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Despite a long history of research, the locations of former ice-margins in the North Sea Basin are still
uncertain. In this study, we present new palaeogeographic reconstructions of (pre-) Elsterian and
Warthian ice-margins in the southeastern North Sea Basin, which were previously unknown. The re-
constructions are based on the integration of palaeo-ice flow data derived from glaciotectonic thrusts,
tunnel valleys and mega-scale glacial lineations. We focus on a huge glaciotectonic thrust complex
located about 10 km north of Heligoland and 50 km west of the North Frisian coast of Schleswig-Holstein
(Northern Germany). Multi-channel high-resolution 2D seismic reflection data show a thrust-fault
complex in the upper 300 ms TWT (ca. 240 m) of seismic data. This thrust-fault complex consists of
mainly Neogene delta sediments, covers an area of 350 km?, and forms part of a large belt of glacio-
tectonic complexes that stretches from offshore Denmark via northern Germany to Poland. The defor-
mation front of the Heligoland glaciotectonic complex trends approximately NNE-SSW. The total length
of the glaciotectonic thrust complex is approximately 15km. The thrust faults share a common
detachment surface, located at a depth of 250—-300ms (TWT) (200—240 m) below sea level. The
detachment surface most probably formed at a pronounced rheological boundary between Upper
Miocene fine-grained pro-delta deposits and coarser-grained delta-front deposits, although we cannot
rule out that deep permafrost in the glacier foreland played a role for the location of this detachment
surface. Restored cross-sections reveal the shortening of the complex along the detachment to have been
on average 23% (ranging from ca. 16%—50%). The determined ice movement direction from east-
southeast to southeast suggests deformation by an ice advance from the Baltic region. The chro-
nospatial relationship of the thrust-fault complex and adjacent northwest-southeast to northeast-
southwest trending Elsterian tunnel valleys implies a pre-Elsterian (MIS 16?) age of the glaciotectonic
complex. However, the age of these Elsterian tunnel valleys is poorly constrained and the glaciotectonic
complex of Heligoland may also have been formed during an early Elsterian ice advance into the
southeastern North Sea Basin. The glaciotectonic complex underwent further shortening and the
Elsterian tunnel-valley fills that were incised into the glaciotectonic complex were partly deformed

during the Saalian Drenthe and Warthe (1) ice advances.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The location and behaviour of pre-Weichselian ice sheets in the
North Sea Basin is still uncertain (Ehlers et al., 2011; Bose et al.,
2012; Lee et al, 2012; Stewart et al., 2013; Cohen et al., 2014;
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Phillips et al., 2017), but can be analysed by the orientation of
subglacial tunnel valleys, mega-scale glacial lineations, glaciotec-
tonic complexes, and their chronospatial relationships. The tradi-
tional view of the Pleistocene glaciation history of the central and
southern North Sea Basin is that major grounded ice-sheets did not
develop before Marine Isotope Stage 12 (Toucanne et al., 2009;
Ehlers et al., 2011; Stewart and Lonergan, 2011; Stewart et al., 2013;
Cohen et al., 2014; Stewart, 2016). However, there is growing evi-
dence for an Early Pleistocene or early Middle Pleistocene onset of
glaciation (e.g., Moreau et al., 2012; Buckley, 2017; Bendixen et al.,
2018; Ottesen et al., 2018; Rea et al., 2018).

During the Pleistocene glaciations, large glaciotectonic com-
plexes formed in northern central Europe due to the advance of the
ice sheets. These glaciotectonic complexes partly have had a com-
plex, multiphase evolution and have been the focus of attention for
more than a century; especially from the mid-1980s onwards (e.g.,
Aber, 1982; Van der Wateren, 1985; Feeser, 1988; Ingolfsson, 1988;
Van der Wateren, 1995; Huuse and Lykke-Andersen, 2000b;
Andersen et al., 2005; Burke et al., 2009; Pedersen, 2005; Aber and
Ber, 2007; Thomas and Chiverrell, 2007; Phillips et al., 2002, 2008;
Lee et al., 2013; Szuman et al., 2013; Lee et al., 2017; KowalsKki et al.,
2019). In recent years, glaciotectonic complexes have been
increasingly studied with high-resolution reflection seismic data,
often in offshore areas (Pedersen, 2014; Cotterill et al., 2017; Dove
et al, 2017; Pedersen and Boldreel, 2017; Vaughan-Hirsch and
Phillips, 2017; Bendixen et al., 2018; Phillips et al., 2018; Roberts
et al., 2018). This allows the analysis of the style of deformation
at large spatial scales, overcoming the common spatial limitations
of onshore outcrops.

Glaciotectonic deformation is controlled by the ice-bed
coupling, which in turn depends on the thermo-mechanical prop-
erties of the ice and substrate. The most important factors are i) the
thermal properties of the substrate; ii) the permeability and
porosity of the substrate; iii) the porewater availability and iv) the
presence of a potential detachment layer (e.g., Rutten, 1960; Van
der Wateren, 1985; Astakhov et al, 1996; Boulton, 1996;
Etzelmiiller et al., 1996; Boulton et al., 1999; Huuse and Lykke-
Andersen, 2000b; Piotrowski et al., 2004; Lee and Phillips, 2008;
Waller et al., 2009, 2012; Szuman et al., 2013).

Glaciotectonic complexes do not form at every ice margin and
may require specific glaciological conditions and/or the occurrence
of conditions favourable for deformation in the glacier foreland
(e.g., Bennett, 2001). Important aspects are the potential associa-

tion with fast ice-flow (e.g., Croot, 1988; O Cofaigh et al., 2010;
Vaughan-Hirsch and Phillips, 2017) and ice-marginal permafrost.
Ice-marginal permafrost may extend the zone of porewater over-
pressure much further beyond the glacier than in non-permafrost
settings. In addition, the presence of interstitial ice within the
pore space increases cohesion and the shear strength of the frozen
sediment. Stress can be transmitted over a considerable distance by
the relatively stiff frozen sediments, and thus probably fostering
the formation of large and broad glaciotectonic complexes (e.g.,
Rutten, 1960; Kalin, 1971; Etzelmiiller et al., 1996; Boulton et al.,
1999; Hiemstra et al., 2007; Burke et al., 2009; Waller et al.,
2009, 2012). However, glaciotectonic complexes do not, in gen-
eral, provide evidence for the existence of ice-marginal permafrost
(e.g., Tsui et al., 1989).

Therefore, in addition to porewater, rheology of the underlying
sediment plays an important role in the formation of glaciotectonic
thrust-fault complexes, independent of whether they are on- or
offshore. Glaciotectonic complexes are comparable to thin-skinned
fold-and-thrust belts, in terms of geometry and formation (Aber,
1982; Croot, 1987; Brandes and Le Heron, 2010; Cotterill et al.,
2017; Vaughan-Hirsch and Phillips, 2017). Glacial pushing

(bulldozing) is a major process in glaciotectonic complex formation
(Bennett, 2001). Pedersen (1987) identified the process of gravity
spreading to be responsible for glaciotectonic deformation.
Research has also focused on the role of bedrock topography to
explain the complex internal geometry of some complexes
(Dobrowolski and Terpilowski, 2006), the interaction of glaciotec-
tonic deformation and underlying pre-existing fault systems
(Wtodarski, 2014) or salt structures (Lang et al., 2014).

