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0. Motivation

0. Motivation
Although the Pleistocene deposits exposed in the steep coastal cliffs of MecklenburgVorpommern have been studied for more than a century, the depositional conditions of many
lithostratigraphic units remain unclear. There is, in particular, a question whether the
individual tills (locally more than 9 successive till units) are mainly subglacial deposits or
resedimented (mass flows) in origin (at least in part). The Pleistocene deposits preserve
information

concerning

the

former

glacial

depositional

processes.

Detailed

micromorphological analysis of these deposits can provide key information regarding these
processes and thereby aid in the reconstruction of former glacial environments. The island of
Rügen is located on the southwestern Baltic Sea coast and was situated in the marginal zone
of the Scandinavian Ice Sheet during the last glacial period (Weichselian). Therefore, the
region is considered as an ideal area for reconstructing the complex fluctuations in the
position of the margin of this ice sheet as it expanded across the Baltic Sea and into northern
Germany. Successive glacial advances and retreats of the ice sheet can be reconstructed by
specific glacial sedimentation processes and flow-direction criteria derived from a variety of
glacial deposits. The investigation area is located near Sassnitz on Rügen, where an
imbricated and folded Weichselian succession disconformably overlies Maastrichtian chalk
bedrock. The individual till units were sampled for micromorphological analyses to identify
the former depositional conditions. Detailed description of the sedimentology and variation in
facies, the description of macroscale deformation structures provides the context for the
detailed micromorphology study. The three dimensional analysis of the microfabrics is based
on the microstructural mapping methodology which enables the identification and
interpretation of polyphase deformation within subglacial sediments.
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„Noli turbare circulos meos“ („Störe meine Kreise nicht!“/ „Do not disturb my circles!”)
Archimedes
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1. Introduction
1.1 History of geological research on Northeast-Rügen
The geological configuration of Rügen – especially the Jasmund peninsula (Fig. 1) – has from
very early on fascinated geoscientists. The cliff and interior outcrops (most of them are open
pits) of Rügen are considered scientifically important as they reveal a complex sequence of
Pleistocene sediments (including glacial deposits) resting directly upon the Cretaceous chalk
bedrock. Early on, geologists dealt with the bedding conditions and stratigraphy of these
deposits.
The first till nomenclatures M1 – M3, still partially in use today, can be traced back to
JAEKEL (1917). However, he only distinguished these three tills separated by two units of
interbedded sand, silt and clay which he referred to as I1 and I2. In the course of time, the
several till units were further subdivided into a number of sub-units. The nomenclature was
consequently expanded by the M 1 u/o (GROTH 1969, 1971; CEPEK 1975; SCHÜTZE 1988;
PANZIG 1991), M 2 α/M 2 β (LUDWIG 1959; 1964; CEPEK 1975), M3u (GROTH 1969; PANZIG
1991) and M4 (AUERSWALD 1957; GROTH 1969). MÜLLER & OBST (2006) correlated these
units with the regional Quarternary stratigraphy of Mecklenburg-Western Pomerania and
generate a new standard profile. Figure 2 shows an illustration from KENZLER et al. (2010)
which compare the different lithostratigraphies proposed by some of these authors for the
Pleistocene sediments on the Isle of Rugen. The most complex/detailed subdivision of the
Pleistocene sequence was proposed by PANZIG (1991, 1995), who distinguished at least nine
different tills in the general profile of Jasmund. He presented evidence for the existence of
several new tills, including the m0-1 and m0-2 based upon the composition of the detrital
components present within these deposits (see section 2.1.2). PANZIG (1991, 1995) was able
to demonstrate that six of the nine tills – m0-2, m1u, m1o, m2-1, m2-2 and m3u-2 – are
compositionally distinct and can be discriminated on the basis of their detrital components.
Although the analysis of detrital content in tills is a popular method in investigating
Pleistocene deposits, there are other methods to identify various glacial sediments. One such
method is grain size analysis (e.g. KANTER 1989). STEINICH (1972, 1992) investigated not
only the Cretaceous chalk, but also the Pleistocene sediments interbedded with the tills,
especially the I1, by comparing and classifying the fauna contained within these sediments.
Palynology, thermoluminescence (KRBETSCHEK 1995), and
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C-methods (STEINICH 1992)

have also been used for the chronological classification of the Pleistocene and Cretaceous
deposits. The age of the different tills and intercalated sediments is still under debate
(KENZLER et al. 2015a).
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a)

b)

©GeoBasis-DE/M-V 2014

Fig. 1: (a) Map showing the location of the Jasmund Peninsula on the Isle of Rügen (after LUDWIG 2005a); (b)
Digital Elevation Model (DEM 5) of the Jasmund Peninsula showing the geomorphology of the area and in
particular the arcuate ridge-like landforms formed during glaciation (©GeoBasis-DE/M-V 2014; raw data
provided by the LAIV M-V and processed by Jörg Hartleib)

Fig. 2: Standard profile
of

the

deposits

Pleistocene
of

Jasmund

(Rügen) translated from
KENZLER et al. (2010).
(after

JAEKEL

1917,

PANZIG 1995, MÜLLER
& OBST 2006, in this
illustration also HERRIG
2004, LITT et al. 2007
and WENINGER et al.
2009 were cited).
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1.2 Structural features of the Jasmund Peninsula
The pattern of outcrop of the Pleistocene sediments on the Isle of Rugen is controlled by
large-scale folding and faulting. This deformation has resulted in the Pleistocene sediments
being in-folded and/or down-faulted into the underlying Cretaceous chalk where they form
wedge-shaped to more laterally more extensive layers or "stripes". KEILHACK (1912)
recognised 24 individual layers or stripes (now 26 layers) of Pleistocene sediment exposed in
the sea cliffs to the north of Sassnitz which have either been faulted, or folded into the
underlying chalk: starting at Sassnitz, they are numbered 1 to 24 (today there are 26) in
northern direction along the coast. The large-scale folding of the Pleistocene sediments and
chalk bedrock is well-exposed in the Glowe cliff section in the north part of Jasmund
Peninsula (see Fig. 1a). Another problem caused by tectonic faulting is the discontinuous
distribution of some tills. For example, according to PANZIG (1991), only the outcrops at
Glowe and Dwasieden (southeast Jasmund) contain the most complete Pleistocene sequence
with most (but not all) of the lithostratigraphic units represented in Figure 2. The main
question was the cause of this tectonic folding and faulting. Two different opinions were
developed over time: some of the early investigators – e.g. JAEKEL (1918) – argued that the
tectonic faulting had endogenous causes; whereas others – e.g. RICHTER (1933) – believed the
causes to be exogenous (glacial, detailed discussion can be found in KENZLER et al. 2010).
LUDWIG (1954/1955) analyzed and synthesized both ideas, showing that the structural
deformation of Rügen was mainly caused by glacial tectonics. Probably, there must have been
prior elevation structures, probably caused by endogenous tectonics, which occurred before
the glacial deformation (LUDWIG 1954/1955). GROTH (2003) analyzed the pits (where the
Calcareous units are open mined) with structural and lithostratigraphical methods
(comparison of the fauna), to correlate the various chalk fault-bound blocks. Based upon this
correlation GROTH was able to recognise five separate structural units which he argued were
the result of separate phases of glacial deformation (Fig. 3a). Using these structural units, he
derived the following four stages of glacial deformation on the Jasmund Peninsula. In Stage 1,
a compression from south-eastern direction generated the thrust-moraine present in structural
unit 1. Stage 2 begins with a change of the ice flow direction, with ice coming from the northeast. Compression associated with this ice advance resulted in the deformation of the sandrich sediments within structural unit 4 which are exposed along the north-west coast. This
also resulted in deformation within unit 2 which is located at the south-east interior of the
stack-moraine. In stage 3, the structural unit 3 was accreted onto unit 2 by a shifting of the ice
movement in south-west direction. Structural unit 5 was generated during stage 4. A further
3
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change of ice movement to the west deposited the M 3 -Moraine. GROTH’s (2003) scheme only
describes the various stages of deformation, without any temporal classification.

Fig. 3a: Glacio-dynamic Development of the Jasmund peninsula, NE-Rügen (after GROTH 2003).

A geomorphological analysis based on a high-resolution digital elevation model indicates that
the northern structural unit (unit 4) is clearly truncated and partly overlain by the central
structural unit (unit 1) (GEHRMANN et al. 2015). This age relationship is well discernible at the
Figures 1b) & 13c). For further interpretations see section 5. The glacitectonic complex of
Jasmund is well exposed in the north (Glowe, Kluckow) and at the east coast (e.g. Kieler
Creek). STEINICH (1972) mapped the different stripes and chalk complexes at the cliff coast of
Jasmund; especially the structural features of the central structural unit indicate an icemovement direction from the M3 ice from the south and south-east. Figure 3b shows a
combination of the DEM (Digital elevation model; ©GeoBasis-DE/M-V 2014) with an overview
about the outcrops were the structural deformation plan of the northern and the central
glacitectonic unit is well exposed. The Glowe cliff section was mapped by the author in
January 2012. The structural measurements at the Glowe cliff section (especially the
orientation of the Glowe chalk anticline) indicate an ice movement direction of the M3 ice
from the north-east (BRUMME 2010). Below the DEM the map of the stripes 12 and 13 from
STEINICH (1972) are illustrated. Clear thrust faults which verge to the north and southwest
dipping bedding (preserved by flint bands) indicate an ice-movement direction for the M3 ice
from south-west to north-east at the location of the Kieler Bach. This ice movement directs
occurs perpendicular to the axis of the composite ridges in the central structural unit (unit 1
according to GROTH 2003).
▼Fig. 4b: Comparison of the morphological composite ridges from the glacitectonic complex of Jasmund with
the outcrops was the structural units are well exposed. The profile of Glowe cliff section was mapped by the
author (BRUMME in January 2012). DEM ©GeoBasis-DE/M-V 2014; provided by the LAIV and processed by
Jörg Hartleib. The stripes 12 and 13 were mapped by STEINICH (1972).
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©GeoBasis-DE/M-V 2014
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1.3 Lithostratigraphic units in the research area
PANZIG (1991) distinguished between the different
Pleistocene tills (Figure 4) based upon the modal
proportions of the pebble sized clasts (see Table 1).
This approach allows the different tills to be
distinguished based upon the relative proportions and
composition of the detrital clasts they contain. The data
also enables the individual tills to be correlated
between the different exposures on the Jasmund
Peninsula. Furthermore, the identification of the
source, or provenance, of the individual rock types
present

within

the

till

can

provide

important

information regarding the source of the till and
therefore ice movement direction. The till detritus has
been separated into the following groups: Nordic
crystalline (NK, e.g. granite, gneiss etc.), Paleozoic
limestone (PK), Paleozoic shale (PS), Dolomite (D),
Flint (F), Mesozoic limestone (MK), Sandstone (S),
Quartz (Q) and other detritus (SO). Moreover, minor
components (XY) are separated (see section 2.1.2).
The results of this type of analysis for the Pleistocene
sediments exposed in north-east Rügen are shown in
Table 1. The following conclusion about the different
lithostratigraphic units in the research area is based on
PANZIG (1991).
Above the chalk, which STEINICH (1972)
attributes

to

the

Lower-Maastricht,

the

oldest

Pleistocene unit in Northeast-Rügen is the M 0-1 till.
This till has so far only been identified in the Glowe
Fig.

4:

Normal profile of Northeast-

Rügen. (modified after PANZIG, 1995).

cliff section, where it rests unconformably upon the

Arrows mark the relative depositional

chalk bedrock. Both the Pleistocene sediments and

directions of the tills determined by erratics

chalk at this locality occur on the limb of a large scale

quotients.

anticline. In the research area, the M 0-1 till is
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approximately 1 m thick, with a greenish-grey colour and a prominent boulder pavement at
the top. The M 0-1 does not contain a diagnostic detrital content. Approximately 30% of the
detrital clast assemblage is composed of PK, indicating a Baltic derivation for the detritus.
The lack of similar tills in other outcrops makes it difficult to make a temporal classification
of this deposit. The following Pleistocene unit is the M 0-2 till, till is a compact, sandy
diamicton which is light grey coloured, becoming brown towards the top. The results of
Panzig´s detrital analysis indicate that this till probably came from a Nordic direction. This
conclusion is based upon the high NK, S and Q content and the low PK content in the till.
Furthermore, the M 0-2 till is clast-rich and has the highest amount of detritus per kilogram in
the Rügen area.
As for the M 0-1 till, the age of the M 0-2 and the following M 1u/o tills are unclear.
PANZIG (2010) suggested that they were deposited during the Saalian-glaciation. The
following M 1u horizon is one of the most prominent tills in northeast Rügen. Because of its
continuity, this unit is very important for correlation. Its colour ranges from dark-blue to darkblue-grey. Beside the diminished CaCO 3 content, it possesses the highest clay content of all
tills. The detrital content with high PK and D suggests a Baltic provenance, consistent with an
ice movement direction from the north-east/east. In the research area, the till possesses a
distinctive blue, light coloured weathering horizon at the top. Directly overlying this
weathered horizon a relict boulder pavement marking the base of the next, the M 1o till. The
colour of this unit is greyish and in the upper areas there are brown-red discolourations caused
by weathering. SCHÜTZE (1988) described an ice-wedge pseudo-morphosis from the overlying
I 1 sediments, which extend into the M 1u/o tills. These tills are also overlain by a continuous
boulder pavement, which according to STRAHL (1988) most likely originates from the M 1o .
The M 1o possesses a Baltic detrital character with high contents of PK and some D.
At the top of the M 1o till, an important horizon is open-mined: the I 1 -sediment, which
has a great relevance for north-east Jasmund. It consists of ca. 10 m thick sand deposits partly
with clay content. This horizon can also be found at the island of Hiddensee, at Wittow
peninsula and the Greifswalder Oie. The outcrops at Hiddensee and Wittow can be correlated,
because of the occurrence of the so-called “cyprine clay” (LUDWIG 2005b; 2006). STEINICH
(1992) dated the I1-sediment with

14

C methods and gets ages from c. 40.000 - 30.000 years

BP, KRBETSCHEK (1995) dated the I1 with thermoluminescence methods and gets ages from
c. 55.000-19.000 years BP (see also KENZLER et al. 2010).
The I1 sediments are directly overlain by a compact, plastic M 2-1 till which is
characterised by the presence of high ratios of PS (max. 30%) and S, and lower PK, F and
7
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MK contents. Because of this detrital composition, it is assumed in this thesis that the glacial
movement came from the north. PANZIG (2010) concluded that the M 2-1 was deposited during
the Weichselian glaciation, as are the following units.
Between the M 2-1 and M 2-2 units, there are intercalated sediments, which are related to
the I 2 -interstadial. This sandwiching is problematic in the correlation of the normal profile of
north-east Rügen, because the following till is called M 2-2 . This tripartite subdivision is only
locally developed. LUDWIG (2005a) proposes that the M 2-2 has been resedimented. The I 2
sediments are up to 60 m thick (in average 10 to 20 m thick) and consist of a sand-silt-clay
package. PANZIG (1991) concluded that the I2 deposit represents a typical glacial cycle.
According to PANZIG (1991), the M 2-2 till can be subdivided into M 2-2u and M 2-2o tills.
It is unclear whether these tills represent distinct ice-advances. The two tills are separated by a
c. 5 cm thick sand and gravel layer. Also the detrital contents in the subtills differ: the upper
M 2-2o till contains a higher proportion of Baltic derived detritus than the M 2-2u . The colour of
M 2-2 till complex is grey to brown-grey.
The uppermost Pleistocene till complex at the Jasmund peninsula is the M 3 till unit.
This unit can be subdivided into M 3u and M 3m tills, and probably M 3o . These sediments have
a constant thickness and lie discordantly on the complete sequence from the chalk to the M 2-2
units. The M 3u is a compact massive deposit, with a thickness of approximately 3 metres in
the research area. This till has relatively high chalk content. The detrital components indicate
a southern direction (from Sweden) of the glacial movement (PANZIG 2010).
Horizon

(M 3o )

M 3m

M 3u2

M 3u1

M 2-2
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quantities of
samples

NK

PK

S

MK

PS

F

Q

D

%

%

%

%

%

%

%

%

62

35,1

25,1

14,7

9,4

9,1

5,0

1,3

(6,3)

(4,1)

(5,3)

(7,9)

(3,1)

(4,2)

32,0

30,8

12,0

8,7

8,0

(4,0)

(4,2)

(2,1)

(5,5)

31,0

37,5

11,9

(2,8)

(2,5)

34,5

94

67

57

34

S1

S2

0,4

85,7

14,4

(1,0)

(0,5)

(7,9)

(7,9)

7,2

1,0

0,2

84,1

15,9

(1,4)

(3,1)

(0,9)

(0,3)

(6,0)

(6,1)

4,5

9,0

3,7

1,1

0,5

91,0

8,2

(2,3)

(3,4)

(2,3)

(2,3)

(1,1)

(0,5)

(5,9)

(4,6)

29,7

12,7

7,7

8,5

6,4

1,4

0,4

87,3

14,1

(4,0)

(4,7)

(2,4)

(5,5)

(4,2)

(4,3)

(1,4)

(0,5)

(9,1)

(8,5)

38,5

34,5

13,1

2,0

7,1

2,2

1,9

0,7

95,8

4,2

(2,6)

(2,2)

(2,1)

(1,3)

(0,9)

(0,8)

(0,7)

(1,4)

(1,9)

(2,0)
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M 2-1

M 2-0

M 1o

M 1u

M 0-2

M 0-1

45

16

25

73

19

16

30,3

27,4

14,9

2,7

21,3

1,4

1,0

0,9

95,8

4,1

(2,5)

(2,3)

(2,0)

(1,6)

(4,0)

(1,0)

(0,7)

(1,4)

(1,9)

(2,0)

42,4

33,3

13,5

0,1

8,1

1,0

1,2

0,4

98,9

1,1

(2,0)

(2,1)

(1,4)

(0,1)

(1,5)

(0,8)

(0,5)

(0,4)

(0,8)

(0,8)

28,4

52,0

7,3

0,7

9,0

0,5

0,5

1,6

98,8

1,2

(3,6)

(1,9)

(2,1)

(0,3)

(4,3)

(0,4)

0,5)

(1,8)

(0,4)

(0,4)

30,5

45,7

8,8

0,1

11,9

0,4

0,6

2,0

99,5

0,5

(4,2)

(4,6)

(1,7)

(0,5)

(1,9)

(0,7)

(0,7)

(2,5)

(0,6)

(0,6)

34,4

25,7

15,3

3,4

3,2

17,0

0,9

0,1

79,6

20,4

(2,5)

(1,8)

(1,2)

(0,6)

(0,2)

(4,0)

(0,8)

(0,1)

(3,3)

(3,4)

41,0

31,7

11,3

2,1

6,8

6,0

0,7

0,4

91,9

8,1

(4,0)

(1,1)

(5,3)

(0,8)

(3,7)

(1,9)

(0,6)

(0,4)

(3,2)

(3,4)

Tab. 1: Detrital inventory of the tills of north-east Rügen according to PANZIG (1991). The white tills are
relevant for the Glowe cliff section. The values mark with brackets represent the standard deviation.
S 1 = Summation of NK+PK+S+Q+D in %. S 2 = Summation of MK+F in % (this table is also illustrated in
BRUMME 2010).
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2. Methodology
2.1 Macroscopic Investigation
2.1.1 Geological mapping of the cliff and sample drawing
The fieldwork in the research area was carried out in October and November 2011. Due to
important changes that had occurred in the outcrop situation since the last mapping campaign
of LUDWIG (1954/1955) a revision of the geological mapping of the cliff section at Dwasieden
was necessary (see Fig. 15 and Appendix A). For example, the rhythmically bedded
sediments are now visible along the entire cliff section. Furthermore the whole succession of
the lithologic units is better exposed. First, the cliff section was divided into equal segments
of 5 metres each, starting at the zero point. After that, the profile was mapped in detail and the
composition and thickness of the various lithologic units described. Detritus was dug away
where it hid the Pleistocene succession. A field map was made at a scale of 1:100, allowing
distinction of the specific units. In addition, the profile was photographed every 10 metres.
There are a number of methodologies to take samples for the micromorphological
investigation which are more or less similar to each other (e.g.

VAN DER

MEER 1993; CARR

2001; MENZIES & ZANIEWSKI 2003; PHILLIPS et al. 2011 etc.). Generally, the author used the
following approach. For the preparation of thin sections, samples were taken from all
macroscopically definable diamictons (Fig. 5). The most interesting locations were sampled
several times. To recover undisturbed samples till blocks were cut out of the steep cliff face
using a knife and a trowel. They were stored in plastic boxes of 7 x 10 cm. The strike and dip
angle of the sample block were recorded (see Fig. 5, also see
According to

VAN DER

MEER (1993) when

collecting the samples, it is important to
avoid present day soils and weathering
zones. These zones can have a negative
influence on the structures. In total, 23
samples were taken in the research area,
labelled DWA12-1 to DWA12-23 (where D
stands for Dwasieden and 12 represent the
year of sampling).

Fig. 5: Sampling preparation in the field. The largest
plane (the ac-plane) was taken parallel to the cliff
surface.
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MEER et al. 2003).

2. Methodology
2.1.2 Analyses of the lithological inventory of the tills by *TGL 25 232
The analysis of the lithological composition of fine gravel sized clasts within tills is widely
used to correlate between tills exposed at different localities and to establish the source or
provenance of these sediments. This methodology was first published by the Danish
geologists USSING & MADSEN (1897, cited in PETERSEN 1978). Based on this approach,
CEPEK (1971) proposed a simplified methodology which is now used as the basis of the
industry standard, the *TGL 25 232. In order to get a significant result, it is necessary to count
at least 200–300 clasts from a fraction of 4–10 mm. Such as fraction provides a reliable
estimate of sediment composition (CEPEK 1973); for the tills on the Jasmund Peninsula this
requires of approximately 5-7 kg of sample.
At the Department of Geography and Geology at the University of Greifswald, the
samples were conditioned in a repository with lukewarm water and 100-200 ml of 35 %
hydrogen peroxide. The H 2 O 2 separates the sedimentary components from each other without
damaging the individual components (KRIENKE 2003). With the aid of sieves, the fraction of
4-10 mm was separated. According the TGL 25 232, detrital grains can be separated into nine
petrographic groups: Nordic crystalline (NK; e.g. gneiss, granite etc.), Palaeozoic limestone
(PK), Palaeozoic shale (PS), dolomite (D), flint (F), Mesozoic limestone (MK), sandstone (S),
quartz (Q) and other detrital components (SO). Moreover, some minor components (XY)
were separated (e.g. xylits and pieces of tertiary lignite). A binocular microscope (low
magnification) was used for the petrographic identification of the various rock types. This
approach aided in the discrimination between the limestone rock fragments NK and MK
which could not be separated without the use of a microscope. In total six samples were taken
in the research area for fine gravel analysis (see Appendix B1-B6).

*TGL = Technische Normen, Gütevorschriften und Lieferbedingungen- technical standards, quality
specifications and delivery conditions – this was the DIN standard of the former GDR
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2.1.3 Structural investigation of the Pleistocene sediments
Large structures in the research area, such as folds and faults, were measured, as well as the
dip and dip direction of bedding within the main lithological units. Additionally, the longest
axes (a-axes) of the pebble sized clasts (clast macrofabric) were measured, which are
generally assumed to be aligned parallel to the direction of ice flow with a dip direction
towards the ice flow (e.g. KRIENKE, 2003). One of the first researchers to measure the longest
axes of grains in the research area in order to reconstruct the direction of ice flow was
RICHTER (1933). Subsequently, many other geologists applied this method (DOWDESWELL &
SHARP 1986; ROSE 1989; KRÜGER 1994; LAGERLUND et al. 1995; KJÆR & KRÜGER 1998;
BENNETT et al. 1999; KRIENKE 2003; HIEMSTRA et al. 2005; BENN 2007).
The number of axes to be measured is subject to discussion (see also the references
above). KRÜGER (1994) proposes a total of 25 grains. MENZIES & ELLWANGER (2010) has
also measured 25 grains for his clast fabric analyses near Illmensee-Lichtenegg, Höchsten,
Germany. In the current study at least 25 grain long axes were measured with a ratio of (at
least) 1:1.5. Where possible more than 25 clasts were measured (up to 75 values, see section
3.1). The a-axes and the ab-plane were measured (Fig. 6) to show possible preferred
orientations (because some grains or boulders are oblate in shape). The measuring area was
ca. 25 x 50 cm to avoid local deviations. No further statistical analyses such as thoser
suggested by BENN (2004) were applied. KJAER & KRÜGER (1998) concluded that caution
should be exercised in using eigenvalues to infer depositional processes and strain histories in
subglacial environments.

Fig. 6: Illustration showing the
definition of the grain axes (a, b, c)
and planes (ab, ac, bc). The c-axis is
at right angles with the ab plane. The
orientation and dip of at least two
axes and planes are required to
uniquely define the alignment of any
particle (from BENN 2007).
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2.2 Microscopic investigation
2.2.1 Thin section preparation of unconsolidated sediments
There are a number of published methods for the preparation of thin section from
unconsolidated sediments (e.g. CARR & LEE 1998; PALMER et al. 2008). In the current study, a
modified methodology was applied, which was developed with the kind support of Dr. Peter
Kühn (University of Tübingen).
The procedures are summarised in Figure 7a. First, the samples were dried for about
30 days in a drying chamber at the Department of Geography and Geology of the University
of Greifswald, which removed the pore water content. Then the samples were impregnated
with a polyester resin (Oldopal), a peroxide catalyst (Methylethylketoneperoxide, Butanox M50) was added, as well as an accelerator (Cobalt accelerator, Oldopal) and a 98% Silanecompound (Methacryloxypropyltrimethoxysilane). The Silane compound prevents the quartz
grains tearing off during the sawing. For three days the samples were repeatedly impregnated
to guarantee a complete impregnation. The samples were then placed into a vacuum chamber
for 1-2 weeks at a pressure of 750 mbar and a temperature of 25°C. The resulting blocks were
cut into 7 x 7 cm pieces, ground and finally lapped (with 800 and 500 silicon carbide powder)
to a thickness of 20 µm. If the sample was poorly impregnated, the procedure restarted in the
same scheme (Fig. 7a). To ensure a full impregnation, a complete vacuum (0 mbar) was used.
Etching experiments were performed in order to see whether the carbonate content hid
the plasmic fabric (compare section 2.2.2), using acetic acid (100% = glacial acetic acid) and
hydrochloric acid (7%). After removing the carbonate, no plasmic fabrics were revealed. The
thin sections were then discarded. For three dimensional analyses, three thin sections were cut
from each sample (ac-plane = orientated parallel to cliff surface; bc-plane = orientated
perpendicular to cliff surface; ab-plane = represents the horizontal plane, see Fig. 7b).
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Fig. 7a: Simplified scheme of thin section preparation used in this study.

Fig. 7b: The three planes of the sample
block.
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2.2.2 Micromorphological investigation and terminology
MENZIES et al. (2006) shows a scheme (based on VAN DER MEER 1993), showing the range of
microstructures recognized in tills (Fig. 8). In this approach, micromorphological features can
be grouped under several headings. These include: plasmic fabric (microstructures related to
plasma (particle size < 20 µm)), brittle deformation (microstructures that combine plasma and
skeleton grains (particle size > 20 µm) as an S-matrix), ductile deformation, and mixed brittle
and ductile (polyphase) deformation. VAN DER MEER et al. (2003) proposed additional water
escape structures and sediments, clay coatings (cutans) lining pore walls and precipitates.
Since these structures are related to the percolation of locally channelized water, but not to
sedimentation from ice, they will be summarized in pore water influenced or induced
microstructures. And finally, fabric developed from a combination of plasma and S-matrix
such as skelsepic plasmic fabric (Fig. 8).
According to

VAN DER

MEER (1993) the plasmic fabric is defined by the optical

arrangement of the plasma (clay minerals) and is only visible under cross-polarized light. It is
caused by high birefringence of (re-)oriented domains. After MENZIES et al. (2006) this fabric
was first elucidated by BREWER (1976). There are five dominant types of plasmic fabric:
masepic, lattisepic, omnisepic, unistrial and insepic. Each type is characteristic of a spectrum
of orientations of clay particles. The structures range from strong random orientation
(omnisepic fabric) to strong, single preferred orientation (unistrial fabric). A diamicton may
also contain banded and kinking plasmic fabric. This microstructure epitomizes a formation
under complex deforming conditions (MENZIES et al. 2006).
Not only the strength of (re-)orientation is decisive for the visibility of plasmic fabrics,
but also the clay and carbonate content (VAN

DER

MEER 1993). To show a birefringence, a

minimum amount of clay is necessary. The higher the clay content, the higher the strength of
the birefringence. VAN DER MEER (1993) declare that swell-and-shrink processes of the clays
may also result in plasmic fabrics, which are similar to those produced by a glacial settlement.
Furthermore, fine-grained carbonates disturb the view, as they scatter the polarized light.
Plasmic fabric terms are purely descriptive and do not relate to genesis (VAN DER MEER et al.
2003).
As mentioned above, according to MENZIES et al. (2006) S-matrix microstructures
can be divided into ductile, brittle, polyphase (ductile/brittle), and pore water induced forms
(see also Fig. 8). MENZIES et al. (2006) postulate that many of these structures can be
observed in most tills and indicate the complex origin of these deposits, with these
microstructures

recording

pre-depositional,

syndepositional

and

immediately

post15
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depositional processes. Furthermore, some structures can also be attributed to the much later
(post-depositional) processes such as weathering, pedogenic and seismic influences (MENZIES
et al. 2006). Apart from ductile and brittle characteristics, tills have often undergone both
forms of deformation (polyphase, MENZIES et al. 2006). PHILLIPS et al. (2011) has shown that
glacigenic sediment, which has undergone repeated phases of deformation, may reflect
polyphase deformation structures. These can all be brittle (e.g. faulting), all ductile (e.g.
several phase of folding) or a combination of the two.
MENZIES et al. (2006) state, that the unique combination of plasma and skeletal grains
produces a skelsepic plasmic fabric (Fig. 8). This type of plasmic fabric is defined by
optically aligned clays minerals enclosing a detrital grain. According to these authors, how
this type of plasmic fabric is formed remains unclear. It may form following pervasive
deformation resulting in the complete homogenization of the bulk sediment (MENZIES et al.
2006).

