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Abstract The architecture of intra-chalk deposits in the
‘Entenschnabel’ area of the German North Sea is studied
based on 3D seismic data. Adapted from seismic reflec-
tion characteristics, four types of mass-transport deposits
(MTDs) are distinguished, i.e. slumps, slides, channels and
frontal splay deposits. The development of these systems
can be linked to inversion tectonics and halotectonic move-
ments of Zechstein salt. Tectonic uplift is interpreted to
have caused repeated tilting of the sea floor. This triggered
large-scale slump deposition during Turonian—Santonian
times. Slump deposits are characterised by chaotic reflec-
tion patterns interpreted to result from significant stratal
distortion. The south-eastern study area is characterised by
a large-scale frontal splay complex. This comprises a net-
work of shallow channel systems arranged in a distributive
pattern. Several slide complexes are observed near the Top
Chalk in Maastrichtian and Danian sediments. These slides
are commonly associated with large incisions into the sedi-
ments below. Best reservoir properties with high producible
porosities are found in the reworked chalk strata, e.g. Dan-
ish North Sea, therefore MTDs detected in the study area
are regarded as potential hydrocarbon reservoirs and con-
sidered as exploration targets.
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Introduction

The Late Cretaceous was a warm temperate to subtropi-
cal greenhouse period coinciding with a pronounced eus-
tatic sea-level high stand (Surlyk et al. 2003). The latter
resulted in a reduced influx of detritus and enabled pelagic
sedimentation on the continental shelves, including the
North Sea area (Surlyk et al. 2003). The water depth
estimated for the Chalk Group probably ranged between
a 100 m on the shelf and a few 100 m in the deep-water
areas of the North Sea (Hancock 1975; Surlyk et al. 2003).
The thickness of the Chalk Group in the Southern Permian
Basin ranges between <150 and more than 1800 m show-
ing regional maxima within the North Sea Central Graben
(Vejbzk et al. 2010). After deposition, the chalk sediments
were partly redistributed by bottom currents, which locally
changed the sea floor morphology, resulting in the devel-
opment of valleys, ridges, channels, moats, scours and
drifts, indicating that the ‘chalk sea’ was a highly dynamic
depositional environment (Surlyk et al. 2003, 2008;
Lykke-Andersen and Surlyk 2004; Surlyk and Lykke-
Andersen 2007; Esmerode et al. 2008). Such erosional and
sedimentary forms characterise allochthonous sediments,
e.g. mass-transport deposits (MTDs), in contrast to autoch-
thonous pelagic chalk that remained in place after deposi-
tion (Watts et al. 1980; Kennedy 1987; Taylor and Lapré
1987; Van der Molen et al. 2005; Esmerode et al. 2008;
Back et al. 2011).

MTDs result from large-scale gravity-driven sediment
mass-redistribution processes due to slope failure. In the
North Sea Chalk, sediment redistribution by mass-transport
processes is, e.g., described by slope instabilities leading
to the movement of chalk sediment downslope into bathy-
metric lows of the North Sea Central Graben (Van der
Molen et al. 2005; Back et al. 2011). Such MTDs can be
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identified, described and analysed on 3D seismic data from
the German Central Graben. In this study, seismic facies
interpretations are used to distinguish between autochtho-
nous chalk, characterised by parallel and continuous reflec-
tions, and allochthonous chalk, characterised by irregular to
chaotic reflection patterns.

As the demand for hydrocarbons increases and pro-
duction from chalk reservoirs is in progress within, e.g.,
the Danish sector of the North Sea Central Graben, an
increased understanding of intra-chalk depositional ele-
ments is needed.

Howeyver, in the German offshore sector, available data
and knowledge of the Chalk Group are still limited due to
its hitherto restricted significance as a hydrocarbon reser-
voir in this region. To date, no detailed seismic interpreta-
tion of the Chalk Group is published for the Entenschnabel
area. In contrast, in areas where chalk deposits represent
an important hydrocarbon-producing interval such as in
the Norwegian, Danish and Dutch North Sea sectors, the
Chalk Group is studied in more detail. The Maastrichtian
and Danian Chalk in the Danish, Dutch and the Norwegian
North Sea sectors revealed favourable structural and petro-
physical conditions, and some of them are proven, oil-bear-
ing reservoirs (Megson 1992; Jeppesen 1994; Bramwell
et al. 1999; Surlyk et al. 2003; Van der Molen et al. 2005;
Gennaro et al. 2013). It is yet an open question whether the
Chalk Group in the German Central Graben is a prolific
exploration target.

This paper provides new 3D seismic-based insights into
the chalk environment offshore north-western Germany by
presenting geological details of intra-chalk MTDs and dis-
cussing their potential as hydrocarbon reservoirs.

Geological setting

The Entenschnabel area offshore Germany (Fig. 1a) is char-
acterised by four major structural elements, the Schillgrund
High, the Central Graben, the Step Graben System and the
Mid-North Sea High (Fig. 1b). These major structural ele-
ments are internally characterised by a number of minor
structural features such as the John Graben and the Clem-
ens Basin (Fig. 1b). The Entenschnabel area underwent a
multiphase tectonic evolution leading to complex rift struc-
tures, with the Central Graben as the main structural ele-
ment (Arfai et al. 2014; Fig. 1b). The Central Graben oft-
shore Germany is dominated by halokinesis of Zechstein
salt resulting in the development of salt pillows and diapirs
with associated rim-synclines (Schulz-Ela et al. 1993; Arfai
et al. 2014; Fig. 1b). The intensity of salt movement varies
strongly during geological periods, but generally increases
towards the southern realm of the Entenschnabel (Arfai
et al. 2014; Fig. 1b). The initiation of the Central Graben as
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a half-graben system took place not later than Early Trias-
sic (Sclater and Christie 1980; Barton and Wood 1984). The
Middle Jurassic thermal doming event (Ziegler 1990) led
to erosion of the Triassic-Mid-Jurassic sediments (Under-
hill and Partington 1993; Graversen 2002, 2006). The Late
Jurassic is marked by a major extensional phase in combi-
nation with extensive reactivation of diapirism which was
initiated during the Late Triassic. Analyses of rim-synclines
reveal that most of the salt structures had their main growth
phase during the Late Jurassic (Arfai et al. 2014). Rifting
activity decreased gradually during the later parts of the
Early Cretaceous. This time is marked by post-rift thermal
relaxation and subsidence in combination with a steady
eustatic sea-level rise (Ziegler 1990). The latter resulted
in the progressive flooding of landmasses surrounding the
Early Cretaceous North Sea Basin (Ziegler 1990). At the
end of the Early Cretaceous, sea level exceeded present-day
levels by 100-300 m (Albian transgression; Hancock 1975)
which enabled initial deposition of the Chalk Group in the
North Sea Basin (Ziegler 1990).