Analysing such glaciotectonic complexes is important because
they allow the determination of the maximum extent of glaciers
and ice sheets, whilst also providing information on ice-marginal
dynamics and the interaction of an ice-sheet with its foreland
(Bennett, 2001; Pedersen, 2005; Madsen and Piotrowski, 2012;
Bendixen et al., 2018; Gehrmann and Harding, 2018; Roberts et al.,
2018; Mellett et al., 2019). Traditionally, the mapped extent of tills,
their clast provenance and clast fabric have been used to recon-
struct ice limits and the direction of ice advances (e.g., compilations
in Skupin and Zandstra, 2010; Ehlers et al., 2011; Houmark-Nielsen,
2011; Laban and van der Meer, 2011; Lang et al., 2018; Stephan,
2019). However, not all ice advances may produce till, and the
thickness and spatial distribution of till strongly depends on ice-
flow velocity and substrate conditions (e.g., Boulton, 1996;
Jorgensen and Piotrowski, 2003; Kjer et al., 2003; Passchier et al.,
2010). Thin till covers and/or terminal moraines may be rapidly
eroded by subsequent (post-)glacial processes (e.g., Gibbons et al.,
1984; Boulton, 1996; Rasmussen et al., 2010; Moreau et al., 2012;
Stephan, 2014). Therefore, seismic analysis of large glaciotectonic
complexes provides the best evidence for ice fronts, and the
structural analysis and restoration of these complexes allow the
reconstruction regional ice-flow patterns, ice-sheet behaviour and
advance-retreat cycles (Pedersen, 1996, 2005; Lee et al., 2013;
Gehrmann and Harding, 2018; Phillips et al., 2018). In addition, the
glaciotectonic complexes may provide data on the substrate con-
ditions and porewater availability in the glacier foreland (Boulton,
1996, 1999; Waller et al., 2009, 2012; Lee et al., 2013; Vaughan-
Hirsch and Phillips, 2017). Smaller push moraines can help to un-
derstand the nature of rapid ice-marginal fluctuations (Bennett
et al.,, 2004) and the pattern of active retreat (e.g., Lee et al., 2013;
Cotterill et al., 2017; Phillips et al., 2018).

This paper focuses on a huge glaciotectonic thrust complex,
located about 10 km north of Heligoland and 50 km west of the
North Frisian coast of Schleswig-Holstein (Fig. 1A—C). It was pre-
viously described by Borth-Hoffmann (1980) and Figge (1983), who
analysed single-channel seismic data. Both authors observed the
occurrence of eastward-to southeastward-dipping glaciotectonic
thrusts to the north of Heligoland. However, the deformation his-
tory and palaeogeographic significance of the Heligoland glacio-
tectonic complex was not discussed in detail.

Selected profiles of about 6500 km, multi-channel, high-reso-
lution, 2D seismic data were used in this work. It was acquired by
the Federal Institute for Geosciences and Natural Resources (Bun-
desanstalt fiir Geowissenschaften und Rohstoffe, BGR) during three
research cruises (BGR0O3-AUR, BGR0O4-AUR and HE242 Leg 1). These
data provide detailed insight into the structure and geometry of
this buried fault complex and offer implications for the maximum
advances of (pre-)Elsterian to early Warthian (Warthe 1) ice sheets
in this area. We present these unpublished seismic lines around the
island of Heligoland and use the interpretations to derive
structurally-balanced cross-sections. Based on the interpretation of
the geophysical dataset, we calculate the amount of shortening,
derive the force directions acting on the sediment during the
Middle Pleistocene (pre-)Elsterian to Warthian ice advances,
discuss the controlling factors for the location of the detachment
horizon, and develop a schematic model for the deformation his-
tory of the glaciotectonic complex. Based on the integration of



J. Winsemann et al. / Quaternary Science Reviews 227 (2020) 106068

Al - 000° Pk B] 008E
QCS 5 10 km
7 ” 26
7 ¢ Survey:
, 25 — AURO03
? 33 — AURO04
5 ~ 37 HE242
£,
Qe/s’ =z l 4 .Z-
s,./é S ’ 59’
"2 b3 f, b
£ | 27
I3 l
30 !
@ I
& :
?‘,\0 ] 21 !
W oS I
_& study area =" E:I - '
T, g | 28
Y N\ 36 |
e e |
7 s '
0 |
< 23b
h Q)
Elsterian & N~
- L 33 20
L2 i
= Q a Heligoland 29
100 200 km ~——_L, 32 008°E,
008°E D] 008°E, |~ © Harreskov U
5  10km ' .Var de W
— Elsterian tunnel valleys
— late Drenthe|tunnel valleys A3
Warthian (1) tunnel valleys or Fang .
i Bugt

"55°N

glaciotectonjc complex

54°30'N

o Heligoland

A\

Dr1 7
. %,
008°E, ~T—1] ,008°E 50 100 km

pre-Elsterian

Heligoland

o2
% 44
2«7\ 2
}/9,//’//,/ ///<\\ \\\\\\\\\\\\\\\ /4

7
W \\\\\\\\\\\\
’ Wil \

2
Iy .

Fig. 1. Location of the study area. A) Overview map, showing the maximum extent of the Middle Pleistocene pre-Elsterian (Don ?), Elsterian, Saalian (Drenthe) and Late Pleistocene
Weichselian ice sheets in northern central Europe. The ice margins are modified after Ehlers et al. (2011); Roskosch et al. (2015); Hughes et al. (2016); Bendixen et al. (2018); Lang
et al. (2018). B) Map of the seismic lines around Heligoland used in this study. C) Close-up view of the study area, showing three different generations of tunnel valleys (modified
after Lutz et al.,, 2009) and the outline of the mapped glaciotectonic complex of Heligoland. D) Infered margin of a pre-Elsterian (Don?) ice advance (in red) into the southern North
Sea Basin. Red dots indicate the occurrence of pre-Elsterian till and meltwater deposits (compiled from Vinx et al., 1997; Houmark-Nielsen, 2011; Hayer et al., 2013). Red arrows
indicate the reconstructed ice-flow direction (this study; Huuse and Lykke-Andersen, 2000b). Dr1-Dr3 refer to mega-scale glacial lineation of the older Saalian Drenthe ice advances
(modified after Lang et al., 2018). The Warthe 1 ice advance into the southern North Sea Basin is inferred from the mapped E-W trending tunnel valleys and mapped mega-scale
glacial lineations on land. The Warthe 2 ice margin (Wa2) and Weichselian (W) ice margin are modified after Ehlers et al. (2011) and Hughes et al. (2016). (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)

palaeo-ice flow data derived from the glaciotectonic-thrust com-
plex, mapped tunnel valleys and mega-scale glacial lineations, we
present new palaeogeographic reconstructions of previously un-
known (pre-) Elsterian and Warthian ice-margins in the south-
eastern North Sea Basin.

2. Geological setting

During the Cenozoic, the North Sea area was an epicontinental
basin, confined by vast landmasses (Ziegler, 1990; Knox et al., 2010;
Gibbard and Lewin, 2016; Cohen et al., 2017; Ottesen et al., 2018).
The sedimentation in the southern North Sea basin was dominated
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by a large delta system, referred to as the Eridanos Delta. Its
drainage area covered most of the Fennoscandian and Baltic shields
from Miocene to Pleistocene times (Cameron et al., 1993; Overeem
etal., 2001; Knox et al., 2010; Thole et al., 2014). Delta progradation
occurred mainly from the Northeast and East and subsequently
from the Southeast, leading to the deposition of increasingly
younger delta deposits in the German and Dutch sectors of the
North Sea (Thole et al., 2014). The deposition of the Eridanos Delta
started in the Late Miocene and delta deposits are separated from
the underlying Middle Miocene to Paleocene deposits by a promi-
nent unconformity, the so-called Mid-Miocene Unconformity
(MMU), which represents an interval of condensed sedimentation
in the southern North Sea Basin, related to a major transgression
(Huuse and Clausen, 2001; Thole et al., 2014). This unconformity
dips towards the Northwest (Central North Sea Graben), from less
than 200 ms (TWT) close to the coast to more than 1400 ms (TWT)
in the Entenschnabel area. The whole surface is pierced and uplif-
ted by several salt structures (Thole et al., 2014).