Fig. 8: Scheme, showing the
range

of

recognised

microstructures
in

tills

(from

MENZIES 2000; MENZIES et
al. 2006, based on VAN DER
MEER 1993).
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2.2.3 Microstructural Mapping and Terminology
Detailed microstructural maps and quantitative data for the clast microfabrics developed
within the diamictons were obtained using the methodology of PHILLIPS et al. (2011). This
method is based on the assumption that the grains’ longest axes are able to adjust themselves
in a stress regime (cf. section 2.1.3, long axes are orientated parallel to shear sense directions
and dipping towards shear sense direction). Figures 9a-f show the several stages of
microstructural mapping. First, a high resolution scan of the thin section is obtained (Fig. 9a).
Second, the grain long axes are traced (Fig. 9b) and the orientation data plotted on a structural
rose diagram (Fig. 9c). It is usual to illustrate the structural data in a bipolar (two directions)
plot (see also PHILLIPS et al. 2011). In this thesis this is also the case, but to distinguish
vertical oriented microfabrics (dip directions) from horizontal oriented microfabrics (strike
directions) it is advisable to illustrate the upper half of the rose diagram with transparency
(see Fig. 9c).
Then grains with the same alignment are indicated by lines (green in Fig. 9d). Grain
stacking or grains which are oriented parallel to the grain surface are indicated by red lines
(Fig. 9e). Finally, the groups of accordant grains are grouped into polygons (Fig. 9f).
Since the direction of former ice movement was unknown, three dimensional analyses
(microstructural mapping of all three axes of a sample block) were made to reconstruct the ice
flow directions (compare section 3.6). PHILLIPS et al. (2011) outline the terminology for the
description of clast microfabrics which is based upon that used by petrologists for the
description of cleavage and/or schistosity developed in metamorphic rocks. Figure 9g
summarizes the main terms used. It can be seen, that the nomenclature distinguishes between
microfabric domains and microlithons. The microfabrics are spaced or continuous areas,
where the clasts show a pronounced preferred shape alignment. The intervening microlithons,
on the other hand, either have a weak or no preferred fabric, or contain relicts of earlier
formed microfabrics.

▼Fig. 9a-f show the several stages of microstructural mapping. Fig. 9a: High resolution scan of the thin section.
Fig. 9b: The grain’s long axes are traced. Fig. 9c: The values (dip and dip direction) were plotted in a structural
rose diagram. Fig. 9d: Grains with the same alignment are indicated by lines (green lines). Fig. 9e: Grain
stacking or grains which are oriented parallel to the grain surface are indicated by red lines. Fig. 9f: The areas of
accordant grains are grouped into polygons.
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Fig. 9g: Non-genetic terminology, based on the system used by petrologists for the description and classification
of cleavage and/or schistosity in metamorphic rocks using a petrological microscope (from PHILLIPS et al. 2011
after POWELL 1979; BORRADAILE et al. 1982; PASSCHIER & TROUW 1996).
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2.2.3.1 The microfabrics of a horizontal thin section with respect to the azimuth
The ab-plane is a horizontal section through the sample and the traces of the various clast
microfabrics represent the strike of the foliations in 3D. It is necessary to rotate the thin
section to illustrate the real deviation from the north, as shown in Figures 10 a-d. The sample
block is shown in normal and sliced condition, with notation of the different planes
(Fig. 10a). The horizontal thin section (ab-plane) is highlighted in red. First, there is a
“normal” look at the thin section; the thin section azimuth (the top) is the reference for the
strike angles (Fig. 10b). There are two main foliations in this example: the light green one
strikes from “top left” to “bottom right” with an angle of 135°, whereas the light blue foliation
strikes from “top right” to “bottom left” with an angle of 45° (in accordance to the thin
section azimuth). According to these values, the structural rose diagram shows two maxima
(Fig. 10b, right hand side picture). Second, the orientation of the fabrics is then plotted onto a
Schmidt net (Fig. 10c). The deviation of the actual strike angles and the strike angles with
respect to the thin section azimuth is 40° (90°-50°). The rose diagram in Figure 10d shows
the same rotation. Finally, to obtain the actual strike angle of the foliations in the ab-plane, the
angle value of the foliations needs to be subtracted by the 40°. The angle of the light green
foliation from “top left” to “bottom right” is subtracted by 40° (135° - 40°), resulting in a
strike angle of the light green foliation of 095° (WNW-ESE). The angle of the light blue
foliation from “top right” to “bottom left” is subtracted by 40° (050° - 45°), which results in a
strike angle of the light blue foliation of 005° (NNE-SSW).
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Fig. 10a-d: Procedure to reconstruct the actual orientation of microfabrics in a horizontal thin section. Fig. 10a:
The orientated sample block with its planes. Fig. 10b: The horizontal thin section in relation with the structural
rose diagram. Fig. 10c: The thin section and its foliation pattern in relation with the lower hemisphere projection
of the Schmidt net. Fig. 10d: Rotation of the structural rose diagram by the angle of deviation from the cliff
strike angle.
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2.2.3.2 The development of the microfabrics with respect to the structural rose diagram
It is conspicuous that in most cases the orientation of the polygons in the thin section is not
sufficiently [properly] displayed by a single maxima in the structural rose diagram. However,
the rose diagrams do show the principle orientations of the main fabrics developed within the
thin section. Plotting the data for particular areas of the thin section will highlight changes in
the relative intensity of a particular foliation in that part of the thin section. Or dividing the
data set up based upon grains size will give you the effect of grains size on fabric
development. All these approaches are valid. It have to be kept in mind that it highlights
maxima of grain orientations regardless of the grain size, regardless of the spatial distribution
of the figured grains, and regardless of the length ratio of the clast axes. Therefore, in this
thesis it can be the case that the actual trend of a foliation (polygon) is slightly different from
the orientation of a maximum in the rose diagram. Figure 11 illustrates an extreme example
for the deviation of microfabric orientation in the polygons compared to the orientation in the
structural rose diagram. Between the larger grains are many smaller grains with a deviant
orientation of the grain long axis from the main-grain orientation. Every grain has the same
weighting in this rose diagram. Therefore, the higher amount of deviant oriented grains
between the large grains has influence on the maxima orientation in the rose diagram.
Detailed analysis of the grain size of the clasts (using the length of the clast long axis
as a proxy for clast size) has been undertaken to investigate the effect on clast size on the
relative intensity of the microfabrics (see Appendix C1-C28). The grain population in the
samples were divided into a series of subsets (on average 13 in total) based upon the length of
their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm….. and so on).

Fig. 11: Extreme example for the deviation of the structural rose diagram in opposite to the actual trend of main
structures in a vertical section.
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2.2.3.3 Three-dimensional orientation of the microfabrics
To visualise how the two-dimensional microfabrics are arranged in a three-dimensional space,
a lower hemisphere stereographic projection (stereogram) can be used. Figure 12a-d
illustrates the procedure of projecting the various structures into the lower hemisphere
projection of the Schmidt net. Figure 12a shows an example of a typical sample block of the
Dwasieden cliff section. The block is oriented parallel to the cliff surface and shows a welldeveloped C´type shear pattern in the ac-plane. In the section perpendicular to the cliff surface
(bc-plane), there are short yet distinct fabrics (S-C´ fabrics). The horizontal ab-plane also
shows a distinct pattern of clast microfabrics. In Figure 12b, the sample block rests on a the
lower hemisphere projection of the Schmidt net. The thick red lines represent the orientation
of the cliff face and the orientation perpendicular to the cliff surface. To simplify matters, the
strike angle of the cliff surface is taken to be 060° in this example (the real strike angle of the
Dwasieden cliff surface ranges between 051° and 054° NE-SW, depending on the sample
location; see section 3.3 - 3.5).
The angles of the microfabrics are inferred from the dip and dip direction (note that
the dip directions of the angles in the thin sections are to be understood in a two-dimensional
manner only). The apparent dip of the microfabrics in the vertical thin sections is shown by
the red lines, while the angles in the horizontal sections are recorded at the periphery of the
lower hemisphere projection (because they represent strike). In the example in Figure 12c,
the angles of the S1 microfabric are 45° in both vertical sections (the ac-plane dips 45° to the
NE, and the bc-plane 45° to the NW), while the horizontal ab-plane strikes 097° in WNWESE direction. Since the S1 foliation pattern occupies a three-dimensional space, the result is
a great circle that is plotted in the hemisphere.
The angles of the S2 microfabric are 20° in both vertical thin sections (the ac-plane
dips 20° to the SW, and the bc-plane 20° to the SE), with a strike angle in the horizontal abplane of 011° in NNE-SSW direction. These three angles generate a linear structure in threedimensional space, represented by an arrow in the Schmidt net (Fig. 12b). On the twodimensional projection of the hemisphere, a great circle and the arrow can be seen, while
inside the three-dimensional hemisphere, the plane and arrow can be seen. In Figure 12c,
only the two dimensional illustration of the hemisphere is used to show the development of
the microfabrics in the samples. This two-dimensional projection is also given in Figure 12d,
which is the end result of the Schmidt net procedure.
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▲Fig. 12a-d: Fig. 12a: Schematic three-dimensional illustration of a sample block from the Dwasieden cliff
section. Fig. 12b: Illustration of the foliation structures of the sample cube in relation to the lower hemisphere
projection of the Schmidt net. Fig. 12c: The two-dimensional top of the stereonet. Fig. 12d: Two-dimensional
illustration of the three-dimensional orientation of microfabrics.
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3.1 General description of the Dwasieden cliff section and macroscopical structural
analyses
a)

c)

b)

©GeoBasis-DE/M-V 2014

Fig. 13: a) Location of the investigation area (modified according to LUDWIG 2005a). b) ©GOOGLE EARTH 2014,
modified c) modified DEM5 (Digital Elevation Model) from the Jasmund peninsula ©GeoBasis-DE/M-V 2014;
raw data provided by the LAIV M-V and processed by Jörg Hartleib).

The research area is located in the southwest of Sassnitz at the Jasmund Peninsula (north-east
Rügen, Fig. 13a-c) and represents a relatively undisturbed glacial-floe (LUDWIG & PANZIG
2010). Since the steep cliff at the coast of Dwasieden is hard to map, the most recent cliff
profile dates back to LUDWIG (1954/1955, Fig. 14). Only sporadic investigations have been
carried out since this early study (STRAHL 1988, KANTER 1989, PANZIG 1989, KRIENKE 2004,
LUDWIG & PANZIG 2010), so detailed geological mapping of the currently exposed section
was necessary (Fig. 15). Before describing the several lithologic units in detail, the current,
general situation of the Dwasieden cliff section will be described, highlighting the changes
made to the former cliff mappings and research. A good marker for comparison is the
appearance of the chalk at the base of the cliff (see Fig. 14 & 15). Due to limitations of space,
only a small illustration of the cliff profile can be shown here; a larger and more detailed
illustration can be found in Appendix A. The nomenclature of the lithological units is derived
from LUDWIG (1954/1955). The stratigraphic correlation to the general profile of the Jasmund
Peninsula used here follows that proposed by PANZIG (1991).
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Fig. 14 The cliff profile of Dwasieden south of Sassnitz, mapped by LUDWIG (1954/1955) and modified
(translated).

The mapped cliff section (Fig. 15) is approximately 215 metres long and strikes NESW; the highest elevation occurs at the southern end of the section and is approximately 25
metres above the beach level. To the NE, the elevation decreases to a height of approximately
7 metres. The characteristics of the main lithological units exposed in the cliff section will be
described from the NE to SW end of the section. From the start of the profile at metre 0 (in
the NE) until 105 metres (in the SW) there is a relatively simple "layer-cake" succession of
subhorizontal lithologic units (also see Fig. 16). At the base is the chalk bedrock which
represents the upper part of a lower Maastrichian sequence (HERRIG & SCHNICK 1994). The
exposed 2 meter thick bedrock sequence shows evidence of soft-sediment deformation. The
top of the chalk is highly irregular in nature and is locally deformed by complex disharmonic
folds and flame-like structures which extend into the overlying M1 diamicton. The chalk is
directly overlain by a blue-grey diamicton (M1). This relatively chalk-rich diamicton has a
relatively constant thickness of 1 to 1.5 m across the exposed section. At the northern end of
the cliff section the top of the M1 diamicton is sharp and gently undulating. However,
between 180 and 190 metres this lithological boundary is deformed with folds and flame like
structures of diamicton extending upwards into the overlying sandy sediments of the I1 unit
(Fig. 15). The well-bedded sandy sediments of the I1 unit also show evidence of soft
sediment deformation with locally well-developed convolute bedding (Fig. 15), which locally
disrupts the succession of within the I1.
▼Fig. 15: The cliff profile of Dwasieden south of Sassnitz mapped by BRUMME (mapped in November 2011).
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However, in general I1 records an overall coarsening upwards sequence with the lower part of
the unit comprising interbedded clay, silt and sand, passing upwards into a sand and gravel
dominated sequence. The I1 unit varies in thickness and is apparently locally missing (for
example at profile metre 130, Fig. 15). However, a thin sand layer can be seen separating the
M1 and overlying M2 diamictons (as for example at profile metre 130, see Fig. 15). The M2
diamicton is grey to brown in colour and a maximum thickness of approximately 1.5-2
metres. The lower surface is very sharp. The general dip direction of this unit is to the NW
(representative dip direction and dip of 285°/15°). At the top of this deposit there is evidence
for reduction caused by weathering and erosion: there are a number of shallow troughs filled
with boulders and gravel which appear to represent channels cut into the upper surface of the
M2 diamicton (Fig. 15).
M2 is directly overlain by a very thick sequence of sand and gravel, I2 (Fig. 15),
which can be subdivided into three distinct subunits (Fig. 17). The lowest part of the I2 is
characterized by an on average 4 metre thick conglomerate with clasts up to boulder size. This
conglomerate thins towards the south-west. This deposit possesses a very distinct bedding
structure, especially in the areas with smaller grain sizes. On Figure 15 the bedding surfaces
are gently inclined towards the NE and may represent large-scale foresets, suggesting that the
conglomerate may have been deposited by a fan/apron prograding towards the NE. The
conglomerate has a sand matrix. Above the conglomerate there is a laterally discontinuous
sand layer. In the north-east part of the cliff section, it is very thin or characterized by a
trough-like configuration (Fig. 15, profile metre 50). Large parts of the middle section (profile
metre 110 until 180) are hidden by scree or vegetation. Here, the thickness of the sand and
gravels at the top of the conglomerate increases, reaching a thickness of 1.5-2 metres.
Bedding within this sand and gravel deposit is deformed by locally developed folds and faults
(Fig. 15). In the NE part of the cliff section the conglomerate is overlain by a sequence of
rhythmically laminated (varved) sands, silts and clays (Fig. 16). However in the SW part of
the section this varved sequence rests upon sand and gravel (Fig. 15). The sequence of varved
sand, silt and clay thins rapidly from NE (4 m thick) to SW (1 m thick). The clays are locally
broken up and disrupted to form a mud-clast conglomerate/microconglomerate (see also
Fig. 32). In the north-east part of the Dwasieden cliff section, the varved sediments occur at
the top of the Pleistocene sequence (Fig. 16). Whereas in the south-west of the cliff section
they are overlain by very thick (nearly 10 metres) bedded sand deposit (Fig. 15 & 17),
containing gravel layers and lenses. The I2 interlayer is directly overlain by the M3
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diamicton. This yellow to ochre-brown deposit has a thickness of approximately 2 metres and
shows distinct structural features (e.g. a well developed joint system).

Fig. 16: The lithologic units of the Dwasieden cliff section between profile metres (PM) 45 and (PM) 60.

Fig. 17: The lithologic units of the Dwasieden cliff section between profile metres (PM) 195 and (PM) 205.
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The chalk
The Rügen chalk represents the upper part of a Lower Maastrichian sequence (STEINICH
1972; HERRIG & SCHNICK 1994). At the Dwasieden cliff section, the chalk shows signs of
brecciation (Fig. 18) and comprises rounded chalk pebbles and flints set within a soft chalky
matrix. The flints do not show any kind of primary deposition, but are randomly distributed in
the chalk. Some of them show fresh cracks (black flints, Fig. 18).
The contact between the chalk and the overlying M1 is not sharp but characterised by
flame-like structures that extend into the diamicton (Fig. 19 & 20). These structures are
"folded" and verge towards south-west, the fold axes strike NW-SE (see Fig. 19 & 20). About
1.5 metres below the “surface” there are large boulders of crystalline rocks which appear to
have been incorporated into the chalk from the overlying M1 diamicton. Moreover, there are
stringers composed of M1 diamicton in the chalk, as well as stringers of chalk in the M1
diamicton. The exposed thickness of the chalk varies along the length of the outcrop. It is first
exposed at profile metre 105; before that, the chalk disappears under the beach level (and was
excavated by digging during the fieldwork in November 2011). The chalk appears to reach its
highest elevation in the sampling area between profile metres 165 and 170 (Fig. 18). This
variation in the exposure of the bedrock clearly indicates that the upper surface of the chalk
was irregular and that the M1 diamicton was deposited on an undulating surface.

Fig. 18: The lower part of the Dwasieden cliff profile between profile metres 165 and 170. The chalk deposit
shows flame-like structures at the top. Stringers of the overlying M1 diamicton mark this deposit.
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▲Fig. 19 & 20: The lower part of the Dwasieden cliff profile between profile metres 115 and 140. The chalk
deposit shows flame-like structures at the top. Stringers of the overlying M1 diamicton mark this deposit. The
fold axes strikes NW-SE and the folds verge towards the SW. The red lines indicate traces of the bc-planes of
individual drag folds at the outcrop surface (ac plane).
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M1 Diamicton
The average inclination (the dip/dip direction of the upper surface) of the M1 diamicton is
334/10 to the NW and it has a thickness of about 1.5 metres. It appears to exactly follow the
surface of the underlying chalk. M1 is relatively uniform thickness along the length of the
exposed section (Fig. 15). The colour ranges from blue-grey to grey, with red-brown patches
of iron precipitations. The diamicton is clast-rich and at profile metre 45, contains striations of
medium- sand to fine-gravel, which are delineated by iron staining. The surface of the
diamicton is undulatory and is locally involuted with this soft-sediment deformation leading
to the slight mixing of M1 with the overlying I1 sediments. Large boulders locally occur
resting on the M1 upper surface or are partially included/incorporated into the underlying
diamicton. At the southwestern end of the cliff section, the M1 contains sand and gravel
lenses, which partly show primary bedding. As well as flint and chalk fragments M1 also
contains large boulders of Nordic crystalline rocks, some of which show a steeply oriented
inclination (Fig. 21). Figure 22 shows the results of the macroscopic structural measurements
(ab-planes). The preferred orientation of the planes (great circles) is to the NNE (dip
direction).

Fig. 21: Detail of the M1 diamicton at profile metre 125, showing the steeply inclined boulders. The I1 interlayer
between the M1 and M2 diamictons is very thin in this area. The handle of the trowel serves as a scale.
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Fig. 22: Measuring range and results of the macroscopic grain long axis measurement for the M1 diamicton.

As mentioned, in the (second) sampling area from 165 to 170 m, the M1 is influenced
by the underlying chalk (Fig. 18 & 22). Therefore, the entire appearance is slightly different
than in the northeast-part of the cliff section. In particular the diamicton is much paler in
colour, consistent with the partial mixing of the chalk with the overlying M1 diamicton. Two
samples were analysed based on the TGL 25 232. The results confirm the correlation to the
M1 till of the normal profile of Rügen (cf. Tab 1 & Tab. 2). The results of the detrital
analyses are in the Appendix (Appendix B1 & B2).

Horizon
M1 diamicton

NK %
28,4

PK %
49,2

S%
11,7

MK %
0,9

PS %
8,5

F%
0,4

Q%
0,6

D%
0,4

31,4

51,1

7,1

0,7

8,1

0,3

1,2

0

top

M1 diamicton
top

Tab. 2: Results of the analyses of the lithological inventory of the M1 diamicton.
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I1-sediments
The I1 interlayer is characterized by a sequence of interbedded sands, silts and clays which
locally show evidence of convolute bedding (Fig. 23). The first 100 profile metres show a
succession of clay, silt and sand in the lower area with a thickness of approximately 50
centimetres. This passes upwards into a sand to gravel layer with a lot of chalk and flints. This
succession is also characterized by folding. Between profile metres 85 and 90 a transition of
the finer grained sediments into the coarser deposits can be observed (Fig. 23). Throughout
the entire cliff section there are patches/blocks of the underlying M1 diamicton included in
the I1sediments, sometimes even large boulders. The incorporation of the blocks/patches of
M1 diamicton into the I1 sediments is thought to have been the result of soft sediment
deformation which occurred as a result of loading and/or periglacial activity (Fig. 24). To the
southwest, the coarser material decreases and mainly the finer components of the I1 interlayer
occur (fine sand, clay etc.). This finer material preserves distinct water-current ripples (see
Fig. 25).

Fig. 23: The I1 interlayer of the Dwasieden cliff section at profile metre 45, where the different grain sizes of
this lithological unit and its distinct convolute bedding can be seen. The trowel is for scale.
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Fig. 24: Large boulder
in the I1 Interlayer.
Note the flame like
appearance of the M1surface (shear sense
indicator to the SW).

Fig. 25: Pleistocene
succession

of

Dwasieden
section

at

the
cliff

profile

metre 175.

There are a lot of macroscopical shear sense indicators in the I1, which record an
apparent sense of shear towards the south-west (e.g. Fig. 24). In Figure 23, the bottom area of
the following M2 diamicton (lower boundary of the glacitectonic mélange) shows distinct
folds which were oriented to the SW.
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M2 diamicton and glacitectonic mélange
M2 is divided into two discrete subunits, a massive diamicton overlying a 40 cm thick, highly
deformed (glacitectonic) mélange containing disrupted lenses (intraclasts) of well-bedded
sand (see Fig. 23). The lenses or intraclasts of sand and fine gravel are lithologically similar
to, and were therefore derived from the underlying I1 interlayer. These lenses still display a
primary bedding (see Fig. 23). This glacitectonic mélange thins to the south-west. In the
sampling area at profile metre 165-170 there is only a thin “layer” (approximately 10 cm) of
sandy components in the lower part of the M2 (compare also section 3.4.1 and Fig. 16 above
of the thin I1 Interlayer). Macroscopically, the Dwasieden M2 diamicton is a massive, clast
poor deposit containing limited to sporadic large boulders (Fig. 26). Furthermore, it has a
very weak joint system. When fresh the diamicton is dark grey in colour, which changes to
light grey during weathering (Fig. 26).
The average dip and dip direction of the top of M2 is 285/15 WNW. During the long
axes measurements, some discolorations of clast-like pebbles in the matrix were observed.
This clast-like configuration was also slightly visible in the thin sections (see section 3.4.2,
DWA12-17ab). Moreover, the upper area appears to have slightly higher detritus content. The
M2 diamicton also contains thin, laterally extensive striations and lenses of fine sand and
gravel. In the middle of the unit, a long stringer of sand and gravel is associated with larger
boulders. The boulders are part of the diamicton and the sand striation wraps around these
large clasts. There are also dyke-like structures (composed of medium to fine sand) which
have clear links to the underlying I1 sediments and to the subhorizontal sand and gravel
striation (see section 3.4). The results of the macroscopic fabric analysis are illustrated in
Figure 27. As can be seen, the orientation of the grain long axes is from NE to SW with a
preferred dip direction to the NE. Also other macroscopical features like striations of sand,
sigma shaped lenses and fold axes confirm the suggested ice-movement direction from the
NE (see Fig. 28 & 29). Figure 30 shows an overview of the lower lithological units at the
Dwasieden cliff section (chalk, M1, I1 M2, I2). It shows distinct features like the softsediment deformation structures within the chalk, the steeply inclined boulders, the thinning
of the I1 sediment to the SW and the blue grey M2 diamicton with the troughs at the surface.
Two samples were analysed based on the TGL 25 232. The detrital content show
relationships to the M2 deposit (cf. Tab. 1 & Tab. 3). Especially the high amount of PS
(Palaeozoic shale) is significant and confirms the assumption that this deposit can be related
with the M2 of the Jasmund Peninsula. This data also help to discriminate M2 from the
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underlying M1 diamicton. The results of the detrital analyses are in the Appendix (Appendix
B3 & B4).
Horizon
M2 diamicton

NK %
23,0

PK %
31,1

S%
17,4

MK %
1,7

PS %
26,7

F%
0,0

Q%
0,2

22,4

23,1

12,2

4,2

37,5

0,0

0,6

50 cm above the
base

M2 diamicton
1,2 m above the
base

Tab. 3: Results of the analyses of the lithological inventory of the M2 diamicton.

Fig.

26:

diamicton

The

M2

of

the

Dwasieden cliff section
between profile metres
(PM) 85 and 95. Here a
sharp contact occurs with
the

underlying

I

interlayer.

Fig. 27: Results of clast macrofabric measurement for the M2 diamicton.
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Fig. 28 & 29: Macroscopic shear-sense indicators indicate a shear sense from the NE.

Fig. 30: Overview of the lithological units at the Dwasieden cliff section between profile metres (PM) 115 and
125. Note the macroscopic shear sense indicators (especially the chalk) to the south-west. Note the recumbent
drag folds that show strong vergence to the SW.
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I2 sediments
The M2 diamicton is directly overlain by the complex sedimentary sequence of unit I2 which
is divided into three lithologically distinct subunits (Figs. 15, 16 and 17). The lower subunit,
resting directly upon the M2 diamicton is a boulder-rich conglomerate. In the north-eastern
part of the cliff section (approximately until profile metre 105), the conglomerate is in turn
overlain by a very thick subunit of rhythmically bedded/laminated (varved) sands, silts and
clays (Figs. 16 and 17). In the south-western part of the cliff (at approximately metre 105
until the end of the profile) the rhythmically bedded sediments are interbedded with crossbedded sands deposited by humpback dunes with foresets displaying recumbent folding due
to liquefaction and current drag (see Fig. 33).

I2 conglomerate
The conglomerate has an average thickness of approximately 4 metres. It mostly consists of
boulder gravel, but also includes fine-gravel beds. Especially in the finer parts, the
conglomerate is locally bedded (Fig. 30). In some areas different architectural elements can
be observed (in the sense of sedimentary deposition). The bedding surfaces are gently inclined
towards the NE and may represent large-scale foresets, suggesting that the conglomerate may
have been deposited by a fan/apron prograding towards the NE (because of the section effect
of the cliff face ±90°). Locally the conglomerate possesses a very fine sandy matrix between
the large blocks (Fig. 31). The pebbles, cobbles and boulders are composed of a range of rock
types (e.g. granite, gneisses etc.) consistent with this sediment having been derived from
Scandinavia. LUDWIG (1954/1955) also found wood and a Lamna tooth in this deposit. The
thickness of the conglomerate decreases dramatically to the south-west. At approximately
profile metre 200, the deposition nearly disappears. Only a 10 to 20 cm thick gravel layer is
visible until the end of the cliff profile at 215 metres (compare Fig. 15). LUDWIG & PANZIG
(2010) interpreted it as a moraine at the ice-margin or glacifluvial gravel which was
accumulated between two big dead-ice blocks.
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Fig. 31: The left picture shows the I2 conglomerate at profile metre 70, a detail of which is shown on the right
side.

I2– varved-like sediments
The varved-like sediments of Dwasieden are unique in the Quarternary deposits in NEGermany. At this locality this part of I2 comprises a (up to) 4 m thick sequence of thinly
interbedded sand, silt and clay interpreted as having been deposited in a lake (Fig. 32). The
clayey part is characterised by layers of clay clasts which are probably remnants of a
continuous clay layer. The genesis of this deposition is unclear. BEICHE (2014) analyzed these
clay pebbles and concluded that the shape of the clasts must be caused by an annual freezing
and thawing. LUDWIG & PANZIG (2010) explain that this deposit is related to a glacial lake
with temporary ice-contact, a conclusion supported by the presence of a floe or raft of these
laminated sediments within the younger M3 diamicton (also see Ludwig 1954/1955). At the
bottom of the sequence there is an undulating boundary. In the north-east part some drop
stones were found in the varved-like layers. The thickness of this sediment decreases from 4
m in the north-east to 1 m in the south-west. In the south-western it is interbedded with the
third sediment facies of the I2 interlayer, the sand and gravel deposition (see below). Beneath
the varved-like sediment there is cross-bedded sand deposited by humpback dunes with
foresets displaying recumbent folding due to liquefaction and current drag. The
sedimentological characteristics of the varved deposits change throughout the section. In the
40

3. Results
north-eastern part the sediment appears to have less water content (very dry sediment-layers)
and the varves are much thicker. Partly it shows folding structures which are according to
LUDWIG & PANZIG (2010) provides evidence for their ice-contact. In the south-western part
the sediment has more water content and changes colour throughout the succession (from
blue-grey to ochre), while the thickness of the varves decreases (Fig. 32). The colour change
probably reflects the effects of weathering/alteration of these sandier parts of the sequence.

Fig. 32: The left picture shows the I2 varved sediments at profile metre 240. Note the colour change. The right
side shows a detailed picture of the clay-clast layers. Note also the folding of the underlying I2 interlayer part
(described below).

I2 interlayer – bedded sand and gravel
The sand and gravel deposits in the south-western part of the Dwasieden cliff section
represent basin sediments (LUDWIG & PANZIG 2010), with very thick layers of locally folded
and faulted sand and gravel (Fig. 33). These sediments record an overall coarsening upward
sequence. Below the varved-like sediments, the I2 has a finer grain size. Here the gravel
lenses are not as big as at the top of the varved sediments. Above of the varved-like sediments
cross-bedded sand deposited by humpback dunes with foresets displaying recumbent folding
due to liquefaction and current drag (similar as below of the varved sediments). There are
concentric trough-fill of pebbly sand and gravel, overlain by gently dipping concave-up
backsets of well-sorted sand and gravely sand (Fig. 33). Near the bottom of the M3
diamicton, larger lenses of coarser material (partly boulder size) are found. Beneath the M3
diamicton the occurrence of faults increases. It is obvious that the ice of the overlying M3
diamicton caused the partial faulting features in the bedded sand and gravel. The involved
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floe of the laminated varved sediment in the M3 diamicton (LUDWIG 1954/1955) is evidence
for this assumption.