The structural inversion phases during Late Cretaceous
and the Early Palacogene were caused by compressional
tectonics affecting the whole of the North Sea region
including the German Central Graben (Liboriussen et al.
1987; Mogensen and Jensen 1994; Vejbak and Andersen
2002). Tectonic inversion in the North Sea is commonly
explained by the collision of Europe with Africa (Ziegler
1990). This tectonic phase dominantly affected the east-
ern border faults of the German Central Graben mainly
during Turonian—Santonian (e.g. Schillgrund Fault, Arfai
et al. 2014; Fig. 1b). In the same time, tectonic activity was
accompanied by halotectonic movements of the Zechstein
salt which significantly influenced the Upper Cretaceous
sedimentary distribution. Vertical tectonic uplift is regarded
as potential trigger for slope instability and thus for gravi-
tational mass flows within the Central Graben area (Van der
Molen et al. 2005). Inversion tectonics waned at the end
of the Campanian, and from the Maastrichtian to the Pal-
aeocene, only minor tectonic activity is documented in the
study area.

Database and methodology
Database

Four 3D seismic reflection surveys covering approximately
4000 km? supplemented by 2D seismic data were used for
the construction of thickness and depth maps of prominent
stratigraphic units and for the interpretation of intra-chalk
deposits (Fig. la). Seismic interpretation was made on
time-migrated data with a bin size of 12.5 m and a sam-
pling rate of 4 ms. In support of seismic reflectivity data,
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Fig. 1 a Location map and
available data in the study area.
The Entenschnabel covers an
area of approximately 4000 km?
in the north-western distal part
of the German North Sea. Water
depth in the Entenschnabel
ranges between 20 and 60 m.

b Overview of the structural
pattern and salt structures in
the Entenschnabel area. Major
structural elements and subor-
dinate features include: / Outer
Rough Basin, 2 Mads Graben,
3 Hans Graben, 4 John Graben,
5 Clemens Basin, 6 Mads High,
7 Hans High, 8 Outer Rough
High, 9 Schillgrund High, /0
Mid-North Sea High [modi-
fied after Arfai et al. (2014)].
Dashed red lines indicate the
location of illustrated seismic
profiles in Fig. 6
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other seismic attribute volumes (variance and chaos) were
calculated and used for detailed structural and seismic-sed-
imentological analysis. Stratigraphic correlation and age
approximation of MTDs were achieved by the integration
of industrial wells into the seismic data. The localisation
of wells used in this study can be seen in Fig. la. Confi-
dential information of both industry wells and seismic data
was only accessible for scientific purposes. The present-
day stratigraphic and structural framework is adopted from
Arfai et al. (2014).

Methodology and definition of MTDs

Many different classification schemes and specific nomen-
clatures in former and recent studies exist for intra-chalk
erosional surfaces which are influenced by slope instability
in the North Sea (Watts et al. 1980; Kennedy 1987; Taylor
and Lapré 1987; Surlyk et al. 2003; Van der Molen et al.
2005; Back et al. 2011). In this study, we use the generic
term MTDs to describe relocated sediments caused by sub-
marine slope failures. The latter occurs when the downslope
driving forces acting on sediments composing the sea floor
are greater than the forces acting to prevent their movement
(Lee et al. 2007). MTDs are distinctive in deep-water depo-
sitional systems and are marked in the studied data set by
complex seismic facies associations showing distinct mor-
phologies, infill geometries, dimensions and orientation
which will be described in a later section. The structural
style of MTDs encountered varies with changes of environ-
mental parameters. For the identification of MTDs, stand-
ard seismic interpretation techniques (Mitchum et al. 1977;
Catuneanu et al. 2011) were supplemented with studies on
seismic geomorphology and stratigraphy of depositional
environment in deep-water settings (Posamentier 2003;
Posamentier and Kolla 2003; Frey-Martinez et al. 2005,
20006; Lee et al. 2007; Kolla et al. 2007; Bull et al. 2009).
Erosional incisions and unconformities were mapped using
seismic cross sections and time slices (variance cube).
After mapping the basal incision and the top of each MTD
in the time domain (TWT), the reflectors were depth con-
verted by the employment of a linear velocity approach
for several layers except for the Zechstein salt (Arfai et al.
2014). Finally, their volumes were measured. MTDs con-
tain a wide spectrum of gravity-driven depositional ele-
ments. Four key elements were observed, namely slumps,
slides, submarine channels and frontal splay systems:

e Slumps include the relocation of plastically reworked
sediment masses at slope gradients downwards into the
bathymetric lows of basin floors. In seismic profiles,
the internal structure of these depositional elements is
typically chaotic due to deformed sediments preserved
above a basal shear surface (Watts et al. 1980; Kennedy
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1987; Frey-Martinez et al. 2005; Lee et al. 2007; Bull
et al. 2009). The plane that defines the upslope margin
of MTDs is referred to as headwall scarp (Bull et al.
2009).

e In contrast to slumps, slide complexes are charac-
terised by movement and emplacement of internally
undeformed sediment masses along discrete slip planes
(Kennedy 1987; Frey-Martinez et al. 2006; Lee et al.
2007).

e Straight to meandering submarine channel systems
develop at submarine slopes when turbidity currents are
present (Catuneanu 2003; Lee et al. 2007; Kolla et al.
2007). They characterise the downward transport of a
relatively dilute suspension of sediment grains that are
supported by an upward component of fluid turbulence
(Lee et al. 2007). Channel bases are characterised in
seismic cross sections by incisions into the underlying
substrata and ranging from straight to high sinuosity as
visible on time slices (Posamentier 2003; Posamentier
and Kolla 2003).

e Frontal splay complexes (channelised lobes) are char-
acterised by a network of numerous, small and shal-
low channel systems with varying directions (Posa-
mentier 2003; Posamentier and Kolla 2003). Channels
associated with the splay complex range from straight
to highly sinuous (Posamentier 2003; Posamentier and
Kolla 2003).

Results
Seismic observations
Cross-sectional geometry and seismic infill facies

Incisions in seismic cross sections within the Chalk Group
are U-, V-, W-shaped or tabular and erosionally truncate
underlying strata (Fig. 2). The infill of most incisions is
characterised by typical onlap structures (Fig. 2a, b). In
other cases, the infill shows a complex pattern with inclined
reflections mainly observed in large erosional U-shaped or
tabular incisions (Fig. 2a—e). Rarely, the infill is character-
ised by a transparent fill facies which is marked by blurred
reflections (Fig. 2h). Diffuse images (diffuse infill facies)
or the absence of reflections recognised directly below the
Danian succession in tabular or W-shaped depressions may
be indicative of infill geometries below seismic resolution
or very low acoustic impedance contrasts (Fig. 2c, d, i). In
places, U-shaped depressions are dominated by a ‘diver-
gent’ fill facies which is characterised by a wedge-shaped
reflection configuration that is thickest near the centre of
the incisions (Fig. 2j). Slope angles of incisional features
vary in the study between 5° and 29° (Fig. 2a—j).
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Fig. 2 a—e Reflection pattern, style and infill of incisions in seis-
mic cross sections. In seismic cross sections, depositional elements
are subdivided into U-, V- and W-shaped or tabular incisions (a—e),
induced by erosional truncation of the immediately underlying sedi-

Dimensions and orientation

The incisions in general all appear as elongated features
and in places as spherical forms on time slices. The abso-
lute length of the features varies from 2 to 10 km and
widthwise they range from 0.1 to 4.0 km. The internal
depth of the incisional structures varies from 20 to 150 m,
but most of the depressions are between 100 and 150 m
deep. A typical incision has a volume of some 0.5 km?. The
orientation of the long axis was estimated for all incisions.
The large majority of the incisions strike between NNW—
SSE and NW-SE. In places, N-S and NE-SW-oriented
features are visible on time slices.