After this transgression, the sediment input strongly increased
and delta progradation started. The increase in sediment supply
may be related to uplift of the basin margins and/or climate
detoriation (Nielsen et al., 2009; Rasmussen, 2009; Knox et al.,
2010; Thole et al., 2014; Arfai et al., 2014, 2018; Deckers and
Louwye, 2019). Frequent sea-level changes during the Neogene
influenced the delta architecture and led to the development of
several unconformities (Thole et al., 2014).

The beginning of the Pleistocene was marked by a regression of
sea level and subsequent deposition of fluvio-deltaic sediments on
the shelf, mainly sourced by rivers entering from the east and
southeast into the North Sea Basin (Overeem et al., 2001;
Kuhlmann et al., 2004; Streif, 2004; Gibbard and Lewin, 2009, 2016;
Thole et al., 2014; Winsemann et al., 2015; Cohen et al., 2017;
Benvenuti et al., 2018; Ottesen et al., 2018; Deckers and Louwye,
2019). Delta sedimentation probably persisted until the Middle
Pleistocene in the study area (Thole et al., 2014). The growing
Middle Pleistocene Fennoscandian ice sheets strongly impacted the
large Eridanos River system by blocking drainage pathways and
forced many tributary rivers into new courses (e.g., Overeem et al.,
2001; Cohen et al., 2014; Thole et al., 2014; Winsemann et al., 2015;
Cohen et al.,, 2017; Panin et al., in review). By the Middle Pleisto-
cene, the Eridanos River system had apparently lost the connection
to the Fennoscandian and Baltic headwaters (Gibbard and Lewin,
2016). Increased glacial erosion of the Baltic Sea area since the
Middle Pleistocene Saalian glaciation (e.g., Meyer, 1991) eventually
led to the change of river drainage pathways and the re-
organisation of river systems in central and northern Europe.

The first ice advance may have reached the study area during
the Menapian (MIS 34). During this glaciation, the so-called Fedje
Till (central North Sea Basin) and the Hattem Beds (Netherlands
and northwestern Germany) were deposited (Ehlers et al., 2011;
Graham et al., 2011; Laban and van der Meer, 2011; Lee et al., 2012,
and references therein). The Harreskov Till in Denmark and the
assumed pre-Elsterian till near Lieth in northern Germany (Fig. 1D)
may correspond to this glaciation or a younger glaciation during the
Cromerian Complex (e.g., Vinx et al., 1997; Houmark-Nielsen, 2011;
Hoyer et al., 2013). These pre-Elsterian tills are characterised by
erratic clasts from western Scandinavian source areas, pointing to
ice-advances from the North to Northeast (e.g., Kronborg, 1986;
Meyer, 1991; Vinx et al., 1997; Stephan, 2014).

During the subsequent Middle Pleistocene glacial periods, the
study area was repeatedly transgressed by the Fennoscandian ice
sheets. The age of the Elsterian glaciations in the Netherlands,
northern Germany and Denmark is still under discussion, and
correlation problems still persist (e.g., Litt et al., 2007; Ehlers et al.,

2011; Houmark-Nielsen, 2011; Bose et al., 2012; Lee et al., 2012;
Roskosch et al., 2015; Lauer and Weiss, 2018).

Up to three Elsterian ice-advances have been recorded. These ice
advances occurred from the North, then Northeast and finally from
the East, as indicated by the clast composition of tills and the
orientation of subglacial tunnel valleys (Huuse and Lykke-
Andersen, 2000a; Jorgensen and Sandersen, 2006; Lutz et al.,
2009; Stackebrandt, 2009; Houmark-Nielsen, 2011; Ehlers et al.,
2011; Hepp et al., 2012; Lang et al., 2012; Stephan, 2014, 2019;
Stewart, 2016; Sandsersen and Jergensen, 2017; Coughlan et al.,
2018). These three ice advances are now commonly correlated
with MIS 12, but also MIS 10 ages have been discussed (Litt et al.,
2007; Toucanne et al., 2009; Ehlers et al., 2011; Houmark-Nielsen,
2011; Bose et al, 2012; Lee et al, 2012; Lang et al, 2012;
Roskosch et al., 2015; Lauer and Weiss, 2018). From the subsequent
Saalian glaciations, three major ice advances, with several sub-
phases are known; they are referred to as the Drenthe and
Warthe ice advances. The Drenthe stage is also referred to as the
older Saalian Glaciation, the first Warthe advance (Warthe 1) as
middle Saalian Glaciation and the second Warthe ice advance
(Warthe 2) as late Saalian Glaciation (Fig. 1A, D). All these ice ad-
vances are correlated with MIS 6 and were caused by ice moving
from the North, Northeast and East (Busschers et al., 2008; Ehlers
et al.,, 2011; Houmark-Nielsen, 2011; Bose et al., 2012; Roskosch
et al., 2015; Lang et al., 2018; Lauer and Weiss, 2018; Stephan,
2019), but also an extensive earlier Saalian ice advance during
MIS 8 has been discussed (e.g., Beets et al., 2005; Lee et al., 2012;
Roskosch et al., 2015).

Key elements for the offshore Quaternary stratigraphy are
tunnel-valley fills. They are found across the entire North Sea Basin
and are easily identified in seismic sections. Their directions, shapes
and cross-cutting relationships allow the reconstruction of
different ice-advances and the establishment of a relative strati-
graphic framework. In the central and southern North Sea Basin, up
to seven generations of tunnel valleys have been incised into older
Pleistocene and Neogene deposits (e.g., Sejrup et al., 2005;
Lonergan et al., 2006; Kristensen et al., 2007; Lutz et al., 2009;
Stewart and Lonergan, 2011; Stewart et al., 2013; Stewart, 2016;
Sandsersen and Jergensen, 2017). These different tunnel valley
generations may record an equivalent number of separate advance
and retreat cycles of ice sheets (Stewart and Lonergan, 2011;
Stewart et al., 2013; Stewart, 2016) or simply multiple ice advances
within a single glaciation (Kristensen et al., 2007). In general, the
age of the tunnel valleys in the North Sea Basin is poorly con-
strained and age estimates are based on correlation with onshore
data and dated tunnel valleys from the Dutch and Danish North Sea
sectors. In the southern North Sea and onshore Netherlands, Ger-
many, and eastern England, the oldest tunnel valleys are inferred to
be mainly Elsterian in age (MIS 12), because overlying or inter-
bedded interglacial deposits yield Holsteinian ages and tunnel
valleys partly truncate deposits assigned to the Cromerian Com-
plex, giving a maximum age for the study area (e.g., Kuster and
Meyer, 1979; Stackebrandt, 2009; Lee et al.,, 2012; Hepp et al,,
2012; Lang et al., 2012; Janszen et al., 2013; Cohen et al., 2014;
Steinmetz et al., 2015). However, absolute ages are scarce and the
oldest tunnel-valley fills may be partly older than MIS 12 (e.g.,
Buckley, 2017; Hayer et al., 2013), or may have formed during MIS
10, as is indicated by absolute ages of tunnel-valley fills onshore in
northern Germany (Lang et al., 2012, 2015; Roskosch et al., 2015)
and Elsterian deposits in the northeastern Netherlands (Lee et al.,
2012; ES. Busschers, pers. comm.). These tunnel valleys were
later often re-used during subsequent younger glaciations or rivers,
as indicated by a complex valley-fill archtitecture with multiple
cut- and fill structures (e.g. Huuse and Lykke-Andersen, 2000a;
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Larsen and Andersen, 2005; Stackebrandt, 2009; Lang et al., 2012;
Janszen et al., 2013; Moreau and Huuse, 2014; Steinmetz et al.,
2015; Sandsersen and Jergensen, 2017; Benvenuti et al., 2018;
Prins and Andresen, 2019). The Weichselian ice-sheet did not reach
the study area, implying that all tunnel valleys must be older than
MIS 4 (Larsen et al., 2009; Houmark-Nielsen, 2011; Bose et al., 2012;
Hughes et al., 2016).

