could rather mirror the complicated 

structures of the central zone. 

The central zone of the southern structural sub-complex is rather thrust-dominated, and it is 

characterised by massive compression. The Tipper Ort Section and the Kieler Ufer Section contain 

duplex stacks (Fig. 6.33), which indicate intensive thrusting and shortening. The southernmost duplex 

is a small one in the Tipper Ort Section (S09b/S09c). The Kieler Ufer Section includes a bigger duplex 

stack (S12 to S14). These two sections have the highest amount of horizontal shortening (51.2 % and 

51.6 %) compared to the other sections of the southern sub-complex (Tab. 2). Furthermore, translation 

along the décollement surface, ramps, intermediate and upper flats is obviously the dominant part of 
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shortening. It comprises 64.5 % and 79.5 % of the total shortening in the Tipper Ort and Kieler Ufer 

Section. 

The northern part of the southern sub-complex is thrust-dominated. The most distal zone is less 

strongly deformed than the central part. It contains an imbricate fan of moderately inclined thrust sheets 

(Fig. 6.33). There occurs also a duplex stack (S20-1 and S20-2 of the Stubbenkammer Section). 

However, this contains much smaller segments. Although the Stubbenkammer Section in this distal part 

shows a less complicated structural configuration than the central zone, it is still strongly compressed, 

which led to a horizontal shortening of still 49.8 % (Tab. 2). The results of strain partitioning indicate 

that faulting (81.9 % of the total shortening) is the dominant deformation in the distal part of the southern 

sub-complex. The Kollicker Bach could also be assigned to the distal zone. It does not show such a high 

amount of shortening (30.3 %) than the sections of the central zone and the distal Stubbenkammer 

Section (Tab. 2).  However, the structural configuration might be more complicated than shown in the 

here presented best-fit model (Fig. 6.33 and Plate 1). The basal parts of S17 and S18 are subject to 

debate (Fig. 6.33). The structural setting of these thrust sheets is discussed in chapter 8.2.2 

(Interpretation of particular structures). 

 The highest elevations of the modelled southern structural sub-complex are at the hanging-wall 

anticlines of the central zone (166 m a. s. l.), which may confirm the intensive deformation and 

compression (Tab. 1, Fig. 6.33). However, the most proximal Gakower Ufer Section and the most distal 

Stubbenkammer Section also show high elevations (145 m, 147 m). The length of the thrust sheets 

ranges from about 200 to 550 m (Tab. 1). The longest sheets are situated in the Schnaks Ufer Section 

(S05 and S07: 699 m, 745 m) and Kieler Ufer Section (lowermost duplex segment S14/KU3d1: 820 m). 

The thickness of the beds ranges from about 100 to 150 m (Tab. 1). In general, the thrust faults are 

moderately to steeply inclined throughout the entire cliff section of the southern sub-complex. In the 

best-fit model, they often start at the décollement with a gentle inclination and turn into steeper faults at 

hinge points below the cliff bottom (Fig. 6.33, Tab. 1). The steepest thrust faults can be found in the 

proximal Gakower Ufer Section (e.g. 220/81). The southern sub-complex of Jasmund contains three 

reverse faults, which can be safely interpreted as pre-Quaternary faults (S09a, S11, and S20-1). The 

other faults are presumably satellite thrusts, which are associated with glacitectonism in the southern 

structural sub-complex. 

The restored cross section shows the top of the Cretaceous chalk unit at or close to the beach 

level. However, in S03 and S17 it is distinctly above the beach level and in S05 to S07 as well as S11 

to S14 distinctly below. The stratigraphy at the top of the Cretaceous chalk unit is relatively consistent 

with the flint bands F54 to F56. However, the upper parts of the chalk are younger in the Tipper Ort 

Section (F56 to F66) and in the Stubbenkammer Section in the distal zone (F57 to F63). The topmost 
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chalk succession of the Gakower Ufer Section in the most proximal zone is distinctly older (F50 to F53, 

even F38 and F46 after STEINICH (1972)). 
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▲Fig. 6.33 Geological cross section and restored cross section of the southern structural sub-complex of the Jasmund 
Glacitectonic Complex. The profiles start in the proximal end in the south and end in the distal end in the north. The schematic 
profile in the middle is equivalent to the upper cross section. It represents the dimension of shortening of the southern sub-
complex by 49.1 %. 

 
Fig. 6.33 (Continued) 
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Fig. 6.33 (Continued) 
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7. Landform analysis 

7.1 Digital elevation model and geomorphological map of Jasmund 

The geomorphological map of the Jasmund Peninsula in Figure 7.1 (see also Plate 1) facilitates the 

characterisation of the depositional and structural units as well as a better understanding of the formation 

processes. Figure 7.2 shows the DEM with the elevation colour-coded to show the general trend of the 

elevation. 

On the Jasmund Peninsula occur two main ridge sets, initially labelled as composite ridges 

(Fig. 7.1). The southern set is orientated SW-NE, while the northern set is aligned NW-SE. The southern 

complex of ridges is arcuate, presumably concave to the former glacier margin in the southeast. It 

consists of ca. 13 to 25 quasi-continuous ridges, which partly disappear, bifurcate and merge, so that 

their number increases towards the central district of the southern ridge complex. A scheme to connect 

the ridges of each elevation profile and to the tectonic sections of the cliff coast is shown in Appendix C. 

Especially at a NW-SE trending lineament along the southern boundary of the Wittenfelde quarry 

(see also Fig. 2.4) the ridges seem to be truncated and the complex height abruptly changes. 

Furthermore, they are truncated by rivers and anthropogenic constructions like roads and quarries. The 

ridges in the southwestern district are less distinct due to agricultural erosion. The northeastern part 

includes the beech forest of the national park. There, without any agricultural activity, the relatively 

strong original ridges have been well preserved. Furthermore, in the northernmost district of the southern 

set the crest lines show a crenulated character. Northeast of the highest point of Jasmund (Piekberg, 

160.9 m a. s. l.), the ridges are somewhat dragged to SE. 

The northern ridge set appears to be truncated and superimposed by the southern set. The yellow 

dotted lines in the geomorphological map indicate the traces of the superimposed northern ridges 

(Fig. 7.1). The northern complex is arcuate, too, but concave to NE. The ca. 12 ridges are continuous to 

a certain degree, but also disconnected by roads and rivers. They show the same appearance of 

bifurcation and merging as those in the southern complex (Fig. C2 in Appendix C). The morphology 

in the northern set is also very smooth due to agricultural effects. In the easternmost district, the ridges 

are extremely short and arranged in a chaotic way. 

Both composite-ridge sets are in patches covered by depressions, which often form lakes. Some 

of them could be dolines due to chalk karstification (e.g. PAULSON, 2001). Others are presumably kettle 

holes (see GROTH, 2003; LUDWIG, 2011). Especially, the boundary between the southern and northern 

ridge set and the area of southward dragged ridges close to the Piekberg are affected by these 

depressions. Morphological highs SE of the southern ridge set, as well as in the southwestern region of 

Jasmund and the prolonged land districts, are labelled as undifferentiated glacigenic landforms. The 

morphological highs are characterised by a hummocky topography and ridges with different 
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orientations. The southeastern district has SSW-NNE striking ridges, a little further to the west the ridges 

tend to strike SE-NW. The westernmost area SW of Sassnitz does not show a consistent preferential 

orientation. These landforms might be interpreted as hummocky moraines. The western area of the 

Jasmund Peninsula is characterised by glacifluvial deposits and a till of a Weichselian ground moraine 

(W2 after NIEDERMEYER et al., 2010). The ground moraine is likely to be older than the glacifluvial 

sediments or at the same age. All in all, the western deposits of the peninsula are likely younger than the 

tectonic complex in the east, as the M3-till complex (W2) covers the complex or at least parts of it. 

Some patches of Holocene fenland cover parts of the shore to the lake Spyckerscher See and to the 

Großer Jasmunder Bodden and in the elongated area between the morphological highs in the south. 

Holocene barrier pits connect the Jasmund Peninsula with the Wittow Peninsula in the NW and SE 

Rügen including Mönchgut in the south. 

 
Fig. 7.1 Geomorphological map of the Jasmund Peninsula with the digital elevation model as background (DEM5, 10 times 
exaggerated, hillshade). The separation into the northern (turquoise) and southern (light green) sub-complexes is evident by 
the changes in the ridge orientation. The surrounding seabed of the Tromper and Prorer Wiek as well as the Großer and Kleiner 
Jasmunder Bodden are shown in blue based on a DEM of the German Baltic Sea (cf. TAUBER, 2012a; b). A larger map is on 
Plate 2. 
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Fig. 7.2 DEM5 (10 times exaggerated, hillshade) of the Jasmund Peninsula including the topography. 

7.2 Morphometry of the ridges on Jasmund – results from profile stacking 

The morphological ridges of each averaged profile swath were stacked in a coordinate system, in which 

the height (y-axis) is plotted against the distance (x-axis). These plots were used together with the 

morphometric calculations to determine the height and width of each crest as well as the slope angles 

(see Figs. 5.11 and 5.12). Furthermore, the spacing between the ridge crests was calculated using the 

data from the entire morphological profile. The profile tracks of the southern ridge domain are classified 

by their relative position to the northern sub-complex (Fig. 7.3). The South-group includes the profiles 

S01, S07, S08, and S09, which are situated in the southwestern district of the southern sub-complex. The 

Centre-group sits in the northeastern part of the southern ridge set and includes S02, S03, S04, S05, and 

S06. The northern ridge set, or North-group does not need to be divided into further groups. A list of all 

calculated ridge parameters can be found in the file RidgeMorphometry_Tables.pdf on the data medium. 
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Fig. 7.3 Profile swaths used for the morphometric and spectral analyses in the northern (N01-N05) and southern sub-complex 
(S01-S09). Furthermore, the separation into the North-, South-, and Centre-group is shown in the legend. The here selected 
colours will also be used for each profile in the following figures. 

Morphological ridges of the South-group (southern sub-complex) 

The heights (amplitudes) in the profiles of the South-group range from 0.8 to 13.1 m (avg. 5.2 to 6.5 m). 

The morphology of these ridges varies substantially. The ridges in the central part of the profiles have 

the highest amplitudes, except those of profile S08. The crests are all visually symmetric. There appear 

only slight asymmetries after calculating all slope angles, with rather steeper NW (distal) slopes. The 

widths of the ridges range from 79.8 to 359.3 m (avg. 145 to 228 m). The mean spacing in the South-

group profiles is similar to or smaller than the mean width. The results of the parameter calculations are 

summarised in Table 3. 
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The elevation profile S01 is located in the southwestern district of the southern ridge set 

(Fig. 7.3). Nine ridges could have been used for profile stacking. After the vertical and horizontal 

normalisation, an averaged graph emerged displaying symmetry. The northwestern (distal) slope (2.68°) 

is somewhat steeper than the southeastern (proximal) one (2.11°) (Fig. 7.4). The average height of the 

ridges is 5.52 m, their width is 228.48 m and their spacing 185.22 m (Tab. 3). 

 
Fig. 7.4 Profile S01 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests (a); 
The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard deviation) 
(b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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Profile S07 is located in the southwestern edge of the southern ridge set (Fig. 7.3). Twelve ridges 

have been stacked, normalised and averaged. The graph tends to be symmetric, but with a higher 

southeastern minimum. The calculated inclination of the northwestern (distal) slope is somewhat higher 

(NW: 2.59°, SE: 1.84°) (Fig. 7.5). The general height of the ridges is 5.21 m, the average width is 

145.58 m and their spacing is 141.09 m (Tab. 3). 

 
Fig. 7.5 Profile S07 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests (a); 
The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard deviation) 
(b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The long elevation profile S08 has been placed roughly into the centre of the southern ridge set 

(Fig. 7.3). It is characterised by several opencasts including the Wittenfelde quarry (see Fig. 2.4). The 

profile is located southwest of Wittenfelde. Its 15 ridges are generally 6.41 m high, 179.1 m wide and 

spaced by 187.42 m (Tab. 3). The normalised and averaged profile stack shows a rather symmetric crest 

(NW: 2.63°, SE: 2.39°) (Fig. 7.6). 

 
Fig. 7.6 Profile S08 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests (a); 
The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard deviation) 
(b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The morphological profile S09 has been placed northwest of profile track S01 (Fig. 7.3). Nine 

ridges have been separated out to generate a stacked profile. After normalisation and averaging, the 

graph indicates a very slight asymmetry with a higher elevation of the southeastern minimum. The 

northwestern (distal) slope (2.9°) is somewhat steeper than the southeastern (proximal) one (2.07°) 

(Fig. 7.7). The general height of the ridges is 6.52 m, the width 209.15 m and the spacing between them 

is 167.68 m (Tab. 3). 

 
Fig. 7.7 Profile S09 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests (a); 
The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard deviation) 
(b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 

 
  



Landform analysis 

131 
 

Morphological ridges of the Centre-group (southern sub-complex) 

Ridges in the middle area of the zone comprising the Centre-group show lower amplitudes than ridges 

towards the foreland (NW). This is very likely related to the depressions (e.g. kettle holes) affecting the 

morphology in the profile centres south of the Piekberg (see Fig. 7.1). The amplitudes range from 1.5 

to 30 m (avg. 6 to 14 m) (Tab. 3). Some profiles show very large differences between the minimum and 

maximum amplitude. The crests are symmetric in the stacked profile plots, but towards the east coast, 

they get more asymmetric. Detailed calculations of the slope angles show that the degree of a ridge’s 

symmetry can change along the profiles, indicating a high degree of morphological variability. The 

crests are characterised by a width-to-spacing ratio relatively close to one. On profiles for which this is 

not the case (e.g. S05), the mean spacing is smaller than the width (Tab. 3). The widths of the ridges in 

the Centre-group range from 70 to 325 m (avg. 172 to 214 m). 

Profile S02 is located in the northeastern southern sub-complex (Fig. 7.3). It shows a low-

frequency undulation with two maxima and a minimum between profile meter (PM) 1500 to 2000 

(Fig. 7.8a). The same undulation can be seen in profile S03 and slightly in S04, since these profile tracks 

cross an area of wide depressions. Nevertheless, there are still ridges in the lowered areas. Nineteen 

ridges have been involved in the profile-stacking process. The profile stacking resulted in an averaged 

graph with a rather symmetric geometry (Fig. 7.8b). Calculating the slope angles show that the 

southeastern (proximal) slope is slightly steeper than the northwestern (distal) slope (NW: 2.97°, SE: 

3.57°). The width of the ridges is 156.84 m, their height is 6.08 m and their spacing 159.41 m (Tab. 3). 



Landform analysis 
 

132 
 

 
Fig. 7.8 Profile S02 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests (a); 
The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard deviation) 
(b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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Profile S03 is also separated into three parts, two maxima with one minimum in between 

(Fig. 7.9a). The northwestern segment (until PM 2000) contains wider ridges than the southeastern. The 

same applies to the spacing. However, the mean width of the ridges is 174.91 m and the mean spacing 

is 162.69 m (Tab. 3). The average height of the ridges is 7.24 m. The averaged slope angles in the 

stacked profile plot indicate a general symmetry (Fig. 7.9b). After the calculation of the slope angles, 

the proximal SE slopes are only a little steeper (NW: 3.28°, SE: 3.86°). 

 
Fig. 7.9 Profile S03 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests (a); 
The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard deviation) 
(b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The frequency of elevation profile S04, next to S03, appears to be relatively homogeneous 

(Fig. 7.3). However, the amplitudes in the northwestern segment are larger than in the southeastern one. 

Twelve ridges have been separated out for profile stacking. After the horizontal and vertical 

normalisation, the averaged graph shows a symmetric shape (Fig. 7.10). The average height of the ridges 

is 7.31 m, the average width 213.54 m and their spacing 192.58 m (Tab. 3). 

 
Fig. 7.10 Profile S04 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The morphological profile S05 lies on E Jasmund and constitutes the northern, slightly easterly-

shifted extension of profile S06 (Fig. 7.3). The northwestern part of the profile consists of very wide 

ridges, which are also widely spaced and additionally influenced by the streams Kollicker Bach and 

Krietbach. After normalising and averaging the data, the graph has a generally symmetric shape. 

However, there is a lower southeastern minimum (Fig. 7.11) and calculations show that the southeastern 

(proximal) slope (7.44°) is somewhat steeper than the northwestern (distal) one (6.29°).  The general 

height of the ridges is 13.64 m, the width 175.39 m and their spacing is 133.99 m (Tab. 3). 

 
Fig. 7.11 Profile S05 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The southern extension of S05 is profile S06. This is relatively homogeneous, and 10 ridges 

could have been picked out for profile stacking (Fig. 7.12a). The normalised, averaged graph is slightly 

asymmetric with a steeper proximal SE slope (SE: 6.64°, NW: 4.91°) (Fig. 7.12b). The average height 

of the ridges is 11.94 m, the width 171.86 m and the spacing between the undulations is 162.37 m, on 

average (Tab. 3). 

 
Fig. 7.12 Profile S06 is shown as elevation profile from its distal (NW) to proximal (SE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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Taken all together, the ridges of all elevation profiles in the southern sub-complex have heights 

ranging from about c. 1 to 30 m (avg. 5.2 to 13.6 m). The highest ridge elevations have been detected in 

the easternmost district of the southern sub-complex. Measuring the ridge widths and spacing show that 

the undulations seem to be relatively homogeneous. Ridge widths vary between ca. 70 and 355 m. All 

ridges are characterised by relatively symmetric shapes. The very slight asymmetries in certain profiles 

are more apparent in the morphometric calculations than in the stacking plots. The morphological 

profiles of the South-group (S01, S07, S08, S09) located in the southwestern district of the southern sub-

complex, have slightly steeper slopes facing NW (distal), while the profiles of the Centre-group (S02, 

S03, S04, S05, S06) in the northeast have rather steeper slopes facing SE (proximal). 

Morphological ridges of the North-group (northern sub-complex) 

The elevation profiles of the northern ridge domain show amplitudes generally getting higher towards 

the foreland of the sub-complex (SW), except N03 and N04. The amplitudes range from 1.3 to 26.8 m 

and the mean amplitude is 9.9 m (Tab. 3). However, there is a large difference between the minimum 

and maximum amplitude in N01 and N05. All crests are mainly symmetric but tend to show a slight 

asymmetry in detail. Looking at the calculated minimum and maximum values show that the width-to-

spacing ratio is not as close to one as in the southern sub-complex (Tab. 3). However, the average ratios 

are about one. The width of the ridges ranges from about 54 to 480 m (avg. 151 to 342 m). The mean 

width is ca. 216 m. 