Seismic subdivision

Five major stratigraphic units, the Cenomanian, Turonian—
Santonian, Campanian, Maastrichtian and Danian, were
interpreted subdividing the interval of interest into five
units (Fig. 3). The ‘base Upper Cretaceous’ negative polar-
ity reflector defines the bottom of the Chalk Group (Figs. 3,

ments. f—j The incision infill patterns are subdivided into five seismic
facies as illustrated: ‘onlap’ fill, ‘complex’ fill, ‘transparent’ fill, ‘dif-
fuse’ fill (low amplitude and no clear reflection) and ‘divergent’ fill.
Terminology adapted from Mitchum et al. (1977)

4a). The prominent ‘base Palacogene’ reflector delimits
the top of the Chalk Group and occurs at depths ranging
between 850 and 2900 m (Figs. 3, 5). The Chalk Group can
be easily identified in sonic logs by the significant velocity
contrast between the high-velocity Chalk carbonates and
the encasing Palacocene and Lower Cretaceous shales. In
gamma-ray logs, Upper Cretaceous sediments are generally
characterised by conspicuously low readings, which are a
result of very small amounts of clay (Fig. 4).

The internal configuration of the Chalk Group shows
variations in seismic facies pattern (Fig. 6). In the north-
western and central part of the Entenschnabel, the seis-
mic sequences of the autochthonous Chalk Group gener-
ally show parallel and continuous reflections with high to
medium amplitudes (Fig. 6a, b). In the southern Entensch-
nabel, the German Central Graben area, the Chalk Group is
often characterised by large-scale erosional and redeposi-
tional phenomena (Fig. 6¢). Here, the seismic response of
the Chalk is characterised by a dominantly discontinuous to
chaotic reflection pattern, e.g., in the Turonian—Santonian
unit. Characteristic features include reflectors that can only
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Fig. 4 a Depth map of the
base Upper Cretaceous. b
Thickness map of the Chalk
Group between the base Upper
Cretaceous and the base Lower
Palaecogene [modified after
Arfai et al. (2014)]

be followed over a few kilometres. The maximum thick-
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ness of up to 1700 m of Chalk occurs on the Schillgrund

High which is the graben shoulder of the Central Graben.
Inversion during the Upper Cretaceous pushed this graben
shoulder down and created accommodation space for the
deposition of thick chalk sediments (Figs. 1b, 4b).
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The base of the Cenomanian unit (light green; Ce; Figs. 3,
6) coincides with the top of the Lower Cretaceous succes-
sion and can easily be identified in the study area (Fig. 6).

The present-day depth of the base Upper Cretaceous ranges
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Fig. 5 Depth map of the base 4°E 5°E
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from <1500 to more than 3600 m. Thickness increases
towards the north-west into the Outer Rough Basin and
towards the north-east close to the border of the Danish
sector (Figs. 1b, 6a). In sonic logs, the transition at the base
of the Cenomanian into the underlying Lower Cretaceous
succession is indicated by a strong shift towards lower seis-
mic velocities. The upper boundary of the Cenomanian unit
is marked by a distinct spike in the gamma-ray log reflect-
ing the transition into the Plenus Marl Member. The areal
extent of the sequence is outlined on the base Chalk Group
(base Cenomanian) depth map and is only locally con-
trolled by erosion (Fig. 4a). The base Cenomanian appears
in large parts of the study area to be a continuous promi-
nent reflector with a negative seismic polarity. The reflec-
tion image varies between high amplitudes in the southern
and central Entenschnabel and intermediate amplitudes in
the north-western Entenschnabel (Fig. 6). In the southern
part of the Entenschnabel, extensive deformation by salt
doming and faulting resulted in a much less clearly devel-
oped, weak and discontinuous reflection pattern (Fig. 6¢).

The internal configuration between the base Cenoma-
nian and the base Turonian consists of parallel and continu-
ous reflectors with intermediate reflection amplitudes.

Turonian—Santonian unit
The base of the Turonian—Santonian unit (dark green; Tu—

Sa; Figs. 3, 6) displays in the southern study area a high-
amplitude, continuous reflector with a positive seismic
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polarity. The only significant peak in the gamma-ray and the
sonic log curve within the Chalk Group reflects the transi-
tion from the Cenomanian into the Turonian unit (Fig. 3).
The base Turonian is only preserved in the southern and
locally in the central Entenschnabel area and ranges in a
present-day depth between 1700 and 3540 m. The present
areal extent of this reflector is controlled by erosional trun-
cation by overlying sequences. Within the Turonian—Santo-
nian chalk interval, a large, chaotic seismically discontinu-
ous unit occurs in the south-eastern study area at a depth
ranging between 2500 and 2900 m. The discontinuous unit
is clearly affected by salt tectonics (Fig. 7) which is docu-
mented by diapirs actively piercing intra-chalk surfaces
during chalk deposition (Fig. 7a). The reflection package
attains a thickness of up to 200 m and can be traced over a
distance of approximately 30 km (Fig. 7a, b). Seismic time
slices (variance, 2220 ms; TWT) and seismic cross sections
display a variety of morphologically prominent discontinu-
ity features indicating a markedly dynamic palaeosea floor
relief (Fig. 7a). Deformed areas show locally distinct angu-
lar unconformities which are related to halotectonic move-
ments and the development of rim-synclines. Visible cha-
otic, hummocky and discontinuous reflectors of this unit
are possibly prone to sediment erosion and suggestive for
redistribution by mass-transport processes showing partly
high amplitudes. In addition, disorganised deposits display
an internal pattern of thrusts of varying directions which
indicate compressional deformation during the transport
processes (Fig. 7b). Well-log interpretation reveals that the
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Fig. 6 a Seismic profile crosses the Outer Rough Basin mainly
formed by subsidence of post-dating concordant chalk deposition.
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southern part of the study area that is characterised by chaotic, seis-
mically discontinuous unit mainly developed during the Turonian—

prominent ‘near base Turonian’ reflector is a mudstone layer
which acts as a basal shear surface (Figs. 3, 7b). This layer
forms a continuously traceable seismic reflector that sepa-
rates the highly deformed and chaotic seismic units from the
underlying undeformed Cenomanian unit. Headwall scarps
of slope failures are in places imaged in the seismic profiles
(Fig. 7a, b). Based on the shape, surface morphology and
internal reflection character, the entire depositional system
can be interpreted as a slump deposit. The same discon-
tinuous and disorganised reflection pattern above the base
chalk level visible in the vicinity of salt diapirs also con-
centrates on tectonic active realms of the German Central
Graben where inversion tectonics affected the binding faults
of Clemens Basin and the Schillgrund Fault (Figs. 1b, 7c).
Here, chaotic and deformed seismic responses suggestive of
isolated, small-scale mass-transport complexes are visible.
Chaotic seismic responses correlate with the Turonian—San-
tonian unit, while stratigraphically younger sediments above
this interval remained mainly undeformed (Fig. 7a, b).