Fig. 33: The left picture shows the bedded sand and gravel I2 interlayer between profile metre 180 and 215. The
pictures on the right hand side show details of these sediments. Note the folds and faults and the gravel lenses.
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M3 diamicton
The M3 diamicton only occurs in the south-western part of Dwasieden at the top of the cliff
(see Fig. 15). It is composed of a sandy; brown to ochre diamicton possesses a welldeveloped sub-horizontal joint system (Fig. 34). The surfaces of the joints being characterized
by iron staining. This deposit has an average thickness of 2.5 to 3 metres. Sub-horizontal

fracturing of the diamicton may have occurred at the end of glaciation when the diamicton
was being unloaded during ice retreat. The average inclination of the M3 is to the WNW
(measured at the bottom). The diamicton also contains a number of lenses or intraclasts (20
cm to 10 cm long) of gravel. The shape of these deformed intraclasts indicates a sense of
shear towards the north-west (Fig. 35). WALLER et al. (2011) proposes several hypothesis
about the genesis of such (lenses or) intraclasts but the most reasonable hypothesis said that:
…”Initial ice advance caused large-scale thrusting of proglacial permafrost that led to the
stacking of pre-glacial and ice-marginal sediments that were subsequently deformed submarginally to generate the intraclasts. Preservation of primary stratification within the
intraclasts is attributed to deformation at temperatures slightly below the pressure-melting
point, when pore ice cemented the intraclasts as rigid bodies. At the same time deformation
was concentrated into the surrounding finer-grained till because of its significant liquid water
content and ductile rheology….” cited from WALLER et al. (2011) page 3481 (Abstract).
Macroscopically the M3 is detritus rich, the detrital content displaying the whole array of
petrographic rocks (PK, NK, etc.). The results of the detrital analyses are illustrated in
Table 4. These results are well correlable to the typical gravel inventory of the M3 till from
Rügen (see Tab.1). The relatively high amount of NK and PK and the moderately occurrence
of PS are well indicators to separate this deposition from the M1 and M2 diamicton. The
results of the detrital analyses are in the Appendix (Appendix B5 & B6).
In Figure 34 the results of the macroscopic fabric analyses (grain long axes) are
illustrated. The general orientation of the clast long axes is to the NW with a preferred dip of
grains to the SE. Chalk stringers also occur in the M3 (Fig. 36). They gently dip in the northeast direction (because of the section effect of the cliff face ± 90°). The occurrence of chalk
stringers in the diamicton indicates that chalk in the forefield was exposed and being eroded
by the M3 ice. The M3 ice is highly responsible for the development of the glacitectonic
complex of the Jasmund Peninsula. The M3-ice pushed the sediments in the forefield and
caused the distinct morphological features illustrated in the Digital Elevation Model (see
Fig. 1). Southwest of Dwasieden there is a complex sequence of chalk anticlines and directly
overlain M3 diamicton called “Hölle”. In the forefield of the Dwasieden outcrop there was
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probably a similar sequence where the chalk was exposed and the M3 ice has involved it into
its sediments. LUDWIG & PANZIG (2010) say that the chalk comes from the Prorer Wieck in
the southeast of Dwasieden.

▲Fig. 34: Detailed picture of the structural features of the M3 diamicton. At the right handed picture there are
illustrated the results of the macroscopic grain long axes analyses.

▲Fig. 35: Gravel lense with partially preserved
primary bedding in the M3 diamicton.
►Fig. 36: Detailed picture from the striations of
chalk which are included in the M3 diamicton.
They gently dip in NE-direction.
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Horizon
M3 diamicton

NK %
31,8

PK %
32,8

S%
10,2

MK %
10,2

PS %
12,2

F%
2,5

Q %
0,3

26,7

32,9

16,8

8,9

14,4

0,3

0,0

basis

M3 diamicton
basis

Tab. 4: Results of the analyses of the lithological inventory of the M3 diamicton.
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3.2 Chalk
3.2.1 Microfacies
Seven different sediment blocks from the lithological chalk unit were sampled for
micromorphological research, called DWA12-1 to DWA12-7 (Fig. 37). The samples range
from beach level to the top of this unit. Nearly all of them were successfully prepared, though
not in all three orientation axes. All samples show more or less the same sedimentological
characteristics. Two representative thin sections are presented here: samples DWA12-2 and
DWA12-7.

Fig. 37: Detailed view of the sampling area of the chalk. Note the location of the samples.
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Chalk: DWA 12-2
Characterization of the thin section
DWA12-2 was sampled at profile metre 168, one metre above the beach level (see
Fig. 38). The orientation of the largest plane (ac-plane) was parallel to the cliff surface (strike
angle 052° NE-SW). Macroscopically, the profile is a mixture of white and grey areas with
large chalk clasts (up to 4 cm in size). For DWA12-2, only the bc-plane (oriented
perpendicular to the ac-plane) was successively impregnated. The orientation of this section is
thus from NW to SE. The Figures 39a and 39b show the original and the graphically
modified version of a high resolution scan of thin section DWA12-2bc.

Fig. 38: Sampling point of DWA12-2. Note the brecciated chalk pebbles.

Textural analysis
In thin section, the chalk is highly fragmented or brecciated and broken into a number of
angular to subangular fragments which range in size from 10 mm to 20 mm (white in
Fig. 39b). The texture of the whole section is poorly sorted and matrix-supported, with a
dominant grain size of up to 2 cm (large chalk clasts). At least two texturally different areas
can be distinguished. In the lower part of the thin section, the fragmented chalk possesses a
clayey matrix (brown in Fig. 39b). Whereas the upper part of the thin section is dominated by
a small number of large chalk clasts and the matrix component are less obvious. The
remainder of the thin section is composed of an admixture of chalk clasts and a fine grained
calcareous matrix (Fig. 39b).
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The matrix-dominated area is moderately to poorly sorted and as well as chalk clasts
contains sand grains composed of quartz, crystalline rocks, limestone, flint and sandstone.
These exotic detrital components are typically found within the overlying Pleistocene
sediments. In the right hand part, there is also an intraclast Type III (VAN DER MEER 1993)
composed of clay and silt which possess a primary plasmic fabric. The dominant grain size
ranges from 0.28 to 0.48 mm (medium sand), with occasional larger grains of approximately
0.8 mm (coarse sand, large flint in Fig. 39c). All particle shapes and forms - from well
rounded to angular - can be observed in the matrix-dominated area (Fig. 39c). There is no
discernible relationship between the dimensions of the grains and their degree of roundness.
The matrix has a greyish-brown colour and contains a dense clayey to silty material
(Fig. 39d). CARR (2004) describes such a matrix as “medium texture” (clayey with
enrichment of silt). Here, less rock grains occur than as in the lower part of the section. The
distinctive chalk clasts are poorly sorted and the shape ranges from angular to sub-angular to
slightly rounded. There are many microfossils in the chalk (Fig. 39e & 39f). The chalk clasts
represent the largest grains in the thin section, with a size of up to 2 cm.

Structural Analysis
The thin section contains some vughs and vesicles. Most of them are caused by the tearing off
of material during the thin section preparation (e.g. Fig. 39g). However, some of the vughs
seem to be sedimentary structures (e.g. Fig. 39h). They formed because of the dissolution of
the chalk as a result of ground/pore water flowing through the sediment. Especially the
remnants of the microfossils show cavernous voids. There are two kinds of chalk clasts in the
thin section. The first are the very clearly shaped clasts (Fig. 39b, middle part), the second are
more diffuse or irregular to cloudy in shape (Fig. 39b, upper part). Another characteristic
feature is the broken spine of a microfossil (Fig. 39i). Figure 39j shows a microfault which
disrupts a discontinuous pale thin band.
Plasmic Fabric
There are distinctive plasmic fabrics in thin section DWA12-2bc (Figs. 39e & 39g). The
distribution is random and restricted to the clayey material. A weakly developed unistrial
plasmic fabric is discernible (Fig. 39e), as well as a distinct omnisepic plasmic fabric
(Fig. 39g).
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▼ Figs. 39a & 39b: Thin section of DWA12-2bc, which is characterized by brecciated chalk clasts and an area
with clayey material. Figure 39b describes the annotated and graphically modified version of
DWA12-2bc. Corel Draw offers the option to highlight the various sedimentological features, with a graphical
tool called “Psychedelic”. Scale bar = 1cm. The orientation of the pictures is as in the field. The left hand side
represents NW-direction, the right hand side SE-direction. Also shown in Fig. 39b are the locations of the
photomicrographs of Figs. 39c-39j.
▼▼ Figs. 39c-39j: Fig. 39c: Size ranges, particle shape and form, distribution and composition of the clayey
material in thin section DWA12-2bc (cross-polarized light (CPL); scale bar = 500µm). Fig. 39d: Mediumtextured matrix between different grains. In this picture the different textural characteristics can be seen, also
shown in Fig. 39a (CPL; scale bar = 500µm). Fig. 39e: Detailed cut-out of the area where the chalk and the
clayey components are mixed together. Note the slightly visible unistrial plasmic fabric (CPL; scale bar =
500µm). Fig. 39f: Microfossil derived from the chalk (CPL; scale bar = 500 µm). Fig. 39g: Some bigger voids
caused by torn-off material during the thin section preparation (CPL; scale bar = 500µm). Fig. 39h: Some voids
which are the remnants of microfossils (CPL; scale bar = 500µm). Fig. 39i: A broken spine of a microfossil in
the chalk CPL; scale bar = 500µm). Fig. 39j: Dislocation of a pale thin band (plausibly remnants of a
microfossil) (CPL; scale bar = 500µm).

49

3. Results

50

3. Results
Fig. 39c

Fig. 39d

Fig. 39e

Fig. 39f

Fig. 39g

Fig. 39h

Fig. 39i

Fig. 39j
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Chalk: DWA12-7
Characterization of the thin section
DWA12-7 was sampled at profile metre 166; 20 cm below the boundary between the M1
diamicton and the Cretaceous chalk (see Fig. 40). The orientation of the largest plane (acplane) was parallel to the cliff surface (strike angle 053° NE-SW). Only the ac-plane was
successfully impregnated. Macroscopically, a clear boundary between the diamictic material
and the chalk can be observed (Fig. 40). Figures 41a and 41b show the original and the
graphically modified version of a high resolution scan of thin section DWA12-7ac.

Fig. 40: Detailed view of the sampling area of DWA12-7. Note the incorporation of the overlying M1 diamicton
into the chalk.

Textural Analysis
The graphically modified version of a high resolution scan of thin section DWA12-7 shown in
Figure 41b reveals a dyke or vein-like structure which cross-cuts the section from the “lower
right” to the “upper left”. Similar to DWA12-2bc two compositionally distinct areas can be
distinguished in Figure 41b: the chalk material in green and the dyke-like structure in black
to orange. Figure 41b also shows arrays of a paler orange, which represent a mixture of both
materials, diamictic- and chalk-material.
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Chalk
The chalk-rich part of the thin section has a matrix-supported, poorly sorted texture
(Fig. 41c). The matrix is a very dense material largely composed of very fine-grained micritic
carbonate (calcite) with a pale brown colour (Fig. 41c). Apart from the dominant matrix, the
area is also composed of remnants of microfossils (mainly remnants of porifera, Fig. 41e), but
there are also some quartz and crystalline rocks (Fig. 41c). The grain size ranges from 0.32
mm (medium sand) to up to 1.2 mm (coarse sand), though occasional clasts up to 7.5 mm are
also present (medium gravel, clast marked with the number 1 in Fig. 41b). The larger clasts
are mainly crystalline rock fragments but chalk clasts are also present. No relationship can be
discerned between the size of the grains and their degree of roundness. Nonetheless, it seems
that most of the microfossil remnants show an angular shape (Fig. 41c). The boundary
between the chalk and the dyke-like structure is very sharp, especially in the left and right
hand side of the section (Fig. 41b), but locally this boundary is more diffuse to gradational in
nature (similar to the section of DWA12-2bc, Fig. 39a & 39b).

Dyke-like structure
The dyke-like structure dips towards the north-east and is on average 1 cm wide. The
boundaries of the dyke are irregular. Especially in the north-eastern part it seems as the
boundaries of the dyke fit together. The material filling the vein or dyke is composed of a
poorly sorted and matrix-supported silt. The matrix is composed of a dense, silt-rich material
(Fig. 41d). The dyke has a similar composition to the chalk; although the sediment filling this
feature contains a higher proportion of quartz and crystalline rock fragments (the detrital
assemblage is similar to the overlying M1 diamicton, see below and Fig. 41d). The average
grain size ranges from 0.24 mm (fine sand) to up to 0.68 mm (coarse sand). Occasional clast
with a size of 6 mm can be found (fine gravel, marked with the number 2 in Fig. 41b). The
microfossil remnants appear to be much rounder than the crystalline rocks or quartz in the
dyke (Fig. 41d).

Structural Analysis
Chalk
The chalk has some flame-like structures which are extend into in the dyke (Fig. 41f). It
seems as they represent torn-off material from the dyke margins. There are many voids and
vughs in the chalk, some of the cracks pervading into the dyke (Fig. 41g). The large clast in
the upper right shows an interesting fracture pattern (Fig. 41h & 41i). It looks like a mosaic
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pattern of many little grains which were torn-off the clast. The randomly orientated, open
fractures are filled by polyester resin.
Dyke-like structure
There are also many voids and vughs in the dyke. Some of the cracks could be traced into the
adjacent chalk (Fig. 41g). Figure 41j shows the cracked boundary of one of the larger clasts
in the dyke-like array (marked with the number 3). The fragments are relatively close to the
part of the grain they were broken from.

Plasmic Fabric
Parts of the whole matrix (chalk and dyke-like structure) seem to show a weakly developed
omnisepic plasmic fabric (Fig. 41c & 41d).

▼Figs. 41a & 41b: Fig. 41.a: Thin section of DWA12-7ac, characterized by dark material which pervades the
chalk. Figure 41b describes the annotated and graphically modified version of DWA12-7ac. Scale bar = 1cm.
The orientation of the pictures is as in the field. The left side represents SW-direction, and the right side NEdirection. Also shown in Fig. 41b are the locations of the photomicrographs of Figs. 41c-41j.
▼▼ Figs. 41c-41j: Fig. 41c: Size ranges, particle shape and form, distribution and composition of the chalky
material in thin section DWA 12-7ac (cross-polarized light (CPL); scale bar = 500µm). Fig. 41d: Size ranges,
particle shape and form, distribution and composition of the dyke-like material in thin section DWA 12-7ac
(cross-polarized light (CPL); scale bar = 500µm). Fig. 41e: Remnant of a microfossil in the chalky area (CPL);
scale bar = 500µm). Fig. 41f: Flame-like structure at the boundary of the chalk and the dyke structure (plane
polarized light (PPL); scale bar = 500 µm). Fig. 41g: Voids and cracks between the chalky and the dyke area,
some of which can be traced into the dyke material (PPL; scale bar = 500µm). Fig. 41h: Characteristic crack
pattern of a large crystalline rock in the upper right of the section (CPL; scale bar = 500µm). Fig. 41i:
Characteristic crack pattern of a large crystalline rock in the upper right of the section (PPL; scale bar = 500µm
Fig. 41j: Cracks in a large grain at the boundary of both areas (PPL; scale bar = 500µm).
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Fig. 41i
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3.3 M1 Diamicton
3.3.1 Microfacies
Five different sediment blocks from this lithological unit were sampled. The sampling
location was divided into two different areas (Fig. 42). The first area extended from profile
metre 50 to 60, where no visible influence from the underlying chalk sediment could be
observed (Fig. 42 right hand side). These are samples DWA12-21 to DWA12-23. The second
area was from profile metre 165 to 170, where the chalk and the M1 diamicton have
undergone soft-sediment deformation characterised by injections and involutions of chalk in
the M1 diamicton (see the left-hand side of Fig. 42). Similarly stringers and involutions of
diamicton were also observed within the chalk. These are sample blocks DWA12-8 and
DWA12-9. Nearly all sample blocks were successfully prepared, and they all showed more or
less the same sedimentological characteristics (described below). Two representative thin
sections from the abovementioned areas will be presented here: samples DWA12-9 and
DWA12-23. In addition, three thin sections were prepared from each sample, to enable a
three-dimensional analysis (compare section 3.6).

Fig. 42: Detailed view of the sampling area of the M1 Diamicton. Left picture: sampling area of DWA12-8 and
DWA12-9 (ca. profile metre 165). Right picture: sampling area of DWA12-21, 12-22, 12-23 (ca. profile
metre 55).
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M1 Diamicton: DWA12-23
Characterisation of the thin section
DWA12-23 was sampled at profile metre 53, ca. 40 cm above the beach level in the upper
part of the M1 Diamicton (Fig. 43). The orientation of the largest plane (ac-plane) was
parallel to the cliff surface (the strike angle at the sample location was 051° NE-SW).
Macroscopically, M1 is a blue-grey diamicton with some iron staining and a large clast at the
right side of the sample block (Fig. 43). To allow a three-dimensional analysis, all planes of
DWA12-23 were prepared (ac-, bc-, ab-plane). Since the sedimentological characteristics
were very similar in all three sections, only one section will be presented here: DWA12-23ac,
orientated parallel to the cliff surface and striking NE-SW (see also above). Note that Figures
44a and 44b show the original and the graphically modified version of a high resolution scan
of thin section DWA12-23ac.

Fig. 43: Sampling point of DWA12-23.

Textural Analysis
Thin section DWA12-23ac has a brown colour and can be divided into two texturally distinct
areas: (i) the lower part of the thin section contains a higher proportion of coarse sand to
pebble sized clasts; and (ii) the middle part of the thin section is deformed by two sigmoidal
or S-shaped fractures. (Fig. 44a). DWA12-23ac has a poorly-sorted, matrix-supported texture,
and the dominant grain size reaches from 0.24 mm (fine-sand) to 1 cm (medium-gravel, see
Fig. 44b and 44c). No obvious relationships between the grain size of the clasts and their
degree of the roundness could be recognised. The fine-sand sized grains display various
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degree of roundness, ranging from well-rounded to angular. Similarly, the fine to medium
gravel grains shows different degrees of roundness, independent of their size (Fig. 44a). The
detrital assemblage within the diamicton is dominated by quartz, but fragments of rock types
such as crystalline rocks (granite) and feldspar and mica are also present, as are limestone and
Type III till pebbles (VAN DER MEER 1993) (Fig. 44c). A final conspicuous feature of the thin
section is the presence of many glauconitic rocks. The matrix has a medium texture (silt-rich)
and is consistently distributed throughout the whole thin section (Fig. 44d).

Structural Analysis
As mentioned above, on the macroscopic scale, some sigmoidal-shaped fractures occur in the
upper middle part of the section (Fig. 44b), which are partly filled with fine material
(Fig. 44e). In most cases, there are planar voids, but there are also voids caused by torn-off
grains. The boundaries of the voids trace the former grains (Fig. 44f). DWA12-23ac shows
many cracked grains (quartz grains, crystalline rocks, etc., see Fig. 44g). Some grain
concentrations show water escape structures (Fig. 44h). In some cases, there are enrichments
of matrix around the clasts (Fig. 44i & Fig. 44j). Figure 44k shows a kind of pressure
shadow.

Plasmic Fabric
The matrix to the M1 diamicton possesses a variably developed omnisepic plasmic fabric
(compare Fig. 44d). Sporadically, plasma is concentrated around grains resulting in the
development of a skelsepic fabric (Fig. 44j).
▼ Fig. 44a & 44b: Fig. 44a: Thin section of DWA12-23ac, which is characterised by several structural features
as mentioned in the text. Fig. 44b describes the annotated version of DWA12-23ac. Scale bar = 1cm. The
orientations of the pictures are as in the field. The left side represents SW direction, and the right side NE. Also
shown in Fig. 44b are the locations of photomicrographs shown in Figs. 44c-44k.
▼▼ Fig. 44c-44.k: Cross- or plane-polarised light (CPL and PPL, respectively); scale bar = 500µm. Fig. 44c:
Example of the size ranges, particle shapes and forms, distribution and composition of thin section DWA12-23ac
(CPL). Fig. 44d: Medium-textured matrix, where the different textural characteristics shown in Fig. 44c can be
seen (CPL). Fig. 44e: Detail of the partly-filled, sigmoidal shape crack in the upper middle part of the section
(PPL). Fig. 44f: Void caused by a torn-off grain (CPL). Fig. 44g: One of the cracked grains, which are common
throughout the section (PPL). Fig. 44h: Grain concentration with water escape structures (WES), which means
that some grains delineates a kind of flow structure (PPL). Fig. 44i: Accumulation of denser material around a
clast (PPL). Fig. 44j: Accumulation of denser material around a clast (PPL). Fig. 44k: Pressure shadow between
two clasts (PPL).
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Fig. 44c

Fig. 44d

Fig. 44e

Fig. 44f

Fig. 44g

Fig. 44h

Fig. 44i

Fig. 44j
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Fig. 44k

62

3. Results
M1 Diamicton: DWA12-9
Characterisation of the thin section
DWA12-9 was sampled at profile metre 166, ca. 50 cm above the base of the M1 Diamicton
(Fig. 45). The orientation of the largest plane (ac-plane) was parallel to the cliff surface (strike
angle at the sample location was 052° NE-SW). Macroscopically, it is a blue-grey to palegrey diamicton. To enable a three-dimensional analysis of the microstructures developed
within the diamicton, all planes were prepared (ac-, bc-, ab-plane). As the three planes have
very similar sedimentological characteristics, only one section will be presented here:
DWA12-9ac, which is orientated parallel to the cliff surface and strikes NE-SW (Figs. 46a
and 46b).

Fig. 45: Sampling point of DWA12-9.

Textural Analysis
Macroscopically, this section has a very pale colour (Fig. 46a), much paler than sample
DWA12-23ac from the first profile metre (possibly because of the higher chalk content, see
Fig. 44a). The sample is matrix-supported and has a moderately to poorly sorted texture
(Fig. 46a). It has a distinct composition: beside quartz, there are many (parts of) microfossils
in the skeleton size (mainly remnants of porifera, Fig. 46c). Grain sizes range from 0.16 mm
(fine sand) up to 1.2 mm (coarse sand) (Fig. 46d). The largest clast (1.1 cm in length,
medium-gravel) is composed of chalk (Fig. 46b marked with the number 1). The shape of the
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grains also varies, from well-rounded to very angular. Especially the remnants of fossils (e.g.
spines of echinoids) have an angular shape because they have been broken (Fig. 46c). No
relationship between grain shape and size could be identified. The matrix has a pale brown to
grey colour and a fine, clay-rich texture (Fig. 46c).

Structural Analysis
The sample of DWA12-9ac shows some fractures, as well as some voids and vughs. Similar
to section DWA 12-23ac the voids are represented by torn-off grains (compare Fig. 44f).
Moreover, there are some very distinct crushed grains in this section, and one of these clasts
can be correlated with a dislocation (remnant of a spine in Fig. 46e). This may reflect locally
high strains during deformation. In some places, concentrations of matrix-like material have
been recognised forming discrete thin bands or "striations" (the dense and dark-brown spots in
Fig. 46f & Fig. 46h). In some cases, these structures can be again associated with dislocations
(Fig. 46g).

Plasmic fabric
Despite the substantial chalk content, an omnisepic plasmic fabric is weakly developed within
the matrix (Fig. 46d).

▼Fig. 46a & 46b: Fig. 46a: Thin section of DWA12-9ac, which is characterised by a pale colour and a huge
amount of cretaceous chalk. Figure 46b describes the annotated version of DWA12-9ac. Scale bar = 1cm. The
left-hand side represents the SW-direction, and the right-hand side NE. Also shown in Fig. 46b are the locations
of the photomicrographs shown in Figs. 46c-46h.
▼▼ Fig. 46c-46h: Cross- or plane-polarised light (CPL and PPL, respectively); scale bar = 500µm. Fig. 46c:
Example of the size ranges, particle shapes and forms, distribution and composition of thin section DWA12-9ac
(CPL). Fig. 46d: Example of the size ranges, particle shapes and forms, distribution and composition of thin
section DWA12-9ac (CPL). Fig. 46e: Crushed grain (remnant of a microfossil), associated with a dislocation
(CPL). Fig. 46f: Accumulation of denser material (probably chalk CPL). Fig. 46g: A graphically modified
picture of Fig. 46f, where the dislocations associated with the denser material are clearly visible (PPL).
Fig. 46h: Accumulation of denser material (probably chalk CPL).
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Fig. 46c

Fig. 46d

Fig. 46e

Fig. 46f
Fig. 46g
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3.3.2 Microscopic mapping
The previous sections described the individual structures preserved in diamictic sediments,
using the methodology of micromorphology pioneered by

VAN DER

MEER (1993) and other

authors (e.g. MENZIES 2000, HART et al. 2004). In most cases, however, this classical
micromorphological approach reveals only the smallest individual structures. Larger
structures such as folds and lineations are often not described in detail and the spatial and
relative age relationships between individual structures is obscured. To solve this problem,
PHILLIPS et al. (2011) proposed a more systematic approach to the micromorphological
analysis which creates a detailed map of the structures and sediments present in the entire thin
section. This analysis can be carried out in two-dimensions on a single thin section or in three
dimensions by means of three thin sections per sample block, perpendicular to each other (see
Fig. 7a).
Three mutually perpendicular thin sections were cut from samples DWA12-9, 12-12
and 12-23 enabling the analysis of the microstructures developed within the M1 (DWA12-9,
DWA12-23) and M2 (DWA12-12) diamictons in three dimensions (see section 3.6). A
further two thin sections, oriented orthogonally to each other, were prepared from samples
DWA12-17, 12-18, 12-19 and 12-20. According to PASSCHIER & TROUW (2005), this is
sufficient for a three-dimensional analysis. PHILLIPS et al. (2011) have also been able to
reconstruct three-dimensional fabric relationships from three thin sections from two different
sample blocks.
This section presents the results of the micromorphological mapping for selected
samples taken from the Dwasieden cliff section. An example of a completed microstructural
map of a sample of diamicton (DWA12 23ac) is shown in Fig. 47a-r (thin section oriented
parallel to cliff surface, also see Fig. 43).
The methodology used is described in detail by PHILLIPS et al., (2011) and so is only
briefly described here. The first step in the process is to import a high-resolution scan of the
thin section is into a commercially available computer graphics program, such as COREL
DRAW (Fig. 47a). It is important that the scanned image is set to the correct scale, thereby
allowing data to be obtained for the length of the long axes of the detrital (skeleton) grains.
The next step is to digitise the long axes of the clasts working systematically across the thin
section (Fig. 47b). Depending on the resolution of the scan this approach allows the
acquisition of large datasets; for example, in the case of thin section DWA12-23ac a total of
13,784 clast long axes were digitised (Fig. 47c). A clast aspect ratio of 1:1.1 is considered to
be sufficient to identify a long axis (PHILLIPS et al. 2011).
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Once digitisation of the long axes is completed the dataset is exported as an SVG-file.
The length and the orientation (dip angle) of the individual grains were then calculated using
a Microsoft Excel template. This processed dataset was loaded into the structural program
TectonicsFP 1.7.5 to generate a structural rose diagram (azimuthally two-dimensional
illustration, see Fig. 47d).
In the third stage, lines were drawn around the domains of grains with the same
orientation (green lines in Fig. 47e). At this point, at least two different main structures could
already be distinguished, which dip in different directions in this thin section (see
Fig. 47f). To make a first and rough separation, the differently orientated polygons were
preliminary colour-coded. All polygons oriented from “top left” (in relation to the section) to
“bottom right” were highlighted with green (see Fig. 47g), and all polygons from “top right”
to “bottom left” were marked blue (see Fig. 47h). The result is an intermediate picture of the
structural pattern of DWA12-23ac. The maxima on the rose diagrams correspond to the main
preferred orientation of the clast long axes are used to verify the presence of the clast
microfabrics identified during the microstructural mapping process (Fig. 47i). In the case of
DWA12-23ac, at least four different orientations have been identified, characterised by
specific angles with respect to the thin section frame. A good visualization method of these
maxima in the thin section is drawing lines at the same angle and orientation (black and red
lines in Fig. 47j).
The polygons frequently showed a sigmoidal shape, the sigmoidal pattern could be
related to folding/crenulation or formed in response to ductile shearing during the formation
of a later fabric (see Fig. 47j, sigmoidal lines). Finally, other directions of the polygons,
which merely show different dip angles, were highlighted with a different colour (dark green
in Fig. 47k and dark blue in Fig. 47k).
The result is a complete map of the microstructures developed within the diamicton
(Fig. 47l). The relative age relationships between the successive generations of the clast
microfabrics and other microstructures (e.g. plasmic fabrics, turbate structures, folds, faults
and shears) are established with relatively younger structures “cross cutting” the older/earlier
formed features. This approach allows a relative chronology of events to be established for
each sample, providing more detailed information regarding the processes occurring during
the deposition/deformation of these subglacial sediments. Figures 47m – 47o show the age
relationships between the several structural traces. The description of these structures is
derived from the nomenclature of PHILLIPS et al. (2011). It is standard geological terminology
to describe foliations as S1 (oldest), S2, to Sn (youngest). This nomenclature does not
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necessarily imply that each fabric represents a separate deformation event, but rather that the
fabrics display several stages of a single glacitectonic deformation processes (PHILLIPS et al.,
2007; 2011; VAUGHAN-HIRSCH et al. 2013).
Figures 47p and 47q show the structural rose diagrams with the preferred orientations
of all separated foliations (Fig. 47p) and the entire thin section with its distinctive structural
patterns (Fig. 47q). In section 3.6, the figure compares the structural patterns of the various
thin sections from one sample block (oriented perpendicular to each other), to allow a threedimensional analysis (cf. section 3.6). For the three-dimensional illustration it is beneficial to
simplify the structural pattern, because the several hundred polygons in the three thin sections
could be confusing. Therefore, only the lines that trace the structural pattern are highlighted in
the respective colours (see Fig. 47r). In some cases, the structures record the shear direction
by a distinct curvature of the foliation (sigmoidal shape of polygons). In the example of
DWA12-23ac, the apparent sense of shear is sinistral (from “top right” (NE) to “bottom left”
(SW). In the following section, detailed explanations of the foliations and the threedimensional analysis are given (see below and section 3.6).