The elevation profile N01 is a long profile covering the entire width of the northern ridge set 

(Fig. 7.3). However, the profile track does not run perfectly perpendicular to the ridgelines and thus, 

needs to be handled with care. Eight ridges have been chosen for profile stacking. After the 

normalisation and averaging, the graph shows an asymmetric shape, but the morphometric calculations 

result in a distinct symmetry (Fig. 7.13). The general height of the ridges is 13.25 m, their width is 

341.67 m and they are spaced by averagely 277.1 m (Tab. 3). 
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Fig. 7.13 Profile N01 is shown as elevation profile from its distal (SW) to proximal (NE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The profile N02 is the westernmost track in the northern sub-complex (Fig. 7.3). Nine ridges 

were used in the profile stacking. The normalised, averaged stack has a visual and calculated symmetry 

(Fig. 7.14). The proximal NE slope (2.23°) is only a little steeper than the distal SW slope (1.92°). The 

ridges of profile N02 are averagely 6.22 m high, 223.56 m wide, and spaced by 248.58 m (Tab. 3). 

 
Fig. 7.14 Profile N02 is shown as elevation profile from its distal (SW) to proximal (NE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The N03 profile is very short and situated roughly in the centre of the northern ridge set 

(Fig. 7.3). Six ridges have been used to generate the stacked profile. The graph looks asymmetric with 

a steep northeastern (proximal) slope (4.83°) and a flatter, southwestern (distal) slope (1.68°) (Fig. 7.15). 

The ridges have an average height of 10.97 m and an average width of 171.94 m; the spacing between 

them is 165.88 m (Tab. 3). 

 
Fig. 7.15 Profile N03 is shown as elevation profile from its distal (SW) to proximal (NE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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N04 is a long profile, which runs perpendicular to the northern ridgelines, however more 

obliquely to the southernmost ridges (Fig. 7.3). This needs to be kept in mind when assessing the results. 

The average height of the ridges is 9.67 m, their width is 191.13 m and their spacing 194.99 m (Tab. 3). 

The normalised and averaged profile stack shows an asymmetric shape, which is confirmed by the slope 

calculations (Fig. 7.16). The southwestern distal slope (3.05°) is flatter than the northeastern proximal 

one (4.02°). 

 
Fig. 7.16 Profile N04 is shown as elevation profile from its distal (SW) to proximal (NE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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The elevation profile N05 is quite short. However, it is aligned perfectly perpendicular to the 

ridge crests (Fig. 7.3). As such, it represents the southernmost section of N01 with reliable results. Eight 

ridges have been chosen for profile stacking. The resultant graph seems to be symmetric, but there is a 

very slight asymmetry visible in the calculations (Fig. 7.17). The proximal NE slopes (5.27°) are, on 

average, steeper than the distal SW slopes (4.51°). The average height of the ridges is 9.18 m, their 

general width is 151 m and they are spaced by averagely 153.3 m (Tab. 3). 

 
Fig. 7.17 Profile N05 is shown as elevation profile from its distal (SW) to proximal (NE) end with the numbered ridge crests 
(a); The stacked profiles of the elevation profile include the average graph (thick black graph) and error bars (±1 standard 
deviation) (b). The morphometric parameters mean height, width, spacing, and slope angles are shown below. 
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In summary, the mean heights (amplitudes) of the ridges in the northern sub-complex range 

from 6.22 m to 13.25 m, which is comparable to the ridges of the southern sub-complex. Their spacing 

and widths are also relatively even. However, the widths and spacing show higher values in the northern 

sub-complex (avg. 150 to 340 m). All the ridges of the North-group appear to be relatively symmetric. 

Morphometric calculations revealed slight asymmetries. However, this asymmetry is not very 

pronounced in many cases (a difference between 1 to 4° in proximal and distal slope angles). 

7.3 Periodicity of the ridges on Jasmund - results from the Fourier analysis 

Fourier analysis (see chapter 5.3 for more details) was performed to determine the periodicity and 

statistically significant wavelengths of each profile. Results are shown in periodograms (Figs. 7.18 to 

7.31), which might be indicative of the deformation chronology of Jasmund. The nine-track 

periodograms (9p) were primarily favoured over the 5p results, as they usually offered a clearer picture 

of the situation. The five-track swaths cover a wider area and thus show more noise, but they were 

sometimes useful as supplemental information. It was somewhat beneficial, albeit more computationally 

intensive to perform the steps of the Fourier analysis on each track and to average the resulting 

periodograms into a generalised periodogram (post-averaging), rather than calculating a single 

periodogram from the averaged tracks (pre-averaging). Post-averaging seems to better bring out the 

essential wavelengths and provides clearer periodograms. 

Since no wavelength can realistically be smaller than the minimum value or larger than the 

maximum value of the observed ridge-to-ridge spacing of a profile, some theoretically significant 

wavelengths shown in some periodograms were discarded as unrealistic. According to CLINE (2011), 

the z-scores and the Grubbs’ test (GRUBBS, 1969) have also been used to detect outliers (Tabs. 4 and 5). 

The tables showing the outlier tests are given in the Appendix D (Tabs. D1, D2). 
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Tab. 4 All statistically significant wavelengths of the profiles (9p) in the southern ridge domain. The values in parentheses 
represent less distinct peaks in the periodograms. The crossed-out values are outliers from different tests – G: Grubbs’ test, Z: 
z-scores, S: outside the realistic minimum/maximum spacing. 

 

Tab. 5 All statistically significant wavelengths of the profiles (9p) in the northern ridge domain. The values in parentheses 
represent less distinct peaks in the periodograms. The crossed-out values are outliers from different tests – G: Grubbs’ test, Z: 
z-scores, S: outside the realistic minimum/maximum spacing. 

 

Periodicity in the South-group (southern sub-complex) 

Periodograms of the South-group (see Fig. 7.3) show statistically significant wavelengths from 125 m 

to 450 m. However, wavelengths greater than 280 m can be discarded as unrealistic as it is longer than 

the longest ridge-to-ridge distance in any profile of this group. Regarding to this fact and the outlier 

tests, the realistic range of significant wavelengths in the South-group is only from 125 m to 180 m. 

Although the periodogram of the southernmost profile S07 shows several statistically significant 

wavelengths (450 m, 320 m, 180 m, 150 m, 135 m, and 125 m), only the wavelengths of 150 m and 

135 m are considered to be realistic (Fig. 7.18, Tab. 4) as these two are very close to the profile's 

calculated mean spacing of 141 ± 54 m and mean width of ridges (146 ± 45 m) (Tab. 3, 

RidgeMorphometry_Tables.pdf on the data medium). The 125 and 180 m wavelengths are farther from 

the 141 m mean, but they are still well within one standard deviation of the mean spacing (141 ± 54 m). 

The wavelengths of 320 and 450 m can be ignored as they were tested positive for outliers and they are 

far larger than the observed maximum spacing of 260 m, too. 
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Fig. 7.18 a) Elevation profile of S07 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S07. The statistically significant wavelengths are marked by orange arrows. The struck through values represent 
outliers. The calculated mean spacing value, which supports the results within the periodogram is shown below. 

Profile S01 has a calculated mean spacing of 185 m (Tab. 3), but its plot shows three significant 

wavelengths at 400 m, 280 m, and 170 m (Tab. 4, Fig. 7.19). The 170 m wavelength is close to the 185 

m mean spacing and thus appears plausible. In addition, after performing the Grubbs’ test and z-scores 

for S01, the 400 m and 280 m wavelengths appear to be outliers. 
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Fig. 7.19 a) Elevation profile of S01 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S01. The statistically significant wavelengths are marked by orange arrows. The struck through values represent 
outliers. The calculated mean spacing value, which supports the results within the periodogram is shown below. 

The periodogram of profile S09 shows a significant peak at 260 m, for which an interpretation 

is still not fully clear (Fig. 7.20). However, it is close to the maximum spacing of the ridges in the 

elevation profile (280 m) and can rather be disregarded as well, after a comparison with maximum 

spacings and outliers in the other profiles of the South-group. The 9-track periodogram shows a 195 m 

peak just above the theoretical spectrum (Fig. 7.20b). The 5-track periodogram also shows that peak 

just above the theoretical spectrum and at the 145 m wavelength, as well (Fig. 7.20c). Although these 

peaks (145 and 195 m) are too weak to be statistically significant, they are reasonably close to the 

calculated mean spacing of 168 m. 
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▲ Fig. 7.20 a) Elevation profile of S09 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S09. c) Periodogram generated from the 5-tracks swath (5p) of S09. The important wavelengths are marked by 
orange arrows. The values in parentheses are either not statistically significant or close to be outliers, but especially 195 m and 
145 m have to be taken into account, when the calculated mean spacing is considered. 

The periodogram of the easternmost profile of the South-group S08 shows a significant 170 m 

peak on the 9-track periodogram (Fig. 7.21), which is close to the calculated mean spacing of 187 m 

and the mean ridge width of 179 m (Tab. 3). 

 
Fig. 7.21 a) Elevation profile of S08 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S08. The statistically significant wavelength is marked by an orange arrow. The calculated mean spacing value, 
which supports the result within the periodogram is shown below. 
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Periodicity in the Centre-group (southern sub-complex) 

The wavelengths of the profiles in the Centre-group show a more complex distribution than 

those of the South-group. The northern sub-complex may have formed earlier than the southern sub-

complex. Its eastern part (now parts of the Centre-group) could have been later deformed presumably 

by another ice push. The effects of this overprinting may still be recognisable in the northwestern part 

of the Centre-group. The realistic periodicity has wavelengths from about 110 to 255 m. 

 

The periodogram of profile S02 shows a very strong significant peak at 220 m (Fig. 7.22), which 

cannot be clearly interpreted. In addition, there are two close peaks at 170 m and 150 m, which are fairly 

close to the calculated mean spacing of ca. 159 m and the mean ridge width of 157 m. In addition, less 

distinct peaks appear at 130, 120, 110, 100, and 75 m. The 100 m and 75 m peaks can be excluded as 

outliers (Tab. 4), but 110, 120 m, and 130 m are still within one standard deviation of the mean spacing 

(159 ± 50 m). 
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Fig. 7.22 a) Elevation profile of S02 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S02. The statistically significant wavelengths are marked by orange arrows. The struck through values represent 
outliers. The value in parentheses is in fact not statistically significant in the periodogram, but it has to be taken into account, 
when the calculated mean spacing is considered. 
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Profile S03 shows several statistically significant peaks (320, 255, 160 and 130 m) (Fig. 7.23). 

After applying the Grubbs’ and z-scores tests, the valid statistically significant wavelengths are 255 m, 

160 m and 130 m (Tab. 4). However, 160 m and 130 m are closest to the calculated mean spacing of 

163 m and mean ridge width of 175 m. One possible explanation for the 255 m peak may be that parts 

of the S03 profile have been affected externally. A relation to the superimposition of the northern sub-

complex surface structures by those of the southern is assumed, because it is a characteristic wavelength 

of the northerly elevation profiles. 

 
Fig. 7.23 a) Elevation profile of S03 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S03. The statistically significant wavelengths are marked by orange arrows. The struck through value represents 
an outlier. The values in parentheses are tangent to the 95% significance line, but they are still significant. The calculated mean 
spacing value, which supports the results within the periodogram is shown below. 
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Although several statistically significant wavelengths can be seen for S04 (185 m, 160 m, and 

140 m, and 115 m), considering the outlier tests, the minimum and maximum spacing as well as the 

calculated mean spacing (193 m) (Fig. 7.24, Tab. 3), the wavelength 185 m seems to be a realistic value 

for the dominant wavelength. 

 
Fig. 7. 24 a) Elevation profile of S04 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S04. The statistically significant wavelengths are marked by orange arrows. The struck through value represents 
an outlier. The calculated mean spacing value, which supports the results within the periodogram is shown below. 

The 9-track periodogram of the short profile S05 at the eastern edge of the southern ridge domain 

shows a peak at 110 m (Fig. 7.25b, Tab. 4). The 5-track periodogram displays that peak, too, as well as 

a 130 m peak (Fig. 7.25c). As the calculated mean spacing is 134 m, those peaks seem to be 

representative. The 290 m peak is not an outlier, but its meaning is unclear. 
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▲Fig. 7.25 a) Elevation profile of S05 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S05. The calculated mean spacing value, which supports the results within the periodogram is shown in the left 
bottom corner. c) Periodogram generated from the 5-tracks swath (5p) of S05. The statistically significant wavelengths are 
marked by orange arrows. The struck through value represents an outlier. 

The second short profile S06 at the eastern edge of the southern ridge domain shows a 

statistically significant peak at 205 m, and a very wide significant range from 125 to 180 m centred 

around 165 m (Fig. 7.26). The latter would match the calculated mean spacing of 162 m and mean ridge 

width of 172 m. However, the interpretation of the 205 m peak is not completely clear. The 5-tracks 

periodograms and the graphs for each individual profile as coloured lines (Periodograms.pdf on the data 

medium) show the 205 m peak on all five periodograms and with very little deviation from each other 

(Fig. 7.26c). This could again be evidence for an interaction between the northern and southern ridge 

domain via superimposition or for some other type of deformation. 
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▲Fig. 7.26 a) Elevation profile of S06 from its distal (NW) to proximal (SE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of S06. The calculated mean spacing value, which supports the results within the periodogram is shown in the left 
bottom corner. c) Periodogram generated from the 5-tracks swath (5p) of S06. The statistically significant wavelengths are 
marked by orange arrows. The value in parentheses is not very strong, but still significant. 

Periodicity in the North-group (northern sub-complex) 

The statistically significant periodicities of morphological ridges in the northern sub-complex 

(Figs. 7.27 to 7.31) show a potential range from 160 m to 320 m. However, the measured minimum and 

maximum ridge spacings, as well as the Grubbs’ test and z-scores limit the realistic wavelength to 

between 220 m to 260 m (Tab. 5). 

The short profile N05 sits in the central, distal part of the northern ridge domain and covers the 

southern part of the long profile N01 (Fig. 7.3). It shows a statistically significant wavelength at 

ca. 160 m, which is close to the calculated mean spacing of 153 m and mean ridge width of 151 m 

(Fig. 7.27b). It is also similar to the 170 m peak of N01 (see Fig. 7.28). However, in the periodogram 

in Fig. 7.27b with the order 1 trend removed a second peak can be seen at 290 m, albeit slightly below 

the 95 % confidence level. This is also close to the peak (260 m) in the periodogram with a removed 

order 2 trend (260 m) (Fig. 7.27c). These wavelengths are larger than the maximum spacing of N05 (see 

Tab. 3), but important for the interpretation of the conditions shown in profile N01. 



Landform analysis 

157 
 

 



Landform analysis 
 

158 
 

▲Fig. 7.27 a) Elevation profile of N05 from its distal (SW) to proximal (NE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of N05. The calculated mean spacing value, which supports the results within the periodogram is shown in the left 
bottom corner. c) Periodogram also generated from the 9-tracks swath of N05, however with a removed trend order of 2. The 
wavelengths, which are marked by orange arrows, are (nearly) statistically significant, but they did not pass the outlier tests. 
The value in parentheses is in fact below the 95 % confidence level, but still important for the interpretation of profile N01. 

The periodogram of the long profile N01 has significant peaks at 320 m and at 170 m (Fig. 7.28, 

Tab. 5). The 320 m peak is stronger and close to the calculated mean spacing (277 m) and ridge widths 

(342 m) of the N01 profile (Tab. 3) but does not pass the outlier tests. However, N05, which essentially 

covers N01's southern part, has a dominant wavelength of 160 m. Therefore, N01's 170 m peak could 

represent its southern (distal) part, while 320 m could represent the northern (proximal) part. In this 

case, the failed outlier tests might not apply to the situation, as it would treat two populations as one. 

The smaller wavelength in the south of N01 may perhaps indicate a stronger contraction and a 

modification of the structures by the subsequent formation of the southern sub-complex. 
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Fig. 7.28 a) Elevation profile of N01 from its distal (SW) to proximal (NE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of N01. The calculated mean spacing value, which supports the results within the periodogram is shown below. The 
wavelengths, which are marked by orange arrows are statistically significant, but they did not pass the outlier tests. 

The second long profile N04 has significant wavelengths at 320 m and 260 m (Fig. 7.29). 320 m 

is outside the realistic range (z-scores). The value 260 m passes the outlier test and is reasonably close 

to the calculated mean spacing (195 m) and mean width of the ridges (191 m). The wavelength is 

relatively close to the median of the calculated spacing (209 m) and the standard deviation is at 80 m 

(RidgeMorphometry_Tables.pdf on the data medium), thus 68 % of all spacing values are between 115 

and 275 m. 
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Fig. 7.29 a) Elevation profile of N04 from its distal (SW) to proximal (NE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of N04. The calculated mean spacing value, which supports the results within the periodogram is shown below. 
Statistically significant wavelengths are marked by orange arrows. The struck through value represents an outlier. 
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The westernmost short profile N02 shows only two peaks in the periodogram, 260 m and 220 m 

(Fig. 7.30, Tab. 5). The calculated mean spacing of 249 m as well as the mean width of the ridges 

(224 m) sit well in the middle of these two wavelengths. 

 
Fig. 7.30 a) Elevation profile of N02 from its distal (SW) to proximal (NE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of N02. The calculated mean spacing value, which supports the results within the periodogram is shown below. 
Statistically significant wavelengths are marked by orange arrows. 
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The short profile N03 is located immediately west of the profile N04 and covers the 

northernmost part of N04 (Fig. 7.3). N03 shows peaks at 250 and 185 m and has a calculated mean 

spacing of 166 m, which would favour 185 m as the dominant wavelength (Fig. 7.31, Tab. 5). This is 

also confirmed by the mean width of the ridges (172 m). However, the results could again indicate a 

duality in dominant wavelength, similar to N01 and N05. N04 is nearly parallel to the northernmost part 

of N03 and shows 260 m as a dominant wavelength. The 250 m peak in N03 could therefore again 

reflect the dominant wavelength in its northern end. 