In the southernmost part of the study area, numerous
parallel-trending slightly sinuous to almost linear variance

Santonian times. Within the Turonian—Santonian unit, several genera-
tions of channel-like features cut into the underlying sediments. The
anticlines visible within the eastern part of the profile are a result of
both intra- and post-chalk compressional movements and developed
at the adjacent reversed Schillgrund Fault. Red dashed lines indicate
fault structures. For location of the profiles, see Fig. 1b

attribute features that extend in a NW-SE direction are
encountered (Fig. 8). In seismic cross sections, the indi-
vidual bases of these elongate erosional features incise into
the MTDs (slump deposits) of the Turonian—Santonian unit
by reflections which delineate truncations into the underly-
ing strata (Fig. 8a, b). These seismic discontinuities resem-
ble weak and less incised channels or channel segments
showing a straight to moderate sinuosity (Fig. 8a, b). There
are also a variety of linear and curved features resembling
channel systems that are oriented in different directions,
with trends mainly south-eastward. The combination of
time slices and cross sections indicates the channels as
ranging in width from 350 to <70 m, and they attain a max-
imum length of approximately 10 km within the German
Central Graben area (Fig. 8b, c). Incised channel systems
display erosional sedimentary processes and are generated
by downslope-oriented turbidity-current flows within them
thus transporting chalk sediments farther to the depocen-
tres. On time slices, some of these channel systems termi-
nate in shallow and closed spherical forms characterised in
cross sections by tabular and shallow truncations into the
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Fig.7 Slump deposits comprising the Turonian—Santonian unit. a
Example (representative) of a seismic cross section showing a large
chaotic sediment complex in the south-eastern study area at a depth
ranging between 2500 and 2900 m. b Interpreted seismic cross sec-
tion. The time slice covering the same area of the seismic cross sec-
tion at a depth of 2200 ms /TWT] indicates a marked irregular sea

underlying sediments (Fig. 8a). These features seem to
be fed by channels and can be interpreted as depositional
lobes developed in the front of channels systems covering
an area of up to 0.6 km? (Fig. 8a).

Within the south-easternmost study area, the Turonian—
Santonian unit is dominated by numerous branched and
parallel-trending lineaments preserved above the basal
shear surface (base Turonian; Fig. 8a). These systems
cover an area of approximately 40 km? and are visible at a
depth of 2190 ms (TWT; approximately 2280 m; Fig. 9a).
Branched features are moderately to highly sinuous with
a markedly irregular topography, reflecting a sequence of
small U- or V-shaped incisions in seismic cross sections
(Fig. 9b). Seismically, these deposits are characterised by
high-amplitude, slightly discontinuous reflections (Fig. 9b).
Based on the shapes on time slices (see inset Fig. 9a) which
was supplemented with seismic cross sections, this system
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2 km

floor relief affected by five surrounding salt diapirs (above). ¢ Seis-
mic cross section where inversion tectonics affected the German
Central Graben during the Late Cretaceous. This area indicates same
chaotic seismic responses which are also visible in the vicinity of salt
diapirs within the German Central Graben

may be classified as a frontal splay complex associated
with a network of small and shallow channels which are
arranged in a distributive pattern sensu (Posamentier 2003;
Posamentier and Kolla 2003). At the terminations of some
channels, elongated lineaments are visible on time slices
showing small V-shaped incisions into the sediments below
which can be interpreted as grooves as described also by
Posamentier and Kolla (2003; Fig. 9a).

Campanian unit

The lower boundary of the Campanian (blue line; Ca;
Figs. 3, 6) unit is defined by the base Campanian reflector
(ranging in a present-day depth between 1500 and 3530 m)
with a positive seismic polarity (Fig. 3). The base Cam-
panian represents the even top of the underlying sequence
with chaotic and discontinuous reflections in the southern
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Fig. 8 a The area where the MTDs were interpreted within the Turo-
nian—Santonian unit is also dominated by localised erosion by tur-
bidity-induced channel systems. These systems are characterised by
straight to sinuous, elongated and parallel-trending features. b, ¢ In
seismic cross sections, channel bases are developed by incisions or

Entenschnabel (Fig. 6¢). In this part, the internal configu-
ration of the Campanian succession predominantly con-
sists of subparallel to parallel reflections with low ampli-
tudes (Fig. 6¢). Locally, a hummocky and chaotic pattern
is visible. However, the lowermost and uppermost part of
the unit shows aligned high-amplitude and parallel reflec-
tions, especially in depressions and lows along several
profiles (Fig. 6). Towards the north-west, the sequence is
dominated by erosional truncations of the overlying sedi-
ments of Upper Campanian—-Lower Maastrichtian (Fig. 6a).
In undeformed areas in the north-western part, the internal
geometry is dominated by weak but parallel and continuous

truncations into the underlying strata. On time slices, some of these
channels terminate in shallow and closed spherical depositional lobes.
Channel systems attain widths from 350 to <70 m and reach a maxi-
mum length of approximately 10 km

reflections. Isolated bands of parallel and high-amplitude
reflectors are exposed (Fig. 6a). The unit is locally eroded
and cut by moats and channel-like features. Where the
Campanian unit is dominated by salt movement and uplift
processes, the base of the Campanian unit forms an ero-
sional unconformity which is onlapped by overlying reflec-
tors (Fig. 6).

A system of NNW-SSE-oriented incisions is located
between two salt diapirs visible on the time slice (Fig. 10a).
In seismic profiles, the top of the incision fill is defined by
the ‘base Maastrichtian’ reflector, while the lower bound-
ary is formed by the base of the Campanian unit. The
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Fig.9 a In the south-easternmost study area, distributary channel
systems covering an area of approximately 40 km? are identified on
time slices (e.g. 2190 ms; TWT; approximately 2280 m). The chan-
nels are characterised by branched and parallel-trending lineaments

reflectors incision is mostly U- to tabular-shaped showing
a typical onlap fill facies with internal depth of approxi-
mately 100 m. The width is approximately 1.7 km, and
the structure extends up to 1.2 km (Fig. 10b, c). The inci-
sional feature covers an area of approximately 1.6 km?* and
clearly reveals a spherical closed form on time slices (e.g.
2400 ms; TWT; Fig. 10a). Due to its shape on the time
slice, we interpret this feature to be possibly formed by
bottom currents, locally in a narrow sea floor passage, e.g.
between neighbouring salt diapirs.

