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ABSTRACT

The North Sea has a long history of tectonic activity. It contains multiple hydrocarbon fields. Therefore many explorations and
researches have been conducted across the area. However, limited information is available on the sub-Zechstein salt sediments and
tectonic evolution of the Dutch North Sea sector. Studies have relocated the Avalonia and Baltica plate tectonic margins. This will
influence the tectonic evolution of an area.
The margin is relocated near the Step and Dutch Central Graben. This report discusses the tectonic evolution of the area north of
the Cleaverbank Platform, the Elbow Spit High, North Elbow Basin, and the Step Graben from the Late Silurian to Carboniferous
Period. An interpretation has been conducted by the use of the NSR seismic survey data and the creation of new structural maps.
The oldest observed structural development of the research area is the NE-SW oriented Late Silurian-Early Devonian normal fault
systems. NE-SW extension by back-arc extension of the Caledonian orogen occurred from the Lower to Upper Devonian. The
tectonic regime changed to E-W oriented during the Variscan Orogeny and the Lower Devonian intramontane basins were filled
with Upper Devonian Old Red Sandstones. E-W extension continued through the Lower Carboniferous, while the southern part was
exposed to Variscan deformation. The end of the Variscan Orogeny is marked by the formation of N-S oriented half-grabens in the
Upper Carboniferous.

Key words. Cleaverbank Platform, Elbow Spit High, Elbow Spit Platform, Step Graben, North Elbow Basin, Tectonic history,
Seismic interpretation, Structural Maps, Sub-salt sediments, Caledonian Orogeny, Variscan Orogeny

1. Introduction

The North Sea has long since been an area of interest. It
contains many hydrocarbon fields from which oil and gas are
being produced. These fields have been found in the supra-salt
sediments (Triassic-Cretaceous) and the sub-salt sediments
(Carboniferous-Permian). However, few explorations has been
conducted on the sub-salt sediments in the Mid North Sea area.
Due to major faulting in the sediments and the interference
of the Zechstein salt with the seismic acoustic, the produced
seismic data of the sub-salt sediments has not been very
clear. Exploration of the deep sediments has therefore been
deemed economically risky [de Jager & Geluk 2007]. With
the rising problem of diminishing conventional hydrocarbon
resources, new explorations, and researches on conventional
and unconventional resources have been started [ter Borgh et al.
2019]. Recent exploration in the United Kingdom resulted in the
discovery of new economically producible hydrocarbon fields
in the sub-salt sediments. Examples are the Breagh field and
Cygnus field, proving the hydrocarbon potential and presence of
Carboniferous and Permian deposits in the Mid North Sea area
[McPhee et al. 2008, Taggart & Catto 2016]. This causes new
interest in the reevaluation of the tectonic history of the Dutch
North Sea sector as well [Duin et al. 2006, ter Borgh et al. 2019].

The tectonic history of the North Sea is often summarized by
four major events: 1) the Caledonian Orogeny 2) the Variscan
Orogeny and 3) the Pangea break-up and 4) the Alpine Orogeny
(Chapter 2, Fig. 2, 3) [Cocks et al. 1997, de Jager & Geluk

2007, Evans et al. 2003, Krawczyk et al. 2008, Kroner & Mansy
2008, Pharaoh et al. 2010, Smit et al. 2018, Ziegler 1975,
1990a]. The location of the continental margins involved in
the events (Avalonia, Baltica, Laurentia, and Gondwana) are
important as they influence later tectonic activity [Lyngsie &
Thybo 2007, Smit et al. 2016, 2018]. A recent study shows
that the Caledonian Thor suture zone between Avalonia and
Baltica is located below the Central Graben and that the Baltica
plate reaches further west than previously thought [Smit et al.
2016] (Fig. 4). These authors reinterpreted the deep crustal plate
zonations and newly defined the northern Avalonian margin.
They proposed a new individual low P-wave velocity zone
separating the Baltica and Avalonia crusts. This implies that the
new margin of Avalonia is located 150 km to the south [Smit
et al. 2016]. A follow-up study, Smit et al. [2018], presented a
new kinematic model for the Carboniferous North Sea based on
the new crustal zonations (Fig. 4).

These previous studies indicate that new research and reevalu-
ation of (regional scale) plate tectonic margins and their suture
zones are needed. Research of the pre-Zechstein tectonic history
will increase the understanding of the distribution and environ-
mental setting of sediments in the North Sea grabens. The re-
search can be used for the exploration of new hydrocarbon fields.
This report focuses on the reinterpretation of pre-Zechstein tec-
tonic activity in the North Sea providing new insights in the tec-
tonic evolution of the Step graben and the Elbow Spit High.
This is achieved by seismic interpretation of deep, sub-salt ge-
ology of the Step Graben (SG), Elbow Spit High (ESH), North
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Fig. 1: Jurassic till pre-Carboniferous Basin map of the Dutch subsurface adjusted from [Van Wijhe 1987]. The map shows all the
major basins in the Dutch area. The colours indicate the age of the basins. The research area of this report is located in the black
square; containing the Elbow Spit High (NW-SE Carboniferous high) and the Step Graben (NW-SE Triassic basin)

Elbow Basin (NEB) and the Elbow Spit Platform (ESP) north
of the Cleaverbank Platform (CP) (Fig. 1). Using the established
structural maps a tectonic history of the areas is proposed.