▼Fig. 47a-r: Cycle of micromorphological mapping of the samples from the Dwasieden cliff section, according
to PHILLIPS et al. (2011). Fig. 47a: High resolution scan of the section DWA12-23ac. Fig. 47b: All grain long
axes in this section. Fig. 47c: The grain long axes in this section without the scan in the background. Fig. 47d:
Structural rose diagram of the grain long axes in DWA12-23ac. Fig. 47e: The green lines represent areas of
similarly-oriented grain axes. Fig. 47f: The same picture as in Fig. 47e but without the high-resolution scan in
the background, in order to highlight the green lines. Fig. 47g: Green polygons highlighting the longest grain
axes from “top left” to “bottom right”. Fig. 47h: Blue polygons highlighting the longest grain axes from “top
right” to “bottom left”. Fig. 47i: The maxima of the grain orientations are plotted in a rose diagram. Fig. 47j:
Lines with the different angle maxima were put onto the section. Fig. 47k: Different colours highlighting the
variously orientated polygons. Fig. 47l: The structural pattern and differently coloured polygons (to emphasise
the prior stage). Fig. 47m: In the next stage, the different foliation will be determined. Here, the relationships
between the relatively earliest foliations can be distinguished (S1 and S2). Fig. 47n: The relationship between S2
and S3. Fig. 47o: The relationship between foliation S4 and all prior foliations. Fig. 47p: Now the relationship
between the different maxima in the structural rose diagram and the different foliations in the thin section can be
observed. Fig. 47q: The final result of the micromorphological mapping. Fig. 47r: Simplified structural pattern
of the foliations.
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Description of clast microfabrics within the individual till units
M1 Diamicton: DWA12-23ac-plane (Dwasieden cliff profile PM53)
The ac-plane of the sample DWA12-23 is orientated parallel to the Dwasieden cliff section
(strike 051°; NE-SW; see Fig. 43). The earliest clast microfabric (S1; light green on Fig. 48)
is a discontinuous and rough foliation defined relatively short domains which dip at c. 40° to
the NE (see rose diagrams on Fig. 48). The S1 domains typically exhibit a distinctive
sigmoidal to S-shaped geometry which records an apparent sinistral (top towards the left)
sense of shear in this plane of section (Fig. 48). This early foliation is cut by the relatively
younger second (S2) clast microfabric (light blue on Fig. 48) which dips at c. 40° towards the
SW. The apparently more pervasively developed disjunctive S2 fabric is characterised by
relatively continuous microlithons resulting in an apparently more planar foliation. The
relative intensity/spacing of S2 varies across the thin section, indicating that deformation
during the imposition of this fabric was heterogeneous, with the earlier S1 fabric being
preserved within the wider S2 microlithons (Fig. 48). In this plane of section the S1 and S2
fabrics form an apparent conjugate set of foliations within the M1 diamicton of sample
DWA12-23, suggesting that they may have been imposed during the same overall
deformation event (see section 5).
S1 and S2 are locally cut by a very weakly developed S3 fabric (dark green on
Fig. 48). The rough S3 foliation dips at c. 55° to the NE and is defined by relatively short,
irregular domains. In contrast to the earlier developed fabrics (S1 to S3), the locally welldeveloped S4 clast microfabric (dark blue on Fig. 48) occurs in discrete bands which dip at c.
15° towards the SW (see rose diagram on Fig. 48). This foliation clearly cuts S1, S2 and S3
(see Fig. 48) and is the youngest foliation identifies within sample DWA12-23. The spacing
of the bands of S4 and the relatively older S2 fabric appear to be partially controlled by the
larger (small pebble) sized clasts present within the M1 diamicton (see Fig. 48). This
indicates that the presence of larger clasts in the M1 diamicton was controlling the pattern of
deformation partitioning within the matrix of this subglacial traction till (EVANS et al., 2006,
see section 5).
Detailed analysis of the grain size of the clasts (using the length of the clast long axis
as a proxy for clast size) has been undertaken to investigate the effect on clast size on the
relative intensity of the microfabrics (see Appendix C1-C28). The grain population in sample
DWA12-23ac were divided into a series of subsets (on average 13 in total) based upon the
length of their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm….. and so on). The rose diagrams
shown in Figures C1 and C2 (Appendix) clearly demonstrate that the S2 clast microfabric
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can be recognised in all the grain size subsets. In contrast to S2, the S1 maxima are more
poorly defined on all of the rose diagrams.

▼Fig. 48: High-resolution scan and microstructural map of sample DWA12-23ac taken from the M1 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of grain long-axis orientation.
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M1 Diamicton: DWA12-23bc plane (Dwasieden cliff profile PM53)
The bc-plane of the sample DWA12-23 is orientated perpendicular to the ac-plane (strike
321°, the view is from SW to NE (see Fig. 49). The entire microfabric in this plane looks
slightly different than in the ac-plane. Different as in the ac-plane the rose diagram of the bcplane reveals a maximum of grain long axes orientation, which dip at c. 5° to the SE and is
not reflected by the polygon pattern (Fig. 49). This subhorizontal microfabric is called the S0
microfabric and is probably a result of pure shear during the deformation (for further
interpretations see section 5).
The earliest clast microfabric, S1, light green on Fig. 49 is a discontinuous rough
foliation defined by relatively short domains which dip at c. 20° to the NW (see rose diagram
on Fig. 49). The S1 in this section is more gently dipping than in the ac-plane. The distinctive
sigmoidal to S-shaped geometry of the S1 domains are not so common in the bc-plane, but
there where they can be seen they records an apparent dextral (top towards the right) sense of
shear in this plane of section (Fig. 49).
This early foliation is cut by the relatively younger second (S2) clast microfabric (light blue
on Fig. 49) which dips at c. 45° towards the SE. The apparently more pervasively developed
disjunctive S2 fabric is characterised by relatively continuous microlithons resulting in an
apparently more planar foliation. The S2 domains are shorter than in the ac-plane. Similar to
the ac-plane, in the bc-plane the S1 and S2 fabrics form an apparent conjugate set of
foliations, suggesting that they may have been imposed during the same overall deformation
event (see section 5).
Both foliation structures (S1 and S2) are locally cut by a discontinuous and dark green
coloured S3 foliation dips at c. 65° to the NW. S3 in this plane appears to be better developed
than in the ac plane and is defined by relatively short, irregular domains.
As in DWA12-23ac, a very distinct and characteristic foliation occurs in the middle of
the thin section, represented by the dark blue colour on Fig. 49. This S4 fabric is constrained
to a single narrow band and is defined by a series of en-echelon aligned sigmoidal to S shaped
domains which record an apparent dextral sense of shear in this plane of section (top towards
the right) – consistent with a sense of shear towards the SE. The S4 dips at c. 45° towards the
NW, while the entire structure has a more gentle dip at c. 10° towards the NW.
The grain population in sample DWA12-23bc were divided into a series of subsets (on
average 13 in total) based upon the length of their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm…..
and so on). The rose diagrams shown in Figures C3 and C4 (Appendix) clearly demonstrate
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that the S2 clast microfabric can be recognised in all the grain size subsets. In contrast to S2,
the S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 49: High-resolution scan and microstructural map of sample DWA12-23bc, taken from the M1
Diamicton at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes
orientations.
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M1 Diamicton: DWA12-23ab plane (Dwasieden cliff profile PM53)
Due to the fact that the bottom line of thin section DWA12-23ab represents a line which is
parallel to the strike direction of the cliff surface (strike 051° NE-SW), the strike angles of the
polygons must be corrected by 039° (090°- 051°). This correction is shown by the two rose
diagrams shown in Figure 50. The upper rose diagram shows the orientations of the grain
long axes maxima with respect to the thin section azimuth (top thin section). The lower rose
diagram shows the actual deviation from north (the actual strike angles of the foliations,
rotated counter-clockwise by 039° (090° - 051°).
Similarly to the bc-plane there are maxima of grain long axes orientation which are not
reflected by the polygon pattern, strikes c. 326° and c. 056°. Probably these maxima represent
a conjugate set of grain orientation and reflect the general sense of shear from NNE to SSW
during deformation (for further interpretations see section 5).
The earliest clast microfabric, S1 (light green on Fig. 50; strike c. 121° ESE-WNW =
160° - 039°) is a discontinuous and rough foliation defined relatively short domains.
The apparently more pervasively developed disjunctive S2 fabric is characterised by
relatively continuous microlithons, which have an anastomosing appearance. Therefore the S2
microfabric is represented by two main strike angles. One steeper “dipping” (striking) pattern
orientated at c. 011° (050° - 039°) in NNE-SSW direction, while the more gentle “dipping”
(striking) microfabric of this S2 foliation striking at c. 031° NE-SW (070° - 039°).
S1 and S2 are locally cut by the dark green S3 microfabric which strikes c. 086°
(125° - 039°) ENE-WSW. S3 is more distinct and better developed than in the vertical
sections. The relatively youngest S4-microfabric cuts both the S1 and S3 microfabrics, and
strikes c. 101° (140° - 039°) to the NW-SE. This dark blue pattern appears to have similar
characteristic to the vertical sections. Further interpretations can be seen in section 5 (see
below). The rose diagrams shown in Figures C5 and C6 (Appendix) clearly demonstrate that
the S2 clast microfabric can be recognised in all the grain size subsets. In contrast to S2, the
S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 50: High-resolution scan and microstructural map of sample DWA12-23ab taken from the M1 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of grain long axes orientations.
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M1 Diamicton: DWA12-9ac plane (Dwasieden cliff profile PM166)
The ac-plane of the sample DWA12-9 is orientated parallel to the Dwasieden cliff section
(strike 052°; NE-SW; see Fig. 51). The rose diagram shows grain long axes maximum which
are not reflected by the polygon pattern. This subhorizontal microfabric, S0, and is probably
due to pure shear during the deformation (for further explanations see section 5).
The earliest clast microfabric, S1 (light green on Fig. 51) is a discontinuous and rough
foliation defined relatively short domains which dip at c. 45° to the NE (see rose diagrams on
Fig. 51). The S1 domains typically exhibit a distinctive sigmoidal to S-shaped geometry
which records an apparent sinistral (top towards the left) sense of shear in this plane of section
(Fig. 51).
This early foliation is cut by the relatively younger second (S2) clast microfabric (light
blue on Fig. 51) which dips at c. 20° towards the SW. The apparently more pervasively
developed disjunctive S2 fabric is characterised by relatively continuous microlithons
resulting in an apparently more planar foliation. The arrangement is parallel to anastomosing.
Therefore there is a second set of polygons which has a steeper dipping angle of c. 40° to the
SW (see the rose diagram on Fig. 51 and the foliation pattern), but this is a minor structural
element and belongs to the main S2 foliation (see section 5). In Figure 51, only a blue arrow
on the rose diagram indicates the second set o the S2 microfabric.
S1 and S2 are locally cut by a very weakly developed S3 fabric (dark green on
Fig. 51). The rough S3 foliation dips at c. 70° to the NE and is defined by relatively short,
irregular domains.
The locally well-developed S4 clast microfabric (dark blue on Fig. 51) occurs
especially in the middle of the thin section and dips at c. 75° towards the SW (see rose
diagram on Fig. 51). This foliation clearly cuts S1, S2 and S3 (see Fig. 51) and is the
youngest foliation identified within sample DWA12-9. The rose diagrams shown in Figures
C7 and C8 (Appendix) clearly demonstrate that the S2 clast microfabric can be recognised in
all the grain size subsets. In contrast to S2, the S1 maxima are more poorly defined on all of
the rose diagrams.

▼Fig. 51: High-resolution scan and microstructural map of sample DWA12-9ac taken from the M1 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M1 Diamicton: DWA12-9bc plane (Dwasieden cliff profile PM166)
The bc-plane of the sample DWA12-9 is orientated perpendicular to the ac-plane (strike 322°,
the view is from NE to SW (see Fig. 52). Similar to the ac plane, clast orientation data for the
bc plane reveals the presence of a subhorizontal to gently dipping clast microfabric (S0)
which dips at c. 5° to the NW (see rose diagram on Fig. 52).
The earliest clast microfabric (which is reflected by the polygons, S1; light green on
Fig. 52) is a discontinuous rough foliation defined relatively short domains which dip at c.
45° to the NW. The S1 domains typically exhibit a distinctive sigmoidal to S-shaped
geometry which records an apparent sinistral (top towards the left) sense of shear in this plane
of section (Fig. 52), consistent with a sense of shear towards the SE.
The S1 microfabric is cut by the very continuous, disjunctive and well-developed light
blue S2 microfabric, which dips at c. 30° to the SE. The arrangement is parallel to
anastomosing. Therefore (similar to section DWA12-9ac), the S2 comprised a second
(weaker) set of polygons, with a dip angle of c. 45° to the SE.
The S1 and S2 are locally cut by a few small and discontinuous polygons, which are
coloured dark green and labelled as S3 microfabric. This very weak pattern dips at c. 65° to
the NW.
The S1, S2 and S3 fabrics are locally cut by a S4 microfabric. Similar as in the acplane it has a short and disjunctive character but dips more gently with an angle of c. 55° to
the SE.
The rose diagrams shown in Figures C9 and C10 (Appendix) clearly demonstrate that
the S2 clast microfabric can be recognised in all the grain size subsets. In contrast to S2, the
S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 52: High-resolution scan and microstructural map of sample DWA12-9bc taken from the M1 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M1 Diamicton: DWA12-9ab plane (Dwasieden cliff profile PM166)
The horizontal section notably displays microfabrics that represent the strike direction of the
patterns that can be observed in the vertical thin section. The two structural rose diagrams in
Figure 53 show the maxima of the grain long axes orientations. The upper diagram shows the
results in relation to the thin-section azimuth, and the lower one shows the results including
the actual deviation from north (rotated counter-clockwise by 038° (090° - 052°). Similar as
in the ab-plane of the sample DWA12-23 it is maybe a part of a conjugate set of clast axes
orientation which reflects the overall deformation regime from NE to SW (for further
explanations see section 5). The maximum is called S0.
The earliest microfabric (which is reflected by the polygons) is a discontinuous, rough
foliation defined relatively short domains but longer with respect to the S1 fabric in the
vertical thin sections (S1, light green; strike c. 097° =135° - 038° WNW-ESE).
In most cases, the S1 fabric is cut by a distinct, continuous and disjunctive S2 microfabric
(light blue in Fig.) strikes with c. 012° (050° - 038°) NNE-SSW. As in the vertical thin
section, the S2 in the ab-plane shows a parallel to anastomosing trend. Therefore there is a
second maximum in the rose diagram. The second set of S2 polygons strikes with c. 037°
(075° - 038°) NE-SW.
The S3 microfabric (dark green in Fig.) cuts the earlier S1 and S2 fabrics with a strike
of c. 107° (WNW-ESE, 145° - 038°). Mostly the S3 fabric has a slightly different strike angle
(difference of 010°) compared to the polygons of the S1 foliation (see Fig. 53). S3 is also
better developed than in the vertical thin sections.
The S4 microfabric cuts all the earlier microfabrics and is characterized by distinct but rough
and discontinuous polygons that have an anastomosing character. The “steeper” set strikes
with an angle of 327° (005° - 038°) NW-SE, whereas the more gentle striking set of S4 strikes
with 347° (025° - 038°) NNW-SSE.
The rose diagrams shown in Figures C11 and C12 (Appendix) clearly demonstrate
that the S2 clast microfabric can be recognised in all the grain size subsets. In contrast, the S1
maxima are more poorly defined on all of the rose diagrams.

▼Fig. 53: High-resolution scan and microstructural map of sample DWA12-9ab taken from the M1 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.

85

3. Results

86

3. Results

3.4 M2 Diamicton
3.4.1 Microfacies
Eight different sediment blocks from this lithological unit were sampled, from the bottom to
the top (Fig. 54): samples DWA12-10 to DWA12-17. Despite the very wet conditions of the
sediment, at least one thin section was successfully prepared in all blocks. Only in DWA1212 was it possible to prepare all three thin sections. The most distinct and characteristic
features were found in the thin sections from sample blocks DWA12-12, DWA12-14,
DWA12-16 and DWA12-17. These samples represent a very good cross section of the M2
Diamicton (see Fig. 54).

Fig. 54: A detailed view of the first four lithological units between profile metres 165 and 170. The sampling
locations for the M2 Diamicton are also shown.
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M2 Diamicton: DWA12-14
Characterisation of the thin section
The sediment block DWA12-14 was sampled at profile metre 165 in the bottom area of the
M2 Diamicton (Fig. 55). The orientation of the ac-plane was parallel to the cliff surface
(strike angle at the sample location was 053° NE-SW). Since only the bc-thin section was
successfully prepared, the orientation of this thin section is perpendicular to the strike
direction of the cliff (NW-SE). Macroscopically, the bottom area is characterised by a sharp
contact between the M2 Diamicton and the underlying Interlayer I1, where a few centimetres
thick “layer” of sandier material occurs (cf. section 3.1). Note that Figures 56a and 56b show
the original and the graphically modified version of a high resolution scan of thin section
DWA12-14bc.

Fig. 55: A detailed view of the sampling of DWA 12-14. Note that, because the bc-plane is larger than the acplane, the picture was taken from the side.

Textural Analysis
There

are

two

different

and

characteristic

areas

of

a

nearly

equal

extent

(Fig. 56a). In thin section sample DWA12-14bc can be divided into two distinct areas: (i) a
sandier, more clast-rich lower part to the thin section; and (ii) an upper, more matrix-rich
layer composed of a mix of sand grains and a brown coloured silty matrix. This lithological
variation possibly represents a weakly developed stratification preserved within this
diamicton. This primary stratification can be seen on Figure 56b. A detailed description of
the micromorphology of the two layers identified in sample DWA12-14bc is given below.
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Lower part
The lower part of the section has a matrix-supported, moderately to well-sorted texture. The
grain size ranges from 0.16 mm (fine sand) up to 1.12 mm (coarse sand) (Fig. 56c). Most
grains consist of quartz, but other rock types also occur, such as crystalline rocks (and their
remnants), limestone and type III till pebbles (VAN

DER

MEER 1993). Most grains are well-

rounded (Fig. 56d), though the larger grains (up to 1.12 mm) which exhibit a greater degree
of rounding than the smaller grains, which also have some angular components. The
supporting matrix has a brown colour and a medium, silt-rich, texture (Fig. 56c). The modal
proportion of this silty matrix is variable resulting in a slightly "mottled" appearance to the
lower unit within thin section DWA12-14bc (Fig. 56b).

Structural Analysis
Lower part
In the lower part, the fracture pattern is relatively simple and comprises a number of irregular
open structures. There are some voids which are caused by torn-off grains during the sample
preparation (Fig. 56d), as well as some distinct water-escape structures, delineated by finer
material between the larger clasts (Fig. 56e). Looking at Figure 56a and 56b, the contact is
apparently sharp to weakly gradational at low magnification, but is irregular in nature.

Plasmic Fabric
Lower part
The plasmic fabric in the lower part is restricted to the matrix between the grains. In some
cases, this matrix seems to show a form of skelsepic plasmic fabric (Fig. 56d).

Textural Analysis
Upper part
The grain size of the more matrix-rich upper part of the thin section typically ranges between
0.12 and 0.16 mm (fine sand, Fig. 56f). However, coarser grained patches/areas can also be
recognised where the maximum size of the included sand grains ranges from 0.16 mm up to
1.12 mm (fine to coarse sand); comparable to the grain size of the lower part of the thin
section. There is only one grain which has a size of 0.6 cm (composed of gneiss, fine gravel,
marked with 1 in Fig. 56b). The morphology (roundness, shape) and composition of the sand
grains in the upper part correspond with those in the lower part of the section (Fig. 56f). The
matrix is brown, dense and has a medium texture (silt-rich, see Fig. 56g). The modal
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proportion of both the matrix and coarser sand grains within the upper part of the thin section
is variable resulting in a weakly developed "mottled" appearance to the sediment
(Fig. 56a & 56h).

Structural Analysis
Upper part
There is a complex fracture pattern in the upper part of the section. The fractures are partly
filled with finer material (Fig. 56i). At some locations, they are associated with cracked grains
(Fig. 56j). Sometimes the fractures appear to trace pebble-like structures of matrix and mixed
material (Fig. 56k and Fig 56a). There are many cracked grains in this section (Fig. 56j).
Around the large clast in the upper middle part of the section, concentrations of grains with
folding structures occur (Fig. 56a).

Plasmic fabric
Upper part
The relatively higher clay content within the matrix present within upper part of the thin
section has resulted in the development of a weakly to moderately well-developed omnisepic
plasmic fabric (Fig. 56g). Furthermore, thin bands of relatively more intense
shear/deformation within the matrix are marked by narrow zones of unistrial plasmic fabric
(Fig. 56l). Also present within fine-grained, matrix-rich coatings enclosing a number of the
larger sand grains is a poorly to weakly developed skelsepic plasmic fabric. Type III till
pebbles (VAN

DER

MEER, 1993) have also been recognised within this part of sample

DWA12-14bc. These till pebbles possess a locally well developed plasmic fabric (Fig. 56l).

▼ Fig. 56a & 56b: Fig. 56a: Thin section of DWA12-14bc, which is characterised by a division into two zones
with distinct structural features. Fig. 56b describes the annotated version of DWA12-14bc. Scale bar = 1 cm.
Also shown in Fig. 56b are the locations of the photomicrographs in Figs. 56c-56l.
▼▼ Fig. 56c-56l: Cross- or plane-polarised light (CPL and PPL, respectively); scale bar = 500µm. Fig. 56c:
Size ranges, distribution and composition of the lower part of the section (CPL). Fig. 56d: Grades of roundness
and torn-off material (CPL). Fig. 56e: Water escape structure (CPL). Fig. 56f: Size ranges, particle shapes and
forms, composition, etc. in the upper part (CPL). Fig. 56g: Matrix showing an omnisepic plasmic fabric (CPL).
Fig. 56h: Accumulation of grains in the upper part (CPL). Fig. 56i: Fracture filled with finer material (PPL).
Fig. 56j: Crushed quartz grain associated with a crack (CPL). Fig. 56k: Pebble-like structure in the upper part
(PPL). Fig. 56l: Unistrial plasmic fabric (CPL).
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Fig. 56c

Fig. 56d

Fig. 56e

Fig. 56f
Fig. 56g

Fig. 56i
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Fig. 56h

Fig. 56j
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Fig. 56k

Fig. 56l
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M2 Diamicton: DWA12-16
Characterisation of the thin section
DWA12-16 was sampled at profile metre 160; about 20 cm above the bottom of the M2
Diamicton (see Fig. 57). The orientation of the largest plane (ac-plane) was parallel to the
cliff surface (strike angle at the sample location was 053°, NE-SW). The main feature present
within this sample is a steeply inclined vein or dyke filled by red to orange-brown stained
sand (Fig. 57). Note that Figures 58a and 58b show the original and the graphically modified
version of a high resolution scan of thin section DWA12-16ac.

Fig. 57: A detailed view of sample block DWA12-16. Note the clear dyke structure running through the whole
block.

The thin section has several distinct and characteristic features, such as the dyke-like structure
diagonally crossing the left part of the section starting from the bottom left (Fig. 58a).
Structurally and texturally, it divides the section into two different parts. First, the diamictic
ground material will be described, followed by a more detailed investigation of the dyke.

Diamicton
Textural Analysis
The fine-grained diamicton within sample DWA12-16ac is moderately to well-sorted and
possesses a matrix-supported texture. The grain size of this sediment ranges from 0.05 mm
(silt) up to 1.6 mm (coarse sand) (Fig. 58c). A single large clast (c. 1.2 cm across, medium
gravel) present within the diamicton is composed of gneiss (Fig. 58b). The sand grains are
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mainly composed of quartz as well as minor feldspar and mica, as well as limestone rock
fragments and type III till pebbles (Fig. 58d). There is no obvious relationship between grain
size and grain shape (Fig. 58d). The diamicton possess a dense, silt-rich matrix (Fig. 58e).
The contact between the diamictic ground material and the dyke is very sharp at the right side
(NE) of the dyke (Fig. 58a and 58f). At the left side (SW), the contact is less sharp (Fig. 58a
and 58g).

Structural Analysis
There are many voids and vughs in the diamictic ground material (Fig. 58a), some of which
are caused by torn-off material (Fig. 58d). Close to the large grain marked 1 a cracked quartz
grain occurs (Fig. 58h). There are distinct water escape structures (WES) delineated by
grains, which are visible under plane light (Fig. 58e, 58i, 58j). Fig. 58j also shows such a
water escape structure, which are partly associated with voids (cracks).

Plasmic Fabric
Under crossed polarised light it can be seen that the matrix to the diamicton in sample
DWA12-16ac possess a well-developed omnisepic plasmic fabric (Fig. 58c, 58d and 58h).

Dyke
Textural Analysis
The dyke is orientated from NE to SW and has a dip angle of approximately 65°. The width is
1 cm in average. The boundaries of the dyke show a relatively sharp transition to the
diamictic host material in the north-east part and a more irregular transition in the south-west.
The sediment filling the dyke is weakly bedded (Fig. 58b). The lower part of the sequence is
composed of a fine-grained (average grain size c 0.1 mm, but larger 0.44 mm sized sand
grains are also present Fig. 58k), poorly sorted, clast-supported fine sand which locally
possesses a weakly preserved intergranular porosity. This fine sand is overlain by a coarser
grained (average grain size 0.3 to 0.4 mm), matrix-supported sand (Figs. 58k and 58l) which
is largely composed of composed of quartz grains as well as minor crystalline and
sedimentary rock fragments. The sand also contains type I and type II till pebbles (see below).
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Structural Analysis
In the upper area of the dyke, a distinct till pebble of type I (VAN DER MEER 1993) is visible
(Fig. 58m). As mentioned above, the void pattern only shows the usual simple packing voids
between the grains (cf. Fig. 58k).

Plasmic Fabric
The only plasmic fabric identified within the sediment filling the dyke is a locally weakly
developed skelsepic plasmic fabric (Fig. 58l).
Fig. 53.4
Fig. 53.6

Fig. 53.5
Fig. 53.10

Fig. 53.7

Fig. 53.8

▼ Fig. 58a & 58b: Fig. 58a: Thin section of DWA12-16ac, characterised by a distinct dyke structure. Fig. 58b
describes the annotated version of DWA12-16ac. Scale bar = 1cm. Also shown in Fig. 58a are the locations of
the photomicrographs shown in Figs. 58c-58m.
▼▼ Fig. 58c-58m: Cross- or plane-polarised light (CPL and PPL, respectively); scale bar = 500µm. Fig. 58c:
Size ranges in thin section DWA12-16ac (CPL). Fig. 58d: Composition and grades of roundness of the grains.
Note the torn-off material (PPL). Fig. 58e: Medium textured matrix with WES (PPL). Fig. 58f: Contact between
the dyke and the diamictic material in NE (PPL). Fig. 58g: Contact between the dyke and the diamictic material
in the SW (PPL). Fig. 58h: Cracked quartz grain (CPL). Fig. 58i: Water escape structures (WES; PPL). Fig.
58j: WES associated with voids (PPL). Fig. 58k: Detail of the finer material in the dyke. Note the presence of a
locally preserved intergranular porosity (CPL). Fig. 58l: Detail of the coarser material in the dyke (CPL). Fig.
58m: Type I till pebble (PPL).
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Fig. 58c

Fig. 58d

Fig. 58e

Fig. 58f
Fig. 58h

Fig. 58g
Fig. 58i
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Fig. 58k

Fig. 58l
Fig. 58m
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M2 Diamicton: DWA12-17
Characterisation of the thin section
DWA12-17 was sampled at profile metre 165, in the middle of the M2 (see Fig. 59). The
orientation of the ac-plane was parallel to the cliff surface (strike angle at the sample location
was 053°, NE-SW). Macroscopically, it is a blue-grey diamicton which contains a pale dykelike band of coarser material which pervades the sample block. Since only the bc-plane of this
block (oriented perpendicular to the ac- plane) will be presented here, the orientation of this
thin section is SE-NW. Note that Figures 60a and 60b show the original and the graphically
modified version of a high resolution scan of thin section DWA12-17bc.

Fig. 59: A detailed view of the sampling of DWA12-17. Note that, since the bc-plane is larger than the ac-plane,
the picture was taken from the side.

The characteristic feature of thin section DWA12-17bc is a dyke-like structure that crosses the
section horizontally from left to right (NW-SE, Fig. 60a). The false colour image highlights
this feature very well (Fig. 60b, green is the dyke, orange is the ground diamicton).

Diamicton
Textural Analysis
The diamicton which dominates sample DWA12-17bc is a matrix-supported and moderately
to poorly sorted deposit (Fig. 60a). The average grain size ranges from 0.24 mm (fine sand)
up to 0.48 mm (medium sand). The sand grains are mainly composed of quartz, but other rock
types also occur, quartz, with minor feldspar, mica, crystalline rock fragments and limestone
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(Fig. 60c), as well as type III till pebbles of

VAN DER

MEER (1993). No specific relationship

was visible between grain size and grain shape. The diamicton possess a dense, silt-rich
matrix (Fig. 60d). The contact between the host diamicton and the sediment filled dyke is
gradational in nature, with numerous injection-like (flame-like) structures (Fig. 60e). These
structures have a turbate appearance.

Structural Analysis
There are a lot of voids and vughs in the diamictic part of the section, the voids having a
fracture-like to cavernous appearance. The latter are due to torn-off material during sample
preparation (Fig. 60f). In some cases, the fractures appear to be associated with lineations
(Fig. 60g).

Plasmic Fabric
The matrix to the diamicton in sample DWA12-17 possesses a weakly developed omnisepic
plasmic fabric (Fig. 60h).

Dyke-like structure
Textural Analysis
The dyke is orientated from SE to NW and has an average width of 9 mm. The margins of the
dyke are gradational and irregular in nature. It is obvious that the boundaries fit together. The
average grain size of the material in the dyke ranges from 0.12 mm (fine sand) to 0.2 mm
(fine sand) (Fig. 60i). Its composition differs from the diamictic ground material, as it almost
completely composed of detrital quartz grains (Fig. 60i). The material is poorly-sorted and
matrix-supported. The matrix is a medium-textured, brown dense material, similar to the
diamicton (Fig. 60i).

Structural Analysis
The sand filling the dyke-like structure has an open to moderate packing with a locally
developed intergranular porosity (Fig. 60i). Figure 60j shows a till pebble Type I (VAN DER
MEER 1993). These pebble types are common throughout the entire dyke and may possibly
record the erosion of material from the walls of the dyke during the deposition of the sand
(Fig. 60a).
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Plasmic Fabric
Clastic grains within the sediment filling the dyke are locally enclosed within a fine grained
rim or coating which possesses a skelsepic plasmic fabric (Fig. 60i).

▼ Fig. 60a & 60b: Fig. 60a: Thin section of DWA 12-17bc, characterised by a dyke-like structure in the middle
of the thin section. Fig. 60b describes the annotated version of DWA12-17bc. Scale bar = 1cm. Also shown in
Fig. 60b are the locations of the photomicrographs in Figs. 60c-60j.
▼▼ Fig. 60c-60j: Cross- or plane-polarised light (CPL and PPL, respectively); scale bar = 500µm. Fig.60c:
Size ranges, particle shapes and forms, distribution and composition of the diamictic material in thin section
DWA12-17bc (CPL). Fig. 60d: Medium-textured matrix (PPL). Fig. 60e: Injection-like structure (PPL). Fig.
60f: Large voids due to torn-off material during sample preparation (CPL). Fig. 60g: Fractures associated with
lineations (CPL). Fig. 60h: Slightly visible omnisepic plasmic fabric in the entire matrix (CPL). Fig. 60i:
Medium-textured matrix in the dyke-like structure, with simple packing voids where the matrix is missing,
(CPL). Fig. 60j: Type I till pebble (CPL).
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Fig. 60f

Fig. 60g

Fig. 60i
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M2 Diamicton: DWA12-12
Characterisation of the thin section
The sample block of DWA12-12 was taken at profile metre 167, at the top of the M2
Diamicton (Fig. 61). The orientation of the ac-plane was parallel to the cliff surface (strike
angle at the sample location was 052°, NE-SW). Macroscopically, it is a grey-blue diamicton
with the colour changing to reddish-brown in the top area. For the three-dimensional analysis,
all planes were successfully prepared (ac-, bc-, ab-plane). Since the sedimentological
characteristics are very similar in all three sections, only one thin section will be presented
here: DWA12-12ac, orientated parallel to the cliff surface and striking NE-SW. Note that
Figures 62a and 62b show the original and the graphically modified version of a high
resolution scan of thin section DWA12-12ac.

Fig. 61: Sampling area of DWA12-12. Note the colour change from the lower to the upper part of the block.