Maastrichtian and Danian unit

The seismic facies of the base of the Maastrichtian (red
line; Ma; Figs. 3, 6) unit is less variable than that of the base
Campanian unit and consisting almost exclusively of a con-
tinuous and parallel reflector with a negative seismic polar-
ity. The reflector at the near base Maastrichtian is located
at a depth between 1430 and 3380 m and shows partly an
erosional unconformity with onlap onto the top of the Cam-
panian unit. The reflectivity is good to moderate, and the
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showing trends ranging from straight to a moderate sinuosity. b In
seismic cross sections, channels are characterised by a sequence of
less incised U- or V-shaped truncations which appear within the lower
section of the Turonian—Santonian unit

reflection pattern is mainly even and parallel (Fig. 6a). In
places, a mounded and wavy reflection pattern at the base
Maastrichtian is obvious. With the exception of halotec-
tonic, no major deformation phase affected the sedimentary
successions overlying the Campanian unit. We suggest that
these sediments represent mainly pelagic deposits, as pro-
posed earlier by Surlyk et al. (2008). The internal geom-
etry of the unit is dominated in the southern study area by
a concordant layering of Maastrichtian sediments with high
amplitudes (Fig. 6¢). Isolated bands of parallel and high-
amplitude reflectors can be traced in large parts of the study
area (Fig. 6). Towards the north-west, the seismic facies
of the unit varies between discontinuous and continuous
reflections with low amplitudes (Fig. 6a). In the central
Entenschnabel area, the internal geometry is in places not
imaged due to a transparent and locally chaotic fill with low
amplitudes (Fig. 6b). Up section U-, V-, W-, and tabular-
shaped incisions cut from the top into older Maastrichtian
sediments and are more frequent and incised (Fig. 11). Fig-
ure 11 illustrates the results of a detailed, reflection-based
interpretation of one U- to V-shaped erosional reflector in
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the eastern flank of the salt diapir Bettina Ost (Fig. 1b). The
erosional truncation consists of two interconnected inci-
sions showing a partly diffuse and onlap fill facies. In the
time slice (variance 2390 ms; TWT; Fig. 11), the incisions
correspond to a pair of sharp, parallel-trending, slightly sin-
uous to almost linear variance attribute features that extend
mainly in a NNE-SSW direction over a length between
1.6 and 2.6 km with an incisional depth of approximately
150 m. Due to their cross-sectional shapes and their forms

on the time slice, these features can be interpreted as an
incised low sinuosity channels or channel segments which
were presumably formed by gravity-driven deep-water tur-
bidite systems.

An example of mass-transport deposition in the Maas-
trichtian unit is located in the central Entenschnabel, close
to the southern flank of the salt diapir Birgit (Figs. 1b, 12a).
The base of the incisional feature represents a high-ampli-
tude reflection pattern showing a tabular cross section.
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Fig. 11 a Channel or channel segments range from straight to a mod-
erate sinuosity. b Incisions of channels in the upper part of the Maas-
trichtian unit are more distinct than those detected within the Turo-

The observed structure is about 5 km long, 4.5 km wide,
approximately 100 m thick and encompasses Maastrich-
tian and Danian units (Fig. 12b). The main complex has a
volume of approximately 4.5 km®. Local deformations at
the incision’s base and listric structures at the lateral mar-
gins are observed. Distinct lateral margins are imaged on
the time slice (2200 ms; TWT) at approximately 2360 m
depth (Fig. 12a). The internal reflection geometry suggests
that this sediment body remained undeformed in large parts
during mass transport and was moved in north-westward
direction over a short distance. These observations may
provide evidences for a slide complex. The slope failure
was initiated at the flank of the illustrated Birgit diapir and
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nian—Santonian unit. Encountered channel shifts from a NNE-SSW
orientation to a NNW-SSE direction. The reflector displays an inci-
sional depth of approximately up to 150 m

must have occurred at the end of the Danian, just before
the deposition of the first Palaeogene siliciclastic sediments
which indicate the first undisturbed reflections above the
slide complex. However, adjacent areas east- and westward
of the lateral margins display a more chaotic seismic facies
(Fig. 12a).

A conspicuously irregular positive reflection (Fig. 13)
is visible above the Turonian—Santonian slump complexes
and Campanian sediments forming a remarkable erosional
incision. This reflection pattern is present within the Maas-
trichtian unit on the south-westernmost flank of the Ger-
man Central Graben and can be extended towards the west
into the Dutch Central Graben (Fig. 13a). The reflection
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Fig. 12 a Distinct lateral margins of a relocated slide complex on
a time slice (variance cube) at a depth of 2200 ms (TWT; approxi-
mately 2360 m) are visible in the central Entenschnabel. b The base
of the incision represents a high-amplitude reflection pattern showing

locally forms a significant onlap and irregular surface that
cuts into and follows sedimentary bedding (Fig. 13b). Con-
tinuous and parallel reflections above show intermediate to
high amplitudes. Similar reflection patterns were described
elsewhere in the Dutch North Sea sector by Van der Molen
et al. (2005). The reflector (approximately 15 km?) dis-
plays an incisional depth of approximately up to 100 m
(Fig. 13b).

This reflector represents an almost perpendicular cut
across the top of the Turonian—Santonian MTDs which is
in this case oriented in a NE direction. The basal features
are interpreted as erosional furrows or scours leaving an
extremely irregular surface (Fig. 13). These features might
have been formed by downslope-travelling mass flows such
as erosive turbidity currents.

The base Danian (yellow line; Dan; Figs. 3, 6) is the
uppermost unit recognised in the Chalk Group. In seis-
mic cross sections, the base Danian represents one of the
prominent reflectors occurring in the uppermost Chalk
Group. In the south of the study area, the base Danian con-
sists of a parallel and continuous reflector with high ampli-
tudes (Fig. 6¢). Towards the north-west, the seismic facies

a tabular cross-sectional shape. The observed structure is about 5 km
long, 4.5 km wide, approximately 100 m thick and encompasses the
Maastrichtian unit. The main complex has a volume of approximately
4.5 km®

changes into a low-amplitude reflection pattern (Fig. 6a, b).
The Danian was deposited under similar conditions as the
upper Maastrichtian unit. The Danian unit shows mainly
parallel and continuous reflections with high amplitudes.
However, this unit is too thin to allow a clear recognition
of an internal geometry, but in places in the top of this unit,
mounded reflection patterns are developed.