3. Data base and methods
3.1. Seismic dataset

In this study, we use high-resolution, multichannel seismic
profiles from three scientific cruises in the North Sea that were
conducted by BGR between 2003 and 2005 (Fig. 1B). The BGRO3-
AUR cruise in 2003 (Kudraf3, 2003) and the BGR0O4-AUR cruise in
2004 (Neben, 2004) acquired seismic profiles of about 2500 km and
2600 km length, respectively. An additional 1400 km of high-
resolution multichannel seismic data were acquired in 2005 dur-
ing cruise HE242 Leg 1 (Neben, 2006). All three cruises aimed
mainly at shallow structures down to 1s (TWT). The onboard sci-
entific party processed the data. Water depths during cruises were
in the range of 7—50 m on BGR03-AUR, and about 15 m on HE242.

The equipment used on all three cruises for the generation and
acquisition of acoustic waves consisted of a generator-injector-gun
(GI-Gun, type 645-100) and a 300 m streamer. Both (generator and
injector) chambers of the gun operated with a volume reducer and
therefore with effective volumes of 25 cubic inches each, albeit in a
single casing. The total volume of the system was 50 cubic inches
(0.821). The GI-Gun was fired at a pressure of 14—15 MPa every
12.5 m. Both source and receivers had a nominal towing depth of
2—3 m below surface. The 300 m streamer consisted of four active
seismic sections of 75 m length, each equipped with six channels,
resulting in a channel spacing of 12.5 m on the active sections and
24 channels. The usable bandwidth at a depth of 2 m was 300 Hz,
with frequencies between 25 and 325 Hz. Data were recorded at a
sampling rate of 0.5 ms (2 kHz), thus the Nyquist frequency was
1kHz, meaning all data within the usable bandwidth were
sampled. Penetration depth was usually between 1 and 2 s (TWT),
which is more than sufficient to image the upper 300—500 ms
(TWT) of interest in this study.

Only selected profiles were used in this study, which reduced
the dataset to 2000 km of seismic profiles around, but mostly north
of Heligoland. Not all of these profiles are directly relevant to the
glaciotectonic structure, since the complex is smaller than the area
covered by the seismic profiles (Fig. 1B and C). Depth conversion
was carried out by applying an average velocity of 1600 m/s to the
studied interval. This value is a simplification, but it matches very
well with our previous studies based on stacking velocities and
calculated average velocities (Lutz et al., 2009).

3.2. Echosounder data

A parametric Innomar SES-2000 standard echosounder was
deployed during cruise HE242 to collect shallow subsurface infor-
mation. The echosounder data were recorded parallel to the high-
resolution seismic data used for this study. The penetration depth
was in the range of 3—10 m, depending on the grain size. Data gaps
occurred only during very rough weather conditions, which
hampered sound transmission. The system operated with a pri-
mary frequency of 100 kHz and secondary frequencies of 4, 5, 6, 8,
10, and 12 kHz. Because of the high system bandwidth of a para-
metric system, short signals can be transmitted without ringing.
This makes parametric systems useful in particular in shallow

water areas (Wunderlich and Miiller, 2003).
3.3. Kinematic restoration

Five seismic sections (AUR03_27, AUR04_30, AUR04_27,
HE242_05, HE242_09), which cover most of the deformed part of
the glaciotectonic complex, were selected for restoration (see
Fig. 1B and C for location of seismic sections). The software 2DMove
(Petex Ltd) was used for structural restoration. Kinematic restora-
tion was carried out using the principle of minimum displacement,
i.e., beds were constructed so they were cutoff by the faults directly
after they could not be seen in the seismic anymore. In addition,
horizons were extended to make contact with the faults. Further-
more, minor changes in fault geometry had to be made to balance
the cross-sections. The analysed glaciotectonic complex is charac-
terised by in-sequence thrusting. Kinematic restoration therefore
began at the foreland pin and progressed backwards through the
thrust-fault complex. The fault-parallel flow algorithm was used for
kinematically retrodeformation (cf. Ziesch et al., 2014).

3.4. Reconstructions of ice advances

The directions of ice-advances were derived from the orienta-
tion of mega-scale glacial lineations, tunnel valleys and glaciotec-
tonic thrusts. Mega-scale glacial lineations and tunnel valleys are
considered to form parallel to the ice-flow lines (e.g., Clark, 1993;
Boulton et al., 2001; Kehew et al., 2012). The deformation fronts of
proglacial glaciotectonic complexes trend parallel to the ice-margin
and the dip direction of thrust faults is up-ice (e.g., Aber, 1982; Van
der Wateren, 1985; Feeser, 1988; Bennett, 2001; Pedersen, 2005).

An extensive database of regional studies provides data on
palaeo-ice flow directions and till provenance. Major results on till
provenance, till-clast fabric, glacial striations, mega-scale glacial
lineations and glacitectonic deformation structures of the onshore
study area are compiled in Ehlers and Stephan (1983), Ehlers et al.
(2011), Houmark-Nielsen (2011), Lang et al. (2018) and Stephan
(2019). Regional palaeo-ice flow directions derived from onshore
and offshore tunnel valleys are summarized in Lutz et al. (2009),
Stackebrandt (2009), and Sandsersen and Jergensen (2017).

For this study, additional mega-scale glacial lineations were
mapped from digital elevation models (grid ~30 m), vertical accu-
racy ~3 m (EU-DEM) of the northeastern onshore part of the study
area (Fig. 1D) and tunnel valleys from seismic sections of the
eastern offshore study area (Fig. 1C), which was not entirely
covered by Lutz et al. (2009).

For the Heligoland seismic data, the internal architecture and
dip direction of glaciotectonic thrusts were used to reconstruct the
deformation history and related ice-push direction. As the acquired
2 D seismic lines trend oblique to the true dip direction of the
Heligoland glaciotectonic complex, the sections only image the
apparent dip and plunge directions of thrust faults. These apparent
dip and plunge values were used to calculate true dip and plunge
values, following the method of Meissner and Stegena (1977). For
calculation, eight composite seismic 2D sections were depth con-
verted and 28 dip values of first generation thrust faults were
measured. The calculated dip direction values were subsequently
plotted in a rose diagram.