Textural Analysis
In section DWA12-12ac, the colour change from grey-blue to reddish-brown in the upper
middle part is still visible (Fig. 62a). The false colour picture also shows this change very
well (Fig. 62b). It seems, as it reflects a feature of subsequent alteration. The texture of the
diamicton is dense, matrix-supported and moderately to poorly-sorted. Clastic grains included
within the diamicton are mainly composed of quartz and crystalline rocks as well as feldspar
and mica. Other detrital components include sedimentary rocks (sandstone, glauconite,
limestone) and type II till pebbles (Fig. 62c). The average grain size ranges from 0.24 mm
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(fine sand) to 0.4 mm (medium sand). One larger clast of nearly 1 cm (medium gravel,
marked in Fig. 62b with 1) occurs at the colour boundary in the upper middle part of the
section. Virtually all grain shapes occur, from well-rounded to very angular (Fig. 62c). No
specific relationship was recognisable between the size of the grains and the grade of
roundness. The silt-rich matrix is brown in colour with a dense, medium texture (Fig. 62d).
Sporadically, there are concentrations of matrix partly associated with turbate/rotational
structures (Fig. 62e).

Structural Analysis
The thin section is characterised by fractures (Fig. 62a), which in some cases are delineated
by iron staining (Fig. 62f). The fractures seem to trace a structure resembling a marble bed
(cf.

VAN DER

MEER 1993), especially in the upper part of the section (Fig. 62a). The section

contains a remnant of a microfossil spine (Fig. 62g), as well as numerous cracked grains (e.g.
Fig. 62h). Similar to section DWA12-23ac described in section 3.3.1, there are accumulations
of matrix around the clasts (Fig. 62i).

Plasmic Fabric
The matrix to the diamicton possesses a weakly developed omnisepic plasmic fabric (Fig.
62d) and a weak skelsepic fabric enclosing some detrital grains (Fig. 62j).

▼ Fig. 62a & 62b: Fig. 62a: Thin section of DWA12-12ac. Figure 62b describes the annotated version of
DWA12-12ac. Scale bar = 1cm. Also shown in Fig. 62b are the locations of the photomicrographs in
Figs. 62c-62j.
▼▼ Fig. 62c-62j: Cross- or plane-polarised light (CPL and PPL, respectively); scale bar = 500µm. Fig. 62c:
Size ranges, particle shapes and forms, distribution and composition of grains in section DWA12-12ac (CPL).
Fig. 62d: Medium-textured matrix (CPL). Fig. 62e: Concentration of matrix in thin section (PPL).
Fig. 62f: Fractures delineated by iron staining (PPL). Fig. 62g: Remnant of a microfossil (Spine; CPL).
Fig. 62h: Cracked grain (PPL). Fig. 62i: Accumulation of matrix around some clasts (PPL). Fig. 62j: Distinct
skelsepic plasmic fabric (CPL).
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Fig.62i

Fig. 62j
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3.4.2 Micromapping
M2 Diamicton: DWA12-14bc-plane (Dwasieden cliff profile)
The bc-plane of sample DWA12-14 is orientated perpendicular to the Dwasieden cliff section
(strike 323°; NW-SE; see Fig. 63). Especially the lower part revealed very clearly oriented
microfabrics (probably due to the huge number of grains), whereas the upper part showed a
more diffuse distribution of microfabrics. The structural rose diagrams on the right hand side
of Figure 63 show the long axis orientations for clasts measured in the upper (matrix-rich)
and lower (clast-rich) parts of the thin section. The rose diagrams reveal that there is a slight
difference in the orientation of the grain long axes. In the upper part, the main direction of
microfabrics is from SE to NW, whereas in the lower part there is a more balanced trend, but
the polygons shows a domination of an orientation from NW to SE (see roses in Fig. 63). At
least two different microfabrics (in parts relictic) are preserved. In most cases, the blue
polygon pattern cuts through the green one. Due to a lack of thin sections perpendicular to the
SE-NW orientation, no classification of the microfabrics (e.g. S1 or S2) could be made. Only
the dip angles of the foliations in the lower and the upper part of the section (see rose
diagrams) were noted. The blue polygons have an average dip of c. 35° to the SE, whereas the
dip of the green polygons is c. 25° to the NW.
Other distinct structural features are the steeply inclined grains, which are maybe the
result of water escape (marked with light grey in Fig. 63). It looks, as they break through the
primary microfabric. These light grey polygons often cross-cut the primary foliation structure
(see the lower part of the section). In the upper part, there is an involution of the coarser
material from the lower part of the section (marked with black lines). This is a sign of
liquefaction during deformation and involution of the lying material into the lower parts of the
till sediments.

.

▼Fig. 63: High resolution scan and microstructural map of sample DWA12-14bc, taken from the M2 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M2 Diamicton: DWA12-16ac-plane (Dwasieden cliff profile)
The ac-plane of sample DWA12-16 is orientated parallel to cliff section (strike 053°; NE-SW;
see Fig. 64). The earliest microfabric S1 foliation (light green polygons) dips from SW to NE,
and the preserved S2 foliation (light blue polygons) dips from NE to SW. The dominant
character of the main S2 foliation, dipping 35° to the SW, is still visible. S1 and S2 are cut by
a later clast microfabric defined by strongly orientated grain long axes, represented in
Figure 64 by bright and light red polygons. This polygon pattern corresponds perfectly with
the reverse faults which penetrate the dyke structure described in section 3.4.1 above,
indicating a process that is known as strain hardening (HIEMSTRA & RIJSDIJK 2003; for further
interpretations see section 5). To highlight this correspondence, the fault lines (thick red
lines) were extended with transparent red lines throughout the entire thin section. The
structural rose diagrams at the right-hand side of Figure 64 support the observation that the
red clast microfabric is coplanar to the faults. The upper rose diagram (the maximum grain
long axes orientations of the diamicton) shows a preferred orientation parallel to the fault
orientations (15° and 25°, highlighted in bright and light red). The lower rose diagram (the
maximum grain long axes orientations of the dyke / injection structure) also shows one
maximum in the direction of the fault (25°, highlighted in red). However, there are several
additional other maxima here (especially the maxima oriented from NE to SW), which are
probably caused by the pressure forces of the porewater which circulated through the dyke
(see also section 5), as evidenced by the steeply inclined grains in the dyke (grey polygons).
The reverse faults are significant shear sense indicators, the main shear forces going
NE-SW (i.e., a sinistral sense of shear). This shear sense corresponds perfectly with the
microfabrics in the other samples of the M2 Diamicton (for further interpretation,
see section 5).
.

▼Fig. 64: High resolution scan and microstructural map of sample DWA12-16ac, taken from the M2 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M2 Diamicton: DWA12-17bc-plane (Dwasieden cliff profile PM165)
The thin section DWA12-17bc is orientated perpendicular to the Dwasieden cliff section
(strike 323; NW-SE; see Fig. 65) and is characterised by a dyke/sill structure. This thin
section can be divided into two parts, a lower and an upper part (Fig. 65). In the lower part
(below the dyke), there are 2870 grain long axes, showing a slightly different foliation pattern
than in the upper part (above the dyke, 5179 grains). Especially the dip angles of the polygons
differ, which is also visible in the rose diagrams (right-hand side of Fig. 65).
The earliest microfabric, the rough and parallel S1 foliation, is represented by pale green in
Figure 65. The polygons dip at c. 35° to the NW in the lower part and c. 40° to the NW in the
upper part. This microfabric is cut by the relatively younger S2 microfabric (light blue; see
Fig. 65). S2 dips at c. 15° to the SE in the lower part and c. 40° to the SE in the upper part. A
distinct feature is the strong parallel arrangement of the polygons in the lower part of the thin
section and the parallel to anastomosing character in the upper part of the sample. Therefore
in the upper part of the thin section a second maximum of the S2 microfabric can be
recognised dipping at c. 10 degrees to the SE.
The S1 and S2 foliations are cut by a later, poorly developed S3 foliation, represented
by the dark green polygons. This S3 microfabric dips in the lower and the upper part with c.
75° to the NW. All prior microfabrics (S1 to S3) in the lower part of the section are cut by a
discontinuous S4 foliation, coloured dark blue and dipping in the lower and the upper part
with c. 55° to the SE. Similar to S2, S4 also has a parallel arrangement of the polygons.
Detailed analysis of the grain size of the clasts (using the length of the clast long axis
as a proxy for clast size) has been undertaken to investigate the effect on clast size on the
relative intensity of the microfabrics (see Appendix C1-C28). The grain population in sample
DWA12-17bc were divided into a series of subsets (on average 13 in total) based upon the
length of their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm….. and so on). The rose diagrams
shown in Figures C13 and C14 (Appendix) clearly demonstrate that the S2 clast microfabric
can be recognised in all the grain size subsets. In contrast to S2, the S1 maxima are more
poorly defined on all of the rose diagrams.

▼Fig. 65: High resolution scan and microstructural map of sample DWA12-17bc, taken from the M2 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of grain long axes orientations.
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M2 Diamicton: DWA12-17ab-plane (Dwasieden cliff profile PM165)
Due to the fact that the bottom line of thin section DWA12-17ab represents a line which is
parallel to the strike direction of the cliff surface (at the sample location 053° NE-SW), the
dip angles of the polygons must be corrected by 037° (090°- 053°). The upper rose diagram
shows the maxima of the grain long axes orientations of all grains. The lower rose shows the
results rotated by 037° (90°-053°), in order to show the actual deviation of the foliations from
north. Thin section DWA12-17ab is correlated to the lower part of DWA12-17bc due to the
cutting position of this thin section. The earliest microfabric is represented by the light green
S1 polygons and strikes at an angle of c. 103° (140° - 37°) in ESE-WNW direction.
This relatively poorly developed S1 foliation is cut by the relatively younger S2
microfabric, which has a parallel to anastomosing character with a strike ranging between
013° (050° - 37°) and 033° (070° - 37°) NNE-SSW, respectively (Fig. 66). Despite its minor
maximum in the rose diagram, the steeper S2 microfabric is the dominant fabric, especially in
the upper part of the thin section. Maybe the rose diagram shows a conjugate set of grain long
axes orientation maxima and the real maximum orientation lies everywhere between (see
section 4.3). The third foliation pattern S3 is marked dark green and has a strike of 093°
(130° - 37°) E-W. It is poorly developed, apart from a few spots where the truncation of the
prior foliations is visible. The relatively youngest microfabric is S4, which strikes 328°
(005° - 37°) in SE-NW direction.
The grain population in sample DWA12-17ab were divided into a series of subsets (on
average 13 in total) based upon the length of their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm…..
and so on). The rose diagrams shown in Figures C15 and C16 (Appendix) clearly
demonstrate that the S2 clast microfabric can be recognised in all the grain size subsets. In
contrast to S2, the S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 66: High resolution scan and microstructural map of sample DWA12-17ab, taken from the M2 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M2 Diamicton: DWA12-12ac-plane (Dwasieden cliff profile PM167)
The ac-plane of thin section DWA12-12ac is orientated parallel to the Dwasieden cliff section
(strike 052° in NE-SW; see Fig. 67). The structural rose diagram in Figure 67 shows the
orientation of the grain long axes and their maximum values. There is a subhorizontal
maximum in the rose diagram. In contrast to the previously described thin sections from the
M1 diamicton, this subhorizontal maximum is also visible in the polygon pattern but poorly
developed (S0; light grey in Fig. 67). In the ac-plane this subhorizontal fabric dips at c. 05° to
the NE and was probably developed as a result of pure shear during deformation (for further
interpretations see section 5)
The relatively younger S1 microfabric is discontinuous and parallel arranged, coloured
light green and dipping at c. 45° NE. The S1 domains typically exhibit a distinctive sigmoidal
to S-shaped geometry which records an apparent sinistral (top towards the left) sense of shear
in this plane of section (Fig. 67).
The S1 foliation is preserved in the microlithons of a relatively younger and very
distinct S2 microfabric. The S2 foliation is represented by the light blue polygons, arranged in
a parallel to anastomosing fashion. Therefore there are two maxima of S2, dipping with an
angle of c. 25° and 45° to the SW.
S0, S1 and S2 are locally cut by a very poorly developed S3 microfabric. It is
represented by the dark green polygons and dips with an angle of c. 75° to the NE. The S4
microfabric locally cut all prior fabrics and is marked dark blue in Figure 67 and dips at c.
85° SW. Both S3 and S4 are very poorly developed, but where visible, they truncate the prior
microfabrics (S1 and S2) in several ways. This only happens in a few spots, but the partial
dislocation is very obvious.
The rose diagrams shown in Figures C17 and C18 (Appendix) clearly demonstrate
that the S2 clast microfabric can be recognised in all the grain size subsets. In contrast to S2,
the S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 67: High resolution scan and microstructural map of sample DWA12-12ac, taken from the M2 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M2 Diamicton: DWA12-12bc-plane (Dwasieden cliff profile PM167)
The bc-plane of the sample block DWA12-12 is oriented perpendicular to the Dwasieden cliff
surface (322°; NW-SE; see Fig. 68). The rose diagram (right-hand side of Fig. 68) shows the
grain long axes orientations of all grains. The entire microfabric pattern is slightly different
than in the ac-plane. In general, the polygons of every microfabric are shorter than in the acplane.
Similar as in the ac-plane there is a subhorizontal maximum in the diagram (S0; light
grey; see Fig. 68). Probably it is the result of pure shear during the deformation (for further
interpretations see section 5) and dips at c. 05° to the SE.
The relatively younger S1 microfabric is coloured light green. Its polygons are evenly
distributed but have a discontinuous appearance. The S1 polygons partly have a distinct Sshape, or they at least show a curvature which is orientated to the SE. The foliation dips more
gently than in the ac-plane with an angle of c. 40° to the NW. In most cases, the S1 polygons
are truncated by the relatively younger, evenly distributed S2 microfabric (light blue in
Fig. 68). The dip of the S2 microfabric is steeper than in the ac-plane with c. 35° to the SE. In
opposite to the ac-plane the S2 microfabric is characterised by shorter domains.
Some very steep polygons cut the earlier developed microfabrics (S0, S1, S2) which is
the dark green pattern called the S3 foliation. S3 has a rough appearance and dips with an
angle of c. 80° to the NW. Probably the relatively youngest microfabric is represented by the
dark blue S4 polygons, which in most cases cut all former microfabrics. Like S3, the S4
foliation dips more gently than in the ac-plane with an angle of c. 70° to the SE.
The rose diagrams shown in Figures C19 and C20 (Appendix) clearly demonstrate
that the S2 clast microfabric can be recognised in all the grain size subsets. In contrast to S2,
the S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 68: High resolution scan and microstructural map of sample DWA12-12bc, taken from the M2 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M2 Diamicton: DWA12-12ab-plane (Dwasieden cliff profile PM167)
Due to the fact that the bottom line of thin section DWA12-12ab represents a line which is
parallel to the strike direction of the cliff surface (strike 052° NE-SW), the strike angles of the
polygons must be corrected by 038° (090°- 052°). Two different rose diagrams show the grain
long axes orientation maxima (see Fig. 69). The upper rose diagram shows the orientations of
the grain long axes maxima with respect to the thin section azimuth (top thin section). The
lower rose diagram shows the actual deviation from north (the actual strike angles of the
foliations, rotated counter-clockwise by 038° (090°-052°). Similar as in the vertical thin
sections there is a subhorizontal maximum (with respect to the thin section azimuth) which
strikes nearly NE-SW (actual orientation). In opposite to the vertical thin sections this
microfabric is not reflected in the polygon pattern.
According to the rose diagrams and the observations from the thin section, the earliest
foliation is the light green coloured S1 microfabric. In the thin section it strikes with an angle
of c. 102° (140°-38°) in ESE-WNW direction. A relatively younger and more distinct pattern
in the section is represented by the light blue polygons. This continuous S2 microfabric cuts
the S1 foliation and is arranged parallel to anastomosing and therefore has two strike angles
of c. 007° (045°-38°) in NNE-SSW direction and 027° (065°-38°) NE-SW. The blue S2
polygons are cut by the dark green S3 foliation, which strikes with an angle of 087° (125°038°) in i.e. approximately E-W. The relatively youngest S4 foliation is represented by the
dark blue polygons. This foliation cuts through all earlier developed foliations and strikes
327° (005°-038°) in NW-SE direction.
The rose diagrams shown in Figures C21 and C22 (Appendix) clearly demonstrate
that the S2 clast microfabric can be recognised in all the grain size subsets. In contrast to S2,
the S1 maxima are more poorly defined on all of the rose diagrams.

.

▼Fig. 69: High resolution scan and microstructural map of sample DWA12-12ab, taken from the M2 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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3.5 M3 Diamicton
3.5.1 Microfacies
Three different sediment blocks from this lithological unit were sampled: DWA12-18,
DWA12-19 and DWA12-20. At least one thin section was successfully prepared from each
block. The most distinct and characteristic features were found in sample block DWA12-18,
which will therefore be described here in more detail (Fig. 70). Because of the position of this
lithological unit (at the top of the cliff) and its physical features (the sediment was very dry
and hard), the sampling was complicated. Only the base of the M3 diamicton could be
sampled successfully.

M3 Diamicton: DWA12-18
Characterisation of the thin section
DWA12-18 was sampled directly at the base of the M3 Diamicton at profile metre 250, at
approximately 20 metres cliff height (for an overview of the cliff, see Fig. 15). The
orientation of the largest plane (ac-plane) was parallel to the cliff surface (strike angle at the
sample location was 054°, NE-SW). This massive, pale brown to ochre coloured diamicton is
very dry and compact (Fig. 70). Two thin sections were made from this block, the ac- and the
ab-plane. The sedimentological characteristics are very similar in these two thin sections;
therefore, only one thin section will be presented here: DWA12-18ac, which is orientated
parallel to the cliff surface and striking NE-SW. Note that Figures 71a and 71b show the
original and the graphically modified version of a high resolution scan of thin section
DWA12-18ac.
.

Fig. 70: Macroscopic appearance of sample block DWA12-18.
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Textural Analysis
At first glance, the brown to ochre coloured section DWA12-18ac has no distinctive features
(Fig. 71a). The ac-plane shows an average grain size between 0.24 mm (fine sand) and 0.48
mm (medium sand) (Fig. 71c). However, it does contain a number of larger clasts up to 6.5
mm (e.g. the large orange clast composed of carbonate mineral, marked 1 in Fig. 71b).
Comparable to the previous thin sections, the shape of the clasts within the M3 diamicton are
highly variable (Fig. 71c) and there is no obvious relationship between grain size and clast
shape.
Detrital grains within this thin section are mainly composed of quartz (Fig. 71c) as
well as minor amounts of limestone, feldspar, mica, crystalline rock fragments, sandstone and
type III till clasts (VAN DER MEER 1993). DWA12-18ac has a medium-textured matrix (siltrich). Sporadically, there appear to be accumulations of matrix around some clasts, with an
associated circular arrangement of smaller clasts (Fig. 71d).

Structural Analysis
DWA 12-18ac has many voids and vughs, which in most cases are the result of incomplete
sample impregnation. There are voids due to torn-off material and grains (Fig. 71e), which
increase towards the margin of the thin section (Fig. 71f). Beside the textural characteristics
of the thin section, Figure 71c shows a well-developed fold structure. Furthermore, as shown
in Figure 71g, there are many crushed grains.

Plasmic Fabric
The matrix displays a weakly developed omnisepic plasmic fabric (Fig. 71c) and a locally
developed skelsepic plasmic fabrics enclosed some detrital grains (Fig. 71h).

▼ Fig. 71a & 71b: Fig. 71a: Thin section of DWA 12-18ac. Figure 71b contains the annotated version of
DWA12-18ac. Scale bar = 1 cm. Also shown in Fig. 71b are the locations of the photomicrographs in
Figs. 71c-71h.
▼▼ Fig. 71c-71h: Cross- or plane-polarised light (CPL and PPL, respectively); scale bar = 500µm. Fig. 71c:
Size ranges, distribution and composition of DWA12-18ac, where a fold structure can clearly be seen (CPL).
Fig. 71d: Accumulation of matrix around a clast, with an apparent pressure shadow (PPL). Fig. 71e: Typical
void pattern of DWA12-18ac (CPL). Fig. 71f: Detailed view from the margin of the section (CPL). Fig. 71g:
Crushed quartz grain (PPL). Fig. 71h: Slightly visible skelsepic plasmic fabric (CPL).
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Fig. 71c
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Fig. 71e

Fig. 71f

Fig. 71g

Fig. 71h
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3.5.2 Microscopic Mapping
M3 Diamicton: DWA12-18ac-plane (Dwasieden cliff profile PM250)
In section DWA12-18ac, 10,334 grain long axes were measured. The microfabric pattern
generated from the grain long axes orientations is shown in Figure 72 and is characterised by
the presence of several rough and discontinuous microfabrics defined by short domains. The
structural rose diagrams show the orientation maxima of all grains. The earliest microfabric is
represented by a subhorizontal maximum which dips at c. 05° to the NE (S0; light grey
domains on Fig. 72).
The relatively younger S1 foliation, represented by the light green polygons, is a rough
and discontinuous fabric which dips at a consistent angle of 25° to the SW. The S1 polygons
often have a distinct S-shape which indicates a sense of shear to the NE in this plane of
section. The S1 foliation is cross-cut by the younger S2 fabric represented by the light blue
polygons. These polygons also have a rough shape, they dip with a consistent angle of 35° to
the NE. The domains defining the S2 fabric are typically longer than those which define the
earlier S1 foliation. The S3 foliation, represented in dark green domains on Figure 72, is a
distinct steep foliation which cuts the S1 and S2 foliation. The heterogeneously developed S3
fabric dips at c. 70 to the SW. The weaker S4 foliation cuts through S3 foliation in some cases
and is defined by the dark blue coloured domains on Figure 72. The heterogeneous S4 is
locally well-developed at dips at c. 70 to the NE.
Detailed analysis of the grain size of the clasts (using the length of the clast long axis
as a proxy for clast size) has been undertaken to investigate the effect on clast size on the
relative intensity of the microfabrics (see Appendix C1-C28). The grain population in sample
DWA12-18ac were divided into a series of subsets (on average 13 in total) based upon the
length of their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm….. and so on). The rose diagrams
shown in Figures C23 and C24 (Appendix) clearly demonstrate that the S2 clast microfabric
can be recognised in all the grain size subsets. In contrast to S2, the S1 maxima are more
poorly defined on all of the rose diagrams.

▼Fig. 72: High resolution scan and microstructural map of sample DWA12-18ac, taken from the M3 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M3 Diamicton: DWA12-20bc-plane (Dwasieden cliff profile PM250)
The bc-plane of the sample DWA12-20 is orientated perpendicular to the Dwasieden cliff
section (strike 324°; SE–NW; see Fig. 73). As opposed to DWA12-18ac discussed above, the
microfabric pattern of section DWA12-20bc has long and more continuous polygons, as
shown in Figure 73. Again, the rose diagram shows a subhorizontal maximum (S0; light
grey; see Fig. 73). It dips at c. 05° to the NW.
The relatively younger S1 microfabric is represented by the light green polygons on
Figure 73 that dip from NW to SE. Because of the anastomosing appearance, there are two
maxima in the structural rose diagram: a shallower dipping maximum that dips 25° SE, and a
steeper one that dips 45° SE. In some cases, the light green polygons are S-shaped (especially
in contact with the blue polygons) and indicate a dextral sense of shear in this thin section
(from SE to NW). The S1 microfabric is cut by a very distinct S2 fabric defined by light blue
polygons on Figure 73 and dips at an angle of 20° to the NW. The polygons are oriented
parallel, with only minor deviations. The light green S1 and light blue S2 foliations are cut by
a third, sporadically occurring fabric, represented by the dark green polygons on Figure 73.
This S3 foliation dips at c.70° to the SE. The youngest microfabric, foliation S4, is
represented by the dark blue polygons (Fig. 73) and is mainly developed in the upper left and
right parts of the thin section. It dips at c. 60° to the NW and cuts through all earlier
microfabrics.
The grain population in sample DWA12-20bc were divided into a series of subsets (on
average 13 in total) based upon the length of their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm…..
and so on). The rose diagrams shown in Figures C25 and C26 (Appendix) clearly
demonstrate that the S2 clast microfabric can be recognised in all the grain size subsets. In
contrast to S2, the S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 73: High resolution scan and microstructural map of sample DWA12-20bc, taken from the M3 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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M3 Diamicton: DWA12-20ab-plane (Dwasieden cliff profile PM250)
Due to the fact that the bottom line of thin section DWA12-20ab represents a line which is
parallel to the strike direction of the cliff surface (strike 054° NE-SW), the strike angles of the
polygons must be corrected by 036° (090°- 054°). The two rose diagrams on Figure 74 show
the grain long axes orientation maxima. The upper rose diagram shows the orientations of the
grain long axes maxima with respect to the thin section azimuth (top thin section). The lower
rose diagram shows the actual deviation from north (the actual strike angles of the foliations,
rotated counter-clockwise by 036° (090°-054°).
The earliest S1 foliation is represented by the light green polygons on Figure 74
which define a rough and discontinuous polygon pattern, which strikes 079° (115°-036°)
ENE-WSW. The S1 is cut by the S2 microfabric (light blue on Fig. 74). Similar as in the thin
sections of the M1 and M2 diamicton the S2 microfabric shows a parallel to anastomosing
appearance. Therefore two sets of S2 can be distinguished. The first one strikes c. 019° (055°036°) in NNE-SSW direction (see rose diagrams in Fig. 74). The second set of S2 strikes with
an angle of c. 359° (035° - 036°) in NNW-SSE direction.
In opposite to the vertical thin sections, the S3 microfabric in dark green on Figure 74
and is very clear in the thin section and cross-cuts S1 and S2. It strikes with an angle of c.
099° (135° - 036°) in ESE-WNW direction. The relatively youngest S4 microfabric is
represented by the dark blue polygons strikes c. 329° (005° - 036°) NW-SE. The S4
microfabric almost only occurs in the right part of the section.
The rose diagrams shown in Figures C27 and C28 (Appendix) clearly demonstrate
that the S2 clast microfabric can be recognised in all the grain size subsets. In contrast to S2,
the S1 maxima are more poorly defined on all of the rose diagrams.

▼Fig. 74: High resolution scan and microstructural map of sample DWA12-20ab, taken from the M3 Diamicton
at the Dwasieden cliff section. The structural roses show the maxima of the grain long axes orientations.
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3.6 Three-dimensional orientation of the microfabrics
M1 Diamicton: sample block DWA12-23 (Dwasieden cliff profile PM 53)
There are two main types of microfabrics in sample block DWA12-23 (Fig. 75), which are
the S1 and S2 fabrics. The less distinct and relatively younger S3 and S4 fabrics are also
illustrated. According to the procedure illustrated in Figure 12a-d (see section 2.2.3.3),
stereogram's were made for the various samples. Figure 76 gives the result for sample block
DWA12-23 from the M1 Diamicton. The left-hand side shows the sample block described in
Figure 75, and the right-hand shows the result of the three-dimensional stereographic
projection of the microfabrics. The apparent dips and dip directions of the foliations identified
in thin sections (2D) were described in section 3.3.2.

Repetition:
In the ac-plane, the S1 foliation dips with an apparent angle of 40° to the NE, and S2 dips with an apparent
angle of 40° to the SW. The younger S3 foliation dips with an apparent angle of 55° to the NE, and the S4
foliation dips with an apparent angle of 15° to the SW. In the bc-plane, the S1 foliation dips with an apparent
angle of 20° to the NW, the S2 foliation with an apparent angle of 45° to the SE, the S3 foliation with an
apparent angle of 65° to the NW, and the S4 foliation with an apparent angle of 45° to the NW. In the ab-plane,
the S1 foliation strikes with an angle of 121° ESE-WNW, the S2 foliation strikes with an angle of 011° NNESSW, the S3 foliation with an angle of 086° to the ENE-WSW, and the S4 foliation with an angle of 101° ESEWNW.

The S1 and S3 foliations are identified as planes in the lower hemisphere projection of
the Schmidt net, whereas the S2 and S4 foliations have linear projections. The S1 plane (light
green great circle in Fig. 76) is orientated to the NE and has a dip angle of c. 42°. The S2
linear (light blue arrow in Fig. 76) plunges with an angle of c. 54° to the SSW. The S3 plane
(dark green great circle) dips c. 69° to the NNW. The relatively youngest structure, the S4
linear (the dark blue arrow in the figure), plunges c. 47° to the WNW.

▼Fig. 75: Simplified illustration of sample block DWA12-23 (M1 Diamicton). The lines schematically illustrate
the four foliations in the thin sections. The figures on the right-hand side show the typical arrangements of the
main microfabrics S1 (light green) and S2 (light blue) in the three thin sections.
▼▼Fig. 76: Simplified illustration of sample block DWA12-23 (M1 Diamicton). On the right-hand side, the
lower hemisphere projection of the Schmidt net shows the three-dimensional orientations of the foliations.
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M1 Diamicton: sample block DWA12-9 (Dwasieden cliff profile PM 166)
There are two main types of microfabrics in sample block DWA12-9, which are the S1 and
S2 fabrics (Fig. 77). The less pronounced and younger S3 and S4 fabrics are also illustrated.
Figure 78 shows the results of the three-dimensional analysis of sample block DWA12-9.
The projections of the microfabrics into the lower hemisphere of the Schmidt net are shown
on the right-hand side. The apparent dips and dip directions of the foliations were described in
section 3.3.2.

Repetition:
In the ac-plane S1 foliation dips with an apparent angle of 45° to the NE, S2 dips with an apparent angle of
approximately 20° to the SW, S3 with an apparent angle of 70° to the NE, and S4 with an apparent angle of 75°
to the SW. In the bc-plane, the S1 foliation dips with an apparent angle of 45° to the NW, S2 has an apparent dip
angle of 30° to the SE, S3 an apparent dip angle of 65° to the NW, and S4 an apparent dip angle of 55° to the
SE. In the horizontal thin section (the ab-plane), the angles represent strike directions. The S1 foliation strikes
097° ENE-WNW, S2 strikes 012° NNE-SSW, S3 strikes 107° ESE-WNW, while S4 has two distinct strike
directions: 327° and 347° NW-SE. There are two main foliations in the sample block: the S1 and S2
microfabrics.

The S1 plane (light green great circle in Fig. 78) dips c. 55° to the NNE. The S2 linear
(light blue arrow) is orientated c. 35° to the SSW. As described in section 3.3.2, there is a
second set of the S2 microfabric in each thin section of sample block DWA12-9 (because of
the anastomosing characteristics). This is represented by the transparent light blue arrow in
the stereogram. The orientation of this subordinate microfabric is slightly different from the
main S2 fabric, as the dip angle of the arrow is c. 40° to the SW. The relatively younger S3
and S4 microfabrics are also illustrated, which should nevertheless be treated with caution,
because of their frequently indistinct appearance in the thin sections (especially the S3 fabric
is often poorly developed). The S3 plane (dark green great circle in Fig. 78) dips with an
angle of c. 74° to the NE. The S4 microfabric has two more or less distinct directions in the
ab-plane, which are both illustrated (dark blue arrows). The mean orientation of the fabric
may lie somewhere between the two arrows (see section 5). The S4 linear plunges with an
angle of c. 75° to the SE.
▼Fig. 77: Simplified illustration of sample block DWA12-9 (M1 Diamicton). The coloured lines illustrate the
four foliations in the thin sections. The right-hand side shows the typical arrangements of the main fabrics S1
(light green) and S2 (light blue) in the three thin sections.
▼▼Fig. 78: Schematic illustration of sample block DWA12-9 (M1 Diamicton). The three-dimensional
orientations of the microfabrics plotted in the stereonet are given on the right.
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M2 Diamicton: sample block DWA12-12 (Dwasieden cliff profile PM167)
Again, there are at least four different microfabrics, two of which, S1 and S2, are welldeveloped (Fig. 79). The orientation of the structural features is presented on the right-hand
side. Figure 80 shows the three-dimensional plot of the microfabrics from sample block
DWA12-12 (the angles are as described in section 3.4.2). The cube on the left-hand side is a
schematic representation of the sample block with the three thin sections arranged according
to the cutting position.