 
Fig. 7.31 a) Elevation profile of N03 from its distal (SW) to proximal (NE) end. b) Periodogram generated from the 9-tracks 
swath (9p) of N03. The calculated mean spacing value, which supports the results within the periodogram is shown below. 
Statistically significant wavelengths are marked by orange arrows. The wavelength in parentheses is in fact an outlier, but it is 
statistically significant in this periodogram and well confirms the calculated mean spacing. 
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The spectral analysis shows that all profiles of the southern ridge domain are spaced with 

statistically significant periodicities, with dominant wavelengths between 140 and 180 m. The 

distribution of all statistically significant wavelengths is shown in Figure 7.32. The profiles of the 

South-group (southwestern part of the southern sub-complex) are dominated by wavelengths from 125 

to 180 m. The Centre-group profiles are characterised by a periodicity at wavelengths from about 110 

to 255 m. Furthermore, the results indicate that the profiles of the northern ridge area have a dominant 

wavelength around 260 m. Compared to the profile periodicities of the southern sub-complex the 

dominant wavelengths in the northern sub-complex are generally larger. There may be indications that 

the formation time and mechanisms of the northern and southern ridge domain are slightly different. 

 
Fig. 7.32 Histogram of all results from the Fourier analysis of the northern and southern sub-complex. The bottom values 
represent the number of significant wavelengths and the top values represent the outlier count. The wavelengths of the northern 
ridge set (orange bars) are significant between 200 and 260 m. The results from the southern ridge set (blue bars) are pooled 
around 140 to 180 m, but show significant wavelengths from 110 to 260 m. 
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Terrain variability in the southern and northern ridge domain 

The analysis of the periodograms, which additionally show the graph of each individual profile in one 

swath together with the mean graph (Figs. 7.33 to 7.41, Periodograms.pdf on the data medium) provide 

supporting information about the morphology of Jasmund. These detailed periodograms indicate the 

lateral variability of the terrain over certain distances – maximum 50 m in the 5-track periodograms and 

maximum 9 m in the 9-track periodograms. 

In the southwestern area of the southern ridge domain (South-group), the terrain shows a high 

lateral (SW-NE) variability over longer distances (up to 50 m – 5p swaths). This can for instance be 

recognised in the periodograms of S07 and S08 (Figs. 7.33a and 7.34a). Considering the 9-track 

periodograms, thus the morphology over short distances (up to 9 m), the terrain is generally 

homogeneous, but gets more variable towards NE (Figs. 7.33b and 7.34b). Especially around profile 

S08, the morphology is inhomogeneous over long and even over short distances, which might be caused 

by nearby mining pits or by interactions between internal and surface structures as well as between the 

different ridge domains. The Centre-group area in the NE of the southern sub-complex is characterised 

by a very inhomogeneous terrain over long distances, e.g. S02 and S06 (Fig. 7.35a and 7.36a) or short 

distances (Fig. 7.35b and 7.36b). This strong inhomogeneity might be again a hint to superimposition 

effects within the internal and surface structures of the two sub-complexes. 
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Fig. 7.33 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of S07 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of S07 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track S07. 
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Fig. 7.34 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of S08 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of S08 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track S08. 
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Fig. 7.35 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of S02 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of S02 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track S02. 
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Fig. 7. 36 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of S06 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of S06 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track S06. 
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The profiles N01 and N04 are the only profiles, which cross the entire width of the northern 

ridge domain (see Fig. 7.3) and thus may give information on the lateral (NW-SE) terrain variability of 

this part of Jasmund. The periodograms of profile N01 indicate a high level of terrain variability at long 

offset distances (up to 50 m – 5p swaths) and even show visible variability at short offset distances (up 

to 9 m – 9p swaths) (Fig. 7.37). The strong inhomogeneity is also confirmed by the 5-track periodogram 

of N04 (Fig. 7.38a). However, the 9-track periodogram of N04 is relatively uniform above a wavelength 

of 225 m. (Figs. 7.38b). In the northernmost part of the northern ridge domain (around profile N03) (see 

Fig. 7.3), the morphology is relatively homogeneous at long offset distances (up to 50 m – 5p swaths) 

and even more at short offset distances (up to 9 m – 9p swaths) (Fig. 7.39). However, at wavelengths 

below 130 m the lateral (NW-SE) variability increases, which could be related to agricultural effects. 

This can also be observed in the periodograms of the other North-group profiles. The southern district 

(around profile N05) is morphologically very inhomogeneous (Fig. 7.40a), meaning that the terrain 

changes laterally (NW-SE) over long distances. There are only minor variabilities over short distances 

(Fig. 7.40b), but still more than in the northern district of this ridge domain. The western district of the 

northern ridge domain is again relatively inhomogeneous (profile N02) both over long and partly over 

short distances (Fig. 7.41). 
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Fig. 7.37 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N01 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of N01 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track N01. 
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Fig. 7.38 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N04 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of N04 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track N04. 
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Fig. 7. 39 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N03 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of N03 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track N03. 
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Fig. 7.40 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N05 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of N05 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track N05. 
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Fig. 7.41 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N02 including the post-averaged 
periodogram (thick black line). b) Periodograms generated from all profiles of the 9-tracks swath (9p) of N02 including the 
post-averaged periodogram (thick black line). The periodograms give information on the variability of the terrain in the area 
of the profile track N02.  
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8. Interpretation and Discussion 

8.1 The multi-stage evolutional model of the Jasmund Glacitectonic Complex 

8.1.1 The formation of Jasmund in two stages 

The results from both structural and landform analysis give vital information about Jasmund’s detailed 

structural development. They allow for the suggestion of a multi-stage structural evolution of the 

Jasmund Glacitectonic Complex during the Upper Weichselian (Pomeranian phase, W2). The 

development comprises at least two stages. 

First evolutional stage 

The first evolutional stage (Fig. 8.1) is characterised by a local NE-to-SW push by a branch of the 

Scandinavian Ice Sheet (SIS). This formed the northern structural sub-complex and the related 

morphological ridges striking NW-SE. The glacitectonic complex has a characteristic arcuate shape 

concave to the assumed Pomeranian glacier margin in the NE. The dominant wavelength of the north-

domain ridges is about 260 m. 

The tectonic setting of the northern structural sub-complex indicates the glacier push from NE. 

Orientation data from the inner zone of the northern sub-complex, for instance at Gummanz 

(see Fig. 2.4), show that faults and fold-axial planes dip towards N/NE (BRINKMANN, 1953; 

LUDWIG, 1954/55). The interpretation and correlation of well logs from the area around Lohme 

(see Fig. 2.1) have indicated folds striking NW-SE and thrust faults dipping towards NE 

(MÜLLER & OBST, 2006). The cliff sections of Glowe and Kluckow (cliff NE of Ruschvitz) are located 

farther to the west (see Fig. 2.1). A thrust fault, which is exposed in the cliff section of Kluckow, dips 

towards ENE (075/22). The clast orientation within the till immediately below this thrust fault is also 

dominantly towards ENE (070/21 after GEHRMANN, 2013). Hence, the local stress at Kluckow is 

orientated in an ENE-WSW direction. The tectonic situation at the cliff of Glowe farther to the west is 

known for the Glowe Anticline, which is part of a parautochthonous W-verging thrust sheet 

(PANZIG, 1991; PANZIG & KANTER, 1997; LUDWIG, 2005). Furthermore, chalk streaks in the M3-till 

complex show W-verging small-scale folds. These facts indicate a change in the local stress orientation 

to E-W in the northwesternmost edge of Jasmund. Thus, a typical piedmont-type lobe can be assumed 

for the first glacitectonically effective Pomeranian glacier. This particular lobe geometry is known from 

active piedmont glaciers in the High Arctic (e.g. Ó COFAIGH et al., 2003; COPLAND et al., 2003; 

GLASSER & HAMBREY, 2003; BENN & EVANS, 2010; JÓNSSON et al., 2014) (Fig. 8.2). They are 

associated with a radial propagation in the unconfined ice-marginal zone, fast movement and high 

compressive stresses causing glacitectonic-landform formation at their margins. The piedmont-like 

glacier, which formed the northern sub-complex of Jasmund mainly moved from NE to SW (Fig. 8.1), 

but it induced stress towards all sides of its margin. 
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Fig. 8.1 First phase of the multi-stage evolution of the Jasmund Glacitectonic Complex. A NE-to-SW moving branch of the 
Scandinavian Ice Sheet forms the northern structural sub-complex (transparent light turquoise) and the related morphological 
ridges. The glacier margin is a piedmont-type lobe. 

 
Fig. 8.2 Overview photo of the Hofsjökull ice cap, Mt. Hjartafell, Mt. Kerfjall, and the Múlajökull in central Iceland. The 
Múlajökull is a classic example of a piedmont-glacier lobe (JÓNSSON et al., 2014). 
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Second evolutional stage 

Another branch of the SIS might have pushed the local deposits from SE to NW in the second evolutional 

stage (Fig. 8.3). Regarding to the similar sedimentary record in the northern and southeastern cliff 

outcrops, this event is dedicated to a local glacier advance in the Pomeranian phase (W2). 

The orientation of the ridge crests in the southern structural sub-complex of Jasmund is SW-

NE. Hence, it differs from those of the northern sub-complex (NW-SE). The northerly ridges, which are 

truncated and superimposed by the southern ridge domain, are important hints to the here suggested 

deformation chronology of the Jasmund Glacitectonic Complex. Compared to the periodicities of the 

northern sub-complex, the dominant wavelengths in the southern sub-complex are generally smaller, 

with 140 to 180 m. This might indicate slightly different formation times and mechanisms between the 

northern and southern sub-complex (detailed interpretation in chapter 8.4). The widths and spacing of 

the morphological ridges as well as the results from the spectral analysis best indicate the 

superimposition of the northern sub-complex by the southern. The larger wavelengths of the northern 

ridge domain (around 260 m) are still present in the eastern part of the southern ridge domain (e.g. 

elevation profile S03: 255 m) (see Fig. 7.54). 

Characteristic cross profiles of pushed ridges like those on Jasmund’s surface are expected to 

have steep distal and flat proximal slopes. This geometry can be observed in the southwestern district 

of the southern ridge domain. Ridges in the eastern district are rather symmetric perhaps due to the 

northern ridge set acting as a sort of resistance, when the southern ridge set was attached to it. In the 

northern and southwestern part of the Jasmund Peninsula, intense use of agriculture has almost certainly 

altered the ridge morphology into more symmetric shapes, which may have obscured details on the ridge 

crests. This has been considered, when the results were interpreted. In general, the elevation of the 

tectonic complex increases towards its central zone (see Fig. 7.2). The southwestern district of the 

southern sub-complex is not affected by the elevation increase. This indicates an initial formation of the 

northern sub-complex and thus, the presence of a “zone of resistance” during the later evolution of the 

southern sub-complex. 

The main orientation of the morphological ridges and thrust faults of the southern sub-complex 

is the structural evidence for the local glacier push from SE towards NW. Especially, orientation data 

from chalk beds and thrust faults in the opencasts of the southern and southwestern inland of Jasmund 

(see Fig. 2.4) confirm this fact. They mainly strike SW-NE and dip to SE (BRINKMANN, 1953; 

GROTH, 2003; LUDWIG, 2011). However, the dominant orientation of the thrust faults changes from a 

dip to SE in the “inland zone” of this sub-complex to S/SW at the eastern cliff. This implies a piedmont-

type lobe similar to that in front of the northern structural sub-complex. Here, it mainly moved from SE 

to NW and induced local stress to all sides of its margin. 
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Three distinct morphological trenches cross the ridge crests of the southern sub-complex, 

especially when the topography illustration of the DEM is considered (see Fig. 7.2). These trenches 

strike NW-SE and NNW-SSE. The southwesternmost trench is in the area of the South-Group 

morphological profiles (Fig. 8.3, see Fig. 5.9). It is well visible because of the incised river valley 

(Sagarder Bach in the north and Tribberbach in the south) and the railway line. The middle trench is in 

the centre of the southern ridge domain close to the distal end of the northern ridge domain. The third 

trench is in the zone of the Centre-group morphological profiles. They might indicate lateral 

displacement along slip faults or at least flexures. A sinistral strike-slip movement has already been 

described by GROTH (2003) at the southernmost of these three trenches. LUDWIG (2011) has also 

introduced lateral dislocation in his formation model of Jasmund. The dextral slip fault in the middle of 

the southern sub-complex close to the distal end of the northern domain seems to be equivalent to the 

south margin of the central zone in the model created by LUDWIG (2011). Such lateral dislocation of the 

southern zone to NW could be proven in the opencast “Wittenfelde” (LUDWIG, 2011). These structures 

are described as a result of a progressive glacier push and west shift of the southernmost and northern 

zone of the Jasmund Glacitectonic Complex (see Fig. 2.7). The second evolutional stage in the here 

suggested new model is consistent with the northwest shift of the southern zone. However, the shift 

along this particular fault might rather be connected to the already existing northern sub-complex. Its 

distal end is assumed to have acted as a zone of weakness for the lateral dislocation. 

The suggested model of successive glacier advances differs from the model created by 

LUDWIG (2011). He instead suggested a loop-shaped flow of two competing ice streams around Jasmund 

that formed the different sub-complexes via a progression of deformations. Furthermore, the first stage 

of the here presented chronology is a contrast to the structural formation model created by 

GROTH (2003). He suggested that the northern structural unit was formed after the main part of the 

southern structural unit. 
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Fig. 8.3 Second phase of the multi-stage evolution of the Jasmund Glacitectonic Complex. The southern structural sub-complex 
(transparent light green) together with its morphological ridges is formed by another branch of the Scandinavian Ice Sheet. The 
local stress is mainly orientated from SE to NW. The partly truncated and superimposed northerly ridges by the southern ridge 
set indicate the succession – formation of the northern sub-complex (light turquoise) by a local push from NE and formation 
of the southern sub-complex (light green) by a local push from SE afterwards. 

Jasmund as a typical example of superimposed deformation 

The term “superimposed deformation” was introduced by PEDERSEN (2000) for glacitectonic complexes 

and it can be observed, for instance, at Møns Klint in SE Denmark. The sequential development of a 

glacitectonic complex reflects superimposed deformation processes. PEDERSEN (2000) presents four 

types of superimposed settings: 1) Glacitectonic superimposition on pre-Quaternary tectonics, 

2) glacitectonic superimposition in two or more glacidynamic events, 3) sequential glacitectonic 

superimposition phases in the same glacidynamic event, and 4) neotectonics superimposed on 

glacitectonics. The complex of Jasmund shows plenty of features for superimposed deformation. 

Superimposition took place in different parts of the complex and also in different evolutional steps. At 

least type 1, 2, and 3 apply for the tectonic setting of Jasmund. 

The pre-Quaternary faults, which can be safely proven in the sections S09a, S11, and S20-1 

(see Figs. 6.16b, 6.21c and 6.30b), indicate that there must have been an initial pre-Quaternary tectonic 

framework prior to the glacitectonic development. Thus, the deformation induced by the branches of the 

SIS led to the translation and highly likely tilting of pre-Quaternary faults. This is a type-1 setting.  
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The superimposed-setting type 2 is most common on Jasmund. The formation of the southern 

ridge domain led to partly truncated and superimposed northerly ridges, which can be recognised in the 

DEM (see Fig. 7.1 and Plate 2). These features give rise to another superimposed deformation, namely 

that between the northern and southern sub-complex. The amplitudes of the ridges and the topography 

of the entire glacitectonic complex (see Fig. 7.2) provide additional evidence for the superimposed-

deformation hypothesis. In the southwestern part of the southern sub-complex, where the foreland is 

relatively flat, the elevation profiles (South-group) show the highest amplitudes in the centre and the 

lower amplitudes at both profile ends. The Centre-group profiles have higher amplitudes towards their 

distal end, which might be related to the northern sub-complex as an already existing resistance in the 

foreland. Another hint to this interaction between the northern and southern ridge set is the increasing 

terrain variability towards the central zone of the glacitectonic complex (explained in the end of 

chapter 7.3 Periodicity of the ridges on Jasmund - results from the Fourier analysis), albeit the results 

have to be taken with care due to anthropogenic data alteration. The irregular orientation of the bedding 

and faults in the central zone of Jasmund shown by LUDWIG (2011) might be related to this complex 

relationship between the northern and southern structural sub-complex, too. Furthermore, the distal part 

of the southern sub-complex is massively deformed, indicating moderately to steeply inclined thrust 

faults and at least one duplex stack. The restored cross section shows large gaps, which might point to 

a complex structural development of this zone. This complexity is not typical of the distal zone in 

glacitectonic complexes. Furthermore, the simplified structural configurations of for example the 

Gakower, Wissower, and Schnaks Ufer Section shall mainly show the deformation during the second 

evolutional stage. However, the real configuration visible in the field and in the cross sections created 

by STEINICH (1972) point to this intensive type-2 superimposition between the northern and southern 

structural sub-complex. Another superimposition of type 2 can be linked to an assumed third evolutional 

stage of Jasmund, which is explained in detail in chapter 8.1.2 (Suggestion of a third evolutional stage). 

Superimposition of type 3 can be observed in the southern sub-complex structures at the cliff. 

This is related to the structural evolution of the southern sub-complex. All thrust faults are moderately 

to steeply inclined. This is not characteristic of ramps in fault-propagation-fold or fault-bend-fold 

settings. Usually, they show inclinations of about 30°. Hence, it can be suggested that the initial thrust 

faults were gently inclined, when they nucleated from the décollement surface. With progressive 

deformation and continued nucleation of faults towards the foreland, the earlier formed thrust faults 

were passively rotated (DIXON & LIU, 1992). This increasingly steepened them, so that they finally 

showed inclinations of about 50° to even 80°. Here, glacitectonic deformations were altered sequentially 

in the same glacidynamic event – the formation of the southern structural sub-complex. 
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Terminology of the surface structures 

The here presented multi-stage evolutional model for the tectonic complex of Jasmund has already 

pointed to a re-classification of the surface structures as composite ridges instead of push moraines. 

Thus, the tectonic complex of Jasmund can safely be labelled as Jasmund Glacitectonic Complex. This 

conclusion has mainly been derived from the landform analysis and has been appointed in consideration 

of modern classifications of glacitectonic complexes (e.g. ABER & BER, 2007; BENN & EVANS, 2010). 