4. Results
4.1. Interpretation of seismic data
4.1.1. Mapped seismostratigraphic units

Within the glaciotectonic thrust-fault complex, four seismic
units were mapped, which are separated by distinct seismic
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reflectors that represent major depositional or erosional bound-
aries (Figs. 2 and 3). The lithology and age of these seismic units is
not exactly known, because no borehole data are available for the
Heligoland glaciotectonic complex. Based on correlation with
borehole data and dated undeformed seismostratigraphic units
located approximately 80 km further southeast onshore (Gramann,
1989; Kuster, 2005; Steinmetz et al.,, 2015) and 80km further
northwest offshore (Kothe, 2012; Thole et al., 2014), we infer that
the deformed succession mainly comprises Upper Miocene delta
sediments. The prominent Mid-Miocene unconformity (MMU) is
located 100—200ms (TWT) (ca. 80—160m) below the basal
detachment of the glaciotectonic complex, which lies at a depth of
250—300 ms (TWT) (ca. 200—240 m) below sea level (Fig. 3). The
basal detachment surface may therefore have been developed at
the boundary between Upper Miocene fine-grained shelf or pro-
delta deposits (green, seismic unit 1) and coarser-grained Upper
Miocene delta-front deposits (violet, seismic unit 2). Seismic unit 3
(orange) may represent the uppermost Tortonian delta-front/delta-
plain deposits, overlain by Messinian delta-front/delta-plain de-
posits (yellow, seismic unit 4).

4.1.2. Glaciotectonic deformation

Within the glaciotectonic thrust-fault complex, 327 thrust faults
on 21 seismic sections were mapped (deformation phase D1).
Correlation of the mapped faults from section to section was not

N basal de‘tachment

possible as the line spacing of the seismic profiles is too large. The
area in which the faults were mapped covers ca. 350 km? (Fig. 1B
and C). Although the thrust faults show a great variety with respect
to their dip angles and offsets, some features are remarkably
similar. For the most part of the complex, the observed faults can be
considered listric (concave up) thrust faults that join a common
detachment at 250—300 ms TWT (ca. 200—240 m depth).

Geometry of the faults varies over a broad range; very steep
faults that show only slight listric geometry can be mapped right
next to fault-bend folds with a typical flat-ramp-flat geometry
(Figs. 2 and 3). Some of these shallow-dipping, fault-bend folds are
responsible for transport of the sediment package by up to 1500 m
in the transport direction (Figs. 2 and 3).

Only three of the N—S striking sections cover the whole gla-
ciotectonically deformed area. Derived true fault dip directions
from seismic profile intersections are mainly southeast- or east dip
directions (Fig. 4). As correlation was only rarely possible, the true
number of thrust-sheets is significantly smaller than suggested by
the number of 327 mapped faults. From these plots, the derived
main area of deformation is located north of seismic section
HE242_03 and south of seismic section HE242_10 (Fig. 1B and C).

Of the mapped faults, 19% of the faults are back-thrusts. Some
back-thrusts are in positions relative to other faults such that they
form triangle zones, which are usually located in other settings,
such as in the foreland or distal end of a fold-and-thrust belt

ramp hanging-wall anticline flat ramp S

 Line AUR04_37
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5.5 km
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Fig. 2. Part of seismic section AUR04_37, showing southward dipping thrust-faults, along which sediment packages have been transported up to 1500 m along section. Note the
detachment surface under which the strata are undeformed. The upper 20—50 ms is obstructed by noise and multiples. This detachment surface may have developed at the
boundary between Upper Miocene fine-grained shelf/pro-delta deposits (green, seismic unit 1) and coarser-grained Upper Miocene delta-front deposits (violet, seismic unit 2).
Seismic unit 3 (orange) probably represents uppermost Tortonian delta-front deposits, overlain by Messinian delta front/delta plain deposits (yellow seismic unit 4). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Part of seismic section HE242_07. Below the detachment surface, there is a section of undisturbed strata showing low reflectivity (seismic unit 1, green). This zone is followed
by a prominent reflector, which represents the Mid-Miocene Unconformity (MMU) (cf. Thole et al., 2014). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 4. Rose diagram showing the calculated dip directions of the thrust faults based
on measurements on eight composite seismic sections (n = 28). Dips are towards SE,
ESE and ENE, meaning the ice-push direction of D1 was towards NW to WSW.

(McClay, 1992; Tanner et al., 2010). Some of these triangle zones,
however, are in the middle of the thrust-fault complex, and, as
such, may represent snapshots of the progressive deformation (cf.
Tanner et al., 2010).

4.1.3. Tunnel valleys

The glaciotectonic complex is bounded and incised by tunnel
valleys (Figs. 1C and 5A), which are characterised by internal
chaotic reflection patterns with sharp boundaries to the underlying
and adjacent strata. On the western side of the glaciotectonic
complex, a single tunnel valley can be mapped along the margin for
more than 10km. This tunnel valley strikes approximately
northeast-southwest, is approximately 2km wide and has a
maximum depth of approximately 300 ms (TWT) (or 240 m).

The tunnel valley that incises the southern glaciotectonic com-
plex has a similar depth; it is approximately 1.2 km wide and
truncates the detachment surface (Figs. 1C and 5A). The strike di-
rection of this tunnel valley is difficult to estimate, because it is only
recorded on two seismic lines. Within the fill of this tunnel valley,
pronounced deformation can be observed in the seismic sections.
Two opposing fault-propagation folds are developed above new,
steeply-dipping, slightly listric to listric reverse faults. Because
these two fault-propagation folds are developed back to back, they
form a pop-up structure. We attribute this deformation of the
tunnel-valley fill to a younger ice advance from the East (defor-
mation phase D3, see Discussion).

On the eastern side of the glaciotectonic complex, three gener-
ations of tunnel valleys occur (Fig. 1C). The oldest, deepest tunnel
valleys strike northeast-southwest. These tunnel valleys are cut by
two younger generations of tunnel valleys, which strike approxi-
mately east-west. These east-west striking tunnel valleys are
1-3.5 km wide and have depths of 100—150 ms (TWT) (80—120 m).

4.2. Interpretation of echosounder data

Echosounder data were used to image the shallow subsurface.
The large glaciotectonic thrust-fault complex has no morphological

expression at the sea floor. We do not know whether it reaches the
sea-floor, because the uppermost part of the seismic profiles is
distorted by noise and seabed multiples. The echosounder data and
sampled near-surface sediments imply that the thrust-fault com-
plex is overlain by coarse-grained reworked till and meltwater
deposits of the Saalian Drenthe glaciation and fine-grained Holo-
cene marine deposits (Figge, 1983; Neben, 2006; Coughlan et al.,
2018). However, the echosounder data also reveal westward-
dipping thrust faults (e.g., line HE 242-06) above the western-
most tunnel-valley fill that bounds the glaciotectonic complex
(Figs. 1C and 6). We interpret the structure seen in the echosounder
data as the hanging-wall of a ramp that passes into a flat at ca.
22 ms TWT (ca.13 m below seabed). The hanging-wall beds show
fold-bend folding (Brandes and Tanner, 2014). The thrust appar-
ently dips to the west in this 2D section, but the true dip direction
could be to the Southwest or Northwest as well. The shallow thrust
faults are covered by a thin layer of Holocene sediments (Fig. 6;
Neben, 2006). We attribute this deformation, based on its orien-
tation, location and depth, to the first Saalian Drenthe ice advance
from the Northwest (deformation phase 2; see Discussion).