2. Geological Setting

The present-day North Sea basins have been subjected to a
long history of tectonic activity. Most of the surface features
are a result of the Pangea break up and the Alpine Orogeny in
Triassic-Cretaceous that overlie and have reworked older tec-
tonic features. The surface relief looked very different during
the Ordovician-Permian period. These were exposed to two
main tectonic events: 1) the Caledonian Orogeny during the
Ordovician-Devonian period (subdivided in the Grampian and
Acadian phases) and 2) the Variscan Orogeny from 330-300 Ma
on the Avalonia plate (Fig. 2) [Cocks et al. 1997, de Jager &
Geluk 2007, Evans et al. 2003, Krawczyk et al. 2008, Kroner &
Mansy 2008, Pharaoh et al. 2010, Smit et al. 2018, TotalTotal E&P
2007, Ziegler 1975, 1990a]

2.1. The Caledonian Orogeny

It is thought that the Caledonian Orogeny was the most impor-
tant tectonic event during the Paleozoic as the formed structural
elements influenced the subsidence and inversion later on [Total
Total E&P 2007]. During the Caledonian Orogeny the three
tectonic plates, Laurentia, Baltica and Avalonia, accreted (Fig.
3). The accretion direction was NW-SE [Cocks et al. 1997,
Krawczyk et al. 2008, Pharaoh et al. 2010, Ziegler 1990a].

In the Early Ordovician Avalonia separated from Gond-
wana’s passive margin (Fig. 3). The Rheic Ocean between
Gondwana and Avalonia opened. Avalonia moved northward
until it collided with Baltica [Cocks et al. 1997, Evans et al.
2003, Torsvik & Rehnström 2003, Ziegler 1975, 1990a].
Subduction of the Baltica oceanic plate and continental margin
under Avalonia occurred along the Thor Suture. The subduction
ended in the early Silurian.

During the Ordovician Baltica and Avalonia moved together
while rotating counter-clockwise. Closure of the Tornquist sea
occurred (Fig. 3, 4) [Evans et al. 2003, Torsvik & Rehnström
2003]. The closure was accompanied by large quantities of
ashfall and magmatism [Torsvik & Rehnström 2003].

Baltica and Avalonia moved together towards Laurentia,
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A.M. Otting 4068335: Deep structural development of the NW Dutch North Sea

Fig. 2: Adapted tectonic chart of the Central North Sea (after [de Jager & Geluk 2007]) indicating the chronostratigraphy and
main tectonic events. Coloured lines indicate the age of the sedimentary facies interpreted in this report.

closing the Iapetus Ocean in the Late Silurian (Fig. 3). At the
start of the Devonian (400 Ma) subduction stopped along the
Iapetus suture. The newly formed continent after the second
collision is called Laurussia [Evans et al. 2003, Krawczyk et al.
2008, Pharaoh et al. 2010, Smit et al. 2016, 2018, Woodcock
2012].
Major thrusts formed in the Laurentia and Baltica plates. Con-
vergence occurred in the NE-SW direction. This convergence
zone has been an important influence to later tectonics events as
this zone forms the SW margin of the Baltica plate (Fig. 3, 4)
[Evans et al. 2003, Krawczyk et al. 2008, Pharaoh et al. 2010,
Smit et al. 2016, 2018, Woodcock 2012].

The Laurussia tectonics involved thin- and thick-skinned
thrusting and inversion on the subducting plates. The Closure
of the Tornquist Sea and Iapetus Ocean involved soft-docking
[Cocks et al. 1997, de Jager & Geluk 2007, Evans et al. 2003,
Smit et al. 2016, 2018, Torsvik & Rehnström 2003, Woodcock
2012, Ziegler 1990a, Ziegler et al. 1982]. A triple plate tectonic
junction was left, with the north dipping thrust zones located
north and the South-east thin-skilled collisional thrusts located
south (Fig. 3, 4) [Cocks et al. 1997, de Jager & Geluk 2007,
Evans et al. 2003, Smit et al. 2016, 2018, Ziegler 1990a, Ziegler
et al. 1982]. Near the end of the collision left lateral strike-slip
movement occurred along the length of the Caledonian orogen
[Evans et al. 2003, Smit et al. 2016, 2018]. Avalonia remained
under compression during the Lower Devonian. This compres-
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sional phase is called the Arcadian phase. The compression
caused inversion of the Ardennes and Wales basins [Smit et al.
2016]