 The amplitudes (heights) of the ridges are, on average, 8 m (± 5 m). Thus, they seem to be 

indicative of composite ridges, as those landforms are higher than 5 m (see BENNETT, 2001; 

BENEDIKTSSON et al., 2010). However, there are amplitudes outside this window, ranging from around 

1 m to up to 30 m, which would also apply for push moraines (see e.g. OTTESEN et al., 2005; 

WINKELMANN et al., 2010; STREUFF et al., 2015). Eventually, the height of the analysed ridges does not 

necessarily serve as a distinguishing criterion. The same applies for the ridge widths. However, the 

analysis of width-to-spacing ratios and periodicities may provide a better method to distinguish between 

push moraines and composite ridges. After OTTESEN et al. (2008) push moraines from Rindersbukta and 

Van Keulenfjorden (Svalbard) are 50 to 250 m wide and are spaced by 35 to 250 m. However, the 

spacing can be even 2200 m, with widths of 50 to 250 m in an example from the NE-Greenland shelf 

(WINKELMANN et al., 2010). Although width-to-spacing ratios close to one are possible, typical 

(annual) push moraines do not have a flow-parallel periodicity, because of the effect of seasonal 

variations. Composite ridges, on the other hand, tend to produce a width-to-spacing ratio relatively close 

to one (see BENEDIKTSSON et al., 2008), which is the case on Jasmund. Furthermore, fold-and-thrust 

belts, thus glacitectonic complexes at a small scale, are characterised by periodic ridge spacing 

(see DIXON & LIU, 1992; NOBLE & DIXON, 2011). 

 The morphology of Jasmund does well fit to the major orientation of the structures in the 

northern and southern sub-complex. The already mentioned discrepancies between the internal structure 

and the morphological ridges in certain areas of Jasmund in this chapter and chapter 2.3 (Morphology 

and tectonic setting) may first lead to the assumption that the internal glacitectonic structures would not 

mirror the morphological image. According to that, the folds and thrusts would have formed prior to the 

surface structures. The morphological ridges were push moraines, developed afterwards in a separate 

process of glacier oscillation (local advances and re-advances due to seasonal climatic variations). 

However, the results of the structural investigation in combination with landform analysis lead to the 

consistent terminology of composite ridges and the areas of structure-morphology anomalies well fit 

into the superimposition model. 
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8.1.2 Suggestion of a third evolutional stage 

The structural inventory and morphology of the Jasmund Glacitectonic Complex provide some more 

indicators, which point to an additional, third evolutional stage likely in the Pomeranian or Mecklenburg 

phase (W2/W3). There occur crenulated ridge shapes in the southeastern district of the complex 

(see Fig. 7.1 and Plate 2), which obviously point to another deformation different from the first and 

second-stage processes. Furthermore, a number of structural anomalies at the eastern cliff coast came 

into view, when the cross sections of the southern sub-complex were constructed and restored.  

In the easternmost part of the southern sub-complex (e.g. morphological profile S06) 

(see Fig. 7.33), the shapes of the ridges are unusually complicated. The elevation profiles include ridge 

crests with steeper proximal slopes. These are not characteristic of pushed ridges (flatter proximal 

slopes), even with the northern sub-complex in the foreland (symmetric). This might point to an 

additional structural development during this third phase. 

Finally, a third evolutional stage can be assumed with a local ice push from the E/ENE 

(Fig. 8.4). Whether the glacier front only touched the eastern ridges of the glacitectonic complex or 

enveloped the entire complex cannot yet be determined. However, the existence of the M3-till complex 

on top of the glacitectonised sequence in the northern and southern sub-complex is an indicator that the 

ice eventually overrode the complex or at least its marginal zones. The ice stream moved from E/ENE 

to W/WSW and led to erosion of the glacitectonised sequence of Upper Cretaceous and older Pleistocene 

beds and most widely planation of the composite ridges in the southernmost district of the glacitectonic 

complex before the deposition of the M3-till complex. 

The structural complexity with the E-W striking valleys of the eastern coast, but E/NE verging 

folds in the eastern cliff sections, which have already been described by e.g. LUDWIG (1954/55, 2011) 

and STEINICH (1972), fit well into the multi-stage evolutional model of the Jasmund Glacitectonic 

Complex. The lack of conformity between the tectonic structures and morphology in a number of 

sections at the eastern cliff (e.g. Schnaks Ufer and Tipper Ort Section) can be well explained by the 

superimposed-deformation approach described in chapter 8.1.1 (The formation of Jasmund in two 

stages). 
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Fig. 8.4 Assumed third phase of the multi-stage evolution of the Jasmund Glacitectonic Complex. Minimum reconstruction of 
the ice front only touching the easternmost part of the glacitectonic complex (light blue) and assumed glacier extent, which 
kind of envelopes the complex (transparent light blue). The local ice push from E/ENE reshapes the quasi-straight ridges to 
wavy forms. 

In the end of the third evolutional stage, overall glacier recession occurred in the area of Jasmund 

with periods of glacier stagnation (Fig. 8.5). The undifferentiated glacigenic landforms, which have 

been described in chapter 7.1 (Digital elevation model and geomorphological map of Jasmund) might 

have developed during this time (see Fig. 7.2 and Plate 2). The surface structures are very chaotic 

compared to the composite ridges north of it. Thus, they are assigned to the morphology of a hummocky 

moraine. The sedimentary record of the M3-till complex above the glacitectonised sequence of chalk 

and older Pleistocene deposits shows a sandy diamicton, but also interbedded sand and gravel layers, 

which are well recognisable in the sections S03 (GU1), S04b (WU2) and S05 (SU3) (see Fig. 2.2a). 

They might have been deposited in a combination of debris flows and glacifluvial processes at the glacier 

surface or margin (see EYLES, 1979; ANDERSSON, 1998; BENN & EVANS, 2010). These sediments have 

a supraglacial, partly englacial origin and have likely been accumulated through melt-out in the stagnant 

phase of the overall recession (e.g. SHARP, 1985a; BENN & EVANS, 2010). The linear surface elements 

may point to dump-moraine formation. These ice-marginal landforms contain similar sediments, but 

they have been “dumped” onto the adjacent terrain to form push moraines in small re-advances (see 

BOULTON & EYLES, 1979; LUKAS, 2005; EVANS & TWIGG, 2002). 
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Fig. 8.5 Stagnant position of the glacier margin in the overall recession at the end of the assumed third evolutional stage. A 
supraglacial hummocky moraine and occasionally dump moraines (transparent violet) are formed in the southernmost parts of 
Jasmund. This alters the morphology in the south by forming chaotic ridges, mounds and nested linear elements. 

8.2 The southern sub-complex in the context of glacitectonic-complex models 

8.2.1 Comparison of the major architecture and structural features 

The Jasmund Glacitectonic Complex is a thrust-dominated to fold-thrust-dominated complex 

(see BOULTON et al., 1999). The southern sub-complex exhibits a realistic décollement depth at mainly 

120 m b. s. l., because the deformation in ancient glacitectonic complexes can extend to a depth of a few 

tens of metres up to 200 m (e.g. ABER et al., 1989; VAN DER WATEREN, 2003; HUUSE & LYKKE-

ANDERSEN, 2000; VAUGHAN-HIRSCH & PHILLIPS, 2017). Modern glacitectonic landforms are 

generally smaller with décollement depths of about 5 to 30 m (e.g. BOULTON et al., 1999; 

BENEDIKTSSON et al., 2010). At the thrust sheet S04a in the Wissower Ufer Section of Jasmund, the 

décollement surface steps up to 105 m b. s. l. and at S03 in the Gakower Ufer Section to 90 m b. s. l. 

(see Fig. 6.33 and Plate 1). Such a change of the décollement position from lower elevations in the 

proximal zone to deeper elevations in the distal zone is in fact not characteristic of classic glacitectonic 

complexes. The exemplary models of Møns Klint in SE Denmark (see PEDERSEN, 2000; 2014; 

PEDERSEN & BOLDREEL, 2015), Rubjerg Knude in N Denmark (see PEDERSEN, 2005), and Jammerbugt 

in the eastern North Sea (see PEDERSEN & BOLDREEL, 2017) show a décollement surface that ramps up 

to higher positions from the proximal to the distal zone. The anomalous décollement trend of Jasmund 

might be associated with the complex relationship between the northern and southern sub-complex. 
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Regarding to the classic separation of glacitectonic complexes into a proximal, central, and 

distal zone, the same has been attempted for the southern structural sub-complex of Jasmund. The 

Gakower Ufer and Wissower Ufer Section have been assigned to the proximal zone. The Schnaks Ufer 

Section marks the boundary area to the central zone, which includes the Tipper Ort and Kieler Ufer 

Section. The Kollicker Bach and Stubbenkammer Section represent the distal zone. 

The proximal zone in the south of the southern sub-complex shows an imbricate fan, but folding 

is significant in this district (see Figs. 6.33 and 8.6). Especially the most proximal part (Gakower Ufer 

Section) and the thrust sheets S04a, S05, and S08 are characterised by large-scale folding particularly 

revealing distinct footwall synclines. The décollement zone has shifted from 90 m b. s. l. down to 105 m 

b. s. l. at S03 and further down to 120 m b. s. l. at S04a. The glacitectonic complex of Møns Klint shows 

a distinct imbricate fan in its proximal zone (see PEDERSEN, 2000; PEDERSEN & BOLDREEL, 2015), 

which is less folded than this part of the Jasmund Glacitectonic Complex. Furthermore, there is a high 

thrust-sheet complexity described for the proximal zone in different complexes – imbricates, duplexes, 

duplex stacks, superimposed deformation as well as mud diapirism, and deeper décollement levels (see 

PEDERSEN & BOLDREEL, 2015; PEDERSEN & BOLDREEL, 2017). However, this is not completely the 

case in the Jasmund Glacitectonic Complex. Even though, the proximal zone in the here presented model 

is strongly deformed and shows superimposed deformation recognisable in the moderately to steeply 

inclined faults, it is still less shortened than the central and distal zone. 

The central zone of Jasmund’s southern structural sub-complex is characterised by a highly 

complicated structural framework (see Figs. 6.33 and 8.6). In general, it is also an imbricate fan, but it 

includes several duplex stacks. This complicated arrangement of duplex stacks is rather known from the 

most proximal zone of the Rubjerg Knude Glacitectonic Complex, where older stratigraphic units are 

involved in the deformation, thrust sheets are thicker and the décollement has its deepest position (see 

PEDERSEN, 2005). The structural inventory of the central zone in classic glacitectonic complexes 

comprises imbricate fans of short thrust sheets and steeply inclined thrust faults and/or an antiformal 

stack (see Fig. 3.1) (e.g. PEDERSEN, 2000; 2005; PEDERSEN & GRAVESEN, 2009; PEDERSEN & 

BOLDREEL, 2015; 2017). An antiformal stack could not be identified in the southern sub-complex of 

Jasmund, but the complicated framework of duplex stacks and steeply dipping thrust faults implies that 

the central zone is a high-strain area. BOULTON et al. (1999) also described the more intensive folding 

and thrusting for this part of the modern glacitectonic complex in front of Holmstrømbreen on Svalbard. 

The distal zone of the southern sub-complex of Jasmund includes the Kollicker Bach and 

Stubbenkammer Section, where the boundary area between the southern and northern sub-complex is 

located (see Figs. 2.4, 8.6 and Plate 2). The exemplary complexes of Møns Klint and Jammerbugt 

exhibit imbricate fans with gently dipping ramps in their distal parts (e.g. PEDERSEN, 2000; 

PEDERSEN & BOLDREEL, 2015; 2017). The thrust sheets are thinner, which is a consequence of the 
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décollement surface that rises from its deepest level in the trailing end to lower positions towards the 

foreland. This implies lower stress levels in the distal than in the proximal zone. In addition, the modern 

glacitectonic end moraine of the Holmstrømbreen is characterised by structures of lower stress in the 

external/distal zone. BOULTON et al. (1999) described open folds and small-scale thrusts. However, 

these examples are completely in contrast to the southern sub-complex of Jasmund. It shows an 

imbricate fan in the distal zone with steeply inclined thrust faults and a small duplex stack (S20-1 and 

S20-2/SK4) in the trailing end of the Stubbenkammer Section. 

While classic glacitectonic complexes indicate a strain decrease from the proximal to the distal 

end, the Jasmund Glacitectonic Complex is characterised by a constantly high strain. Normally, the 

lengths of the thrust sheets increase towards the foreland, which implies a greater degree of shortening 

towards the proposed ice margin (e.g. PEDERSEN, 2005; VAUGHAN-HIRSCH & PHILLIPS, 2017). 

However, there cannot be seen such a trend in the southern sub-complex of Jasmund (see Table 1). 

Additionally, the angle of the thrust faults and the offsets decrease towards the foreland 

(DIXON & LIU, 1992; PEDERSEN, 2005; VAUGHAN-HIRSCH & PHILLIPS, 2017). This is also not the case 

in the Jasmund Glacitectonic Complex. Even though, the steepest thrust sheets are situated in the most 

proximal zone, there are still steeply to moderately inclined faults in the central and distal zone. This 

phenomenon can be explained by the special superimposition situation of the Jasmund Glacitectonic 

Complex. Since the northern structural sub-complex was formed by the first glacitectonically effective 

glacier in the SW Baltic Sea region, there already existed the structural framework of a glacitectonic 

complex and an obstacle north of the deformation area in the second stage. These two facts intensively 

affected the deformational process of the southern sub-complex as well as its internal structure. There 

was no possibility to form gently inclined thrust faults in the foreland, when the evolutional stage two 

came to its end, as the northern sub-complex acted as a resistance. The stress induced by both the glacier 

and the northern sub-complex led to this highly complex architecture, which does not fully confirm the 

classic glacitectonic-complex models. As Jasmund represents an exception from the characteristic 

structural separation into three zones, it is all the more so an example of various and intensive 

superimposition in a multi-stage structural evolution. 
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▲Fig. 8.6 Principal 3D view of the Jasmund Glacitectonic Complex. a) Interpreted cross section of the southern structural sub-
complex below the digital elevation model (DEM5), which shows the main parts of the northern and southern ridge domain. 
b) Map of Jasmund with the DEM clip (blue) and the section trace (red line), which are shown in (a). The model is two times 
exaggerated. The section trace is located further towards the inland than the shown cross section, which is originally from the 
cliff. Thus, there might be more thrust sheets presumed, than indicated in the model shown here. This could be confirmed by 
projection tests in Move. 

8.2.2 Interpretation of particular structures 

The architecture of thrust sheet S07 (Schnaks Ufer Section) 

The S07 thrust sheet is characterised by an extremely complex tectonic setting and has been intensively 

debated during the last century. In the multi-stage evolutional model of Jasmund outlined in chapter 8.1, 

its formation probably started during the evolution of the northern sub-complex, but it was mainly 

formed in the second stage, when a branch of the SIS locally induced stress orientated from SE to NW. 

In the third stage, when another glacier advance led to a push from E/ENE to W/WSW, the Schnaks 

Ufer Section was likely superimposed again. 

The new best-fit interpretation of S07 shown in Figures 6.10 and 6.11a indicates a preferably 

simple configuration, which shall represent the deformation of the second evolutional stage of Jasmund. 

The observations from the field are more complex and comparable to the tectonic situation constructed 

by JAEKEL (1917) (Fig. 8.7). It generally indicates a gentle bed inclination in the zone (S07a) between 

the two chalk massifs “Kleine Wissower Klinken” (KWK) and “Große Wissower Klinken” (GWK). 

North of the GWK appears the next Pleistocene unit (S07b) with a steeper bed inclination, which appears 

to be the continuation of the gently inclined beds of S07a in the south. However, there is in fact a tight 

syncline of the Pleistocene beds visible between the KWK and the GWK (S07a). LUDWIG (1954/55) 

also suggested a syncline between these chalk massifs.  This complex configuration, which has been 

described in chapter 6.3.1, highly likely points to the superimposed deformation during the third 

evolutional stage. The tectonic configuration of the Pleistocene beds in S07 might show a synclinal 

sheath fold, which developed from the simple “second-stage” fault-bend fold shown in Figure 6.11a. 

This is presumably related to a change in the orientation of the stress field from SE-NW to E/ENE-

W/WSW in the third evolutional stage of Jasmund. Since the anticline of the GWK chalk massif and the 

tight syncline behind (towards the inland) likely formed later, this geometry has not been integrated in 

the new model, which shall rather show the second-stage evolution of Jasmund. Nevertheless, it is still 

debatable, whether there is only this one thrust sheet or even two sheets, which may imply a more 

intensive compression and horizontal shortening in the frontal part of the Schnaks Ufer Section. 
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Fig. 8.7 a) Overview of the Pleistocene unit S07b behind the chalk massif “Große Wissower Klinken” (GWK). The 
configuration shows the eastern steeply inclined limb of a syncline, which represents a sheath fold. The red line indicates the 
approximate orientation of the fold axis (Photo: I. Stodian). b) Cross section of the cliff profile S07 in the area below the chalk 
massifs “Kleine Wissower Klinken” (KWK) and GWK (modified after JAEKEL, 1917).  

The complex tectonic situation of the Tipper Ort Section 

As described in chapter 8.1.2 (Suggestion of a third evolutional stage), the complex tectonic situation of 

the Tipper Ort Section, particularly of thrust sheet S09a, is associated with the third evolutional stage, 

in which a branch of the SIS induced local stress orientated from E/ENE to W/WSW. S09a might be a 

northern succession of the “Große Wissower Klinken” in the thrust sheet S07, when the morphology of 

these sections is considered (see Fig. 2.4). They might have formed a single ridge trending S-N.  

However, the sector between S07 and S09a may have been eroded due to coastal retreat. 

Whether the structural configuration of the Tipper Ort Section described in chapter 6.4, indicates a 

small duplex stack or a simple succession of imbricated individual thrust sheets, is not fully clear. The 

S09c thrust sheet has only been modelled based on the surrounding thrust sheets due to the poor data 

situation and the complicated structural setting described above. Thus, S09c and S09b could also be 

interpreted as two individual thrust sheets ending at the décollement at 120 m b. s. l. Nevertheless, a 

duplex stack is not completely unrealistic in the Tipper Ort Section as part of the central zone and the 
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interpretation well confirms the restored cross section. Duplex formation is further discussed in chapter 

8.3. 