Discussion
Seismic observations

Interpretation of 3D seismic reflection data proves that the
North Sea Chalk in the Central Graben offshore Germany
contains various types of MTDs.

Many of the observed seismic discontinuity features
were found in areas affected by Late Cretaceous salt and
inversion tectonic activity in the German Central Graben.
This indicates a strong influence of tectonic processes on
sediment deposition and might explain their present-day
occurrence of discontinuous and chaotic seismic images
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Fig. 13 a A conspicuously irregular reflector is visible above the
Turonian—Santonian slump complexes and Campanian sediments
forming a remarkable erosional incision. The reflection locally
forms a significant onlap and irregular surface that cuts into and fol-
lows sedimentary bedding. Continuous and parallel reflections above

(Van der Molen et al. 2005; Back et al. 2011). The north-
westernmost part of the Entenschnabel area represents the
edge of the Zechstein basin and is characterised by thin
Zechstein deposits (Arfai et al. 2014). In this area, low
initial thicknesses between 0 and 300 m of the Zechstein
salt in combination with a change in the overall rock lithol-
ogy prevented the formation of salt diapirs (Arfai et al.
2014). Thus, this area remained largely undeformed show-
ing concordant, parallel and continuous seismic responses
reflecting the accumulation of pelagic (autochthonous)
chalk under relative quite tectonic conditions (Kennedy
1987; Fig. 6a). In other areas, widespread allochthonous
sediment complexes in the Turonian—Santonian unit trav-
elled several kilometres to their final site (Figs. 6c, 7).
The MTDs encountered in this study attain several 100s
of metres thickness and 100s—1000s of metres in lateral
extent representing large-scale slumps and slide complexes.
With gravity-driven mass-transport seemingly common, it
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show intermediate to high amplitudes. The reflector (approximately
15 km?) displays an incisional depth of approximately up to 100 m.
The basal features indicate furrows or scours formed as a result of
downslope-travelling erosive turbidity currents

appears that relocation of chalk sediments was governed
by downslope-travelling turbidity flows within the German
Central Graben.

In the study area, MTDs interpreted as slumps internally
consist of deformed strata, typically showing chaotic con-
figurations and highly disrupted seismic reflections. The
formation style, internal thrusts and the associated basal
shear horizon are observations that allow to interpret these
complexes as intra-chalk slump complexes. The occurrence
of significant intra-chalk slump complexes is documented
for the first time within the Entenschnabel area (Fig. 7) and
fits well to interpretations in the Dutch and Danish North
Sea sectors (Van der Molen et al. 2005; Back et al. 2011).
In places, headwall scarps of slope failures are imaged on
seismic profiles, but these might be locally often indis-
tinct due to the post-depositional salt tectonics. Contrary to
slump complexes, slide sheets represent downslope move-
ments of internally undeformed sediment masses (Kennedy
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1987; Frey-Martinez et al. 2006; Lee et al. 2007) which
were transported over short distances (Van der Molen et al.
2005; Fig. 12). Their 3D geometry clearly shows that this
sediment body coherently moved in a north-westward
direction caused by the increased slope gradient at the
northern flank of Birgit salt diapir (Figs. 1b, 12).

Further south-west of the Entenschnabel area on the
Schillgrund High a major channel system is visible formed
by erosion due to powerful bottom currents. The chan-
nel trends most likely from the NW towards the SE as
described by Surlyk et al. (2008). By tracing the north-
eastern extension of this channel system into the Entensch-
nabel, we found reflection patterns in our 3D seismic data
similar to those on the Schillgrund High. These seismic
responses correlate with the structure mapped in the south-
westernmost part of the study area (Fig. 13). In seismic
cross sections, this feature reflects a significant onlapping
and irregular surface showing axial lows and highs which
are interpreted as erosive furrows or scours (Fig. 13b). Ero-
sional scours at the bases of mass flows are indeed a rec-
ognised feature of MTDs (Posamentier and Kolla 2003;
Moscardelli et al. 2006; Lee et al. 2007; Posamentier and
Martinsen 2011). Scours observed are located above the
Turonian—Santonian slumps and are interpreted to repre-
sent remnants of strata removed by erosive, possibly high-
energy SW—NE-oriented turbidity currents that transported
the bulk of their sediment farther downslope. These ero-
sive currents eroded deeply into previously deposited sedi-
ments. Undisturbed material preserved above the irregular
surface seems to be filled from a SW direction indicated by
onlapping reflection terminations. However, it cannot be
excluded that striking linearity of scours that are commonly
observed at the bases of MTDs forms as a result of laminar
rather than turbulent currents that characterise these flows
(Posamentier and Martinsen 2011). Assuming only the fea-
ture’s shape on the time slices (variance), this could also
be indicative for MTDs more likely a slide complex that
reflects a downslope movement of chalk sediments from a
SW direction towards the NE. The structural shape on the
time slice (Fig. 13) is comparable to the Lower Cretaceous
Fish Creek Slide in northern Alaska which is characterised
by axial lows and highs (Homza 2004).

The variety of cross-sectional geometries ranging from
U-, V- and W-shaped to tabular incisions can be explained
by erosional truncation of the underlying strata (Fig. 2)
resulting from sediment transport systems, e.g. channels.
Such phenomena have been previously described elsewhere
in the North Sea Central Graben (Van der Molen et al. 2005;
Back et al. 2011). An essential part of recent studies on
dynamic depositional systems during the development of
the North Sea Chalk underlines the influence of powerful,
long-lived, contour-parallel bottom currents for the forma-
tion of syn-sedimentary intra-chalk stratal irregularities and

thus of submarine channel geometries (Lykke-Andersen
and Surlyk 2004; Surlyk and Lykke-Andersen 2007; Sur-
lyk et al. 2008; Esmerode et al. 2008). Because of the lim-
ited geometry solution in 2D seismic data, some elongated
incisions or depressions were formerly interpreted as chan-
nels related to contour-parallel bottom currents (Korstgard
et al. 1993; Surlyk and Lykke-Andersen 2007; Surlyk et al.
2008; Esmerode and Surlyk 2009).

It is important that orientations of the interpreted chan-
nel systems vary throughout the study area. Channels of
the Turonian—Santonian interval trend into a NNW-SSE
(Figs. 7, 8) direction. Encountered channel system in the
Maastrichtian unit shifts from a NNE-SSW orientation to a
NNW-SSE direction (Fig. 11b). In the south-westernmost
study area, trends in a north-easterly direction are visible.
These observations contradict contour-parallel bottom cur-
rents as the mechanism for the formation of submarine
channel systems in this study (Fig. 13).