Repetition:
In the ac-plane, the S1 foliation dips with an apparent angle of 45° to the NE, the S2 foliation dips with an
apparent angle of 25° to the SW, S3 dips 75° to the NE, and S4 85° to the SW. In the bc-plane, the S1 foliation
dips with an apparent angle of 40° to the NW, S2 dips 35° SE, S3 80° NW, and S4 70° SE. In the horizontal abplane, the S1 foliation strikes with an angle of 102° ESE-WNW, while S2 strikes 027° NNE-SSW, S3 strikes 087°
ENE-WSW, and S4 strikes 327° NW-SE.

The earliest S1 microfabric is projected as a plane in the Schmidt net (light green great
circle in Fig. 80), which dips with an angle of c. 52° to the NNE. The most distinct structure
is the S2, which is presented by a linear in the stereogram (light blue arrow), plunging c. 40°
to the SSW. Although the younger microfabrics S3 and S4 are poorly developed and should
thus be treated with caution, they are illustrated in Figure 80, marked with a question mark.
The S3 microfabric projects as a plane in three-dimensional space (dark green great circle),
and dips with an angle of c. 82° to the NNW. The S4 microfabric is projected as a linear in the
stereogram (light blue arrow), which plunges c. 85° to the SSE.

▼Fig. 79: Simplified illustration of sample block DWA12-12 (M2 Diamicton). The coloured lines
schematically represent the four foliations in the thin sections. The figures on the right-hand side show the
typical arrangements of the main fabrics S1 (light green) and S2 (light blue) in the three thin sections.
▼▼Fig. 80: Schematic illustration of sample block DWA12-12 (M2 Diamicton), including the stereonet
projections of the foliations on the right.
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M3 Diamicton: combined sample blocks DWA12-18 and DWA12-20 (Dwasieden cliff
profile PM220)
Four different microfabrics can be distinguished: two main foliations S1 and the S2, and two
less clear S3 and S4 foliations (Fig 81). Figure 82 shows the results of the three-dimensional
analysis with thin sections DWA12-18ac, DWA12-20bc and DWA12-20ab. The dip and
strike angles can be found in section 3.5.2. The cube of the left-hand side of Figure 82 shows
the combined three thin sections.

Repetition:
In the ac-plane taken from sample block DWA12-18, the S1 foliation dips with an apparent angle of 25° to the
SW, S2 has an apparent dip angle of 35° NE, S3 dips with an apparent angle of 70° to the SW, and S4 dips 70°
to the NE. In the bc-plane taken from sample block DWA12-20, the S1 foliation dips with an apparent angle of
45° to the SE, while S2 dips with an apparent angle of 20° to the NW, S3 has an apparent dip angle of 70° SE,
and S4 dips 60° NW. In the ab-plane, also taken from sample block DWA12-20, the S1 foliation strikes with an
angle of 079° ENE-WSW, S2 strikes 359° NNW-SSE, S3 099° ESE-WNW, and S4 329° NW-SE.

The S1 microfabric constitutes the earliest microfabric, and it is projected as a plane in
the Schmidt net (light green great circle), which dips c. 49° SSE. The projection of the S2
foliation is a linear (light blue arrow), which plunges c. 39° NNW. The relatively younger S3
and S4 microfabrics should be treated with caution, due to their indistinct character. The S3
microfabric is projected as a plane (dark green circle) and dips with an angle of c. 76° to the
SSW. The S4 microfabric is projected as a linear (light blue arrow) and plunges
approximately 73° NW.

▼Fig. 81: Simplified illustration of the combined sample block DWA12-18/12-20 (M3 Diamicton). The
coloured lines schematically represent the four foliations in the thin sections. The cubes on the right-hand side
show the typical arrangements of the main microfabrics S1 (light green) and S2 (light blue) in the three thin
sections.
▼▼Fig. 82: Schematic illustration of the combined sample blocks DWA12-18/12-20 (M3 Diamicton),
including the stereonet projections of the foliations on the right.
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Basic types of microfabrics recognized in the thin sections
The Figures 75-82 describes the various microfabrics in three dimensions, from which threedimensional fabric models described above were generated. The different cutting planes of a
sample block show various arrangements (different apparent orientations and specifications)
of the foliations present within the thin sections. These foliations can be divided into two
main types: planar structures (Fig. 83) and linear structures (Fig. 84). A comparison of the
individual till units shows that in each sample block the earliest microfabric S1 is a planar
fabric while the younger S2 microfabric is a linear fabric.
The 3D geometry of the planar S1 foliation is shown in Figure 83. The block
diagrams in this figure are constructed with the ac-plan orientated NE to SW (see Fig. 83).
There are two distinct situations: the upper row (Fig. 83.1) presents the case with foliations
having opposing trends in the vertical sections and a transverse expression (with respect to the
vertical sections) in the horizontal section. The lower row (Fig. 83.2) presents the case with
foliations having uniform trends in the vertical as well as the horizontal sections.
Figure 83.1a shows a typical polygonal pattern defined by S1 in the three mutually
perpendicular thin sections (also see above). On this figure S1 is orientated from top right to
bottom left (or NE-SW) in the ac-plane, and from top left to bottom right (or NW-SE) in the
bc-plane, whereas it strikes nearly E-W in the horizontal ab-plane. The elongate S1 fabric
domains shown as green polygons on Figure 83.1 clearly define a clast microfabric dipping
towards the south. The plane of this fabric is illustrated in Figure 83.1b. The orientations of
the individual clastic grains which define the S1 fabric are shown in Figures 83.1c and 83.1d.
The orientation of the long axes in the three thin sections are shown as red dashed lines and
represent an apparent orientation of the long axes of the clasts in these 2D sections. The "true"
orientation of the clast long axes in 3D is shown by the black lines on Figures 83.1c and
83.1d. This 3D reconstruction shows that although these oblate clasts are aligned within the
plane of this foliation, the orientation of their long axes within the S1 surface is far more
variable (see Fig. 83.1d). Consequently Figure 83.1d clearly shows that the S1 fabric does
not possess a strong linear (L-type = Linear) component, but is simply a planar (P-type =
Planar) foliation. The Figures 83.2a to 83.2d show a 3D reconstruction of an S1 fabric
dipping towards the north.
In contrast to the P-type planar S1 fabric, a 3D reconstruction of the S2 foliation (blue
polygons on Fig. 84) clearly demonstrates that the long axes of the clasts show a welldeveloped preferred alignment within this second foliation (Fig. 84.1d). Consequently S2 can
be described as an L-type foliation possessing a pronounced linear component to the fabric
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which plunges down dip (see Fig. 84.1d). The bottom row in Figure 84 illustrates the
situation when the microfabrics show a uniform trend in the vertical thin sections. In Figure
84.2a, they are oriented from top right to bottom left in both vertical planes (in the ac-plane
this is NE-SW, and in the bc-plane SE-NW). The microfabrics have a transverse trend in the
horizontal ab-plane (with respect to the vertical thin sections), striking nearly E-W. The blue
arrow in Figure 84.2b shows the suggested spatial orientation of the a-axes of the grains in
the sample block. Figure 84.2c shows the cutting effects for one single grain, the red lines
representing the apparent grain long axes in the thin section planes, and the black line
indicating the actual grain long axes in the sample block. Finally, Figure 84.2d shows the
schematic spatial distribution of grains in a sample block with the real and the apparent
orientations due to the cutting effect.

▼Fig. 83: Summary of the reconstructed planar microfabrics, which can be recognised in the thin section by
three-dimensional analysis.
▼▼Fig. 84: Summary of the reconstructed linear microfabrics, which can be recognised in the thin section by
three-dimensional analysis.
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4. Interpretation of the three-dimensional orientation of the microfabrics
4.1 Interpretation of the 3D microfabrics based on macrofabric and geomorphology
Before interpreting the three-dimensional microfabrics, it is necessary to step back to the
macroscopic deformation recorded by the glacitectonic complex of Jasmund (Fig. 85), as this
provides the framework from which to interpret the microstructures developed within the
diamictons. There are two sets of distinctive ridges in the digital elevation model (Fig. 85).
They represent composite ridges as parts of glaciotectonic complexes or, alternatively,
recessional moraines and genetically related to the latest, near-surface glacigenic deposit,
which is the M3 diamicton. Irrespective of this apparent uncertainty in their origin, the ridges
are orientated transverse to the principal compression direction imposed by the advancing ice
(see Fig. 85). In the north, there is a set of ridges, indicating an ice movement direction from
the northeast (Fig. 85). In the southeast, the orientation of the second set of ridges (Fig. 85) is
consistent with compression imposed by ice advancing from the SE (Fig. 85). This southeastern set truncates the E-W-trending ridges present in the north of the region, providing
clear evidence that the ice advance from the SE was relatively younger. The older Pleistocene
till units (M1 and M2 diamicton), however, clearly predate the glacigenic imbrication (see
section 3.1). Consequently, the ice movement directions during the deposition of these older
diamictons can not be established by analysing the younger morphological features.
Therefore, it is necessary to describe and to compare the results of the macroscopic and
microscopic measurements of these older till units separately (see following section).
Fig.
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Macrofabric data: M1 and M2 diamicton
During the field campaign (November 2011- May 2012), clast macrofabric data were obtained
by measuring the long axes of erratic boulders present within the diamictons exposed in the
cliff sections at Glowe and Kluckow (Fig. 85). At the Dwasieden cliff section, the
macroscopic structural features provide evidence of an ice-movement direction from the NENNE during the deposition of both the M1 and M2 diamictons (see section 3.1); for example
deformed flame-like structures with a pronounced vergence towards SW and SSW in the
chalk and the M1, as well as inclined and overturned asymmetrical folds indicate a sense of
shear towards the SW-SSW; consistent with an ice movement direction from NE-NNE (see
section 3.1). Figure 19 & 20 show one of the numerous folds in the upper part of the chalk at
profile metre 120 (strike angle of the cliff surface is 060° NE-SW). Nearly all strike directions
of the fold axial planes are NW-SE.
The macroscopic measurements of the ab-planes of prolate boulders in the M1
diamicton (Fig. 86, upper row) confirms these observations and show a main dip direction of
the ab-planes to the NNE (“up-ice”, the maxima in the M1-boulder rose diagram represent
strike direction of the planes, therefore the main dip direction of the planes is perpendicular to
it, see Fig. 86). The red arrows on Figure 86 highlight the ice movement direction inferred
from the clast macrofabric data for the M1 diamicton. Clast macrofabric data obtained for the
M2 diamicton are also consistent with an ice-movement direction from the NE/NNE
(Fig. 86). This ice movement direction is consistent with the sense of shear obtained from the
deformation structures present within the M1 and M2 diamictons (see above).

▼Fig. 86: The upper row shows different illustrations of ab-plane measurements of erratic boulder (grain size
between 1 -10cm) in the M1. The lower row shows the grain long axes orientations of erratic boulders from the
M2 diamicton from the Dwasieden cliff section. The red arrows mark the inferred ice-movement direction. The
roses of the M1 and M2 diamictons suggest an ice-movement direction from NE and NNE, because the preferred
dip and dip directions of grains is typically up-ice (see section 2.1.3).
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Evidence for stratigraphic correlation of the M1 and M2 deposits cropping out at different
localities along the sea cliff of Jasmund is based on the analyses of the detrital clast
assemblages of the tills (PANZIG 1991, BRUMME 2010, KENZLER 2011). KENZLER et al.
(2015a,b) OSL-dated the interstadial sandy units between the tills at the outcrops Glowe,
Kluckow, Stripe 4 and Dwasieden and get similar ages of the interstadial sediments at the
different outcrops. This argues for the observation that the M1 and M2 tills at the different
outcrops are correlable. All orientation data of the macroscopic measurements at Glowe and
Kluckow have been rotated by the general strike and dip direction of the particular
Pleistocene deposit (e.g. the eastward tilted stratification at the Glowe cliff section caused by
glaciotectonic). An ice movement direction from the NE/NNE during the deposition of the
M1 and M2 diamictons is supported by the clast macrofabric data obtained from the Glowe
and Kluckow cliff sections (Fig. 87). Clast macrofabric data from the diamictons at both of
these localities show that the a-axes of the clasts plunge towards the NE-NNE (see Fig. 87).
The geometry of the deformation structures and clast macrofabrics within the M1 and M2
diamictons indicated a consistent ice movement direction from the NE/NNE (Fig. 88). There
is the same NE/NNE direction at all three sites (Glowe, Kluckow and Dwasieden) which are
on opposite sides of the Jasmund Peninsula. Basically, the ice advancing from the NE/NNE
overrode Jasmund during both the M1 and later M2 advances suggesting that at this time the
peninsula was not a major topographic feature.
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Fig. 87: Rose diagrams of the grain long axes orientations of erratic boulders from (grain size 1-10cm) the M1
and M2 diamicton from the outcrops Glowe and Kluckow and Stubbenhörn. The red arrows mark the inferred
ice-movement direction. Nearly all roses of the M1 and the M2 diamictons in Glowe and Kluckow suggest an
ice-movement direction from NE and NNE.

▼Fig. 88: The reconstructed ice movement direction (yellow arrow) for the tills M1and M2 based on erraticboulder data from cliff sections Glowe, Kluckow and Dwasieden plotted in front of the recent morphology,
which is related to the M3 till (modified Digital Elevation Model, Jasmund peninsula ©GeoBasis-DE/M-V 2014;
processed by Jörg Hartleib).
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Macrofabric data: M3 diamicton
Clast macrofabric data obtained for the M3 diamicton exposed in the Dwasieden cliff section
are shown in Figure 89. These data show a preferred SE to NW orientation of the long axes
of cobble to boulder sized clasts, consistent with an inferred ice movement direction from the
SE (see Fig. 89).
Fig.
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In contrast to the Dwasieden section which occurs on the southern side of Jasmund, clast
macrofabric data obtained from the M3 diamicton exposed at the Glowe cliff section on the
northern side of the peninsula show a pronounced NE-SW orientation (Fig. 90). The long
axes of pebble to boulder sized clasts within the M3 diamicton at the Glowe site show a
preferred dip towards the NE, consistent with an ice movement direction from this direction.
Two sets of measurements of erratic boulders and its longest axes were made. Both diagrams
show a distinct orientation of grain long axes from the NE to the SW with preferred dip
direction to NE.

Fig. 90: Structural
rose diagrams of two
sets of measurements
of

erratic-boulder

grain-long

axes

orientation of the M3
diamicton

at

the

Glowe cliff section.
The red arrows mark
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inferred

ice

movement direction
from the NE.

Clast macrofabric data obtained for the M3 diamicton exposed at Dwasieden on the southern
side of Jasmund and Glowe on the northern side of the peninsula clearly record ice movement
directions from the SE and NE respectively (see Figs. 89 and 90). These data clearly show
that the ice movement directions were significantly different across the peninsula
(see Fig. 91). On the northern side of Jasmund ice during the M3 advance came from the NE.
This inferred ice movement direction is orthogonal to the approximately E-W trending ridges
developed in this part of the Jasmund Peninsula (Fig. 91). In contrast, ice advance responsible
for the deposition of M3 on the southern side of Jasmund came from the SE (Fig. 91). The
cross-cutting relationships observed between the ridges can be used to suggest that the M3
diamicton on the southern side of Jasmund is relatively younger than that to the north.
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Fig. 91: The reconstructed ice movement directions (red arrows) for the M3 till based on erratic-boulder data
from cliff sections Glowe, Kluckow and Dwasieden plotted in front of the recent morphology, which is also
related to the M3 till (modified Digital Elevation Model, Jasmund peninsula ©GeoBasis-DE/M-V 2014;
processed by Jörg Hartleib)
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Microfabric data: M1 and M2 diamicton

Fig. 92: Comparison of the macroscopically derived ice-advance direction (yellow arrow) with the main
microstructural data for the M1 and M2 tills (green S1 planes and blue S2 linears) in front of the modified
Digital Elevation Model of the Jasmund peninsula (©GeoBasis-DE/M-V 2014; processed by Jörg Hartleib)

The results of the microstructural analysis of the M1 and M2 diamicton exposed at Dwasieden
confirm the results of the macrostructural and clast macrofabric studies, and are consistent
with an ice movement direction from the NE (Fig. 92). In detail the clast microfabrics
identified within M1 and M2 can be directly related to this NE to SW ice movement direction,
with the north-easterly dipping, planar (P-type) S1 clast microfabric dipping up-ice, were as
the relatively younger SW plunging, linear (L-type) S2 fabric is orientated parallel to the SW
directed ice advance. This clear relationship between the microstructures and the ice
movement direction is illustrated in Figure 92. Both the M1 (DWA12-9 & DWA 12-23, see
section 3.3.2; 3.6) as well as the M2 (DWA12-12 & probably also DWA12-17, cf. section
3.4.2; 3.6) clearly show that the main clast macrofabrics in these diamictons dip towards the
NNE and SSW respectively (see Fig. 92). Importantly the same S1 and S2 fabric geometries
can be recognised in both the M1 and M2 diamictons. This shows that both diamictons were
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either deposited by ice advancing from the NE-NNE, or that the older M1 was thoroughly
reworked during the M2 advance, resulting in the imposition of the M2 related microfabrics
on this relatively older M1 diamicton (see below).

Microfabric data: M3 diamicton

Fig. 93: Comparison of the macroscopically derived ice-advance direction (yellow arrow) with the main
microstructural data for the M3 till (green S1 plane and blue S2 linear) in front of the modified Digital Elevation
Model of the Jasmund peninsula (©GeoBasis-DE/M-V 2014; processed by Jörg Hartleib)

The results of the microstructural analysis, when compared with the clast macrofabric data
and macrostructural evidence, clearly demonstrate that the clasts macrofabrics present within
the M3 diamicton can be directly related to the ice movement direction and thereby the
evolution of the Jasmund glacitectonic complex (Fig. 93). As in the older M1 and M2
diamictons, the south-easterly dipping, planar (P-type) S1 clast microfabric in the M3
diamicton dips up-ice (see the stereonet on Fig. 93). The relatively younger, linear (L-type)
S2 fabric plunges down-ice towards the NNW (see stereonet on Fig. 93). The S1 and S2
fabric geometries are therefore consistent with the SSE to NNW ice movement direction
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responsible for the construction of the "southern imbricate thrust and fold belt" which
dominates the glacitectonic structure of the southern side of the Jasmund Peninsula (Fig. 93).
Furthermore, it can be clearly demonstrated that not only the macroscopic deformation
structures but also the microscale fabrics developed within the older M1 and M2 diamictons
are well preserved and provide a detailed record of earlier ice advances across Jasmund (see
Fig. 92), even though the area has been subjected to major glacitectonism during the later M3
ice advance. The preservation of M1 and M2 microstructures within these older diamictons
can be used to suggest that the later deformation associated with the deposition of the M3
diamicton was highly heterogeneous and that M3 related shear was not (locally?) being
transmitted throughout the entire pre-existing sediment pile as it deformed.

Comparison of microfabrics recognized in metamorphic rocks with the microfabrics
recognized in tills
The following section compares/interpret the clast microfabrics in the diamictons with
foliations developed in mylonites and metamorphic rocks. This comparison is been used to
interpret the development of the various foliations with respect to subglacial deformation. As
stated by LARSEN et al. (2006), microscale deformation at increasingly higher levels of strain
may only record the latest process of deposition and deformation, and therefore may not fully
reflect the complexity of till genesis. The structures preserved in the diamictons exposed in
the Dwasieden cliff section, provide clear evidence for subglacial polyphase deformation.
Consequently, the microfabrics identified within these diamictons are thought to mainly
reflect the latest stages of deposition and deformation.
A well-developed extensional crenulation cleavage structures (ECC) is preserved in
several of the thin sections (compare e.g. section 3.3.2). The three dimensional analysis
reveals that each of the sample blocks of the diamicton possess a cross-cutting pattern of
microfabric domains (e.g. Fig. 75) and that the geometry of these fabrics is comparable to L-S
tectonites formed in response to ductile shearing within metamorphic rocks (e.g. PASSCHIER &
TROUW 2005). Therefore, to explain these structures and to give an interpretation for the
development of the till microstructural genesis, it is necessary to summarize some
fundamental aspects of deformation styles in metamorphic rocks (especially mylonites) and
unconsolidated sediments.
PASSCHIER & TROUW (2005) describe in detail that C´type shear bands (which are part
of an S-C’ fabric) are one of the most common shear sense indicators that can be found in a
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mylonite (Fig. 94 & 95). The following explanations based on PASSCHIER & TROUW (2005).
They define a mylonite as a foliated and usually lineated rock that shows evidence for strong
ductile deformation, which normally contains fabric elements with monoclinic shape
symmetry. Furthermore, these authors emphasize that the term mylonite is a strictly structural
term that refers only to the fabric of the rock and does not give information on the mineral
composition. The term refers to rocks dominantly deformed by ductile flow, while brittle
deformation may play a minor role in isolated included lenses or grains; therefore, the stresssupporting network is affected by crystal plastic deformation. In the field, mylonites can be
recognized by their small grain size and strongly developed, unusually regular and planar
foliations and straight lineations. Whereas the planar fabric element of mylonites is known as
a planar shape fabric and the linear fabric element is known as a linear shape fabric or
aggregate lineation (see PASSCHIER & TROUW 2005). Mylonites commonly contain two or
even three foliations, inclined to each other at small angle that are thought to have developed
contemporaneously. Many mylonites show clear difference in geometry of structures in thin
sections cut normal and parallel to the aggregate or grain lineation (Fig. 94). In thin sections
cut normal to the lineation, the rock may seem relatively undeformed whereas in sections
parallel to the lineation the deformation is usually much stronger and structures can be used as
shear sense indicators (Fig. 95). One of a reliable shear sense indicator is the foliation
curvature (compare also section 3.3.2). This foliation has a characteristic curved shape that
can be used to determine sense of shear (see PASSCHIER & TROUW 2005). It develops if the
foliation is passive and reflects the orientation of the finite strain axes; the curvature reflects a
gradient in finite strain from its peak in the core of a shear zone outwards. Because of the
overprinting of several deformation phases, usually sense of shear can only be determined for
the later phases or only the last phase of deformation. In metamorphic rocks, a mica preferred
orientation or compositional layering may be transected at a small angle by sets of subparallel
minor shear zones. These zones are known as shear bands and the complete structure as shear
band cleavage. To confine this structure from the crenulation cleavage, which develops by
shortening along the older foliation, the term extensional crenulation cleavage is used.
According to PASSCHIER & TROUW (2005) two types of shear band cleavages are
distinguished: C-type and C´-type (Fig. 95). C-type fabrics (also S-C or C-S fabrics) consists
of an S-plane which is transected by a planar distinct C-type shear band and forms in weakly
foliated mylonites and may develop from the earliest stage of mylonite generation onward.
The C-type shear bands are parallel to shear zone boundaries. The development of C´type
shear band cleavage is partly understood but it seems to develop late during shear zone
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activity after a strong mineral preferred orientation has already been established. The C´type
structure (also S-C´ or C´-S) is characterized by usually anastomosing shear bands, which are
short and wavy. The shear bands cuts an older mylonitic foliation, which is deflected in the
bands in the same way as foliation curvature. An indicator that both, the older foliation and
the shear band cleavage formed during the same event of mylonitic deformation is the fact
that the intersection of the older foliation and the shear bands is normal to aggregate or grain
lineations on both theses surfaces (PASSCHIER & TROUW 2005). In particular the sigmoidal
shape of the older foliation between shear bands can be used as a shear sense indicator. As
highlighted above, there are analogues between fabrics of mylonites in metamorphic rocks
and those recognized as till microfabrics. However, it has to be stated in mind that there are
some very major differences in the style of deformation and processes occurring during the
deformation of these two different lithologies (metamorphic rocks and tills). For one,
mylonites undergo dynamic recrystallisation leading to grain reduction this process does not
occur in till (see also PHILLIPS et al. 2011).

Fig. 94: Schematic illustration showing the
geometry of a mylonite zone and the
nomenclature which is used (from PASSCHIER
& TROUW 2005).
Fig. 95: Illustration showing the types of
foliation pairs that are common in ductile
shear zones (from PASSCHIER & TROUW
2005).
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In contrast to metamorphic rocks, however, ductile deformation of unlithified
sediments is a cataclastic flow process, leaving the grains essentially intact (VAN

DER

WATEREN et al. 2000). According to BENN & EVANS (2010), there are two models of particle
behaviour within sheared sediments: JEFFERY (1922) proposed that particles roll continuously
in response to velocity gradients in a shearing viscous medium. This mechanism is called
Jeffery-type rotation (Fig. 96a, also described in e. g. CARR & ROSE 2003, IVERSON et al.
2008 etc.). In contrast, MARCH (1932) proposed that particles act as passive strain markers
and rotate towards parallelism with the principal axis of extensional strain. This mechanism is
called March-type rotation (Fig. 96b). BENN (2014) concluded that in case of the Jeffery
rotation the fabrics do not settle into a final steady state but vary continuously with a weak to
moderate mean preferred orientation down-flow. In case of March-rotation clasts reacts as
passive markers, which progressively tilt in response to strain in the surrounding medium.
The clasts quickly adopt a strong preferred orientation parallel to the direction of shear, and
then undergo little or no change thereafter (BENN 2014).

Fig. 96: (a) Jeffery, and (b) March rotation.
Illustration

(a)

shows

that

clasts

are

continuously rotated as the result of vertical
velocity gradients, whereas illustration (b)
shows

clasts

which

passively

trace

the

deformation of the surrounding medium (from
BENN 2014).
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Microfabric interpretation based on a ductile behaviour during till deformation (SC’fabric)
The older of the two main fabrics, the S1 foliation, displays a girdle pattern in the lower
hemisphere projection of the Schmidt net, which is indicative of a planar fabric. This planar
fabric dips “up ice” (i.e. towards the direction of shear imposed by the overriding ice, see
section 3.6 and above). The planar character and its orientation are comparable to particle
fabrics produced by simple-shear experiments at low strain (at strains of ~7-30 see IVERSON et
al. 2008). In contrast, data obtained for the relatively younger S2 microfabrics plots in a
distinct cluster on the lower hemisphere stereographic projection shown in Fig. 97. This
relationship is consistent with the clastic grains defining S2 showing a preferred shape
alignment within the plane of this microfabric. Consequently, the S2 is thought to comprise a
strong linear component (L-type fabric), with this lineation plunging down-ice (within the
direction of shear, see section 3.6). The linear character of S2 within the Dwasieden is
comparable to the particle fabric produced by simple-shear experiments at relatively higher
strains (see IVERSON et al. 2008).

Fig. 97: Comparison of AMS-fabrics recognised in the simple shear experiments, with the recognised fabrics in
till samples of the current study.
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The following model is proposed to explain the microfabrics recognized in the
Weichselian tills of Jasmund based on the simple shear experiments of IVERSON et al. (2008)
and others (THOMASON & IVERSON 2006, HOOYER et al. 2008, SHUMWAY & IVERSON 2009).
The model compares the planar, linear and S-C-like fabrics developed within the diamictons
exposed in the Dwasieden cliff section with fabrics recognised in metamorphic rocks and
known to be indicative of ductile deformation. Figure 98a-e illustrates the several theoretical
stages of this conceptual model. Note that the lines designated in light green and light blue in
the particular stage illustrations indicate the preferred orientation of grain long axis. During
the early stages of deformation leading to fabric development, there is the development of an
initial fabric (Fig. 98a). The grains act as passive strain markers, rotating so that they become
aligned into the developing planar fabric. This clast microfabric plots as a great circle on the
stereonet (see Fig. 98a, planar fabric). At a later stage of deformation history the geometry of
sigmoidal (S-shaped) S1 preserved between the domains of the relatively younger S2 fabric is
comparable to an S-C fabric developed in mylonitic rocks (Fig. 98b). The grain orientation
begins to cluster (linear fabric). Large parts of the initial girdle fabric (planar fabric) are
preserved, because of strain partitioning and the compressional forces due to the development
of the C-shear bands. The dip direction of the grains is towards the sense of shear. At a late
stage of deformation, there is the development of an S-C´fabric (Fig. 98c, S = S1 foliation,
C´= S2 foliation). This microfabric pattern is still related with a ductile style of deformation.
Next to the C’ planes, the microfabric are bent [rotated] into the direction of the shear sense.
That causes the down-ice directed younger microfabrics in the stereonet (S2 in the till samples
of Jasmund). The preserved planar fabric dips against the shear sense, whereas the grains
reoriented by the C´ shear bands plunge in the direction of the shear sense (Fig. 98c). Figure
98d shows a detail of an S-C´fabric.
The geometry of S1 to S4 is also comparable to that of Riedel shears developed in
more brittle fault rocks. Already THOMASON & IVERSON (2006) compared microfabrics of
simple shear experiments (with unconsolidated sediments) with a Riedel shear pattern. In the
current study the up-ice dipping P-type S1 is developed coplanar to the compressional Riedel
shear, whereas the down ice dipping L-type S2 formed parallel to the Riedel shear plane
undergoing extension (Fig. 98d). In case of the compressional component (P-type, S1
foliation), the grains have little opportunity to readjust itself, because they were “locked” in
the previously obtained position (planar fabric at low strain dipping up-ice). Therefore, the
girdle fabrics will be preserved and in stereonet a planar fabric is displayed (Fig. 98e). In case
of the extensional component (L-type, S2 foliation), the grains have a “range of freedom” to
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readjust itself into a stressfield. Therefore, the grains tend to cluster and a linear fabric is
displayed in the stereonet (Fig. 98e). Figure 98f shows a direct comparison of the recognised
microfabrics in the current study (see also Fig. 98d) with a simple Riedel shear model used by
THOMASON & IVERSON (2006). There is a clear visible similarity between both models. The
orientation of the R 2 shear (Fig. 98f) can also be an explanation for the younger S3 and/or S4
microfabrics recognised in tills. Figure 99 concludes the final interpretation model with a
three dimensional illustration of the S-C´fabric and its relationships to the microfabrics
recognized in the thin sections of the Dwasieden cliff section. In the detailed threedimensional illustration, the orientation of several grains is visible (Fig. 99). Again, in the
lower part of this illustration, the detailed explanation models for the planar and the linear
fabric are shown (compare also Figs. 83 & 84).