The Pleistocene deposits of the thrust sheets S09b and S10 of the Tipper Ort Section show 

distinctly thicker beds in their trailing ends (see Fig. 6.33). However, this thickness increase, which has 

been observed here may not be associated with tectonic thickening, when a footwall syncline is formed, 

like for example in thrust sheet S01a, S02, or S05. In S09b and S10, the formation of piggyback basins 

is assumed, which have been described in chapter 3.1 (Definition and origin of glacitectonic complexes). 

The concept of piggyback basins has originally been described by ORI & FRIEND (1984) and 

RICCI LUCCHI (1986) for large-scale regional orogenic settings. The application of this concept on 

syntectonic deposition in glacitectonic complexes has been realised by for instance PEDERSEN (2005) 

and PEDERSEN & GRAVESEN (2009). The term implies basins, which structurally overlie moving thrust 

sheets (PEDERSEN, 2005). Such structures may also be observed in the thrust sheet S19 in the Kollicker 

Bach Section and in S23 in the Stubbenkammer Section (see Fig. 6.33). Similar syntectonic deposition 

in a piggyback manner has been described by GIBB (2015) for the section S25 in the northern sub-

complex of Jasmund. However, detailed descriptions of these basins in the Tipper Ort, Kollicker Bach, 

and Stubbenkammer Section as well as comparisons with each other are needed for a safe interpretation 

of potential piggyback basins in the southern sub-complex of Jasmund. 

Different interpretation approaches of the Kollicker Bach Section 

As already mentioned in chapter 6.8, the thrust sheets S17 and S18 are subject to debate. The constructed 

bedding of the Kollicker Bach Section is based on the stratigraphy of the cross section constructed by 

STEINICH (1972) and on the given most complete stratigraphy of the S08 thrust sheet. Thus, the oldest 

known flint band F01 is situated in the trailing ends the thrust sheets at a depth of ca. 87 m (S17/KB3) 

and 72 m b. s. l. (S18/KB2). Regarding to the structural configuration of these two thrust sheets, they 

might have their base at ca. 88 m b. s. l. (see Fig. 6.25). The stratigraphy and geometry of the areas 

below this depth are not fully clear. 

One possibility may be that the areas below F01 represent duplex segments. This would imply 

that there are two small duplex stacks in the Kollicker Bach Section, which contain two segments, 

respectively. This would complicate the glacitectonic deformation. However, it would well confirm the 

high strain of the central and distal zone of the southern sub-complex rather than the simple 

configuration of three individual imbricated sheets in the here presented best-fit model. Furthermore, 

the second idea would imply a higher amount of horizontal shortening, thus more intensive compression 

in the area of the Kollicker Bach Section. 

The suggested best-fit model shows a case, in which the areas below F01 indicate beds of older 

stratigraphy (see Fig. 6.33 and Plate 1). This configuration may imply a more complicated situation, 
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before glacitectonism occurred in the southern sub-complex, which is a realistic assumption. S17 and 

S18 form uplifted blocks visible in the restored cross section (see Fig. 6.33). The same applies for the 

thrust sheet S15 (KU2) in the Kieler Ufer Section. Even though this interpretation is presented in the 

final model, both possibilities have to be taken into account. 

Possible configurations of the thrust sheet S23 (Stubbenkammer Section) 

The Stubbenkammer Section is the immediate boundary zone between the southern and northern 

structural sub-complex. The anticline structure of its most distal part in S23 (see Fig. 6.29a) could be 

interpreted as a simple box fold, but it might also show a more complex structure. A thrust-fault ramp 

or blind thrust with an inclination towards N/NE might occur in the southern limb. Possible structural 

configurations of the Königsstuhl anticline are given in Figure 8.8. The zone comprising the 

Stubbenkammer Section (S20-1 to S23) as well as S24 and S25 in the north are under debate. For 

instance, KENZLER et al. (2010) compare a cross section of S24 constructed by STEINICH (1972) with 

their new interpretation. In consideration of the maps of S23 and S24 constructed by STEINICH (1972), 

the box-fold model is quite plausible, as the thrust faults continue as southward-dipping structures in 

section S24-1 and S24-2. However, the new map and interpretation given by KENZLER et al. (2010) 

would also allow for fault-bend-fold and fault-propagation-fold hypotheses, since the thrust fault 

between S24-1 and S24-2 dips steeply towards north. Furthermore, the idea of an antiformal stack in 

this region has to be considered (see Fig. 3.1). Regarding to that, the thrust sheet S24-1 might form the 

lower part of the stack. S24-2 represents the upper part, which is in fact S23 at the northern end of the 

stack (Fig. 8.8d). This fourth structural model would imply that the southerly inclined ramp below S23 

might be in fact a normal fault, instead of a reverse fault like in the three other models. The structural 

position of the Königsstuhl seems to be relatively in the proximal part of the northern sub-complex and 

at the northern boundary of the southern sub-complex (see Fig. 2.4 and Plate 2). When this is 

considered together with the new interpretation of S24 (see KENZLER et al., 2010), an antiformal stack 

would have rather formed in the central zone of the northern sub-complex, if at all. Thus, an immature 

fault-bend fold or fault-propagation fold like those in Figure 8.8b and 8.8c may be favoured. Whether 

the assumed thrust fault is situated in the syncline as shown in Figure 8.8 or rather in the anticline 

between the Königsstuhl and the Feuerregenfelsen (see Fig. 6.23 or Fig. E 23 in Appendix E) is subject 

to debate. 
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Fig. 8.8 Four possible structural configurations of the Königsstuhl section S23. a) Box fold. b) Immature fault-bend fold with 
a ramp dipping towards N and separating the section into a southern footwall syncline and a northern hanging-wall anticline. 
c) Fault-propagation fold with a blind thrust crossing the southern limb of the S23 anticline. d) Uppermost part of an antiformal 
stack. S24-1 would here form the lower thrust sheet within the stack. 

8.3 Dynamic development of the southern structural sub-complex 
 
The structural development of the southern sub-complex of Jasmund is another example of a multi-stage 

evolution. However, this took place mainly in the second evolutional stage of the suggested model in 

chapter 8.1, when the second glacitectonically effective branch of the SIS locally moved from SE to 

NW. The dynamic development of the southern sub-complex is illustrated in a sequence of tectonic 

stages indicating the progressive proglacial deformation. It begins with folding in the proximal part of 

the fold-and-thrust belt and continues with the superimposition of the proximal structures in the south. 

The glacitectonic development concludes with intensive deformation and superimposition in the most 

distal part in the north (Fig. 8.9). Additionally, the altering processes of the third evolutional phase of 

the Jasmund Glacitectonic Complex have been included. 

Stage A – Starting situation after the northern sub-complex formation 

The interpretation of the kinematics of fold-thrust structures requires an understanding of the pre-

existing structural geometry and mechanical properties of the foreland stratigraphy, and its basal 

detachment (FAISAL & DIXON, 2015). There are likely pre-existing fault offsets (partly pre-Quaternary) 
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and fold-thrust structures of the northern sub-complex. For the beginning of the southern sub-complex 

formation, a quasi-horizontal palaeo-surface is assumed (Stage A in Fig. 8.9). Considering well logs 

from the area outside the Jasmund Glacitectonic Complex, the present boundary between the Cretaceous 

and Pleistocene unit is at around 40 m b. s. l. (see HOTH et al., 1993). Since the thickness of the older 

Pleistocene deposits (M1 to I2) is between ca. 10 m and 40 m (adopted from field data and the kinematic 

analysis), the palaeo-surface is assumed to be at nearly the same position as the today’s sea level. This 

is a highly simplified assumption. Since there were detected several pre-Quaternary faults with offsets 

of up to 5 m, the surface may have shown at least small escarpments. However, these faults have not 

been integrated in the model shown in Figure 8.9 due to the incomplete data situation and the intended 

simplification. Regarding to the presented multi-stage evolution of the entire Jasmund Glacitectonic 

Complex, the northern structural sub-complex is supposed to exist already at the position shown in 

Figure 8.1 and the simplified map in Figure 8.9. 

Stage B – Formation of the first buckle folds 

When the branch of the SIS reached the Prorer Wiek area, it induced a compressive stress onto the 

subglacial and proglacial deposits. The longitudinal stress may have led to layer-parallel shortening in 

the form of consolidation in the upper ca. 90 metres of the subsurface. When the failure limit of the 

deposits was exceeded, buckle folds serially nucleated along a décollement zone from the hinterland to 

the foreland (cf. DIXON & LIU, 1992) (Stage B in Fig. 8.9). How the décollement developed at the 

particular depth will be discussed in chapter 8.4 (Implications for the palaeo-environment and glacier 

dynamics). The buckles can be defined as detachment folds (see chapter 5.2.1 for definition). 

Throughout the entire cross section, the amplitudes of the folds were biggest adjacent to the glacier front 

and decreased towards the foreland (cf. NOBLE & DIXON, 2011). The amplitudes increased with 

continued deformation (c.f. DIXON & LIU, 1992; MITRA, 2002; 2003; BRANDES & TANNER, 2014). 

This sequential formation of multiple anticline-syncline pairs has also been presented in the model of 

the modern Eyjabakkajökull end moraine on Iceland (BENEDIKTSSON et al., 2010). 

Stage C – Progressive folding and formation of first proximal faults 

The progressive glacier advance led to intensified contraction in the 90 m thick consolidated and folded 

layer. When the capacity of the deposits to deform as an elastic body was exceeded, fractures were 

initiated (see PEDERSEN, 2005; BRANDES & LE HERON, 2010; PEDERSEN, 2014; PEDERSEN & 

BOLDREEL, 2015) (Stage C in Fig. 8.9). These fractures developed to ramps in the distal limb of the 

anticlines, with initial angles of less than 30°, maximum 45° (see DIXON & 

LIU, 1992; ROWLAND et al., 2007; BRANDES & LE HERON, 2010). The structures, which developed in 

the hanging wall of these low-angle thrust faults can be labelled as fault-propagation folds. Thus, the 

detachment folds transitioned into fault-propagation folds in front of the glacier, while new detachment 

folds were formed towards the foreland. The fault-propagation folds showed a vergence into the 
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transport direction and exhibited a steep forelimb and a flat backlimb (see BRANDES & 

LE HERON, 2010). There was a pronounced systematic spacing of the ramps, which was inherited from 

the equal-wavelength buckling in the Upper Cretaceous-Pleistocene sequence (cf. LIU & DIXON, 1990; 

DIXON & TIRRUL, 1991; DIXON & LIU, 1992). 

PEDERSEN (2005) and PEDERSEN & BOLDREEL (2015) rather described fault-bend folding to be 

the initial deformation, when the glacitectonic complexes Møns Klint or Rubjerg Knude were formed. 

Strain-nucleation points formed at the décollement surface in an area several kilometres in front of the 

ice margin, 300 to 600 m apart (see ANDERSEN et al., 2005; PEDERSEN & BOLDREEL, 2015). 

Stage D – Superimposed tilting of proximal thrust faults during ramp propagation 
With progressive deformation in the young southern sub-complex folding was increasingly replaced by 

thrusting. Moreover, fault-propagation folding transitioned into fault-bend folding by breakthrough 

thrusting (see MITRA, 1990; MERCIER et al., 1997; BRANDES & TANNER, 2014) (Stage D in Fig. 8.9). 

While folds were still formed in the distal part representing less mature structures, the structures in the 

proximal and central zone of the complex were strongly superimposed by the formation of new ramps 

towards the foreland. Already existing gently dipping thrust faults were passively tilted and even 

oversteepened (cf. DIXON & LIU, 1992; BENEDIKTSSON et al., 2010). 

The décollement surface likely shifted from 90 m over 105 m down to 120 m below the today’s 

beach level (Stage D and E in Fig. 8.9). There might be a relation to the décollement zone of the 

northern sub-complex, concerning this unusual downward shift or there might be certain palaeo-

environmental influencing factors. 

Stage E – Progressive faulting and superimposition of the northern sub-complex structures 

In classic glacitectonic complexes, the foreland regime is characterised by thin, very long thrust sheets. 

They develop by horizontal translation over the décollement surface in the latest stage of deformation 

(PEDERSEN, 2005). However, the Jasmund Glacitectonic Complex deviates from these classic models, 

since there was the northern sub-complex, which acted as an obstacle in the northern foreland of the 

southern sub-complex (see Fig. 8.3). Typical fold and thrust-fault propagation stopped in the distal zone. 

Moreover, already existing faults of the northern sub-complex were intensively superimposed by the 

stress orientated towards NW (locally N/NE in the area of the today’s cliff) in this second evolutional 

phase of Jasmund (Stage E in Fig. 8.9). There was a high-strain area with oversteepened faults and very 

complicated structures between the obstacle in the north and the advancing glacier in the south. Even 

the deformation in the fault-bend folds could not be compensated by folding. The increasing stress 

facilitated the development of satellite faults in the hanging-wall anticlines. When the capacity of the 

chalk to deform as an elastic body was exceeded in the hanging-wall anticlines, reverse faults nucleated 

from the frontal ramps. 
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In addition, duplex stacks may have formed in stage E. Duplex formation may indicate changes 

in the décollement level. Regarding to PEDERSEN (2005), the décollement at the lower position is 

probably the first to be formed in the proximal part of the complex and also the last to be formed in 

distal part. This partly corresponds to the glacitectonic situation observed on Jasmund. There may have 

been an early décollement surface at a shallow level (90 m b. s. l.), which succeeded by a shift to a 

deeper level (120 m b. s. l.) towards the foreland. Since the intermediate flats imply a décollement level 

above 120 m below the palaeo-surface, the upper duplex segments may have formed in an early stage 

and have been further translated in a piggyback manner until the lower duplex segments were imbricated 

in stage E. 

When the central and distal part of the southern sub-complex were formed, piggyback basins 

might have development in the thrust sections S09b, S10, S19, and S23. After PEDERSEN (2005), the 

depo-centre of these basins is situated in front of the last activated thrust section and shifts to a more 

and more distal position associated with the strain propagation. The potential evolution of piggyback 

basins in these districts would imply that the thrust sheets S09b, S10, S19, and S23 might have been 

translated along the flat in a longer period. The other thrust sheets, particularly those of the proximal 

zone, seem to have imbricated faster, since the potential basins were trapped by overthrusting of the 

hanging-wall block. 

Stage F – Overriding by the glacier and glacier recession 
After the formation of the two glacitectonic sub-complexes by two different branches of the 

Scandinavian Ice Sheet, a re-advance of the Scandinavian Ice Sheet occurred in presumably two phases 

(Pomeranian/Mecklenburg – W2/W3). The ice sheet is assumed to have overridden the entire Jasmund 

Glacitectonic Complex or at least the marginal parts (see Fig. 8.4). This led to massive erosion of the 

glacitectonised sequence and subsequent deposition of the M3-till complex (Stage F1 in Fig. 8.9). When 

the glacier receded from its maximum positions, there might have occurred phases of stagnation. Thus, 

the hummocky moraine/dump moraines at the southeastern end of the Jasmund Glacitectonic Complex 

could have been formed (see Fig. 8.5). The associated sedimentary processes led to the addition of 

glacifluvial and mass-movement deposits to the M3-till complex and to the attachment of a new relief 

onto the southeastern/proximal zone of the southern structural sub-complex (Stage F2 in Fig. 8.9). An 

exact assignment to the glaciations of the Pomeranian and Mecklenburg stage is not attempted, as there 

are not enough data so far to fully assign all processes to the major phases. 

Summary of the stepwise development associated with fault-related folding 
It has to be taken into account that the model presented in Figure 8.9 shows a summary of all structures, 

which have developed in the multi-stage glacitectonic deformation of the southern sub-complex. It shall 

represent the contemporaneous development of various structures in different zones of the glacitectonic 

complex. 
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In general, the tectonic evolution of the southern structural sub-complex contains three 

mechanisms of shortening like in the analogue model suggested by DIXON & LIU (1992) – layer-parallel 

shortening, folding, and thrusting. In this sequence, detachment folds are initially formed after the 

assumed layer-parallel shortening. They develop to fault-propagation folds in the following stage, when 

the thrust-fault ramps propagate. Afterwards, they are modified by fault-bend folding as the thrust 

emplacement increases. The association of large-scale folding to the primary deformation and thrusting 

to the secondary has also been accomplished for the modern glacitectonic complex of the 

Eyjabakkajökull (BENEDIKTSSON et al., 2010). Here, folding could not compensate for the shortening 

anymore so that thrusting took over in the distal limbs of the anticlines. 

The suggestion that the spatial sequence (mature structures in the proximal end, immature 

structures in the distal end) reflects a temporal sequence (see STEINICH, 1972; BOULTON et al., 1999; 

NOBLE & DIXON, 2011), cannot be easily made for Jasmund. This is obvious from the model of the 

structural evolution of the southern sub-complex and the comparison to classic glacitectonic-complex 

models, which has been discussed in chapter 8.2 (The southern sub-complex in the context of 

glacitectonic-complex models). More information on the glacier dynamics is given in chapter 8.4 below. 
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Fig. 8.9 Sequential model of the structural development of the southern sub-complex. The development is shown in eight 
stages. Stage A represents the end of the first evolutional phase of Jasmund. Stage B to E represent the second phase. Stage F1 
and F2 show the third phase and stage G is the present situation. The profiles are not true to scale and show only a principle 
model with far fewer thrust sheets involved than in the present southern sub-complex to illustrate the main processes involved 
in the development. The presumed position of the glacier in the individual stages is shown on the map of Jasmund and the 
Prorer Wiek. 
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Fig. 8.9 (Continued)  
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8.4 Implications for the palaeo-environment and glacier dynamics 

There is a relationship between the internal structure of glacitectonic complexes and the glacial as well 

as environmental regime (BOULTON et al., 1999). The structural setting and the mirrored morphology 

of the Jasmund Glacitectonic Complex can be well used to unravel its development. Its structural 

features can be compared with other ancient complexes as well as recently formed glacial landsystems 

with the aim to get information about the palaeo-environment. This includes the lithological features of 

the glacitectonised deposits, meltwater availability and the role of pore-water pressure as well as 

permafrost as important influencing factors (e.g. ABER, 1982; BOULTON et al., 1995; 

BOULTON et al., 1999; BRANDES & LE HERON, 2010; VAUGHAN-HIRSCH & PHILLIPS, 2017). 

Additionally, Jasmund’s structural framework may point to certain glacier dynamics. 