4.3. Kinematic restoration

Shortening results from the restoration of the D1 thrusts are also
minimum values because of how the sections were constructed.
Five profiles (AUR03_27, AURO04_30, AUR04_27, HE242_05,
HE242_09) were restored to cover the most deformed part of the
glaciotectonic complex. Two exemplary sections (AUR03_27 and
AURO04_37) are discussed in more detail below (Fig. 7).

The deformed part of seismic section AUR03_27 has a post-
deformation length of 14.7 km, and a restored length of 18.9 km,
indicating shortening of 4.2 km or 22% (Fig. 7A). The section con-
sists of 20 faults that dip in the same direction on the whole section.
Offsets marginally increase eastwards as does the density of faults.
Large offset values of up to 498 m are observed. Offset values
decrease to the west on the five most-eastern faults. On the eastern
side of the section, closely-spaced faults form imbricate stacks.

AURO04_37 is of great importance for the interpretation of the
data, as it is one of only three north-south seismic sections that
were affected by deformation. Although there is considerable
variation in shortening within the section, no prominent trend can
be recognized, although a slight decrease in deformation towards
the south can be seen. Cross points of the north-south striking
sections and west-east striking sections allow the reconstruction of
true dip angles, as well as correlation of the faults and horizons. The
most deformed north-south seismic section shows a number of
interesting features when restored. The 13.7 km long AUR04_37
section was restored to an undeformed length of 20.9 km (Fig. 7B).
19 faults along the section are responsible for a total shortening of
6.9 km or 34%. Two adjacent faults alone account for 25% of the total
shortening. Both show a typical flat-ramp-flat geometry within a
system of duplex thrust-faults (cf. McClay, 1992). These large offset
faults are likely to be the same thrust planes that are responsible for
a large portion of offset on the eastern end of section HE242_09, as
they are proximal to the crosspoint of the sections. In general, the
amount of shortening decreases southward from the west-east
profiles at 25%, through section HE242_09 to section AUR04_30 at
16% (for location, see Fig. 1B).

5. Discussion
5.1. Deformation events

The seismic and echosounder interpretation reveals that the
glaciotectonic complex was affected by at least three deformation
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Fig. 5. Inferred deformation phases of the glaciotectonic complex of Heligoland. A) Part of seismic section HE242_02. B) Schematic evolution of the glaciotectonic deformation.
During a pre- or and early Elsterian ice advance from the Baltic area, the Heligoland glaciotectonic thrust-fault complex formed (D1). Subsequently, a deep tunnel valley was incised
into the glaciotectonic complex during an Elsterian ice advance from the North. During the Saalian late Drenthe or Warthe 1 ice advance the glaciotectonic complex and tunnel-

valley fill underwent further shortening (deformation phase D3).

phases (D1-D3).

5.1.1. Deformation event D1

The first deformation, D1, is revealed by the seismic data. It is
characterised by in-sequence thrusting above the basal detach-
ment. Restoration of the five sections reveals more shortening on
the N—S striking profile than on W-E striking profiles. The calcu-
lated shortening of 50% on section AUR04_37 (vs. values from as
low as 16% up to 34% on the W-E profiles) imply that the N—S
profiles are closer to true thrust direction than the W-E profiles.
This is in agreement with the derived true fault plane dip towards
SE and indicates the push direction towards the NW (Figs. 1D, 4 and
8A). The amount of shortening observed on the sections is between
16% and 34%; the average shortening is 23%. The amount of
shortening of the Heligoland complex is comparable to other gla-
ciotectonic complexes where shortening is in a range of 5—62.5%
(Klint and Pedersen, 1995; Pedersen, 1996, 2005; Harris et al., 1997;
Huuse and Lykke-Andersen, 2000b; Andersen, 2004). This simi-
larity is likely driven by the structural style with a thin-skinned
thrust fault deformation (Aber, 1982; Croot, 1987; Brandes and Le

Heron, 2010; Cotterill et al., 2017; Vaughan-Hirsch and Phillips,
2017).

Apparent dip and plunge values were used to calculate true dip
and plunge values (see section 3.3), following the method of
Meissner and Stegena (1977). 28 dip values were measured from
eight composite depth-converted sections. The true dip direction is
towards the southeast or east-southeast direction (Fig. 4). We
suggest therefore that the main compressive horizontal stress,
indicating the ice movement, was towards the Northwest.

Borth-Hoffmann (1980) and Figge (1983), who first described
the glaciotectonic complex north of Heligoland based on single-
channel seismic data, interpreted similar directions derived from
northwest-southeast and west-east section crosspoints, implying
that directions presented above are true for the subsurface in this
area and can be considered relevant for paleostress orientation
analysis. The regional results of this study, in terms of ice advance
and stress directions, are also in accordance with the findings of
Borth-Hoffmann (1980). The major stress direction imposed on the
sediments pushed them to the Northwest, implying that the main
force came from a southeasterly direction. Whether the
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fault.

glaciotectonic complex was caused by slow moving ice (e.g., Kalin,
1971), a surging ice-lobe (e.g., Vaughan-Hirsch and Phillips, 2017)
or a fast-moving ice-stream, as discussed for the glaciotectonic
complex in the Lower Rhine Embayment (e.g. Passchier et al., 2010;
Lang et al., 2018), cannot be derived from the seismic data.

5.1.2. Tunnel valley incision

Subsequently, tunnel valleys were cut through the glaciotec-
tonic complex, they even partly incised into the basal detachment
(Fig. 5). For this reason, we postulate that the large northwest-
southeast to northeast-southwest trending tunnel valleys are
younger than the glaciotectonic complex (Fig. 8B).
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Fig. 8. Palaeogeographic maps showing the glacial history of the southeastern North Sea Basin. A) Formation of the Heligoland (and Fang bugt?) glaciotectonic complexes during a
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advance (only tunnel valleys of the study area are shown). Further shortening of the glaciotectonic complexes and deformation (D3) of the N—S trending Elsterian tunnel valleys that

are incised into the glaciotectonic complex.

5.1.3. Deformation events D2 and D3

D2 deformation was recorded in the echosounder data (Fig. 6). It
shows thrusting of the shallowest sediments, above a tunnel-valley
fill (Fig. 1C). From the orientation of the thrusting, i.e. it most
probably dips northwest or west, it may be due to the first Saalian
Drenthe ice advance from the Northwest (Figs. 1D and 8C).

Later, a third deformation phase, D3, occurred, which caused the
pre-existing glaciotectonic complex to undergo further shortening
(Fig. 8D). This deformation phase can be clearly derived from the
deformed tunnel-valley fills (Fig. 5B) and is most probably related
to the Saalian Warthe 1 ice advance from the East (Figs. 1D and 8D).

5.2. Possible detachment styles

The detachment plays an important role in the development
and appearance of the thrust-fault complex. The single detachment
surface (ca. 200—240 m depth), in which the thrust faults sole, is
one of the most striking features of this area. In order to start
movement along a detachment, rheological differences between
the two layers are necessary. Such rheological differences may be
caused by i) an intra-bedrock boundary; (ii) a boundary between
bedrock and poorly-consolidated sediment; iii) intra-formational
discontinuities in poorly-consolidated sediments; iv) a boundary
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between the base of the permafrost and the unfrozen sediment/
bedrock; v) a boundary within frozen sediment caused by ice-rich
and ice-poor zones or zones rich in liquid pore water; vi) a
boundary between permafrost and the active layer; viii) a combi-
nation of any of the above options (Astakhov et al., 1996;
Etzelmiiller et al., 1996; Boulton et al., 1999; Fitzsimons et al., 1999;
Huuse and Lykke-Andersen, 2000b; Andersen, 2004; McBride et al.,
2007; Hiemstra et al., 2007; Burke et al., 2009; Waller et al., 2009,
2012; Lee et al., 2013; Szuman et al., 2013; Vaughan-Hirsch and
Phillips, 2017).