▼Fig. 98a-e: The evolution of microfabrics in a sheared till deformed under ductile conditions. Fig. 98a: Initial
fabric showing a “steady state” of grain orientation during subglacial deformation at an early stage of
deformation. Fig. 98b: Development of an S-C fabric during further deformation. It represents the initial stage of
the final deformation. Fig. 98c: Development of an S-C´ fabric. This fabric represents a late stage during the
final deformation. Fig. 98d: Detail of an S-C´fabric. There is a compressional and an extensional component,
which have influence to the behaviour of the grains in the ductile sediment. Fig. 98e: Schematised stereoscopic
fabrics recognised in the current study. There is the S1 foliation, which displays a planar fabric in stereonet. The
S2 foliation displays a linear fabric in stereonet.
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Fig. 98

▼Fig. 98f: Direct comparison of the recognised microfabrics in the current study (see also Fig. 98d) with a
simple Riedel shear model derived from the work of THOMASON & IVERSON (2006).
▼▼Fig. 99: Conceptual model for the development of the clast microfabrics developed within the tills exposed
in the Dwasieden cliff section. The lower illustration shows a three dimensional model of an S-C´fabric and its
relation to the microfabrics.
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Fig. 98f

Fig. 99
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4.2 Clast microfabric development in subglacial tills: experimental background
The model in the current thesis also raises several questions: Why are these fabrics preserved?
Why they are not overprinted? Is the preservation a sign of strain partitioning? Which time
interval lies between the particular microfabrics? What is the amount of pure shear during the
development of the microfabrics? Why do the simple shear experiments show a preferred
orientation of grain long axes towards the shear sense? This fits perfectly to the orientation of
the S1 foliation, but the main preferred orientation of linear fabrics in all sample blocks is in
the direction of shear sense (linear fabric plunges “down-glacier”). At least the last question
could be answered by a comparison of the microfabrics with respect to the role of particle size
in till-fabric characteristics (see section 4.3).
There are several theoretical and experimental studies related to fabric behaviour in
deformed sediments (VAN

DER

WATEREN 1999; HOOYER & IVERSON 2000;

VAN DER

WATEREN et al. 2000; IVERSON & IVERSON 2001; HIEMSTRA & RIJSDIJK 2003; LARSEN &
PIOTROWSKI 2003; LARSEN et al. 2006; THOMASON & IVERSON 2006; HOOYER et al. 2008;
IVERSON et al. 2008; SHUMWAY & IVERSON 2009, THOMASON & IVERSON 2009). The simpleshear experiments with the aid of a ring shear device by THOMASON & IVERSON (2006),
HOOYER et al. (2008), IVERSON et al. (2008) and SHUMWAY & IVERSON (2009) are of
particular interest for this study. Most instructive with respect to the investigated threedimensional deformation pattern are the measured magnetic fabrics (AMS-fabrics) of sheared
tills to evaluate the bed deformation model of glacier flow. IVERSON et al. (2008) summarizes
the results of the simple shear experiments, which were made with different materials (tills
from different localities and viscous putty) and within different grain sizes spectra (gravelsized, sand-sized, silt-sized). During the experiments (from IVERSON et al. 2008), varying
magnitudes of shear-strain were applied to the test materials to study its effects on till fabric.
Shear-strain fabric direction and strength have been studied with the aid of AMS (magnetic
susceptibility). Shear strains ranged from zero, in experiments in which till samples were
subjected to only confine consolidation, up to a maximum value of 714 (IVERSON et al. 2008).
Figure 100 shows the behaviour of gravel-sized ellipsoidal particles within the two
different materials (from IVERSON et al. 2008, white dots = viscous putty, and black dots = till
material). In both experiments, particles were initially vertical oriented (0°). In the viscous
putty, the grains rotate with strain. The grains in the till, on contrary, rotated into or
subparallel to the plane of shear and remained there with continued strain. In many cases, this
rotation (~75%) had occurred after a low shear strain of only 2. At higher shear strains,
ellipsoid rotation occurred very slowly in that the average ellipsoid orientation remains in or
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near the plane of shear (Fig. 100). In opposite to the particle rotation in viscous putty, which
displays an almost perfect Jeffery-mode of rotation, the behaviour of the particles in till shows
generally a cease of rotation (steady-state fabric). As a result, simultaneously, the long axes
became roughly aligned with the macroscopic shearing direction (see also HOOYER &
IVERSON 2000).

◄Fig. 100: Illustration showing the rotation
of long axes of gravel-sized ellipsoidal
particles (aspect ratio = 2·0) observed in
transparent viscous putty and in till from the
Storglaciären (from IVERSON et al. 2008).

The experiments with sand-sized particles provided a similar fabric evolution (see also
THOMASON & IVERSON 2006). During the shearing there is a rapid rotation of grains toward
the plane of shear (= steady-state fabric, Fig. 101a/b). In most cases (about 90%), the climb to
a steady state fabric occurred at shear strains of 5–10 (IVERSON et al. 2008). At strains of 7-10
the steady fabric directions were reached. An indication of a continuous flow-parallel
orientation of the grains is the continuous strong fabric pattern with increasing strain. Note the
last rose diagram in Figure 101a at shear strain over 100 (Douglas till). It shows an
orientation maximum that is sub-horizontally oriented in the direction of shear sense and
provides the interpretation model illustrated below.
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Fig. 101a/b: Orientation of sand-grain long axis in a vertical, shear-parallel plane as a function of shear-strain
magnitude in the Douglas and Batestown tills. The value of n is the number of particles measured for each
experiment (from THOMASON & IVERSON 2006, also illustrated in IVERSON et al. 2008). Note that most
ellipsoidal grains dips towards the shear sense at higher magnitudes of strain (the higher the strain the lower the
dip value); this is called “steady state” orientation by THOMASON & IVERSON (2006).

The formation of fabric in three dimensions was most impressively visualized using the
orientation of silt-sized (and smaller) magnetite particles revealed by the anisotropy of
magnetic susceptibility (AMS, Fig. 102a-c). In general, AMS fabric development was similar
and consistent with development of sand-particle fabric in two dimensions (THOMASON &
IVERSON 2006, IVERSON et al. 2008, see Fig. 101). The long axes of AMS ellipsoids (= k1
orientations) aligned progressively with strain (HOOYER et al. 2008). Till consolidation caused
weak relatively symmetric girdle fabrics, indicating an alignment of ellipsoidal grains within
a planar fabric dipping towards the sense of shear (Fig. 102a-c). These planar fabrics are
caused by shear strains up to ~6 (IVERSON et al. 2008). They become progressively
asymmetric, with k1 orientations (= grain long axes) rotating toward the direction of shear.
The k1 orientations became tightly clustered at shear strains of 8-25. They exhibiting a
transformation [reorganisation] into a linear fabric with alignment of ellipsoidal grains
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parallel to each other, and steady-state fabric strengths had been attained. Similarly as in the
sand sized materials, also the silt sized materials did not show any tendency to develop fabrics
transverse to the direction of shear (IVERSON et al. 2008).

Fig. 102: Three-dimensional orientation of AMS
k1 fabric development as a function of shear-strain
magnitude in the (a) Douglas till, (b) Batestown
till and (c) Horicon till (from IVERSON et al. 2008).
Note that k1 represent the longest grain axis. At
low strains they display a planar fabric (girdle
pattern) dipping towards the shear sense, whereas
at high strains they begin to transform into a linear
fabric (cluster pattern) dipping into the same
direction.

In conclusion for the simple shear experiments it can be claimed, that increasing shear strain
resulted in the transformation of symmetric planar fabrics dipping “up-ice” into linear fabrics
plunging more gently (almost sub-horizontally) in the same direction. In section 3.6 an
approach to explain the recognized microstructures has been presented. This interpretation
model clearly shows the reliability of the results and synthesizes the recognized
microstructures with simple shear experiments made by different authors (e.g. THOMASON &
IVERSON 2006; HOOYER et al. 2008, IVERSON et al. 2008).
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4.3 Influence of particle size on till-fabric characteristics
In the current study, a detailed analysis of the grain size of the clasts (using the length of the
clast long axis as a proxy for clast size) has been undertaken to investigate the effect of the
clast size on the relative intensity of the microfabrics (see Fig. 103a/b until Fig. 106a/b). The
grain population in the different samples were divided into a series of subsets (in average 13
in total) based upon the length of their long axes (0.1 to 0.2 mm, 0.2 to 0.3 mm….. and so on).
According to STROEVEN et al. (2002) and CARR & GODDARD (2007) the orientations in the
horizontal thin sections of a till sample block probably reflected the true orientations of
particles. They propose that the mean dips of grains in the vertical thin sections are typically
low (<35°). Therefore, only the microfabric data of the horizontal thin sections will be
presented here (for a comparison of the data of the current study with the work of the
mentioned authors). In the Appendix, also the results of the microfabrics of the vertical thin
sections are presented (C1-C28). The rose diagrams shown in Fig. 103a/b clearly
demonstrate that the S2 clast microfabric (light blue arrow) can be recognised in all the grain
size subsets. In contrast to S2, the S1 maxima (light green arrow) are more poorly defined in
all of the rose diagrams. It is interesting that the rose diagram subset of DWA12-23
(Fig. 104a/b) show a change of the orientation of the grain maxima from parallel to ice flow
to perpendicular of that. CARR & ROSE (2003) and CARR & GODDARD (2007) show similar
results for recent glacier flutes on Iceland. The reliability of the comparison of the current
results is limited, however, because there is a quite larger dataset in the current study. It is
possible that the preferred orientation of grains changes through the different grain sizes.
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▲Fig. 103a & 103b: Orientation of the clast microfabrics in thin section DWA 12-9ab. Fig. 103a: Orientation
of the clast microfabrics throughout the entire grain size spectrum. Fig. 103b: Orientation of the clast
microfabrics between different grain-size intervals. The coloured arrows indicate the orientation of foliations
identified in the thin sections.
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▲Fig. 104a & 104b: Orientation of the clast microfabrics in thin section DWA 12-23ab. Fig. 104a: Orientation
of the clast microfabrics throughout the entire grain size spectrum. Fig. 104b: Orientation of the clast
microfabrics between different grain-size intervals. The coloured arrows indicate the orientation of foliations
identified in the thin sections.
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▲Fig. 105a & 105b: Orientation of the clast microfabrics in thin section DWA 12-12ab. Fig. 105a: Orientation
of the clast microfabrics throughout the entire grain size spectrum. Fig. 105b: Orientation of the clast
microfabrics between different grain-size intervals. The coloured arrows indicate the orientation of foliations
identified in the thin sections.
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▲Fig. 106a & 106b: Orientation of the clast microfabrics in thin section DWA 12-20ab. Fig. 106a: Orientation
of the clast microfabrics throughout the entire grain size spectrum. Fig. 106b: Orientation of the clast
microfabrics between different grain-size intervals. The coloured arrows indicate the orientation of foliations
identified in the thin sections.
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It seems to be clear that the recognized orientation of the main foliation has to be understood
as approximate values. Especially in the horizontal thin section, there are often two maxima
of the main S2 foliation because of the anastomosing character of this foliation. Most likely
the actual direction lies everywhere between the maxima.
4.4 Further Questions
Why the S3 microfabric does also represent a planar fabric in the three-dimensional space?
And why the S4 microfabric does also typify a linear fabric in the three dimensional space? It
is obvious that the S3 microfabric shows a planar structure in the three-dimensional space
(similar as the S1 microfabric, e.g. see Fig. 76). Furthermore, it is obvious that the S1 and S3
microfabric often show only a slightly different dip angle and dip direction. Thus,
alternatively, the S3 microfabric can be regarded as part of the S1 microfabric. It is possible
that the S1 microfabric shows an anastomosing trend and that some of these polygons cut the
S2 foliation. Therefore, the author has classified these polygons as a separate microfabric
termed S3. In case of the S4 microfabric, there is no simple explanation of the similarity to
the S2 microfabric (the linear structure in three-dimension), because both microfabrics often
show different dip angles and orientations. It could also be that the process of generating the
planar and linear fabric has been repeated during the advanced deformation.
The interpretation model for the first three lithological units at the Dwasieden cliff
section claims that the units from the chalk to the I1 are influenced by periglacial environment
with convolute bedding, steeply inclined boulders and patterned ground. Especially the
modification of the grain long axes orientation due to frost heave raises the question why the
microfabrics produced by glacier shear are well-preserved in the M1 diamicton. The outcrop
situation (Fig. 15 & 18) reveals that the sampling area of the M1 samples is very close to the
M2 diamicton. In particular the sample DWA12-9, which shows a very well developed
microfabric pattern (in two-dimension and three-dimension), is close to the M2 diamicton
since the I1 is very thin at this profile metre (at PM 170 just a few centimetres). It is also
obvious that the microfabric pattern of the samples DWA12-9 (M1 diamicton) and the
DWA12-12 (M2 diamicton) are very similar (Fig. 78 & 80). The most appropriate conclusion
is that the overriding M2 ice has influenced (or produced) the microfabric pattern of the M1
diamicton (especially within the DWA12-9) and generated the well developed structures.
Especially the smaller grains were re-oriented in the stress field of the M2 diamicton whereas
the larger boulders partly still show influences of frost heave (steeply inclined).
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5.1 Periglacial versus subglacial soft-sediment deformation of the chalk and the M1
diamicton
The chalk exposed at the base of the cliff section shows evidence of soft sediment
deformation. The top of the chalk is highly irregular in nature and is locally deformed by
complex disharmonic folds and flame-like structures that extend into the overlying M1
diamicton (see Figs. 18, 19 & 20). This provides clear evidence that the base of M1 and the
top of the underlying chalk have undergone soft-sediment deformation.
DWA12-2bc and DWA12-7ac show the most typical characteristics. As shown in
Figures 18- 20, 37 & 40, the lowermost Pleistocene unit at the cliff section of Dwasieden
(M1 Diamicton) is strongly incorporated within the chalk sediment. The thin section
DWA12-2bc contains highly brecciated angular clasts of chalk (plus isolated quartz grains)
embedded within a marly matrix (Fig. 39a). The brecciation and the different shapes of the
chalk clasts speak for water- and frost- influenced weathering processes. MURTON (1996)
describes an outcrop with similar lithologic characteristics at the Isle of Thanet in South-East
England. MURTON (1996) compared the sedimentological features of this outcrop with icerich brecciated bedrocks in Spitsbergen and Canada. MURTON propose that a near-surface
brecciation of the chalk is due to frost weathering by seasonal freezing and thawing, possibly
in an active layer above permafrost. In case of Dwasieden, during thawing phases, water has
been circulated between the chalk clasts. As a result, components of the overlying deposit
(e.g. clayey matrix and detrital components like quartz grains from the M1 Diamicton) were
incorporated between the brecciated chalk clasts (e.g. see Fig. 39d & 39e). The acid in this
groundwater has partly etched the chalk clasts resulting in the development of the
gradational/diffuse boundaries displayed by a number of the chalk fragments (see Fig. 39b).
The conclusion from all the described characteristics is that there was tundra like conditions,
which gave way to a brecciation of the chalk.

5.2 The origin of the M1 diamicton: subglacial traction till or reworked periglacial
deposit?
The M1 diamicton partly shows vertical/subvertical-oriented pebble and boulder sized clasts.
Such aligned clasts within glacial sediments are typically interpreted as indicating that the
sediment has undergone periglacial activity. The clasts are displaced/rotated due to frost
heave, which can lead to the formation of patterned ground on the surface. Putting this
together with the involutions, partial mixing of M1 with the chalk and alteration of the chalk
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bedrock this are clear evidence for permafrost in the Jasmund region (at this time). These
observations are consistent with the model proposed for the brecciation of the underlying
chalk bedrock as a result of periglacial activity. The presence of far travelled
Scandinavian/Baltic derived detritus within M1 indicates that this diamicton contains a
significant glacial component. This far travelled material was then incorporated into the
underlying brecciated chalk as a result of either periglacial activity and/or subglacial
deformation. The two thin sections of M1 diamicton (DWA12-9 and DWA12-23) clearly
show a marked changed in colour upwards through this deposit indicative of a decrease in the
proportion of carbonate detritus derived from the underlying chalk bedrock. This change in
composition in M1 may reflect the increased mixing of the weathered chalk with the more far
travelled, glacially derived sediments.
In general, there is evidence of ductile and brittle deformation. The deformation style
is characterized by e.g. turbate structures (ductile) and microfaults (brittle). The development
of both styles of deformation is a well-known feature in till successions (e.g. LARSEN et al.
2006). Figures 44b and 46b show the result of the processed sections. There are many
indications for initial high-water content respectively water escape in the thin sections of the
M1 diamicton. Figure 46f shows dark areas (the chalk has a dark appearance under crosspolarized light, see Fig. 46f) of chalk material that has been trans-located into the diamict.
This is possible only under the influence of substantial amounts of water. Figure 44h shows
accumulations of fine-grained material partly with water escape structures. Further evidence
of periods of water saturation is the preservation of a fragile fossil remnant, the spine shown
in Figure 46c. It has been preserved because of the long ductile (and therefore probably water
saturated) behaviour of the M1 sediment. A distinct sign of brittle deformation is the microfault in thin section DWA12-9ac, which dissects a microfossil (Fig. 46e). In addition, it
dissects areas with accumulation of dense chalk material (Fig. 46g). VAN DER MEER (1993)
and others have argued that the presence of crushed grains comparable to those seen within
the M1 diamicton (e.g. Fig. 44g) are indicative of subglacial deformation. However,
LACHNIET et al. (2001) have also described these features within mass flow deposits.
Consequently, the presences of crushed grains within the thin sections of the M1 diamicton
from Dwasieden cannot be used per se to indicate that this diamicton is a subglacial deposit.
An alternative interpretation is that the M1 diamicton has been deformed during the
subsequent M2 ice advance. The fabrics of both diamictons and the inferred ice movement
direction are similar. As outlined at section 3.3.2, the micro-mapping reveals distinct
microfabrics (compare Fig. 47p, 47q & 48). Up to 4 fabrics have been identified, the 3D
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analysis has shown that the linear fabric S2 plunges “down ice” (in south-west direction) and
the planar S1 dips “up-ice” (in north-east direction). Furthermore, these fabrics are
comparable to those found within the M2 diamicton, therefore are consistent with an ice
advance from the NE.
As mentioned above, there are clear structures that are comparable with C´type shear
bands (see Fig. 47q & Fig. 48, DWA12-23ac). To generate such a microfabric, the sediment
has to behave as ductile material; at least until the foliation stages S1 to S3 have been formed.
The recognized microfabrics also can be described with the aid of a simple Riedel shear
pattern (Fig. 98f), whereas such a pattern occurs during a more brittle deformation. After the
development of the S1- S3 foliations, the sediment has probably react brittle (due to the
decrease of water content), which led to the development of the very distinctive S4 shear
structures in DWA12-23ac. This process is known as strain hardening and is described by
HIEMSTRA & RIJSDIJK (2003). They explain this phenomenon as follows:”.....the response of
the sediment is initially elastic, but with increasing stress, the sediment is said to yield, which
means that it starts to deform plastically. As a result, the shear strength of the sediment
increases a process that is known as strain hardening. A critical situation is reached once the
sediment is no longer capable of accommodating the induced amount of strain. This leads to
eventual failure of the sediment along one or more discrete planes at theoretical angle(s) of
π/4 − ϕ/2 to the vertical, with ϕ the angle of internal friction....” (cited from HIEMSTRA &
RIJSDIJK 2003; p. 378). Exactly the same process could be the explanation for the
microfabrics in the thin section DWA12-23ac and the microfaults in DWA12-16ac (M2
diamicton, see below).

The I1 sediment: Evidence for periglacial activity
The I1 sediment shows distinct evidence for periglacial activity. This sediment shows
periglacial characteristics like convolute bedding (see also Fig. 23). Partly, there are
patches/blocks of the underlying M1 diamicton included in the I1sediments, sometimes even
large boulders. The incorporation of the blocks/patches of M1 diamicton into the I1 sediments
is also thought to have occurred during soft sediment deformation are a result of loading
and/or periglacial activity. It is supposed that the annual thawing and freezing of the
underlying material (partly steeply inclined boulders in the M1 diamicton) has partially
destroyed the primary orientation of the M1 grain long axes.
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5.3 Origin of the M2 diamicton: a subglacial mélange formed as a result of the
deformation of soft permafrost
The microfabric evidence suggests that M1 could have been reworked during the deposition
of M2. Probably, M1 was a periglacial deposit and was transformed during M2 with
deformation beneath the ice leading to the imposition of the similar clast microfabrics in both
the M1 and M2 diamictons. It may be part of a reworked periglacial or head deposit.
In the bottom area of the M2 diamicton, thin stringers of sand are incorporated
showing fold axes striking NW-SE and the folds verge towards the SW (Fig. 28). The M2
diamicton contains a number of lenses or intraclasts (20 cm to 10 cm long) of fine- and
medium-grained sand. The shape of these sigmoidal-deformed intraclasts (see Fig. 29)
indicates a sense of shear towards the south-west. WALLER et al. (2011) proposes several
hypothesis about the genesis of such (lenses or) intraclasts with the most reasonable
explanation as follows: …”Initial ice advance caused large-scale thrusting of proglacial
permafrost that led to the stacking of pre-glacial and ice-marginal sediments that were
subsequently deformed sub-marginally to generate the intraclasts. Preservation of primary
stratification within the intraclasts is attributed to deformation at temperatures slightly below
the pressure-melting point, when pore ice cemented the intraclasts as rigid bodies. At the
same time deformation was concentrated into the surrounding finer-grained till because of its
significant liquid water content and ductile rheology….” cited from WALLER et al. (2011)
page 3481 (Abstract). Putting this together with the partial mixing of M1 and I1, M1 with the
chalk and alteration of the chalk bedrock, there is again clear evidence for permafrost in the
study area during deposition of the M2 diamicton.

Fabric development and dewatering during the deposition of the M2 diamicton:
evidence for subglacial deformation of a water saturated traction till
Thin sections of M2, for example DWA12-14, reveal that the two main clast microfabrics
present in this diamicton (S1 pale green polygons, S2 pale blue polygons on Fig. 63) are cut
by a subvertical to steeply inclined third fabric (S3) (Fig. 63). This heterogeneously
developed foliation is defined by short, irregular polygons (pale grey polygons on Fig. 63)
and is better developed within the sandy lower part of the thin section. The boundary between
the sandy and more clay-rich parts of this diamicton are highly irregular and gradational in
nature. The complexity of this lithological boundary is probably consistent with partial
mixing of two water saturated sediments during the earlier stages of deformation. As the M2
diamicton began to dewater, the S1 and subsequent S2 clast microfabrics were imposed on the
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diamicton. The cross cutting nature of S3 is consistent with this late stage fabric having
formed during the final stages of dewatering of M2. The upward escape of the porewater
through the sediment would have been concentrated into narrow zones or fluid pathways
(water-escape features). Within these zones the finer grained clasts would have been reorientated by the escaping porewater. S3 is therefore interpreted as recording the dewatering
of the M2 diamicton during the later stages or immediately after deformation had ceased.
There is indication that I1 was at least partially frozen during accretion of M2 resulting in the
development of the M2 mélange. Thus, the I1 sediments would have possessed a pore ice
cement that would/could have radically reduced the permeability of the I1 sediments reducing
its ability to transmit water. Both, the presence of the overriding ice above and frozen I1
sediments below would have effectively trapped any meltwater/porewater within the M2
diamicton during subglacial deformation.
A more complete record of microfabric development during deformation of the M2
diamicton is provided by sample DWA12-16 (Fig. 64). In contrast to sample DWA12-14, M2
within thin section DWA12-16 exhibits a more complex history of clast microfabric
development. The earlier phases of fabric development S1 to S3 are the same in both samples
(compare Figs. 63 and 64) with apparently ductile deformation of M2 resulting in the
imposition of the S1 and S2 fabrics (compare Figs. 63 and 64). This was followed by the
imposition of the steeply inclined S3 foliation during the dewatering of this potentially water
saturated diamicton. However, in contrast to DWA12-14, in sample DWA12-16 deformation
continued resulting in the imposition of a locally pervasive S5(?) fabric (red polygons on
Fig. 64). The S5 fabric occurs coplanar to a set of small-scale faults that off-set a steeply
inclined, sand-filled hydrofracture, which cuts the M2 diamicton (Fig. 64). Interestingly the
sense of displacement on these faults is consistent with the shear sense recorded by sigmoidal,
S-C-like fabric geometries preserved by S1 and S2 with both sets of kinematic indicators
indicating a sense of shear towards the SW/SSW (i.e. in response to an ice advance from the
NE/NNE). This microstructural evidence can be used to suggest that the imposition of S1 and
S2, and subsequent brittle faulting and associated S5 development occurred as a result of the
same overall stress regime. The deformation history recorded by M2 can therefore be
considered to be polyphase, consisting of an early phase of more ductile deformation and the
imposition of S1 and S2 when the M2 diamicton was probably water saturated, followed by
more brittle deformation leading to localised faulting and S5 fabric development.
Micromorphological evidence clearly indicates that the earlier ductile phase of deformation
(S1, S2) and later brittle phase were separated by a phase of dewatering and hydrofracturing,
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leading to the development of S3 and injection of the sand filled veins (see Figs. 63 and 64).
Dewatering of M2 during the proposed progressive deformation event would have resulted in
a change in the rheological properties of the diamicton comparable to the process known as
"strain hardening" (HIEMSTRA & RIJSDIJK 2003). During ring shear experiments carried out by
HIEMSTRA & RIJSDIJK (2003) the sediment (till) was initially elastic, but with increasing
stress, “the sediment is said to yield, which means that it starts to deform plastically. As a
result, the shear strength of the sediment increases a process that is known as strain
hardening. A critical situation is reached once the sediment is no longer capable of
accommodating the induced amount of strain. This leads to eventual failure of the sediment
along one or more discrete planes at theoretical angle(s) of π/4−

ϕ/2 to the vertical, with ϕ

the angle of internal friction....” (cited from HIEMSTRA & RIJSDIJK 2003; p. 378). The reason
for this style can be the drainage of water from the diamictic material into the dyke, since
there are clearly visible water-escape structures (WES) within the dyke (grey polygons in
Fig. 64). They are characterized by steeply inclined grains whose grain long axes are oriented
parallel to the dike walls/boundaries and are truncated by foliations related to the micro-faults
(Fig. 64). Even in the structural rose diagram, the orientation of the water escape structures is
well visible. The dewatering of M2 and injection of the sand-filled hydrofractures occurred
during the progressive deformation of M2. This dewatering of the till resulted in the change
from more pervasive ductile deformation (S1 and S2 in both DWA12-14 and 16) to more
localised (heterogeneous) brittle faulting and S5 fabric development (in DWA12-16ac).
During the S1 and S2 stages of deformation, the M2 was water saturated; the water was
trapped within the diamicton by the overriding impermeable ice and underlying permafrost
developed in the I1 sediments. Beneath the ice, the permafrost would have started to melt
releasing water into the I1 sediments leading to a localised increase in porewater pressure.
Eventually, water pressures within I1 appear to exceed the cohesive strength of the overlying
M2 diamicton leading to hydrofracturing beneath the ice (subglacial) and injection of
liquefied I1 sand into M2. Hydrofracturing of the bed could have resulted in an increase in the
efficiency of the subglacial drainage system helping to drain the bed and promoting
dewatering of the till. This would have directly led to switching off the earlier ductile
deformation and onset of more localised brittle deformation. This brittle S5 event would have
been partitioned into discrete zones within the bed. Furthermore, the draining of the bed and
dewatering of M2 may have resulted in the increased coupling of the ice to the underlying
sediments potentially slowing down forward motion of the ice and possibly the cessation of
the M2 ice advance.
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Similar as in the sections of the M1 diamicton, the sample DWA12-12ac (parallel to
cliff section) shows a distinct and well-developed S-C´ fabric (Fig. 67). Many of the S1
polygons show a curvature of the outline. The orientation of the displacement (and curvature)
is in the same direction as in the sample DWA12-23ac and DWA12-9ac, which is to the SW.
In sample DWA12-12ac, there is again evidence of a period of high-water content in form of
a preserved spine remnant of a fossil shown in Figure 62g. This spine is preserved, because
of the long ductile (and therefore probably water-saturated) behaviour of the M2 sediment. In
addition, the accumulation of matrix associated with a turbate structure is indicative for this
ductile behaviour (Fig. 62e). The crushed grains were also found in the upper part of the M2
(Fig. 62h). In the upper part of the till (see thin section DWA12-12ac), there are many cracks
which are delineated by iron staining (Fig. 62f). These features indicate post-depositional
diagenetic processes. As can be seen in the macroscopic scale, the M2 was eroded by
weathering and by outscouring due to glacifluvial processes after the emplacement of the
diamicton. Therefore, it is difficult to determine the original location of the structural features
(related to the top of the primary M2 deposition).
A distinct feature, recognized by comparing the results of the micro-mapping for the
different samples from the M2 diamicton, is the different dip angle of the foliations through
the till succession. In comparing the samples DWA12-12 and DWA12-17, it becomes
apparent that the main foliation and structures have a different dip angle. The main
microfabrics in DWA12-17bc (lower part) dip more gently (S2 dips 15°, S4 dips 55°) than in
the upper part (S2 dips 40°, S4 dips 55°) and in DWA12-12ac (S2 dips 25° and a second
foliation, which is correlated with S2 dips 45°, S4 dips 85°). Figure 107 shows a possible
explanation for the different dip angles of the main microfabrics in the different samples. The
main reason for this feature could be the dewatering and compaction of the sediment and
therefore the decrease of plastic deformation, as already described by PHILLIPS et al. (2011).
Another reason could be the strain partitioning during the deposition of the subglacial traction
till, as it is proposed by EVANS et al. (2006).
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Fig. 107: Schematised illustration of the different dip angles of the microfabrics recognized in the M2 diamicton.