A network of shallow distributary channels (chan-
nelised lobes) or frontal splay complexes sensu Posamen-
tier (2003) and Posamentier and Kolla (2003) is classified
(Fig. 9) at gradient breaks in the south-easternmost part of
the Entenschnabel. Depositional lobes are identified at the
terminations of channel systems indicating the direction of
their mass flows (Figs. 8, 9). Also here the orientation of
the channels varies in the study area where sediment was
transported from the eastern and northern flank of Char-
lotte salt diapir (Fig. 1b) towards the north-east and north-
west into the depressions of the German Central Graben
area (Fig. 9). These recognitions led us to conclude that
the channels were formed by channelised turbidity systems
(e.g. Catuneanu 2003; Posamentier and Kolla 2003; Lee
et al. 2007; Kolla et al. 2007; Posamentier and Martinsen
2011). According to Catuneanu (2003), splay complexes
generally correspond to the place where energy of a flow
decreases to a phase that releases the accumulation of the
bulk of its sediment load. The transition from a channel to a
frontal splay complex is probably associated with a marked
reduction in, e.g., channel width, channel depth and chan-
nel sinuosity (Posamentier and Kolla 2003).

The observation of elongate features in 3D seismic
data revealed that only around 60 % of them are compat-
ible with a channel origin (Figs. 8, 9, 10, 11, 12), much in
the way as Tertiary depressions showing spherical closed
forms, incompatible with channel systems (Andresen et al.
2008). The other percentage of features is related either to
incisional slide complexes or presumably formed by bot-
tom currents, in narrow passages, e.g. between neigh-
bouring salt diapirs (Fig. 10; Esmerode et al. 2008). This
is evident by the pronounced relief of the incisional fea-
ture covering the central Entenschnabel area (Fig. 10)
which is clearly linked to salt diapirs displaying a closed
form on the time slice incompatible with a gravity-driven,
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downslope-oriented turbidity origin (e.g. Fig. 8b). This fea-
ture is evident for bottom currents in response of pockmark
formation comparable to those encountered in the Danish
North Sea within the Chalk Group (Masoumi et al. 2014).

The morphology of the incisional features during the
Campanian to Danian units differs from those developed
in the Turonian—Santonian units as it looks closely related
to the depth, width and slope angles of basal incisions.
Up sections incisions reach depths of up to 150 m, while
the Turonian—Santonian incisions are less incised reach-
ing depths of up to 15 m. Measured slope gradients of
incisional bases in the study area show considerable vari-
ability from 5° to 29° (Fig. 2). These recognitions can be
used to ascertain whether chalk sediments were already
lithified before erosional processes affecting the sea floor.
By assuming an angle of repose between 30° and 40° for
calcareous ooze according to Lee et al. (1994), this sug-
gest that incisions within the study area were formed
when the sediment was already semi-lithified to lithified.
As mentioned by Van der Molen (2004), lithified chalk is
often subject to mass movements in which chalk clasts are
reshaped or broken up during transport.

The widespread lateral extent, quantity, seismic char-
acter and the variability in transport directions of mass-
transport complexes (i.e. slides, slumps and channels) as
interpreted in this study suggest a critical re-evaluation of
the main triggering mechanisms for the deposition of the
North Sea Chalk. In the study area, gravity-driven mass-
transport processes are interpreted as the major mecha-
nism for the redistribution of sediments (mass-transport
movements). This is in accordance with the extent of syn-
depositional uplift particularly within the German Central
Graben. Two main mechanisms are considered as potential
trigger for slope failure initiation: salt diapirism and Late
Cretaceous inversion tectonics. Diapirism in the study area
is characterised by vertical movement of the sedimentary
section above the Zechstein salt and the subsidence of rim-
synclines around and between salt structures (Arfai et al.
2014). Salt uplift primarily leads to tilting or local steepen-
ing of the sea floor and an increasing slope angle (Figs. 7,
8, 9). Figure 4 illustrates a synchronous salt diapirism to
chalk deposition as revealed by increases in thicknesses in
rim-synclines around salt diapirs. Inversion tectonics occur
in compressional regimes (Figs. 6c, 7c) leading to reactiva-
tion of existing fault systems. In the German Central Gra-
ben, Triassic to Jurassic fault structures and Jurassic graben
systems were inverted (Arfai et al. 2014). Tectonic inver-
sion had a direct impact on Chalk Group deposition which
changed from predominately pelagic during the Cenoma-
nian to Turonian to a dominance of gravity flow deposi-
tion close to inverted zones during the Turonian to the Late
Campanian. In areas where inversion tectonics affected the
German Central Graben, e.g. the Schillgrund Fault, seismic
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responses similar to those in the vicinity of salt diapirs are
visible (Fig. 8c). These seismic discontinuities are related
to small-scale slump deposits and represent the reactiva-
tion of major fault structures during the deposition of the
chalk in Turonian to Santonian times. In some cases, salt
and inversion tectonics seem to act simultaneously which
resulted in gravity-driven mass transports and removal of
sediments in different flow directions (Figs. 6, 7, 8). Dur-
ing the Late Campanian, tectonic activity abated so that this
chalk interval was characterised by higher reflection conti-
nuity with only minor disorganised seismic responses and
gravity-driven MTDs.

In summary, the pronounced stratal discontinuity
observed in the study area indicates that chalk sedimenta-
tion was locally dominated by submarine erosion and relo-
cation (Fig. 14). The mass-transport systems encountered
within the German Central Graben are not developed in
the Cenomanian interval, but reach a maximum within the
Turonian—Santonian unit and locally occur within the Cam-
panian, Maastrichtian and Danian units reflecting the Late
Cretaceous tectonic intensity during these geological stages
(Fig. 14a—c). The majority of slumps and slides observed
in the Entenschnabel are preserved alongside tectonically
active inversion zones and in the vicinity of salt diapirs
exhibiting that tectonically induced gravitational mass flow
represents the main trigger for the redistribution of chalk
sediment (Fig. 14a). Additionally, the geomorphology and
architecture of elongated features interpreted as channels
(Fig. 14a) suggest that these systems correspond to repeated
gravity-driven turbulent flows that transported failed chalk
material into the bathymetric lows of the German Central
Graben. However, at the same stratigraphic level, there are
also incisional features in seismic cross sections similar to
channels with closed spherical shapes on time slices show-
ing implications for bottom currents (Lykke-Andersen and
Surlyk 2004; Surlyk and Lykke-Andersen 2007; Surlyk
et al. 2008; Esmerode et al. 2008; Figs. 10, 14b). This let
us finally to conclude that a complex interaction of Late
Cretaceous inversion and salt tectonics, gravity-driven
processes and sea floor bottom currents dominated chalk
reworking and redeposition in the study area (Fig. 14a—c;
Van der Molen et al. 2005; Back et al. 2011). The redepos-
ited chalk can be observed as a highly variable depositional
element within the North Sea Central Graben.