Major unconformities in the Cenozoic sedimentary succession
of the southeastern North Sea Basin are i) the top of the Eocene; ii)
the near-top of the Oligocene; iii) the Mid-Miocene unconformity
(MMU) and iv) the base of the Quaternary (glacigenic) deposits,
commonly characterised by abrupt variations in permeability and
grain size (e.g. Huuse and Clausen, 2001; Moreau et al., 2012; Thole
et al., 2014; Steinmetz et al., 2015).

The Eocene to Mid-Miocene unconformities can be ruled out as
potential detachment surfaces because they lie at much greater
depths in the study area (>380m). The base of the Quaternary
(glacigenic) deposits is not imaged in the seismic data because the
upper 20—50 ms are obstructed by noise and multiples. Because of
the shallow depth, we also rule out this unconformity as a potential
detachment surface. Therefore, also the boundary between
permafrost and the active layer can be ruled out. A likely detach-
ment surface could be the boundary between Upper Miocene fine-
grained shelf/pro-delta deposits and coarser-grained Upper
Miocene delta-front deposits (Fig. 3).

Approximately 80 km south and north of the Heligoland gla-
ciotectonic complex, this unconformity lies at a depth of ca.
200—250m (Steinmetz et al.,, 2015; Thole et al., 2014), corre-
sponding with the depth of the mapped detachment surface here.

Hubbert and Rubey (1959), Strayer et al. (2001), and Boulton
et al. (2004) suggest that higher pore pressure and porewater
flow in proglacial sediments reduces shear strength, weakening an
already-incompetent zone and thus become of great importance in
the initial development of a detachment surface (Andersen et al.,
2005). This would imply that the detachment for the described
complex can be assumed to be of an initially weak lithology (e.g.,
clay or an extensive sand sheet with overpressurized porewater),
further weakened by increasing pore pressure under the load of the
ice sheet. Especially porewater pressure is important for sub- and
proglacial systems. Rapid ice-advance may have led to the over-
pressurizing of porewater within a laterally extensive sand sheet,
promoting the formation of a major detachment surface at the base
of the developing thrust-fault complex (e.g., Iverson et al., 1995;
Boulton, 1996; Glasser et al., 2006; Lee et al., 2013; Vaughan-Hirsch
and Phillips, 2017).

It is also possible that the base of the permafrost or a boundary
within the frozen sediment controlled the location of the basal
detachment. A relatively impermeable permafrost horizon can
potentially lead to the formation of a zone of high pore pressure at
the base of the frozen sediment (e.g., Boulton et al., 1999). The
presence of liquid porewater or ice-rich and ice-poor zones within
the frozen sediment may lead to differences in cohesive strength
and mechanical properties (e.g., Astakhov et al., 1996; Etzelmiiller
et al.,, 1996; Fitzsimons et al., 1999; Szuman et al., 2013).

The modelling study of Grapmann et al. (2010) predicts
maximum permafrost depths for the German North Sea sector of ca.
250 m for the Cromerian glaciations, ca. 350 m for the Elsterian
glaciations and ca. 150 m for the Saalian glaciations, based on a
calibrated basal heat flow of 50 mW/m? (cf. Grapmann et al., 2005).
The increased heat flow over salt domes, present in large numbers
in northern Germany and the North Sea Basin, leads to a reduction

of the maximum permafrost depth by up to 100 m. An earlier study
by Delisle et al. (2007) implied shallower permafrost depths of
approximately 80—170m with a reduction of the maximum
permafrost depth above salt domes by up to 40 m. The differences
in permafrost thickness between both models is due to different
basal heat flow scenarios. Delisle et al. (2007) applied an uncali-
brated heatflow of 75 mW/m2, which according to Grafmann et al.
(2005) is too high.

The modelled permafrost depths for the Cromerian glaciation
(GraPmann et al., 2010) would correspond with the depth of the
detachment surface and therefore, permafrost in the glacier fore-
land may have played a role for the location of the detachment
surface. However, it is likely that the permafrost depth was highly
irregular because of the numerous salt structures present in the
study area, and therefore it probably did not form a continuous sub-
horizontal layer, as is seen in our data.

5.3. Implications of the age of the glaciotectonic complex, ice-
marginal configurations, and correlation with onshore data

In the absence of age dating, precise stratigraphic control cannot
be presented for the structures investigated in this study. The gla-
citotectonic restoration of the Heligoland thrust-fold complex im-
plies that the deformation took place during a westward to
northwestward ice advance from the Baltic area. The glaciotectonic
complex of Heligoland is bounded and incised by tunnel valleys
that postdate thrusting. These northeast-southwest to northwest-
southeast trending deep tunnel valleys (up to 250m deep;
Figs. 1C, 5 and 8), belong to a large system of tunnel valleys that are
thought to be Elsterian in age (e.g., Kuster and Meyer, 1979; Lutz
et al,, 2009; Stackebrandt, 2009; Hepp et al., 2012; Lang et al,,
2012; Janszen et al., 2013; Steinmetz et al., 2015; Coughlan et al,,
2018). The reconstructed Elsterian ice advances in northern Ger-
many and the southern North Sea Basin indicate paleo-ice flow
directions from the North, followed by ice-advances from the
Northeast, and eventually from the East, as is indicated by the clast
composition of tills and the orientation and cross-cutting re-
lationships of subglacial tunnel valleys (e.g., Meyer, 1987;
Stackebrandt, 2009; Ehlers et al., 2011; Hepp et al., 2012; Stephan,
2014; Coughlan et al., 2018). This would imply a pre-Elsterian for-
mation of the Heligoland glaciotectonic complex, if the large
northwest-southeast to northeast-southwest trending tunnel val-
leys formed during MIS 12 (e.g., Ehlers et al., 2011; Bose et al., 2012;
Mellett et al., 2019). Field evidence for a pre-Elsterian glaciation of
Denmark and Northern Germany have been reported by e.g., Vinx
et al. (1997), Ehlers et al. (2011), Houmark-Nielsen (2011) and
Hoyer et al. (2013) (Fig. 1D). These pre-Elsterian tills are charac-
terised by erratic clasts from western Scandinavian source areas,
pointing to ice-advances from the North or Northeast and not from
the Baltic area (e.g., Kronborg, 1986; Meyer, 1991; Vinx et al., 1997;
Stephan, 2014). However, these reconstructed ice advances, which
are based only on the count of a few samples of (reworked) till, do
not necessarily exclude deformation by a regional ice stream from
the East, the flow lines of which might have deviated from the
reconstructed overall ice advance directions in its terminal zone
(e.g., Boulton et al., 2001; Stokes and Clark, 2001; Passchier et al.,
2010; Lang et al., 2018).

If the large northeast-southwest to northwest-southeast
trending tunnel-valley fills formed during MIS 10, as was tradi-
tionally assumed for the age of the Elsterian tunnel-valley fills in
northern Germany (e.g., Litt et al., 2007), then the main D1 defor-
mation of the Heligoland glaciotectonic complex most probably
occurred during MIS 12. Absolute MIS 10 ages have been given for
two tunnel-valley fills further south onshore (cf. Lang et al., 2012,



12 J. Winsemann et al. / Quaternary Science Reviews 227 (2020) 106068

2015; Roskosch et al., 2015) and there is increasing evidence for an
MIS 10 age of the Elsterian Peelo Formation in the Netherlands
(pers. comm. ES. Busschers; Lee et al., 2012).