Elevated pore-water pressures are likely a key control in the deformation process of the 

Cretaceous chalk and Pleistocene sediments, when the branches of the Scandinavian Ice Sheet (SIS) 

moved into the SW Baltic Sea region during the Upper Weichselian. The formation of a décollement 

zone starts with fracture initiation along surfaces of anisotropy (PEDERSEN, 2005). In subglacial and 

proglacial settings, this may be connected to increasing pore-water pressures, analogous to orogenic 

systems (see HUBBERT & RUBEY, 1959; PEDERSEN, 2005). The fracture initiation has been described 

by PEDERSEN & BOLDREEL (2017) for the formation of the glacitectonic complex in the Jammerbugt 

(eastern North Sea) and by PEDERSEN (2005) for the Rubjerg Knude Glacitectonic Complex in North 

Denmark. Regarding to these geological settings, elevated pore-water pressures have likely facilitated a 

horizontal, bedding-parallel fracture zone in the Upper Cretaceous chalk (at ca. 90 to 120 m below the 

assumed palaeo-surface), when the branches of the SIS reached the SW Baltic Sea region. However, 

décollement initiation requires the existence of a material contrast, for instance lithological differences. 

There is not such a difference known from this depth in the SW Baltic Sea area. The chalk is very 

homogenous, and the bedding is only recognisable by the flint bands. It is characterised by a low 

permeability and covered by the M1 till, which is also relatively impermeable. The lithological 

conditions are different for instance in the mid-Pleistocene glacitectonic complex in the Aberdeen 

Ground Formation of the central North Sea presented by VAUGHAN-HIRSCH & PHILLIPS (2017). There, 

the décollement zone was formed between a sandy unit and mud beds above. Thus, there was a distinct 

lithological boundary, which was naturally prone to the formation of a detachment. The permeable sheet-

sand unit (capped by relatively impermeable clay) of the Aberdeen Ground Formation in the central 

North Sea had the potential to form a discrete aquifer. The relatively impermeable, homogeneous chalk 

of the SW Baltic Sea region is less able to form discrete aquifers. Hence, there must have been other 

reasons than lithological differences for the décollement initiation. 
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Permafrost is frequently seen as another key factor in the development of glacitectonic 

complexes (e.g. ABER, 1982; BOULTON et al., 1999). For example, the décollements below the end 

moraines of glaciers on Svalbard or in Iceland may indicate the position of the permafrost base 

(e.g. BOULTON et al., 1999; BENEDIKTSSON et al., 2010). However, glacitectonic complexes can also be 

formed in non-permafrost areas, for instance in front of the recently advancing temperate Taku Glacier 

in Alaska (MOTYKA & ECHELMEYER, 2003; KURIGER et al., 2006).  

Permafrost may have the effect of reducing ductility (in a descriptive manner), when stress is 

applied (see BOULTON et al., 1999; BRANDES & LE HERON, 2010). However, the southern sub-complex 

of Jasmund might have developed initially by folding prior to faulting. Thus, permafrost may not have 

mainly affected the deformation. It might have only existed in a very thin layer or in patches in the SW 

Baltic Sea area, when glacitectonism occurred in the Upper Weichselian. However, neglecting the deep 

permafrost would again bring up the question, why the décollement developed at the depth of 90 to 

120 m. Perhaps, the décollement formation at this particular depth could have mechanical reasons. The 

advancing glacier led to layer-parallel shortening in the Pleistocene deposits and Upper Cretaceous unit, 

which might have facilitated consolidation and thus a contrast to the chalk unit below the 90/120 m line. 

Maybe, this certain décollement position is related to the geometry, height and stress-impact depth of 

the glacier. 

However, LUDWIG (2011) suggested that there existed a deep-seated permafrost layer in the 

foreland of the SIS branches. Continuous permafrost, which may have reached a depth of ca. 90 to 120 m 

in the SW Baltic Sea area during the Upper Weichselian, could cause a material contrast at the 

décollement surface and high pore-water pressures may have occurred at the base of the permafrost 

(see BOULTON et al., 1999). A high content of meltwater might have reduced the cohesive strength 

(friction) of the deposits required for the deformation (see BOULTON et al., 1999; 

BRANDES & LE HERON, 2010; VAUGHAN-HIRSCH & PHILLIPS, 2017). This facilitated propagation at 

the water-lubricated décollement zone as well as large-scale folding and thrusting of the southern sub-

complex formation, when the advancing glacier induced normal as well as longitudinal stress (see 

ABER, 1982; BOULTON et al., 1995; BOULTON et al., 1999; VAUGHAN-HIRSCH & PHILLIPS, 2017). 

Ground-frozen conditions promote the preservation of the bedding and internal structure of thin thrust 

sheets during translation (see PEDERSEN, 2005), which is the case at the Jasmund Glacitectonic 

Complex. Regarding to the results of the structural and morphological analyses as well as the 

comparison with other glacitectonic complexes, the suggestion of deep continuous permafrost in the SW 

Baltic Sea region during the Upper Weichselian is favoured. However, more data are needed, for 

instance from the sedimentary record, to suggest a safe palaeo-environmental situation regarding 

permafrost. The existence of cryoturbation features, particularly ice-wedge pseudomorphoses in the 

deposits close to the palaeo-surface would confirm the deep-permafrost approach. 
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Glacitectonic complexes are often discussed as implications for the dynamics of advancing 

glacier margins (e.g. CROOT, 1988b; ABER et al., 1989; BENNETT, 2001; PEDERSEN, 2005; 

VAUGHAN-HIRSCH & PHILLIPS, 2017). The southern structural sub-complex of Jasmund shows a 

typical imbricate system of thrust sheets often exhibiting satellite faults rather than very long, unbroken 

thrust sheets. This high frequency of fractures points to high velocities of the glacitectonic development 

(see PEDERSEN, 2005). These can occur for instance in surge events (see chapters 3.1 and 3.2 for 

definition). 

Since large-scale glacitectonic structures are seen as important characteristics of surging-glacier 

events (e.g. SHARP, 1985a; CROOT, 1988b; ABER et al., 1989; BENNETT, 2001; EVANS & REA, 2003), 

one would easily relate the glacitectonic complex of Jasmund to surging. The development of recent end 

moraines on Svalbard or in Iceland are often examples associated with surge-related emplacement by 

pushing (e.g. BOULTON et al., 1999; BENEDIKTSSON et al., 2010). However, the recent Taku Glacier in 

Alaska is a non-surging glacier that actively forms a glacitectonic complex at its margin. It has been 

equated with probably non-surging temperate glaciers likely characterising lower-latitude Pleistocene 

glacier-derived deformations (MOTYKA & ECHELMEYER, 2003). It has to be taken into account that the 

glacitectonic complex of the Taku Glacier is much smaller than the ancient examples Jasmund, Møns 

Klint or the Jammerbugt complex. However, there are not such large-scale glacitectonic complexes that 

can be associated with recent surging events, either. The Eyjabakkajökull end moraine is at maximum 

only 40 m high and the ridge crests are spaced by 60 m in maximum. The Holmstrømbreen end moraine 

has a lateral extent of occasionally only 1 km. Thus, the size is a weak tool to differentiate between end 

moraines of surging and non-surging glaciers. Finally, the high frequency of fault structures and the 

comparison with similar (only smaller) modern and ancient settings are striking in respect of high glacier 

velocities (see PEDERSEN, 2005; BENEDIKTSSON et al., 2010; VAUGHAN-HIRSCH & PHILLIPS, 2017). 

The quasi-parallel composite ridges in the northern and southern ridge set of the Jasmund 

Glacitectonic Complex show certain bifurcations, which lead to an increase of the ridge numbers 

especially towards the central district of the southern sub-complex (see Appendix C). This implies an 

increasing deformation and ridge formation in this zone, as the strength of the glacier was at its 

maximum in the centre (see DIXON & LIU, 1992). As mentioned in chapter 8.1, the dominant 

wavelengths of the composite ridges in the southern sub-complex are generally smaller (135 to 195 m) 

than those of the northern sub-complex (dominantly 260 m). Buckling wavelength or thrust spacing 

depend on the material properties and the thicknesses of the mechanical units (e.g. RAMBERG, 1963; 

DIXON & LIU, 1992). However, the deposits are similar in both sub-complexes. The divergent buckling 

wavelengths may rather imply different conditions of glacitectonic deformation between the southern 

and northern sub-complex, with regard to exerted stresses and glacier velocities, beside the different 

formation times. Both sub-complexes are likely related to quickly advancing glaciers, which exerted 
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high compressive stresses on the ice-marginal deposits. However, the formation of the southern 

structural sub-complex is assumed to have been caused by a faster deformation due to the higher ridge 

number and the narrow arrangement of ridges and thrust faults. 

As mentioned in chapter 3.2, large glacitectonic end moraines with composite ridges, 

supraglacial hummocky moraines, long flutes, crevasse-fill ridges, and zigzag eskers are characteristic 

of surging glacier landsystems (e.g. SCHOMACKER et al., 2014). If the southern sub-complex of the 

Jasmund Glacitectonic Complex has been formed by a surge event, it would represent the outer zone of 

the landsystem proposed by EVANS & REA (1999, 2003) and SCHOMACKER (2014). Supraglacial 

hummocky moraines, which have already been described in chapter 8.1.2, also belong to the outer zone 

(SCHOMACKER, 2014; intermediate zone after EVANS & REA (1999, 2003)). However, the hummocky 

topography in the south of the Jasmund Glacitectonic Complex is likely related to the final phase of 

glacier recession in the end of the Upper Weichselian rather than to the surge event, which formed the 

southern structural sub-complex. Zigzag eskers and crevasse-squeeze ridges are subglacially formed 

features of the inner zone. They are seen as uniquely reliable landforms to be diagnostic of surging 

(BENN & EVANS, 2010), because of the massively crevassed margin of surge-type glaciers in their active 

phase. However, it is not clear from relief maps of the SW Baltic Sea so far, whether these landforms 

are or were apparent, as they could have been altered in subsequent glaciations of the Pomeranian and/or 

Mecklenburg phase (W2/W3) as well as Holocene erosion and deposition. The bathymetry of the Prorer 

Wiek SE of Jasmund seems to exhibit the “hole” of a so-called hill-hole pair (see Plate 2), which has 

for instance been described for the Rubjerg Knude Glacitectonic Complex (PEDERSEN, 2005) or the 

environment of the surge-type glacier Holmstrømbreen on Svalbard (BOULTON et al., 1983). 

Taken all together, the Jasmund Glacitectonic Complex may have been formed by surging 

branches of the SIS. The extremely compressive deformation probably occurred in only a few years or 

several decades in the Pomeranian phase (W2) of the Upper Weichselian. Particularly the tectonic 

situation of the southern structural sub-complex can confirm this rapid ice movement. Considering the 

duration of the active phase of modern surge-type glaciers (NW Alaska, Iceland: 1 to 3 years, Svalbard: 

4 to 10 years), ca. 1 to 10 years are assumed for the active phase of the “southern sub-complex glacier” 

(see BENN & EVANS, 2010). Taken the horizontal shortening of about 5510 m (49.1 %) into account, 

the velocity of the glacier forming the southern sub-complex of Jasmund would have been 551 m to 

5510 m per year. This means 1.5 to 15 m per day. Regarding to the velocity information from recent 

surge-type glaciers (Svalbard: maximum 1.3-16 m/d, Alaska: maximum 50 m/d), the calculated velocity 

is realistic and typical of modern glaciers on Svalbard. They move not as fast as the surge-type glaciers 

of Alaska, they have longer quiescent phases (50 to 500 years) and longer active phases (4 to 10 years) 

(see BENN & EVANS, 2010). Regarding to the outcomes of investigations at modern surge-type glaciers 

by e.g. SEVESTRE & BENN (2015), the climatic situation must have been dry and cold, and the SIS may 
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have been characterised by a large and branchy shape. However, other surge controls like the thermal 

regime of this zone of the SIS, the bed substrate and the subglacial topography might have influenced 

the glacier movement, too. 

8.5 Research perspective for the Jasmund Glacitectonic Complex 

Limitations of the structural and evolutional model 

The structural analysis and morphological investigations have helped to attack the issues addressed in 

chapter 4 and they facilitated the creation of a new evolutional model of the Jasmund Glacitectonic 

Complex. The model is a good base for future investigations. Nevertheless, some limitations are ought 

to be challenged, too.  

As mentioned in chapter 5.2 (Structural analysis – Restoration of 2D cross sections), the two 

main approaches of balancing – restoration and forward modelling – should be used in combination 

to develop a balanced structural interpretation (MITRA, 1992). The main issue of the restored cross 

sections in the southern sub-complex of Jasmund is that they are not fully balanced. The questions, 

which evolved from the restoration, shall be differentiated into geological and methodological issues. 

The geological limits of the 2D modelling imply for example non-plane strain and volume changes. This 

also includes the massive superimpositions. The methodological issues need to be solved with detailed 

forward modelling considering the area balance in prospective investigations. 

The stratigraphy in the model has mainly been adopted from the thrust sheet S08, as this shows 

the most complete flint-band arrangement from F01 to F66. However, the individual distances between 

the flint bands are very variable throughout the entire cliff section. Furthermore, the flint bands had to 

be modelled, where the geology was not fully exposed or located below the beach level. In some cases, 

the distances were adjusted to neighbouring thrust sheets. In addition, there might be local thickness 

changes involved, which are associated with the glacitectonic process and not only with the deposition 

of the chalk unit during the Late Cretaceous. This implies volume change as part of the glacitectonic 

deformation, which complicates the restoration methodology and has to be considered in the 

interpretation. Thus, there are zones, which are more prone to errors, albeit the presented overall model 

is the best-fit version so far. 

 Two restoration algorithms – Line Length (LL) and Flexural Slip (FS) – have been tested for 

the restoration procedures. In the end, the results do not show severe differences. However, the FS-

algorithm way is very time consuming, since the thrust sheets often need to be split into two sections 

and the workflow has to be realised in more than two steps integrating manual adjustments. Thus, the 

LL algorithm was preferred for the restoration of the southern sub-complex sections. Nevertheless, a 

comparison of both algorithms is beneficial. An initial application of the FS algorithm can well bring 

out certain features in the bedding, like thickness variations. Finally, it is recommended for future 
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modelling of the Jasmund Glacitectonic Complex that the FS algorithm should be applied first, but can 

be stopped before the manual adjustment, because this is the time consuming part, which only leads to 

the same result as that using the LL algorithm. The FS result can be used for evaluation of particular 

bedding features. Afterwards, LL restoration can be realised in an easier and faster way on the originally 

constructed cross section for a complete restoration. 

Even though it is not clear that there existed a horizontal palaeo-surface during the Upper 

Weichselian, it has been assumed as simplified starting situation for the glacitectonic deformation. 

However, regarding to the detected pre-Quaternary faults in the eastern cliff sections of Jasmund and to 

the research outcomes by, for instance, KLEY & VOIGT (2008), AL HSEINAT & HÜBSCHER (2017), and 

SEIDEL et al. (2018), the surface of the SW Baltic Sea region and NE Germany may have been more 

complex in the Quaternary than shown in the model presented here. Nevertheless, it also has to be taken 

into account that the SIS reached the SW Baltic Sea region and the areas much farther to the south during 

the Elsterian, Saalian, and the Last Glacial Maximum (LGM, Upper Weichselian). Thus, regarding to 

the Pleistocene sedimentary record, massive erosion must have occurred, and the surface is thought to 

have changed throughout the glaciations prior to the Pomeranian and Mecklenburg phase. 

 Furthermore, the age of the bulk faults within the chalk unit is not fully clear so far. There are 

only faults in S09a, S11, and S20-1, which show an obvious pre-Quaternary age. The others have rather 

been interpreted as satellite faults in relation to glacitectonism. It cannot be seen, if these faults truncate 

the Pleistocene sequence due to post-glacitectonic erosion and deposition of the M3-till complex. Their 

interpretation is rather based on the comparison with models of ancient and modern glacitectonic 

complexes (e.g. PEDERSEN & BOLDREEL, 2017) and in the context of the structural configuration in the 

southern sub-complex. 

A typical piedmont-type lobe has been suggested for the margin of both glacitectonically 

effective glaciers, which formed the northern and southern structural sub-complex, respectively. 

However, classic piedmont glaciers are characterised by a confined and unconfined zone 

(see GLASSER & HAMBREY, 2003; BENN & EVANS, 2010). The confined zone implies a steep-sided 

valley. When the glacier reaches the unconfined zone, thus the area, where no steep slopes limit its 

movement, it can freely spread out to all sides (see Fig. 8.2). Such a relief-related confinement of a 

glacier can help to explain movement directions different from the expected main movement. It is clear 

from the structural data as well as the here presented model that the second glacitectonically effective 

glacier induced a SE to NW orientated stress. However, it is still challenging to find a proper explanation 

for this particular movement, which is different from the main orientation of the SIS margin in this 

region. A relief-movement relation as observed for instance on Iceland is difficult to explain, since such 

a strong relief of Upper Weichselian age is not known so far from the SW Baltic Sea region. 
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Another challenge is still the exact reference of the multi-stage glacitectonism in the SW 

Baltic Sea region to the generally accepted Upper Weichselian glaciation phases W2 and W3 

(Pomeranian phase and Mecklenburg phase). In prospective studies, detailed data of the sedimentary 

sequence and distribution of the M3-till complex on Jasmund need to be integrated in the model 

presented here to approach these reference issues and present a consistent evolutional stage 3a and 3b 

(see Figs. 8.4 and 8.5). Regarding to the Pomeranian and Mecklenburg phase, it is unclear, why the 

relief of these composite ridges is still so well preserved, even though the ice extent of these phases 

suggests an overriding of the Jasmund Glacitectonic Complex by the Pomeranian/Mecklenburgian 

glacier (see Fig. 2.3).  

Importance of high-resolution terrain data and spatial-analysis tools 

Unlike earlier work by for instance GROTH (2003) and LUDWIG (2011), the benefit of this study is the 

use of high-resolution LiDAR-derived digital terrain data for unravelling the glacitectonic development 

of Jasmund. Specifically, this allowed for the measurement of the shape of glacigenic landforms directly 

on the digital elevation data (digital morphometry). Furthermore, it was possible to augment the 

morphometric analysis with ridge stacking and Fourier terrain analysis, which also benefited 

enormously from the higher resolution, but did require some custom computation and coding. 