Reservoir properties and hydrocarbon aspects

After deposition, pelagic chalk was subjected to reloca-
tion by various gravity-driven mass-transport processes and
thus can be protected from early porosity-reducing cemen-
tation processes and enhances thereby the reservoir quality
(Schatzinger et al. 1985; Taylor and Lapré 1987; Bramwell
et al. 1999; Anderskouv and Surlyk 2012). After transport
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Fig. 14 Summary models of the depositional systems within the Ger-
man Central Graben area interpreted from seismic reflection discon-
tinuities and time slices in different stratigraphic levels. a During the
Turonian—Santonian, the chalk interval is characterised by generally
chaotic reflection patterns with few seismic dissemblance features
interpreted as kilometre-scale slumps, isolated channels and distribu-
tary channel systems. Straight to sinuous channels and networks of
channelised lobe systems were formed by downslope-travelling ero-
sive turbidity flows. Gravity-driven MTDs are induced due to intense
salt and inversion tectonics which resulted in the steepening and tilt-
ing of the sea floor. b During the Late Campanian, the remarkable
tectonic activity abated so that the chalk interval is characterised by
a continuous reflection pattern with only minor disorganised seismic
responses and small-scale gravity-driven MTDs. Spherical-shaped
features are induced probably as a result of sea floor bottom currents.
¢ Seismic reflection discontinuity wanes during the Maastrichtian
interval. Isolated MTDs such as slide sheets and only a few channel
systems dominated the Maastrichtian sea floor morphology. Models
are modified after Van der Molen et al. (2005)

of the MTDs to a new site, bioturbation has no or only lit-
tle time to act (Hardman 1982; Schatzinger et al. 1985).
In this case, the formation of hard grounds can be reduced
which enables a development of a rock with an estimated
porosity at time of redeposition ranging between 50 and
55 % and which will subsequently be buried beneath the
next transported deposits (Hardman 1982). The best reser-
voir properties (e.g. porosities of up to 45 %; South Arne
Field; Japsen et al. 2005) are found in the reworked chalk
strata of the Tor and Ekofisk formations (Taylor and Lapré
1987; Underhill 1998). So it is not necessarily the case that
redeposited chalk forms better reservoirs. Traps within the
Chalk Group range from inversion-generated anticlines
(e.g. the Valhall, Roar, Tyra and South Arne fields) over
salt domes with some degree of inversion overprint (e.g.
the Dan, Ekofisk and Svend fields) to salt diapirs (e.g. the
Skjold and Harald fields; Vejbaek et al. 2007). Stratigraphic
traps may also play a major role (e.g. the Halfdan and
Adda fields; Vejbek et al. 2007). Structural traps such as
described by Vejbaxk et al. (2007) are observed within the
German Central Graben and provide additional reasons for
the Chalk as a hydrocarbon reservoir. Danian and Maas-
trichtian chalk reservoirs preserved in the Central Graben
are encountered in depths between 2930 and 3080 m sealed
by thick overpressured Tertiary shales of regional extent
(Moore 2001). After the Mesozoic fill of the Central Gra-
ben, subsequent accumulation of more than 2500 m sedi-
ments took place during the Cenozoic (Arfai et al. 2014).
These sediments could act as a top seal for chalk reservoirs.
Where the Chalk is characterised by overpressure such as
within the Central Graben, it contains important hydro-
carbon accumulations, e.g. the Ekofisk and Dan fields in
the Norwegian and Danish sectors (Scholle 1977; Japsen
1998). In the North Sea Central Graben, the source rocks
for the oil found in chalk reservoirs are frequently the
organic-rich Upper Jurassic Kimmeridge Clay, separated
from the chalk by a thick Lower Cretaceous shale sequence
(Damtoft et al. 1986; Surlyk et al. 2003; Kubala et al. 2003;
Beha et al. 2008). Oil generation of the Kimmeridge Clay
started during Eocene to Early Miocene within the Central
Graben area (Hardman 1982; Andresen et al. 2008).

The British part of the Central Graben contains isolated
chalky hydrocarbon fields (Oakman and Partington 1998;
Megson and Hardman 2001; Surlyk et al. 2003). Within
the Dutch Central Graben, the ‘Hanze Field’ is one of two
oil accumulations in the Chalk Group (Hofmann et al.
2002; Kombrink et al. 2012). The other oil accumulation
was found in 2012 by the exploration well F17-10 (Kom-
brink et al. 2012). If MTDs are clay-free, the redeposited
chalk has the potential to be an excellent reservoir (Hard-
man 1982). In the Entenschnabel area, Chalk Group sedi-
ments mainly consist of white chalk and chalky limestones
which could be considered from a porosity perspective as
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potential hydrocarbon reservoirs. Due to the large oil dis-
coveries in the North Sea and in the recent Lille John oil
field (Danish North Sea), the question should be addressed
whether the Kimmeridgian source rock facies extends
southwards from the Danish sector into the German Cen-
tral Graben (e.g. John Graben) where Upper Jurassic
sediments reach maximum thicknesses and deepest burial
(Arfai et al. 2014)? However, inferences whether the Chalk
Group MTDs have been charged by Jurassic Kimmeridge
Clay source rocks within the German Central Graben will
require additional investigations.

Conclusions

3D seismic data, enabling to view data sets from different
directions and using time slices, provide insights into the
deformed intra-chalk successions and impacts of mass-
transport depositional elements within the German Central
Graben area.

e Based on mapping and correlation of major uncon-
formities which are tied to stratigraphic data at borehole
locations, the Chalk Group in the Entenschnabel was
subdivided into five seismic units. The subdivision ena-
bles a stratigraphic correlation of the Late Cretaceous
morphological structures identified as MTDs.

e A broad spectrum of outer shapes and internal architec-
tural elements, mostly related to erosional truncation of
the immediately underlying sediments, was obtained
from seismic cross sections. Time slices (variance cube)
from 3D data provide evidence that in places incisions
are characterised by spherical and elliptical shapes,
inconsistent with a channel origin.

e The central and north-western realm of the Entensch-
nabel shows undeformed intra-chalk successions which
are characterised by parallel to subparallel and continu-
ous reflection patterns, reflecting depositional processes
under relatively quiet tectonic conditions. In contrast,
deposition of the Chalk Group within the German Cen-
tral Graben is coincident with intense tectonic activity
resulting in discontinuous and chaotic seismic facies.
Such reflection patterns indicate redeposition of large
sediment masses.

e Locally, slump complexes and slide sheets are encoun-
tered that are several kilometres in lateral extent.
Slumps are identified in the Turonian—Santonian units,
while slides are limited to the Maastrichtian—-Danian
units. Straight to sinuous channels and networks of
channelised lobe systems were formed by downslope-
travelling turbidity flows.

e The triggering mechanisms for mass-transport com-
plexes in the Entenschnabel area are salt movement and
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tectonic uplift. A compressional tectonic regime led to
basin inversion throughout the Late Cretaceous. The
most significant inversion occurred from the post-Turo-
nian until the Late Campanian.

e MTDs within the German Central Graben may exhibit
good reservoir properties and thus form suitable res-
ervoirs for hydrocarbons which could be charged by
Upper Jurassic Kimmeridge Clay source rocks.
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