Further evidence for an old pre- or early Elsterian age of the
Heligoland thrust-fold complex is given by the chronospatial rela-
tionship with younger tunnel valleys in the eastern part of the
study area. Here, the deep northeast-southwest striking tunnel-
valley fills are overlain by two different generations of tunnel-
valley fills that trend approximately east-west (Fig. 1C). These
tunnel-valley fills are much shallower (80—100 m) and correlation
with onshore data imply a Saalian late Drenthe and Warthe 1 age
(Andersen, 2004; Larsen and Andersen, 2005; Ehlers et al., 2011;
Houmark-Nielsen, 2011; Jergensen and Sandersen, 2006; Stephan,
2014, 2019; Sandsersen and Jergensen, 2017; Coughlan et al,
2018; Lang et al., 2018). It is commonly accepted that the Weich-
selian ice advances did not reach the study area and therefore a
Weichselian age for these tunnel valleys can be excluded (Carr et al.,
2006; Larsen et al., 2009; Hughes et al.,, 2016). The western
termination of the youngest east-west trending tunnel-valley fills
therefore probably indicates the minimum extent of the Saalian
Warthe 1 ice-sheet (Fig. 1C and D), corresponding with regional ice
flow patterns in Northern Germany (Ehlers and Stephan, 1983;
Meyer, 1987; Van Gijssel, 1987; Stephan, 2019). The third defor-
mation phase that affected the Heligoland thrust-fold complex led
to faulting of the older Elsterian tunnel-valley fills and may be
related to these younger late Drenthe or early Warthe 1 ice
advances.

We cannot determine from our data whether the Heligoland
glaciotectonic complex marks the maximum extent of a pre- or an
early Elsterian ice advance into the southeastern North Sea Basin or
reflects a longer stillstand position during active ice retreat. In
previous studies, the lateral change of deformation style has been
interpreted as a consequence of ice-marginal oscillation during
active reteat (cf., Lee et al., 2013; Cotterill et al., 2017; Phillips et al.,
2018; Mellett et al., 2019). The structural style of the Heligoland
glaciotectonic complex is characterised by mostly equidistant
planar and listric thrusts that dip eastwards. In some cases, flat-
ramp-flat geometries are developed. All faults sole into a com-
mon detachment. Therefore, the structural style of Heligoland
glaciotectonic complex does not show evidence of more complex
ice-front oscillations. However, it must be kept in mind that the
Heligoland glaciotectonic complex may only represent an erosional
relic and we cannot rule out that the maximum extent of the ice-
margin was located further west.

A similar chronospatial relationship between glaciotectonic
complexes and large northeast-southwest to northwest-southeast
striking tunnel valleys has been reported from the Fane bugt
complex, offshore northern Denmark (Fig. 1D). This large glacio-
tectonic complex shows different thrust directions that range from
westerly, southerly to easterly directions, implying that the defor-
mation was not coeval and belonged to different ice advances
(Huuse and Lykke-Andersen, 2000b). Larsen and Andersen (2005)
reported that the deformation of the Fang bugt glaciotectonic
complex involves Miocene and younger sediments including the
Esbjerg Yoldia Clay, which is discordantly overlain by a till with a
typical ‘Baltic’ composition. The Esbjerg Yoldia Clay was dated to
the latest Elsterian-early Holsteinian by Knudsen and Penney
(1987), therefore pointing to a Saalian (Drenthe and Warthe)
deformation. However, amino acid measurements, performed on
mollusc shells by Miller and Mangerud (1996), suggest that the
Esbjerg Yoldia Clay may be older than the Elsterian. If this dating is
correct, the age of the deformation may be partly older, corre-
sponding to the findings of Huuse and Lykke-Andersen (2000b).
The Fang bugt and Jammerbugt glaciotectonic complexes are
onlapped by Eemian and Weichselian deposits, giving a minimum

age for the deformation (Andersen, 2004; Larsen and Andersen,
2005; Pedersen and Boldreel, 2017). This would also correspond
to the Saalian deformation phase, recorded in the glaciotectonic
complexes located further south onshore in northern Germany
(Altenwalder and Lamstedt Moraine; Hofle and Lade, 1983; Meyer,
1987; Van Gijssel, 1987). We therefore assume that the large gla-
ciotectonic complexes offshore western Denmark and Northern
Germany have a long multiphase deformation history. The different
orientations of glaciotectonic structures and their chronospatial
relationships with tunnel-valley systems imply that these large
glaciotectonic complexes formed during different (pre-)Elsterian to
Warthian ice advances.

6. Conclusions

The glaciotectonic complex of Heligoland forms part of a large
belt of glaciotectonic complexes that stretches from offshore
Denmark via northern Germany to Poland. From 6500 km of high-
resolution, multi-channel, 2-D seismic data obtained in the German
Bight to the north of Heligoland, we describe the structure of this
ca. 350 km? large glaciotectonic complex that consists mainly of
Neogene delta deposits above a horizontal detachment at a depth
of about 200 m—240 m.

By kinematically restoring five seismic sections, we determined
the minimum shortening due to thrusting and folding. Shortening
is much higher in north-south sections (ca. 50%) than in east-west
striking sections (16—34%). Because the true dip of the faults is to
the Southeast, we suggest the thrust complex was pushed west-to
north-westwards. The average shortening is 23%, which is com-
parable to that obtained for other glaciotectonic structures.

The detachment surface most probably formed at a pronounced
rheological boundary between Upper Miocene, fine-grained, shelf
or pro-delta deposits and coarser-grained, delta-front deposits,
although we cannot rule out that deep permafrost in the glacier
foreland played a role in the location of this detachment surface.

The presence of deep, northwest-southeast to northeast-
southwest trending Elsterian tunnel valleys that cross-cut or
bound the glaciotectonic complex of Heligoland suggests that the
glaciotectonic complex was produced during a pre-Elsterian (MIS
16?) or early Elsterian (MIS 127?) ice advance from easterly to
southeasterly directions, depending on the age of the tunnel-
valleys (MIS 12 or MIS 10?).

A second deformation phase occurred during a subsequent
Saalian Drenthe ice advance from the Northwest, as is indicated by
the occurrence of shallow, westward-dipping thrust faults that
were recorded in the echosounder data.

During a third deformation phase, the glaciotectonic complex
underwent further shortening with deformation of the tunnel-
valley fill by fault-propagation folding in opposing directions. This
deformation phase may have occurred during the Saalian late
Drenthe or Warthe 1 ice advances, corresponding to the Saalian
deformation of glaciotectonic complexes, located further north
offshore Denmark and further south onshore in northern Germany.

The restoration of the glaciotectonic complex of Heligoland and
its chronospatial relationship with Elsterian and Saalian tunnel
valleys implies that the glaciotectonic complexes offshore Denmark
and northern Germany has a complex history and probably formed
during different (pre-)Elsterian to Warthian ice advances. Whether
these glaciotectonic complexes were caused by slow moving ice,
surging ice-lobes or a fast-moving ice-stream, cannot be deter-
mined from the data.

Based on the integration of palaeo-ice flow data derived from
the glaciotectonic-thrust complex and mapped tunnel valleys and
mega-scale glacial lineations, we present new palaeogeographic
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reconstructions of previously unknown (pre-) Elsterian and War-
thian ice-margins in the southeastern North Sea Basin.
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