 Unfortunately, a limiting factor for perfectly reliable terrain-analysis results was the effect of 

agricultural land use. Especially, the surface structures of the northern sub-complex and the 

southwestern part of the southern sub-complex were in some parts contaminated by these effects, which 

has been considered throughout the entire analysis. Furthermore, the 5p periodograms 

(see Periodograms.pdf on the data medium) were very helpful diagnostic tools to verify certain results 

from the 9p periodograms, which might have appeared to be only coincident, albeit this was not the 

case. 

The resulting information on the dominant wavelength of ridges along each profile could not 

easily be determined via traditional morphometric analysis alone and was valuable in developing the 

evolution of the area. However, morphometry, together with other statistical methods, was often very 

useful for crosschecking the results of the periodograms and for dismissing some seemingly strong 

wavelengths as unrealistic. Overall, the tools that were used in this work complement each other, other 

projects may also benefit by a similar, integrative approach. 

Outlook 

The challenges of the structural and morphological investigations are a pre-deformed chalk unit and a 

sequence of deformation events. Thus, future research on Jasmund shall be based on a 3D approach. 
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The presented results of the structural and morphological analyses of this study are a necessary 

foundation for the 3D analysis of the Jasmund Glacitectonic Complex. 

Next research challenges are the investigation of the structural conditions at the direct boundary 

zone between the northern and southern sub-complex and the effect of pre-Quaternary faults on 

glacitectonism in the SW Baltic Sea region. Furthermore, the reconstruction of the palaeo-ice movement 

and the construction of a complete terrestrial surging glacier landsystem for Jasmund and the bounding 

bays Tromper Wiek and Prorer Wiek are of importance. To approach these issues, seismic data are 

needed from the onshore and offshore area as well as appropriate well logs. Digital elevation models of 

Wittow and SE Rügen as well as bathymetric data from the southwestern Baltic Sea have to be integrated 

in morphological investigations. The surging-glacier approach is a good interpretation foundation, but 

it needs to be more questioned and validated by the mentioned additional data. Otherwise, 

misconceptions can lead to incomplete or incorrect evolutional models of the previously glaciated 

terrain, when only parts of the landsystem are integrated and interpreted as representative of certain 

process-form associations (see EVANS & TWIGG, 2002). Such a landsystem model should additionally 

include investigations regarding the permafrost situation, when the Jasmund Glacitectonic Complex was 

formed.  

The suggestion of the third evolutional stage of the Jasmund Glacitectonic Complex can be 

further verified by detailed 3D mapping including structural measurements in exemplary districts of the 

eastern cliff, for instance the Tipper Ort Section or Schnaks Ufer Section. This can additionally be used 

for 3D balancing. The results and models, which have been presented here, may be augmented with data 

from the southernmost part east and west of Sassnitz and the districts of the northern cliff. Furthermore, 

sedimentological studies in the zones of proposed piggyback basins may reveal more information about 

the details of the second evolutional stage of Jasmund. The internal structures of the northern sub-

complex can be integrated in future research, although the cliff sections are not well exposed. However, 

seismic investigations and well logging may be beneficial for a structural analysis. Regarding the 

morphological trenches in the southern sub-complex described in the second evolutional stage, a 

possible relation between late Palaeozoic faults and the glacitectonic development of Jasmund have to 

be considered. SEIDEL et al. (2018) presented the deep-seated Wiek, Nord Jasmund, and Schaabe fault 

crossing the north and middle part of Rügen Island (Arkona, Middle Rügen, and Wolin block). 

LUDWIG (1954/55) and STEINICH (1972) for instance have already shown the existence of pre-

Quaternary faults in the cross sections from the eastern cliff coast of Jasmund, which have also been 

integrated in the new model. The role of pre-Quaternary deformation or even neotectonic activity 

(see e.g. LUDWIG, 2011; PISARSKA-JAMROŻY et al., 2018) related to these faults may be integrated in 

prospective research projects.  
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9. Conclusion 

The multi-method approach including the structural analysis of 2D cross sections as well as landform 

analysis and the comparison with similar modern and ancient geological settings allow that the study 

area in the NE of Rügen Island can be labelled as the Jasmund Glacitectonic Complex. The following 

research outcomes about Jasmund can be presented: 

1. The internal structure indicates a small-scale fold-and-thrust belt. The southern sub-complex 

represents an imbricate thrust system. A décollement zone is situated at ca. 90 m and 

105 m b. s. l. in the most proximal zone, but 120 m b. s. l. in the main part. Several syncline-

anticline pairs represent in the structural inventory in the proximal zone of the southern sub-

complex. The central and distal zone indicate a very complicated imbricate fan with different 

duplex stacks. Satellite faults are frequent in hanging-wall anticlines. Concerning the structural 

development, a temporal continuum of fault-related folds is obvious – from detachment folds 

over fault-propagation folds to fault-bend folds. 

 

2. A new way of describing the architecture of glacitectonic complexes suggested by 

PEDERSEN (2014) has been applied to Jasmund. The complex includes at least three different 

orders of architectural surfaces: erosional surfaces and the décollement zone (1st order), thrust-

faults ramps, intermediate and upper flats (2nd order), and beds outlining hanging-wall 

anticlines as well as footwall synclines (3rd order). 

 
3. The entire horizontal shortening of the southern structural sub-complex is 5510 m (49.1 %). 

Strain partitioning revealed that the displacement along the décollement and thrust faults is 

dominant throughout the entire cross section compared to folding. However, the amount of 

folding is higher in the most proximal zone than in the central and distal zone. 

 
4. The glacitectonic structures have a surface expression in form of sub-parallel ridges and 

elongated valleys in between. The structural configuration and morphology of Jasmund indicate 

two different glacitectonic sub-complexes, which formed successively in two stages. The 

northern sub-complex with morphological ridges and faults striking NW-SE was formed first 

by a local ice push from NE. The southern sub-complex was formed afterwards by a local ice 

push from SE. A piedmont-type lobe is assumed for both glaciers. They are interpreted as 

branches of the Scandinavian Ice Sheet (SIS), which moved into the SW Baltic Sea area during 

the Upper Weichselian (Pomeranian phase, W2). 

 
5. A third evolutional stage is suggested, which might be assigned to the Pomeranian (W2) or 

Mecklenburg phase (W3). Another branch of the SIS induced stress on the complex, which was 

presumably orientated from E/ENE to W/WSW. 
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6. For the first time, the term “superimposed deformation” introduced by PEDERSEN (2000) has 

been applied to the Jasmund Glacitectonic Complex. Particularly Jasmund is a major example 

of various types of superimposition and can be well used for comparison with similar geological 

bodies. The superimposition approach clarifies the occasional discrepancies between the 

internal structure and morphology of Jasmund. 

 
7. The new structural and morphological data are beneficial for the understanding of the past 

environmental conditions. There were probably elevated pore-water pressures and a deep-seated 

permafrost layer in the upper ca. 90 m or 120 m of the subsurface. Regarding to the comparison 

of the Jasmund Glacitectonic Complex with ancient and modern complexes, surge-type glaciers 

can be assumed for the two branches of the SIS in the Upper Weichselian. The velocity of the 

glacier, which formed the southern sub-complex, was probably 1.5 m to 3.8 m per day (551 to 

1378 m/a), if an active phase of 4 to 10 years is assumed. This is typical of modern surge-type 

glaciers on Svalbard. In consideration of SEVESTRE & BENN (2015), the climatic situation must 

have been dry and cold, and the SIS may have been characterised by a large and branchy shape. 

However, the construction of a complete terrestrial surging glacier landsystem model requires 

more information from the surrounding area including the Wittow Peninsula, SE Rügen and the 

SW Baltic Sea. 
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normalized curves in y and stacked at their peaks, (e) resulting stack of curves averaged and plotted 
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Fig. 5.12 Scheme of measurement and calculation of morphometric parameters in ridges crests, e.g. push 
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Fig. 5.14 Mechanics of the detrending step. (a) Swath-averaged elevation profile of N02 (black line) and 
different graphs representing the calculated trend orders 1 to 6. b) Residual graphs of the elevation 
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Fig. 5.15 The left plot shows a synthetic waveform with an incomplete cycle at the right end of the wave 
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(green). The tapered spectrum shows sharper peaks (CLINE, 2011). .......................................................... 53 
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Fig. 6.1 Interpretation of the Gakower Ufer Section (S01 to S03). a) Overview of S01a to S03 at the cliff. 
The red/yellow dashed lines indicate thrust faults. The black dashed lines show the sedimentary 
boundaries between chalk and glacigenic deposits. The dashed brown line indicates the 
unconformity between the glacitectonised sequence and the M3-till complex. b) Projected and 
interpreted cross section (simplified). The numbers 1 to 3 mark the architectural surfaces. The 
transparent fields show areas, where the geometry is debatable. ............................................................... 56 

Fig. 6.2 Detailed 2D cross sections of a) S03 and b) S02. The coloured lines represent the flint bands of 
the chalk as well as horizons of the Pleistocene beds, the red lines are faults. The cross sections 
constructed by STEINICH (1972), are shown in the background of each model.......................................... 58 

Fig. 6.3 Detailed 2D cross sections of a) S01b and b) S01a. The coloured lines represent the flint bands 
of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. The cross sections 
constructed by STEINICH (1972), are shown in the background of each model.......................................... 60 

Fig. 6.4 Summarised restoration process of the exemplary cross section S03. a) Interpreted 2D cross 
section. The vertical pin in the trailing edge in the SW has been constructed in the core of the 
footwall syncline to prepare the first step of the flexural-slip unfolding. The almost vertical pin in 
the core of the hanging-wall anticline is needed for the second flexural-slip step and for line-length 
modelling. The black dotted lines represent the target lines for the flexural-slip workflow. b) 
Restoration result from the application of the Flexural Slip algorithm. c) Restoration result from 
the application of the Line Length algorithm. The cross sections constructed by STEINICH (1972), 
are shown in the background of each step. ................................................................................................. 62 
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Fig. 6.5 Interpretation and restoration of the Gakower Ufer Section (S01 to S03) with horizontal-
shortening results. a) Cross section interpreted above and below the cliff boundaries (simplified). 
b) Restored cross section indicating the configuration before the glacitectonic deformation of the 
southern structural sub-complex. The restored thrust sheets are additionally labelled with the new 
abbreviations GU1 to GU4, which represent the chronology of the restoration process. ........................... 63 

Fig. 6.6 Interpretation of the Wissower Ufer Section (S04a to S04c). a) Overview of S04a to S04c at the 
cliff. The red (solid and dashed) lines indicate thrust faults. The black dashed lines show the 
boundaries between chalk and glacigenic deposits. The dashed brown line indicates the 
unconformity between the glacitectonised sequence and the M3-till complex. b) Projected and 
interpreted cross section (simplified). The numbers 1 to 3 mark the architectural surfaces. The 
transparent field in the trailing end of S04a is stratigraphically not fully clear, partly below the 
oldest flint band F01 and debatable. ........................................................................................................... 64 

Fig. 6.7 Detailed 2D cross sections of a) S04c, b) S04b, and c) S04a. The coloured lines represent the flint 
bands of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. The cross 
sections constructed by STEINICH (1972), are shown in the background of each model. The black 
dashed line marks a simplified boundary of S04a. ..................................................................................... 67 

Fig. 6.8 Summarised restoration process of the exemplary cross section S04a. a) Interpreted 2D cross 
section. The pin in the footwall syncline of the trailing edge has been constructed to prepare the 
first step of the flexural-slip unfolding. It has an inclination of 245/55. The pin in the ENE part of 
the thrust sheet has been placed in the axial-plane zone of the hanging-wall anticline. It has been 
used for the second step of the flexural-slip workflow and line-length unfolding. Its orientation is 
065/82. The black dotted lines represent the target lines for the Flexural Slip workflow. b) 
Restoration result from the application of the Flexural Slip algorithm. c) Restoration result from 
the application of the Line Length algorithm. The cross sections constructed by STEINICH (1972), 
are shown in the background of each model. The black dashed line marks a simplified boundary 
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Fig. 6.9 Interpretation and restoration of the Wissower Ufer Section (S04a to S04c) with horizontal-
shortening results. a) Cross section interpreted above and below the cliff boundaries (simplified). 
b) Restored cross section indicating the configuration before the glacitectonic formation of the 
southern structural sub-complex. The restored thrust sheets are additionally labelled with the new 
abbreviations WU1 to WU3, which represent the chronology of the restoration process. ......................... 70 

Fig. 6.10 Interpretation of the Schnaks Ufer Section (S05 to S07). a) Overview of S05 to S07 at the cliff. 
The red/yellow (solid and dashed) lines indicate thrust faults. The black dashed lines show the 
boundary between chalk and glacigenic deposits. The brown dashed line marks the base of the 
M3-till complex. b) Projected and interpreted cross section (simplified). The numbers 1 to 3 mark 
the architectural surfaces. The blue lines and arrows show separate chalk massifs. The transparent 
field in the WSW is stratigraphically below the oldest flint band F01 and subject to debate. .................... 71 

Fig. 6.11 Detailed 2D cross sections of a) S07, b) S06, and c) S05. The coloured lines represent the flint 
bands of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. The legend 
for the horizons and faults can be found in Fig. 6.7. The cross sections constructed by 
STEINICH (1972), are shown in the background of each model. ................................................................. 75 

Fig. 6.12 Summarised restoration process of the exemplary thrust sheet S06. a) Interpreted 2D cross 
section. The vertical pin to the left has been constructed at the southern end of the section to prepare 
the first step of the flexural-slip unfolding (trailing thrust-sheet end). The black dotted lines 
represent the target lines, respectively. The right pin has been used for the second flexural slip 
unfolding step and for the line-length modelling. It has an orientation of 045/86 and is situated at 
the fold axis of the hanging-wall anticline. b) Restoration result from the application of the Flexural 
Slip algorithm. c) Restoration result from the application of the Line Length algorithm. The cross 
sections constructed by STEINICH (1972), are shown in the background of each restoration step. ............. 77 

Fig. 6.13 Interpretation and restoration of the Schnaks Ufer Section (S05 to S07) with horizontal-
shortening results. a) Cross section interpreted above and below the cliff boundaries (simplified). 
b) Restored cross section indicating the configuration before the glacitectonic deformation of the 
southern structural sub-complex. The restored thrust sheets are additionally labelled with the new 
abbreviations SU1 to SU3, which represent the chronology of the restoration process. ............................ 78 
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Fig. 6.14 Interpretation of the Tipper Ort Section (S08 to S10). a) Overview of S08 to S10 at the cliff. 
The red/yellow solid lines indicate thrust faults. The black dashed lines show the sedimentary 
boundaries between chalk and glacigenic deposits. b) Projected and interpreted cross section 
(simplified). The numbers 1 to 3 mark the architectural surfaces. The blue lines in the cross section 
show the original position of S09a. The transparent fields are zones, where the geometries are not 
fully clear. .................................................................................................................................................. 79 

Fig. 6.15 Detailed 2D cross sections of a) S10, b) S09b, and c) S09c. The coloured lines represent the 
flint bands of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. A 
detailed legend for the horizons and faults can be found in Fig. 6.7. The cross sections constructed 
by STEINICH (1972), are shown in the background of each model. The schematic illustration of a 
duplex stack including the three different elements (L, S, and G) is given in (c) (modified after 
PEDERSEN, 2005). ....................................................................................................................................... 82 

Fig. 6.16 Detailed 2D cross sections of a) S08 and b) S09a. The coloured lines represent the flint bands 
of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. The cross sections 
constructed by STEINICH (1972), are shown in the background of each model.......................................... 84 

Fig. 6.17 Summarised restoration process of the exemplary cross section S08. a) Interpreted 2D cross 
section. b) Restoration result from the application of the Fault Parallel Flow algorithm in the 2D 
Move on Fault workflow to re-deform the three satellite faults. The pin in the core of the footwall 
syncline in the trailing edge of S08 has been placed there to prepare the unfolding processes. The 
inclination is 205/75. The black dotted line is the target line, which the chalk-top horizon has been 
re-deformed to as template bed. c) Restoration result from the application of the Flexural Slip 
algorithm. d) Restoration result from the application of the Line Length algorithm. The cross 
sections constructed by STEINICH (1972), are shown in the background of each restoration step. ............ 87 

Fig. 6.18 Interpretation and restoration of the Tipper Ort Section (S08 to S10) with horizontal-shortening 
results. a) Cross section interpreted above and below the cliff boundaries (simplified). b) Restored 
cross section indicating the configuration before the glacitectonic deformation of the southern 
structural sub-complex. The restored thrust sheets are additionally labelled with the new 
abbreviations TO1 to TO3, which represent the chronology of the restoration process. ........................... 88 

Fig. 6.19 Interpretation of the Kieler Ufer Section (S11 to S16). a) Overview of S11 to S16 at the cliff 
coast. The red/yellow lines indicate thrust faults. The black dashed lines show the boundary 
between chalk and glacigenic deposits. b) Projected and interpreted cross section (simplified). 
Architectural surfaces are marked by numbers 1 to 3. Transparent fields represent roughly 
interpreted parts, which are subject to debate. ........................................................................................... 89 

Fig. 6.20 Detailed 2D cross sections of a) S16, b) S15, and c) S14. The coloured lines represent the flint 
bands of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. The cross 
sections constructed by STEINICH (1972), are shown in the background of each model. ........................... 92 

Fig. 6.21 Detailed 2D cross sections of a) S13, b) S12, and c) S11. The coloured lines represent the flint 
bands of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. A detailed 
legend for the horizons and faults can be found in Fig. 6.20. The cross sections constructed by 
STEINICH (1972), are shown in the background of each model. ................................................................. 95 

Fig. 6.22 Summarised restoration process of the exemplary cross section S16. a) Interpreted 2D cross 
section. b) Cross section after the application of the Fault Parallel Flow algorithm of the 2D Move 
on Fault workflow to remove the displacement at the satellite fault. The vertical pin to the left has 
been constructed at the southern end of the section to prepare the first step of flexural-slip 
unfolding. The black dotted lines represent the target lines. The right pin has been used for the 
second step of flexural-slip unfolding and line-length modelling. It has an orientation of 025/84 
and it is situated in the core of the hanging-wall anticline. c) Restoration result from the application 
of the Flexural Slip algorithm. c) Restoration result from the application of the Line Length 
algorithm. The cross sections constructed by STEINICH (1972), are shown in the background of 
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Fig. 6.23 Interpretation and restoration of the Kieler Ufer Section (S11 to S16) with horizontal-shortening 
results. a) Cross section interpreted above and below the cliff boundaries (simplified). b) Restored 
cross section indicating the configuration before the glacitectonic deformation of the southern 
structural sub-complex. The restored thrust sheets are additionally labelled with the new 
abbreviations KU1 to KU4, which represent the chronology of the restoration process. ........................... 98 
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Fig. 6.24 Interpretation of the Kollicker Bach Section (S17 to S19). a) Overview of S17 to S19 at the cliff. 
The red/yellow (solid and dashed) lines indicate thrust faults. The black dashed lines show the 
boundary between chalk and glacigenic deposits. b) Projected and interpreted cross section 
(simplified). The numbers 1 to 3 mark the architectural surfaces. ............................................................. 99 