Evidence for hydrofracturing and sediment injection during the deposition of M2
The lower part of the M2 diamicton is represented by DWA12-14 and reveals that the lower
part of the diamicton is cut by sediment filled veins interpreted as hydrofractures. The sand
filled hydrofracture clearly cuts the lower part of the M2 diamicton indicating that
liquefaction and injection of the underlying I1 sediments into M2 occurred after the
deposition of at least the lower part of this diamicton. Structurally higher within the M2
diamicton, the sand filled veins appear to link into larger, irregular patches of sand (Fig. 56).
The composition of this sand is comparable to the underlying I1 sediments. Liquefaction and
injection of the sand into M2 clearly indicates that I1 was locally water saturated and at least
in part not frozen. Deformation structures developed within I1 are consistent with softsediment deformation associated with permafrost. Liquefaction and injection of the I1 sands
into the M2 diamicton suggest that the permafrost had started to melt, possibly as it was
overridden by the M2 ice. Loading by the ice would have overpressurised the pore water
within the locally melting permafrozen sand leading to liquefaction, hydofracturing of the
basal part of the overlying diamicton and injection of the sand upward into the M2 as it was
being deposited. The presence of intact sand blocks within the M2 mélange suggests that
melting of the permafrost beneath the overriding ice was localised, or was originally patchy in
nature. In particular, the invariable well-rounded grains (compare Fig. 56d) indicate
deposition of fluvial sediment and, therefore, can be derived from the underlying I1-
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Interlayer, which probably represents a glaciofluvial depositional environment. In microscale,
water-escape structures are clearly discernible (see Fig. 56e and compare with the micromapping in section 3.4.2 in Fig. 63). More brittle fabrics have been formed due to the
ongoing dewatering during the advanced emplacement of the diamicton.
Evidence for the injection of the sand-filled hydrofractures into the M2, which have
post-dated the imposition of S1 and S2, is provided by thin sections DWA12-16 and 12-17,
where the sand veins clearly cross-cut/truncate and therefore postdate these clast microfabrics.
According to LARSEN & MANGERUD (1992), there are three potential modes of formation of
subglacial dyke-like hydrofractures. The first one is an instantaneous cut and fill. The second
mode is a squeeze-in of till or other plastic material driven by the movement and load
provided by the overriding glacier. And the third potential mode is the injection of a water–
sediment mixture into the hydrofracture in a series of several successive pulses, with the
widening of the fissure and simultaneous deposition of each lamina. RIJSDIJK et al. (1999)
confirm at least the observation of the successive opening of the cracks during the advanced
glacial emplacement (observed at Killiney Bay, eastern Ireland). The gradational boundaries
of the dikes (DWA12-16, DWA12-17) indicate that the M2 diamicton was being
reworked/eroded and incorporated into the sediment filling the vein/hydrofracture. The M2
diamicton was not fully dewatered and overconsolidated at the time when the hydrofracture
was active. Figures 58a, 58f and 58g characterize the dyke of DWA12-16ac in detail. There
is a sharp contact with the host rock in the NE direction. At this margin, very fine-grained
material has been accumulated. To the southwest, the dyke-filling material is more coarsegrained and the boundary is very indistinct. The described features fit with a successive
opening of the dyke from NE to SW and a stepwise filling. At a first event, only fine-grained
material has been injected into the dyke. During the successive opening, more coarse-grained
materials were filled into the dyke. The indistinct boundary in the SW (Fig. 58g) indicates
erosion of the dyke at this margin. In addition, the till pebble in the upper part of the dyke
(Fig. 58m) is interpreted as a result of these erosional processes. According to VAN DER MEER
(2009), the grading in a (sub-)vertically oriented dyke cannot be described as normal or
reversed, but can be described as grading laterally, either left or right.
Thin section DWA12-17bc provides further evidence of high hydrostatic pressure with
associated hydrofracturing during the deposition of the M2 till. LARSEN & MANGERUD (1992)
describe dikes, which have a low-angle dip or are even horizontally oriented. They propose
that these fissures would have been closed by the weight of the overlying sediments under
normal hydrostatic pressure. Furthermore, they suggest that it is necessary that the injected
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liquefied sediments have a higher hydrostatic pressure than the host sediment to produce such
structures. According to LARSEN & MANGERUD (1992), propagation by hydraulic splitting
probably opens the fissure. The authors describe that dikes sometimes follow pre-existing
cracks during opening (not always the case). DWA12-17bc is an example of a nearly
horizontally oriented dyke. The eroded and displaced till material (till pebble in Fig. 60j) is a
conspicuous sign of high hydrostatic pressure with associated hydrofracturing (beside the
dyke itself). According to BENN & EVANS (2010), the clast a-axes and ab-planes should be
aligned parallel to the dyke walls. In case of DWA 12-17bc, the structural rose diagram in the
middle of the Figure 65 (right handed pictures) shows a clear near vertical alignment of the
clast a-axes (long axes) as it is predetermined by the dyke walls.

The I2 sedimentary sequence: Evidence for annual freezing of an ice-marginal lake
The I2 sediment is a complex interstadial deposit showing evidence of an environment close
to the ice body. LUDWIG (1954/1955) and LUDWIG & PANZIG (2010) interpreted the
conglomerate/boulder bed at the base as a moraine at the ice-margin or as a glacifluvial gravel
that was accumulated between two large dead-ice blocks. The rhythmically bedded
sand/silt/clay deposit above of the boulder bed is related to a glacial lake with temporarily icecontact (LUDWIG & PANZIG 2010). The local folding of the varved layers is indicative for this
interpretation. During field work, drop stones were found occasionally in the north-eastern
part of the cliff section. The clayey part is characterised by layers of clay clasts that are
brecciated remnants of a former continuous clay layer. The genesis of this deposition is
unclear. BEICHE (2014) analyzed these clay pebbles and concluded that the shape of the clasts
must be caused by an annual freezing and thawing of the lake water and the lake bottom.
Below and above the rhythmically bedded sediments, cross-bedded and well-sorted sands
occur, which include sedimentary structures resulting from distinct humpback dunes with
recumbent folding structures (see Fig. 32 & 33).

5.4 Origin of the M3 Diamicton: macroscopical evidence of subglacial deformation of
chalk bedrock and the development of a till/glacitectonite
The M3 diamicton shows distinct macroscopic features, like the well developed joint-system
(see Fig. 34). The diamicton also contains a number of lenses or intraclasts (20 cm to 10 cm
long) of gravel. The shape of these intraclasts indicates a sense of shear towards the northwest (Fig. 35). WALLER et al. (2011) proposes several hypothesis about the genesis of such
(lenses or) intraclasts but the most reasonable hypothesis said that: …”Initial ice advance
186

5. Interpretation of Sedimentation and Deformation Development
caused large-scale thrusting of proglacial permafrost that led to the stacking of pre-glacial
and ice-marginal sediments that were subsequently deformed sub-marginally to generate the
intraclasts. Preservation of primary stratification within the intraclasts is attributed to
deformation at temperatures slightly below the pressure-melting point, when pore ice
cemented the intraclasts as rigid bodies. At the same time deformation was concentrated into
the surrounding finer-grained till because of its significant liquid water content and ductile
rheology….” cited from WALLER et al. (2011) page 3481 (Abstract). The chalk stringers
provide evidence that the chalk was exposed at the surface giving way to erosion/reworking,
by the M3 ice from the forefield. Macroscopic grain long axes measurements show a
preferred alignment of grain a-axes to the NW, dipping SE (“up-glacier”).
Similar as in the thin sections of the M1 and the M2 diamicton, there is clear evidence
of both ductile and brittle deformation in the samples of the M3 diamicton. The most
characteristic ductile feature is the fold structure in Figure 71c, which can be correlated with
a polygon of the micromapping (compare section 3.5.2, Fig. 72). In Figure 72, there is dark
blue polygon of the S4 foliation at the same position as of the micro picture 71c. This is also
an evidence for a ductile deformation style of the entire microfabric, at least until the S4
foliation stage (compare also section 4 -interpretation of the microfabrics). An evidence for a
brittle deformation style is the common occurrence of crushed grains in thin sections
(Fig. 71g). As already mentioned for the M1 and the M2 till (see above), the crushed grains
represent not necessarily a sign of high former pressure conditions (cf. e.g. LACHNIET et al.
2001, PHILLIPS et al. 2007).
The macroscopic measurements of clast long axes suggest an ice-movement direction
from SE-SSE to NW-NNW (compare section 3.1). Another distinct difference with respect to
the thin sections mentioned above is, that the earlier microfabric (S1) seemed to be more
conspicuous than the relatively younger S2 microfabric (see also the rose diagrams in Figs. 72
& 73). A closer look at the processed thin section clearly indicates that the S2 microfabric
cuts and dislocates the light green S1 microfabric. Therefore, it seems to be reliable that the
relatively younger foliation pattern is represented by the light blue polygons (despite the
unclear maxima in the rose diagrams).
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5.5 A revised model of the glacial evolution of the Jasmund Peninsula
The results of the field analysis coupled with the detailed micromorphological and
microstructural studies presented above can be used to develop a more robust model of the
Pleistocene (glacial) history of the Jasmund Peninsula. In particular these results can be used
to shed light on the processes occurring in front and beneath the ice masses which repeatedly
overran this part of the German Baltic coast during the Quaternary. It is clear from the above
discussion that a number of conclusions can be made regarding the depositional setting(s) and
deformation histories recorded by the individual sedimentary units, which make up the
Pleistocene sequence on the Jasmund Peninsula, these are:
The M1 diamicton can be interpreted as a successively deformed glacial deposit. It
shows evidence of polyphase deformation produced during deposition and probably has been
deformed again during the subsequent M2 ice advance. The fabrics and ice movement
direction of the M1 and the M2 diamicton are similar. The presence of far travelled
Scandinavian/Baltic derived detritus within the M1 indicates that this diamicton contains a
significant glacial component. This far travelled material was then incorporated into the
underlying brecciated chalk as a result of either periglacial activity and/or subglacial
deformation.
The M2 diamicton shows evidence of polyphase subglacial deformation recording the
initial overriding of a water-rich glacier bed, its subsequent dewatering and injection by sandfilled hydrofractures.
The M3 diamicton is characterized by a subglacial deformation of chalk bedrock and
the development of a till/glacitectonite. The chalk stringers provide evidence that the chalk
was (at least partially) exposed at the surface (at this time). As a result, the chalk has been
eroded/reworked by the M3 ice that dragged material from the forefield.
The complex fabric development and the deformation and sedimentation history of the
Jasmund Peninsula can be described by means of six stages (Stage 1-6, Fig. 108a-f). In
Figure 108a, 108b and 108f the derived ice-movement directions are illustrated in relation to
the present shape of the Jasmund peninsula. The shape of the peninsula is illustrated with
dashed lines because the present outline did not exist in the Pleistocene. Only during the
Holocene, wind and water action in costal landscapes formed isthmus and peninsula of the
Rügen Island. Figure 109 illustrates the individual stages and the temporally classification of
the different lithologic units (from the chalk to the M3 diamicton) in relation to the standard
profile.
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Stage 1 - Development of a tundra environment and permafrost within the chalk
bedrock
Due to frost weathering by seasonal freezing and thawing, brecciation of the chalk occurred
near-surface, possibly in an active layer above the permafrost (Fig. 108a). In the case of
Dwasieden, water circulated between the chalk clasts during thawing phases. There is clear
evidence (brecciated chalk clasts etc.) that the top of the chalk was strongly modified as a
result of the deformation and alteration associated with the development of an active
permafrost layer. The wider implications are that the area was terrestrial, and that it was
exposed to a potentially prolonged period of cold tundra-like conditions before being
overridden by ice.

Stage 2 - Subglacial deformation and permafrost-glacier interactions during the M1 ice
advance from the NE
The M1 ice advance occurred after a prolonged period of time (Fig. 108b). As a result,
components of the overlying glacial M1 deposit (e.g. clayey matrix and detrital components
such as quartz grains from the M1 diamicton) were incorporated into the brecciated chalk
layer. The highly irregular top of the chalk, with its local deformation by complex
disharmonic folds and “flame-like” structures extending into the overlying M1 (Figs. 18- 20),
is evidence for soft bed deformation (Fig. 108b). Since the kinematics of the north and south
coast of Jasmund are the same (i.e., direction of ice movement, based on macro- and micromorphological data, see section 4), the peninsula did not constitute a topographic obstacle to
ice advance from the NE. SC fabrics in the M1 deposit are consistent with the development of
a subglacial shear zone within the till. This shear zone accommodated most, if not all, of the
forward motion of the advancing ice sheet, allowing the evidence of the permafrost activity to
be preserved at the top of the underlying chalk bedrock. Locally, however, the permafrost
partially (?) melted, with the meltwater promoting soft-sediment deformation and
incorporation of the chalk into the M1 material. In essence, the mixing of the bedrock into the
diamicton, as well as all other highly dynamic processes, occurred beneath the ice.
The DWA12-9 and DWA12-23 samples (M1 diamicton) show very distinct
microfabrics. The S1 fabric dips “up-glacier”, while the S2 fabric dips “down-glacier”. The
M1 shows different macroscopical features along the outcrop (see section 3.1, Figs. 15, 18 21, 23 - 25). In the north-eastern part of the Dwasieden cliff section, the influence of the
periglacial activity during the I1 interstadial seems to be less pronounced than in the southwestern part (Fig. 43, sample location DWA12-23). In the south-western sample area, the
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chalk and the M1 diamicton seem to be highly influenced by the subsequent deposition of the
M2 diamicton (Fig. 18). The macroscopic shear sense indicators in the chalk (folds indicating
a shear sense to the south-west, see section 3.1, Fig. 18) and the partial “mixing” of chalk and
M1 material indicate a high influence of the M2 diamicton on the underlying deposits. The
vertical distance between the M1 and M2 is only some tens of centimetres (because the I1
interlayer is very thin in this area, cf. section 3.1, Fig. 18). Sample DWA12-9 (M1 diamicton)
and sample DWA12-12 (M2 diamicton) have very similar orientations of the microfabrics.

Stage 3 - Ice retreat, the I1 interstadial and re-establishment of a tundra environment
During the retreat of the M1 ice, the I1 interlayer was deposited, which shows clear evidence
of a periglacial environment, such as convolute bedding and frost patterns (Fig. 108c). The
periglacial environment with annual freezing and thawing still influenced the underlying M1
diamicton (partly steeply inclined boulders in the M1 diamicton, Fig. 21) and probably also
the chalk (Fig. 18). This annual freezing and thawing of the M1 diamicton is assumed to have
partially destroyed the primary orientation of the grain long axes.

Stage 4 - Subglacial deformation and glacier-permafrost interactions during the M2
The units from the chalk up to the I1 interlayer were partially deformed by shear during the
deposition of the M2 diamicton (Fig. 108d). I1 material was partially incorporated into the
lower area of the M2 diamicton (glacitectonic melange) in the form of sand intraclasts with
partially preserved primary bedding (Fig. 23). The partly sigmoidal-shaped intraclasts
indicate a shear sense from the NE (Fig. 29). Furthermore, the M2 microfabrics S1 to S4
developed (Fig. 108d, in the case of DWA12-16ac, there is also a relatively younger fabric
S5? associated with the fault structures). Similar to the microfabrics in the earlier M1 deposit,
the M2 microfabrics indicate an orientation of the S1 fabric “up-glacier” (in north-east
direction), while the S2 fabric dips “down-glacier” (in south-west direction), supporting the
macroscopic observations described in section 4. In the M2 diamicton, there is also evidence
for a water-saturated traction till. The distinct dykes in DWA12-16 and DWA12-17bc are
evidence for hydrofracturing and sediment injection during the deposition of M2. As the sandfilled hydrofracture clearly cuts through the lower part of the M2 diamicton, the liquefaction
and injection of the underlying I1 sediments must have occurred after the deposition of at
least the lower part of the M2 diamicton.
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Stage 5 - Ice retreat and the I2 interstadial
After deposition, the M2 diamicton was eroded by glacifluvial processes in a proglacial
system. The top of the M2 is characterised by scours filled with coarser material (e.g. gravel,
Figs. 16, 23). At least three distinct lithological units were deposited, including the boulder
bed (conglomerate), the varved-like sediments, and the sand and gravel units (Fig. 108e). The
entire bipartite glacitectonic complex of the Jasmund peninsula was formed during the I2
interstadial. All older units (M1 diamicton, I1 interstadial, M2 diamicton, the older part of I2)
correlate very well across Jasmund (in terms of the ice-movement direction, cf. sections 3.1,
3.6 and 4), forming a rather simple layer-cake stratigraphy. The structural features of these
deposits are preserved under the younger ones (e.g. the M3 diamicton). As can be seen in the
digital elevation model (section 4), the M3 diamicton covers two sets of morphological
features (one set from north-east and one set from the south-east, Fig. 91).

Stage 6 - Subglacial deformation associated with the M3 ice advance
The M3 ice movement direction within the region of Jasmund was probably influenced by
glacitectonic processes (probably caused by the M3 itself), but an endogenic influence cannot
be ruled out (see e.g. LUDWIG 1954/1955, STEINICH 1972). These glacitectonic processes led
to a splitting of the flow direction around the morphological elevation in the core area of the
Jasmund peninsula: in the south, the M3 ice advanced from the SE/SSE, and in the north from
the NE/NNE (Fig. 108f) (for the sedimentation and deformation development of the Glowe
cliff section, see BRUMME, 2010). The splitting of the flow direction indicates that large-scale
glacitectonics must have occurred at this stage, producing the current topographic high. This
macroscopic structural deformation is reflected in detail by the orientation of the microfabrics.
Similar to the microfabrics in the earlier deposits (M1 and M2 diamicton) described above,
the M3 microfabrics indicate an orientation of the S1 fabric “up-glacier” (in south-east
direction), while S2 dips “down-glacier” (in north-west direction). Similar to the M2
diamicton, there are intraclasts of gravel and sand with partially preserved primary bedding at
the bottom area of the M3 (Fig. 108f). Chalk striations indicate an area of origin from the
southeast, where the chalk was exposed at this time (see also LUDWIG & PANZIG 2010), thus
confirming the movement direction of the M3 ice from the SE to the NW. Regarding
Dwasieden, Fig. 3b shows that the direction of the M3 ice movement varies between SE and
SW along the southern structural unit of the Jasmund peninsula.
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▼Fig. 108a-e: Summarising interpretation model for the sedimentation and deformation development of the
lithologic units at the Dwasieden cliff section. 108a: Exposed chalk; 108b: Deposition of the M1 diamicton;
108c: Deposition of the I1 sediments; 108d: Deposition of the M2 diamicton; 108e: Deposition of the I2
sediments; 108f: Deposition of the M3 diamicton.
▼▼Fig. 109: Illustration of the individual stages and the temporal classification of the different lithologic units
at the Dwasieden cliff section (from the chalk to the M3 diamicton).
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Fig. 108a
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Fig. 108b
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Fig. 108c
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Fig. 108d
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Fig. 108e
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Fig. 108f
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Fig. 109
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6. Perspective
The microstructural mapping is a powerful tool to resolve the genetic development and the
structural deformation plan of glacigenic deposits (especially tills). The main result of this
thesis

is

that

the author has

been

able

to

take

the

results

of

a detailed

microstructural/micromorphological study and reconstruct the details of the glacial evolution
of part of the Baltic coast on northern Germany. The investigations clearly demonstrate the
relationship between the clast microfabrics and ice movement direction. Depending on the
limited time of the PhD, this paper only can exemplify the usefulness of this methodology. At
the beginning of this study, there were sampled and prepared many additional samples from
different outcrops for further investigations. First investigations of these additional thin
sections confirm the results documented and interpreted in this paper. Nevertheless, there is
the necessity to prove the explanations of the microfabric interpretation in relation to the
simple shear experiments. Until now, for simple shear experiments, it is only possible to
prepare a thin section parallel to the shear direction. It would be useful to experiment with
larger ring shear devices that would allow preparing complete sample blocks for three
perpendicularly oriented thin sections. With this sample blocks true three-dimensional
investigation could be made.
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Appendix
A Dwasieden Cliff profile

B Analyses of the lithological inventory of the tills by TGL 25 232 (CEPEK, 1971)
B1: Detrital analysis M1 Diamicton
B2: Detrital analysis M1 Diamicton
B3: Detrital analysis M2 Diamicton
B4: Detrital analysis M2 Diamicton
B5: Detrital analysis M3 Diamicton
B6: Detrital analysis M3 Diamicton

C Structural Rose Diagrams
C1: Thin section DWA12-23ac

C22: Thin section DWA12-12ab

C2: Thin section DWA12-23ac

C23: Thin section DWA12-18ac

C3: Thin section DWA12-23bc

C24: Thin section DWA12-18ac

C4: Thin section DWA12-23bc

C25: Thin section DWA12-20bc

C5: Thin section DWA12-23ab

C26: Thin section DWA12-20bc

C6: Thin section DWA12-23ab

C27: Thin section DWA12-20ab

C7: Thin section DWA12-9ac

C28: Thin section DWA12-20ab

C8: Thin section DWA12-9ac
C9: Thin section DWA12-9bc
C10: Thin section DWA12-9bc
C11: Thin section DWA12-9ab
C12: Thin section DWA12-9ab
C13: Thin section DWA12-17bc
C14: Thin section DWA12-17bc
C15: Thin section DWA12-17ab
C16: Thin section DWA12-17ab
C17: Thin section DWA12-12ac
C18: Thin section DWA12-12ac
C19: Thin section DWA12-12bc
C20: Thin section DWA12-12bc
C21: Thin section DWA12-12ab
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Protocol of detrital analysis

B1
Outcrop:

Dwasieden cliff section

depth (m below cliff surface): top M1
sample type:

%

NK

151

28,4

PK

261

49,2

PS

45

8,5

D

2

0,4

F

2

0,4

MK

5

0,9

S

62

11,7

Q

3

0,6

SO

0

0

531

100

1

kg

Brumme

Date of sampling: 12.01.2012

DWA-1-KGZ

Group quantity

NB

Investigator:

4-10 mm

No. of sample:

1

5,7

diamicton

grain size:

XY

porous

mass:

mixed sample

Lithology:

total

sample condition:

sub-group

comment:

G / kg 93,16
Quotients

Ffr - PS - PK - values

NK / PS

3,36

NK / D

75,5

Ffr

2

0,6

NK / PK

0,58

PS

45

Ffr / PK

0,01

PK

261

F / NK

0,01

total 308

PKgr / PKr + -

quantity

4,24

PK+D / PS+S

2,46

quantity
Ffr*10

%

20

2,7

14,6 PS*10

450

61,1

84,7 PK

261

35,7

100

731

100

Stratigraphic classification:

sz
PK+D / S

%

Investigator: Johannes Brumme

M1
Place and Date of issue: Greifswald, 25.04.12

Fig. B1: Analyses of the lithological inventory of the tills by TGL 25 232 (CEPEK, 1971). Protocol for the M1
diamicton.
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Protocol of detrital analysis

B2
Outcrop:

Dwasieden cliff section

depth (m below cliff surface): top M1
sample type:

Investigator:

4-10 mm

No. of sample:

kg

quantity

%

185

31,4

PK

301

51,1

PS

48

8,1

D

0

0

F

2

0,3

MK

4

0,7

S

42

7,1

Q

7

1,2

SO

0

0

589

100

XY

1

NB

1

Brumme

Date of sampling: 12.01.2012

DWA-2-KGZ

NK

G / kg

5,5

diamicton

grain size:

total

porous

mass:

mixed sample

Lithology:

Group

sample condition:

sub-group

comment:

107,09
Quotients

Ffr - PS - PK - values

NK / PS

3,85

NK / D

-

Ffr

2

0,6

Ffr*10

20

2,5

NK / PK

0,61

PS

48

13,7

PS*10

480

59,9

Ffr / PK

0,00

PK

301

85,8

PK

301

37,6

F / NK

0,01

total

351

100

801

100

PKgr / PKr + sz

-

Stratigraphic classification:

PK+D / S

7,17

PK+D / PS+S

3,34

Investigator: Johannes Brumme

quantity

%

quantity

%

M1
Place and Date of issue: Greifswald, 25.04.12

Fig. B2: Analyses of the lithological inventory of the tills by TGL 25 232 (CEPEK, 1971). Protocol for the M1
diamicton.
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Protocol of detrital analysis

B3
Outcrop:

Dwasieden cliff section

depth (m below cliff surface): 50cm above the M2 base sample condition:
sample type:

kg

quantity

%

94

23,0

PK

127

31,1

PS

109

26,7

D

0

0

F

0

0

MK

7

1,7

S

71

17,4

Q

1

0,2

SO

0

0

409

100

XY

1

NB

1

Brumme

Date of sampling: 12.01.2012

DWA-3-KGZ

NK

G / kg

Investigator:

4-10 mm

No. of sample:

total

6,7

diamicton

grain size:

Group

mass:

mixed sample

Lithology:

porous

sub-group

comment:

61,04
Quotients

Ffr - PS - PK - values

NK / PS

0,86

NK / D

-

Ffr

0

0

Ffr*10

0

0

NK / PK

0,74

PS

109

46,2

PS*10

1090

89,6

Ffr / PK

-

PK

127

53,8

PK

127

10,4

F / NK

-

total

236

100

1217

100

PKgr / PKr + sz

-

Stratigraphic classification:

PK+D / S

1,79

PK+D / PS+S

0,71

Investigator: Johannes Brumme

quantity

%

quantity

%

M2
Place and Date of issue: Greifswald, 25.04.12

Fig. B3: Analyses of the lithological inventory of the tills by TGL 25 232 (CEPEK, 1971). Protocol for the M2
diamicton.
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Protocol of detrital analysis

B4
Outcrop:

Dwasieden cliff section

depth (m below cliff surface): 1,4m above the M2 base
sample type:

Investigator:

4-10 mm

No. of sample:

kg

quantity

%

70

22,4

PK

72

23,1

PS

117

37,5

D

0

0

F

0

0

MK

13

4,2

S

38

12,2

Q

2

0,6

SO

0

0

312

100

XY

1

NB

1

Brumme

Date of sampling: 12.01.2012

DWA-4-KGZ

NK

G / kg

6,8

diamicton

grain size:

total

porous

mass:

mixed sample

Lithology:

Group

sample condition:

sub-group

comment:

45,88
Quotients

Ffr - PS - PK - values

NK / PS

0,60

NK / D

-

Ffr

0

0

Ffr*10

0

0

NK / PK

0,97

PS

117

61,9

PS*10

1170

94,2

Ffr / PK

-

PK

72

38,1

PK

72

5,8

F / NK

-

total

189

100

1242

100

PKgr / PKr + sz

-

Stratigraphic classification:

PK+D / S

1,89

PK+D / PS+S

0,46

Investigator: Johannes Brumme

quantity

%

quantity

%

M2
Place and Date of issue: Greifswald, 25.04.12

Fig. B4: Analyses of the lithological inventory of the tills by TGL 25 232 (CEPEK, 1971). Protocol for the M2
diamicton.
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Protocol of detrital analysis

B5
Outcrop:

Dwasieden cliff section

depth (m below cliff surface): M3 base
sample type:

Investigator:

4-10 mm

No. of sample:

kg

quantity

%

125

31,8

PK

129

32,8

PS

48

12,2

D

0

0

F

10

2,5

MK

40

10,2

S

40

10,2

Q

1

0,3

SO

0

0

393

100

XY

0

NB

7

Brumme

Date of sampling: 12.01.2012

DWA-5-KGZ

NK

G / kg

6,1

diamicton

grain size:

total

porous

mass:

mixed sample

Lithology:

Group

sample condition:

sub-group

comment:

64,43
Quotients

Ffr - PS - PK - values

NK / PS

2,50

NK / D

-

Ffr

10

5,3

Ffr*10

100

14,1

NK / PK

0,97

PS

48

25,7

PS*10

480

67,7

Ffr / PK

0,08

PK

129

69,0

PK

129

18,2

F / NK

0,08

total

187

100

709

100

PKgr / PKr + sz

-

Stratigraphic classification:

PK+D / S

3,23

PK+D / PS+S

1,47

Investigator: Johannes Brumme

quantity

%

quantity

%

M3
Place and Date of issue: Greifswald, 25.04.12

Fig. B5: Analyses of the lithological inventory of the tills by TGL 25 232 (CEPEK, 1971). Protocol for the M3
diamicton.
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Protocol of detrital analysis

B6
Outcrop:

Dwasieden cliff section

depth (m below cliff surface): M3 base
sample type:

Investigator:

4-10 mm

No. of sample:

kg

quantity

%

78

26,7

PK

96

32,9

PS

42

14,4

D

0

0

F

1

0,3

MK

26

8,9

S

49

16,8

Q

0

0

SO

0

0

292

100

XY

0

NB

3

Brumme

Date of sampling: 12.01.2012

DWA-6-KGZ

NK

G / kg

6,8

diamicton

grain size:

total

porous

mass:

mixed sample

Lithology:

Group

sample condition:

sub-group

comment:

42,94
Quotients

Ffr - PS - PK - values

NK / PS

1,86

NK / D

-

Ffr

1

0,7

Ffr*10

10

1,9

NK / PK

0,81

PS

42

30,2

PS*10

420

79,8

Ffr / PK

0,01

PK

96

69,1

PK

96

18,3

F / NK

0,01

total

139

100

526

100

PKgr / PKr + sz

-

Stratigraphic classification:

PK+D / S

1,96

PK+D / PS+S

1,05

Investigator: Johannes Brumme

quantity

%

quantity

%

M3
Place and Date of issue: Greifswald, 25.04.12

Fig. B6: Analyses of the lithological inventory of the tills by TGL 25 232 (CEPEK, 1971). Protocol for the M3
diamicton.
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C1

C2

▲ Fig. C1 & C2: Orientation of the clast microfabrics in thin section DWA12-23ac. C1: Orientation of the clast
microfabrics throughout the entire grain size spectrum. C2: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C3

C4

▲ Fig. C3 & C4: Orientation of the clast microfabrics in thin section DWA12-23bc. C3: Orientation of the clast
microfabrics throughout the entire grain size spectrum. C4: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C5

C6

▲Fig. C5 & C6: Orientation of the clast microfabrics in thin section DWA12-23ab. C5: Orientation of the clast
microfabrics throughout the entire grain size spectrum. C6: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C7

C8

▲ Fig. C7 & C8: Orientation of the clast microfabrics in thin section DWA12-9ac. C7: Orientation of the clast
microfabrics throughout the entire grain size spectrum. C8: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C9

C10

▲ Fig. C9 & C10: Orientation of the clast microfabrics in thin section DWA12-9bc. C9: Orientation of the clast
microfabrics throughout the entire grain size spectrum. C10: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C11

C12

▲Fig. C11 & C12: Orientation of the clast microfabrics in thin section DWA12-9ab. C11: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C12: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.

Appendix

C13

C14

▲Fig. C13 & C14: Orientation of the clast microfabrics in thin section DWA12-17bc. C13: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C14: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C15

C16

▲Fig. C15 & C16: Orientation of the clast microfabrics in thin section DWA12-17ab. C15: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C16: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C17

C18

▲Fig. C17 & C18: Orientation of the clast microfabrics in thin section DWA12-12ac. C17: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C18: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C19

C20

▲Fig. C19 & C20: Orientation of the clast microfabrics in thin section DWA12-12bc. C19: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C20: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C21

C22

▲Fig. C21 & C22: Orientation of the clast microfabrics in thin section DWA12-12ab. C21: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C22: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C23

C24

▲ Fig. C23 & C24: Orientation of the clast microfabrics in thin section DWA12-18ac. C23: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C24: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C25

C26

▲ Fig. C25 & C26: Orientation of the clast microfabrics in thin section DWA12-20bc. C25: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C26: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.
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C27

C28

▲Fig. C27 & C28: Orientation of the clast microfabrics in thin section DWA12-20ab. C27: Orientation of the
clast microfabrics throughout the entire grain size spectrum. C28: Orientation of the clast microfabrics between
different grain-size intervals. The coloured arrows indicate the orientation of foliations identified in the thin
sections.