Fig. 6.25 Detailed 2D cross sections of a) S19, b) S18, and c) S17. The coloured lines represent the flint 
bands of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. A detailed 
legend for the horizons and faults can be found in Fig. 6.20. The cross sections constructed by 
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Fig. 6.26 Summarised restoration process of the exemplary cross section S19. a) Interpreted 2D cross 
section. The vertical pin to the left has been constructed at the southern end of the section to prepare 
the first step of flexural-slip unfolding. The black dotted lines represent the target lines, 
respectively. The right pin has been used for the second step of flexural-slip unfolding. It has an 
orientation of 020/86 and is situated at the axial plane of the hanging-wall anticline. The vertical 
pin in the middle has been used for the line-length modelling. b) Restoration result from the 
application of the Flexural Slip algorithm. c) Restoration result from the application of the Line 
Length algorithm. The cross sections constructed by STEINICH (1972), are shown in the 
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Fig. 6.27 Interpretation and restoration of the Kollicker Bach Section (S17 to S19) with horizontal-
shortening results. a) Cross section interpreted above and below the cliff boundaries (simplified). 
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southern structural sub-complex. The restored thrust sheets are additionally labelled with the new 
abbreviations KB1 to KB3, which represent the chronology of the restoration process. ......................... 105 

Fig. 6.28 Interpretation of the Stubbenkammer Section (S20-1 to S23). a) Overview of S20-1 to S23 at 
the cliff. The red/yellow (solid and dashed) lines indicate thrust faults. The black dashed line shows 
the boundary between chalk and glacigenic deposits. b) Projected and interpreted cross section 
(simplified). The numbers 1 to 3 mark the architectural surfaces. ........................................................... 106 

Fig. 6.29 Detailed 2D cross sections of a) S23, b) S22, and c) S21. The coloured lines represent the flint 
bands of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. The cross 
sections constructed by STEINICH (1972), are shown in the background of each model. ......................... 110 

Fig. 6.30 Detailed 2D cross sections of a) S20-2 and b) S20-1. The coloured lines represent the flint bands 
of the chalk as well as horizons of the Pleistocene beds, the red lines are faults. A detailed legend 
for the horizons and faults can be found in Fig. 6.29. The cross sections constructed by 
STEINICH (1972), are shown in the background of each model. The schematic illustration of a 
duplex stack including the three different elements (L, S, and G) is given in (b) (modified after 
PEDERSEN, 2005). ..................................................................................................................................... 111 

Fig. 6.31 Summarised restoration process of the exemplary cross section S22. a) Interpreted 2D cross 
section. The vertical pin to the left has been constructed at the southern end of the section to prepare 
the flexural-slip unfolding. The black dotted line represents the target line. The right pin has been 
used for the line-length modelling. It has an orientation of 005/84 and is situated at the axial plane 
of the hanging-wall anticline. b) Restoration result from the application of the Flexural Slip 
algorithm. c) Restoration result from the application of the Line Length algorithm. The cross 
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Fig. 6.32 Interpretation and restoration of the Stubbenkammer Section (S20-1 to S23) with horizontal-
shortening results. a) Cross section interpreted above and below the cliff boundaries (simplified). 
b) Restored cross section indicating the configuration before the glacitectonic deformation of the 
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Fig. 6.33 Geological cross section and restored cross section of the southern structural sub-complex of 
the Jasmund Glacitectonic Complex. The profiles start in the proximal end in the south and end in 
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Fig. 7.1 Geomorphological map of the Jasmund Peninsula with the digital elevation model as background 
(DEM5, 10 times exaggerated, hillshade). The separation into the northern (turquoise) and 
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southern (light green) sub-complexes is evident by the changes in the ridge orientation. The 
surrounding seabed of the Tromper and Prorer Wiek as well as the Großer and Kleiner Jasmunder 
Bodden are shown in blue based on a DEM of the German Baltic Sea (cf. TAUBER, 2012a; b). A 
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Fig. 7.2 DEM5 (10 times exaggerated, hillshade) of the Jasmund Peninsula including the topography. ............ 124 

Fig. 7.3 Profile swaths used for the morphometric and spectral analyses in the northern (N01-N05) and 
southern sub-complex (S01-S09). Furthermore, the separation into the North-, South-, and Centre-
group is shown in the legend. The here selected colours will also be used for each profile in the 
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Fig. 7.4 Profile S01 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
height, width, spacing, and slope angles are shown below. ..................................................................... 127 

Fig. 7.5 Profile S07 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.6 Profile S08 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.7 Profile S09 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.8 Profile S02 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.9 Profile S03 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.10 Profile S04 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.11 Profile S05 is shown as elevation profile from its distal (NW) to proximal (SE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.15 Profile N03 is shown as elevation profile from its distal (SW) to proximal (NE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
height, width, spacing, and slope angles are shown below. ...................................................................... 140 

Fig. 7.16 Profile N04 is shown as elevation profile from its distal (SW) to proximal (NE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
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Fig. 7.17 Profile N05 is shown as elevation profile from its distal (SW) to proximal (NE) end with the 
numbered ridge crests (a); The stacked profiles of the elevation profile include the average graph 
(thick black graph) and error bars (±1 standard deviation) (b). The morphometric parameters mean 
height, width, spacing, and slope angles are shown below. ...................................................................... 142 

Fig. 7.18 a) Elevation profile of S07 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S07. The statistically significant wavelengths are marked by orange 
arrows. The struck through values represent outliers. The calculated mean spacing value, which 
supports the results within the periodogram is shown below. .................................................................. 145 

Fig. 7.19 a) Elevation profile of S01 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S01. The statistically significant wavelengths are marked by orange 
arrows. The struck through values represent outliers. The calculated mean spacing value, which 
supports the results within the periodogram is shown below. .................................................................. 146 

Fig. 7.20 a) Elevation profile of S09 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S09. c) Periodogram generated from the 5-tracks swath (5p) of 
S09. The important wavelengths are marked by orange arrows. The values in parentheses are either 
not statistically significant or close to be outliers, but especially 195 m and 145 m have to be taken 
into account, when the calculated mean spacing is considered. ............................................................... 148 

Fig. 7.21 a) Elevation profile of S08 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S08. The statistically significant wavelength is marked by an 
orange arrow. The calculated mean spacing value, which supports the result within the 
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Fig. 7.22 a) Elevation profile of S02 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S02. The statistically significant wavelengths are marked by orange 
arrows. The struck through values represent outliers. The value in parentheses is in fact not 
statistically significant in the periodogram, but it has to be taken into account, when the calculated 
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Fig. 7.23 a) Elevation profile of S03 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S03. The statistically significant wavelengths are marked by orange 
arrows. The struck through value represents an outlier. The values in parentheses are tangent to 
the 95% significance line, but they are still significant. The calculated mean spacing value, which 
supports the results within the periodogram is shown below. .................................................................. 151 

Fig. 7. 24 a) Elevation profile of S04 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S04. The statistically significant wavelengths are marked by orange 
arrows. The struck through value represents an outlier. The calculated mean spacing value, which 
supports the results within the periodogram is shown below. .................................................................. 152 

Fig. 7.25 a) Elevation profile of S05 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S05. The calculated mean spacing value, which supports the results 
within the periodogram is shown in the left bottom corner. c) Periodogram generated from the 5-
tracks swath (5p) of S05. The statistically significant wavelengths are marked by orange arrows. 
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Fig. 7.26 a) Elevation profile of S06 from its distal (NW) to proximal (SE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of S06. The calculated mean spacing value, which supports the results 
within the periodogram is shown in the left bottom corner. c) Periodogram generated from the 5-
tracks swath (5p) of S06. The statistically significant wavelengths are marked by orange arrows. 
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Fig. 7.27 a) Elevation profile of N05 from its distal (SW) to proximal (NE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of N05. The calculated mean spacing value, which supports the results 
within the periodogram is shown in the left bottom corner. c) Periodogram also generated from 
the 9-tracks swath of N05, however with a removed trend order of 2. The wavelengths, which are 
marked by orange arrows, are (nearly) statistically significant, but they did not pass the outlier 
tests. The value in parentheses is in fact below the 95 % confidence level, but still important for 
the interpretation of profile N01. .............................................................................................................. 158 

Fig. 7.28 a) Elevation profile of N01 from its distal (SW) to proximal (NE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of N01. The calculated mean spacing value, which supports the results 
within the periodogram is shown below. The wavelengths, which are marked by orange arrows are 
statistically significant, but they did not pass the outlier tests. ................................................................. 159 

Fig. 7.29 a) Elevation profile of N04 from its distal (SW) to proximal (NE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of N04. The calculated mean spacing value, which supports the results 
within the periodogram is shown below. Statistically significant wavelengths are marked by 
orange arrows. The struck through value represents an outlier. ............................................................... 160 

Fig. 7.30 a) Elevation profile of N02 from its distal (SW) to proximal (NE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of N02. The calculated mean spacing value, which supports the results 
within the periodogram is shown below. Statistically significant wavelengths are marked by 
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Fig. 7.31 a) Elevation profile of N03 from its distal (SW) to proximal (NE) end. b) Periodogram generated 
from the 9-tracks swath (9p) of N03. The calculated mean spacing value, which supports the results 
within the periodogram is shown below. Statistically significant wavelengths are marked by 
orange arrows. The wavelength in parentheses is in fact an outlier, but it is statistically significant 
in this periodogram and well confirms the calculated mean spacing. ...................................................... 162 

Fig. 7.32 Histogram of all results from the Fourier analysis of the northern and southern sub-complex. 
The bottom values represent the number of significant wavelengths and the top values represent 
the outlier count. The wavelengths of the northern ridge set (orange bars) are significant between 
200 and 260 m. The results from the southern ridge set (blue bars) are pooled around 140 to 180 
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Fig. 7.33 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of S07 including the post-
averaged periodogram (thick black line). b) Periodograms generated from all profiles of the 9-
tracks swath (9p) of S07 including the post-averaged periodogram (thick black line). The 
periodograms give information on the variability of the terrain in the area of the profile track S07.
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Fig. 7.34 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of S08 including the post-
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Fig. 7. 36 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of S06 including the 
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Fig. 7.37 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N01 including the 
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Fig. 7.38 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N04 including the 
post-averaged periodogram (thick black line). b) Periodograms generated from all profiles of the 
9-tracks swath (9p) of N04 including the post-averaged periodogram (thick black line). The 
periodograms give information on the variability of the terrain in the area of the profile track N04.
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Fig. 7. 39 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N03 including the 
post-averaged periodogram (thick black line). b) Periodograms generated from all profiles of the 
9-tracks swath (9p) of N03 including the post-averaged periodogram (thick black line). The 
periodograms give information on the variability of the terrain in the area of the profile track N03.
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Fig. 7.40 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N05 including the 
post-averaged periodogram (thick black line). b) Periodograms generated from all profiles of the 
9-tracks swath (9p) of N05 including the post-averaged periodogram (thick black line). The 
periodograms give information on the variability of the terrain in the area of the profile track N05.
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Fig. 7.41 a) Periodograms generated from all profiles of the 5-tracks swath (5p) of N02 including the 
post-averaged periodogram (thick black line). b) Periodograms generated from all profiles of the 
9-tracks swath (9p) of N02 including the post-averaged periodogram (thick black line). The 
periodograms give information on the variability of the terrain in the area of the profile track N02.
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Fig. 8.1 First phase of the multi-stage evolution of the Jasmund Glacitectonic Complex. A NE-to-SW 
moving branch of the Scandinavian Ice Sheet forms the northern structural sub-complex 
(transparent light turquoise) and the related morphological ridges. The glacier margin is a 
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Fig. 8.2 Overview photo of the Hofsjökull ice cap, Mt. Hjartafell, Mt. Kerfjall, and the Múlajökull in 
central Iceland. The Múlajökull is a classic example of a piedmont-glacier lobe 
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Fig. 8.3 Second phase of the multi-stage evolution of the Jasmund Glacitectonic Complex. The southern 
structural sub-complex (transparent light green) together with its morphological ridges is formed 
by another branch of the Scandinavian Ice Sheet. The local stress is mainly orientated from SE to 
NW. The partly truncated and superimposed northerly ridges by the southern ridge set indicate the 
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Fig. 8.4 Assumed third phase of the multi-stage evolution of the Jasmund Glacitectonic Complex. 
Minimum reconstruction of the ice front only touching the easternmost part of the glacitectonic 
complex (light blue) and assumed glacier extent, which kind of envelopes the complex (transparent 
light blue). The local ice push from E/ENE reshapes the quasi-straight ridges to wavy forms. ............... 183 

Fig. 8.5 Stagnant position of the glacier margin in the overall recession at the end of the assumed third 
evolutional stage. A supraglacial hummocky moraine and occasionally dump moraines 
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Fig. 8.6 Principal 3D view of the Jasmund Glacitectonic Complex. a) Interpreted cross section of the 
southern structural sub-complex below the digital elevation model (DEM5), which shows the main 
parts of the northern and southern ridge domain. b) Map of Jasmund with the DEM clip (blue) and 
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Fig. 8.7 a) Overview of the Pleistocene unit S07b behind the chalk massif “Große Wissower Klinken” 
(GWK). The configuration shows the eastern steeply inclined limb of a syncline, which represents 
a sheath fold. The red line indicates the approximate orientation of the fold axis (Photo: I. Stodian). 
b) Cross section of the cliff profile S07 in the area below the chalk massifs “Kleine Wissower 
Klinken” (KWK) and GWK (modified after JAEKEL, 1917). ................................................................... 189 
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Appendix A 
Table of stratigraphy and bed thicknesses for Jasmund generated from S08 

Tab. A 1 Stratigraphy compiled and used for the cross-section construction (flint bands 1 to 66, chalk top, M1, I1, M2, I2, 
and erosional surface). The colour codes for each horizon are included as well as the bed thicknesses (derived from the most 
complete section S08). The table has been created in Move and modified in MS Excel. 

Midland Valley, 4DMove2.0 v1.0, New Table  
Stratigraphy Stratigraphy Stratigraphy Stratigraphy Stratigraphy Stratigraphy 
Text Color Real Text Color Real 
Horizon Colour Thickness Horizon Colour Thickness 

  dimension: m     dimension: m 

erosional surface #e5a648 36 #bfac28 1.3
I2 #ffff7f variable 35 #94b50f 2.1
M2 #b17e37 variable 34 #fe9301 0.8
I1 #bebe5e variable 33 #fa9f3d 1.8
M1 #664920 variable 32 #fa4221 0.7
chalk top #aaff00 variable 31 #ff0080 0.8

66 #feb621 0.5 30 #fefdc7 0.9
65 #fbc486 0.8 29 #eee986 1.3
64 #f2e002 1.1 28 #ffff3e 2.1
63 #ffff3e 1.4 27 #f2e002 1.1
62 #eee986 0.6 26 #fbc486 1.7
61 #fefdc7 1.2 25 #feb621 0.6
60 #ff0080 0.8 24 #e6a748 0.8
59 #fa4221 1.1 23 #defd64 2
58 #fa9f3d 1.2 22 #00bb00 1.1
57 #bfac28 1.5 21 #96e7c7 1.3
56 #0080c0 1.7 20 #76c8e2 1
55 #f2bcfe 1 19 #0080c0 0.9
54 #b66cf9 1.3 18 #f2bcfe 1.4
53 #9e12fc 4.3 17 #b66cf9 1
52 #f89a89 0.6 16 #9e12fc 1.3
51 #ff8306 1 15 #f89a89 1.5
50 #df0000 5.3 14 #ff8306 1.6
49 #abd3b0 1.3 13 #df0000 2.7
48 #528433 0.8 12 #abd3b0 0.9
47 #d2dd88 1 11 #528433 2.1
46 #a8b931 0.9 10 #d2dd88 3.4
45 #9a933a 1.1 9 #a8b931 2.6
44 #e2ffd7 1.1 8 #9a933a 2
43 #c9ffb9 1.3 7 #e2ffd7 5.1
42 #adfaa9 0.6 6 #c9ffb9 1.8
41 #8ee38a 1.1 5 #adfaa9 1.8
40 #4bef71 0.7 4 #8ee38a 2.4
39 #5ac94e 1.5 3 #4bef71 2.1
38 #058002 0.5 2 #5ac94e 1.4
37 #dfd27b 1.1 1 #058002 3.1
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Appendix B 
Excel spreadsheet for profile stacking and morphometric calculations 

Tab. B 1 Extract from the exemplary table (‘Ridges’) of profile track S01 (first ridge S01.1) for the calculation of profile 
stacks. The lines 3 to 53 represent the trough-peak-trough extent of S01.1. The columns A and B show the original x- and y-
axis values of the first ridge in S01. Column C includes the calculated x-values, when the plot shall start at x=0. Column D 
shows the normalised values of column C (0 to 1). E shows the normalised values of column B (0 to 1). 
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Appendix C 
Correlation plots of the southern and northern ridge crests

 
Fig. C 1 Elevation profiles generated for the southern ridge set that show the easternmost profile S05 on top and the 
westernmost S07 at the bottom. All ridge crests in each profile are correlated with each other. The sections S01 to S24, which 
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can be recognised at the cliff, are shown on top of all graphs. In addition, this supports the correlation between the 
morphological ridges and the position of the thrust faults as well as hanging-wall anticlines at the cliff. 

 
Fig. C 2 Elevation profiles generated for the northern ridge set that show the westernmost profile N02 on top and the 
easternmost N01 at the bottom. All ridge crests in each profile are correlated with each other. 
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Appendix D 
Excel spreadsheets for outlier tests 
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Appendix E 
Compilation of cliff-section overviews and cross sections from STEINICH (1972)
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Appendix F 
Table of the structural features of the individual thrust sheets 
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