2.2. The Variscan Orogeny

The Variscan Orogeny is described as the collision between Lau-
russia, Gondwana and Iberia, eventually forming the supercon-
tinent Pangea near the end of the Carboniferous. The Variscan
Orogeny ceased in the Late Permian and post-rift thermal subsi-
dence followed (Fig. 3) [Evans et al. 2003, Ziegler 1975, 1990a,
Ziegler et al. 1982].
On the Avalonia plate (on which the research area is located) an
phase of extension occurred from the Middle Devonian to Early
Carboniferous (330 Ma). This early Variscan extension caused
the collapse of the accretionary wedge formed by the Caledo-
nian Orogeny [Smit et al. 2016].
While the formation of the Variscan orogen started in the Car-
boniferous, the Caledonian orogen rapidly eroded. The erosion
developed a thick continental sediment package of Devonian Old
Red Sandstones in the intramontane basins [Geluk 2005, Ziegler
1975, 1990a, Ziegler et al. 1982].
Deformation by compression from the Variscan Orogeny oc-
curred on the Avalonia plate from 330-300 Ma (Upper Carbonif-
erous) [Smit et al. 2016].
Across the Laurentia, Baltica and Avalonia plates, the Variscan
Orogeny (Fig. 2) caused inversion across the North Sea. Short-
ening occurred in the N-S direction. The inversion occurred
on reactivated Devonian faults or newly formed faults. Large
folds were formed related to the inversion faults. Wrenching
by strike-slip fault zones show a right-lateral movement of
sediments in NW Europe [Evans et al. 2003, Skjerven et al.
1983, Smit et al. 2018, TotalTotal E&P 2007, Ziegler 1975, Ziegler
et al. 1982]. The Cleaverbank Platform was formed during such
wrenching [Chen 2015].

2.3. Devonian tectonic setting

During the final phase of the subduction along the Iapetus
suture (Early Devonian), the subsidence of the Caledonian
fore-arc basin was ongoing. A regression of the sea-level can
be observed. Thick volcanic sequences were uplifted, which
were the source rock for the deposition of fluvial red-beds and
molasse sediments that followed. Sediments were deposited in
the intramontane basins and the Variscan foredeep [Evans et al.
2003, Ziegler 1975, 1990a,b].

The Caledonian Orogeny caused deformation across the North
Sea during the Devonian. In the United Kingdom Lower
Devonian rocks were folded in an NE direction by reworking of
the Caledonian structures. The uplift and folding was followed
again by major subsidence resulting in marine conditions during
the Late Devonian-Early Carboniferous [Evans et al. 2003,
Schroot & De Haan 2003, Ziegler 1975].
West of Norway and the Great-Glen fault inversion and folding
occurred in an E-W compressional regime [Evans et al. 2003].

From the Late Silurian to Early Devonian times the collision
between Baltica/Avalonia and Laurentia ceased (Fig. 2, 3). From
the Middle to Upper Devonian an extensional phase started
(Fig. 4). This early Variscan extension continued until the Early

Carboniferous (330 Ma) on the Avalonia plate [Smit et al. 2016].
The extension might be related to either back-arc extension (in
the Rhenohercynian Basin) or gravitational collapse [Fossen
1992, Leeder 1988, Wijker 2014, Ziegler et al. 1982].
The early Variscan extension caused the collapse of the Cale-
donian accretional wedge [Smit et al. 2016]. Major extensional
shear zones and intermontane basins were developed [Fossen
1992, Leeder 1988, Ziegler et al. 1982]. Many rift basins, such
as the Midland Valley and the Northumberland Basin, were
formed by reactivation of the Caledonian faults. These Devonian
basins have a similar NW-SE trend as the Caledonian thrust
faults [Arsenikos et al. 2019, TotalTotal E&P 2007].

A relatively large Devonian basin was found in the northern
North Sea and is thought to have formed due to gravitational
collapse of the thick crust. The Devonian basin contains a pull-
apart system. The pull-apart system was bounded by the Great
Glen–Møre–Trøndelag fault zone and Midland Valley–Solund
fault systems (Fig. 1, 4) [Evans et al. 2003, Ziegler et al. 1982].
This system was deep and formed a proto-Viking Graben. Much
of the crustal thinning occurred here and may be responsible for
the creation of the fault structures and sub-basins of the area.

The subsiding transtensional basins were filled with non-
marine and lacustrine sediments [Evans et al. 2003, Ziegler
1990b, Ziegler et al. 1982].

2.4. Carboniferous tectonic setting

From the Middle Devonian to the Early Carboniferous an
early Variscan extensional regime was present in the Avalonia
plate (Fig. 2) [Smit et al. 2016]. The extension developed
multiple grabens and half-grabens in the North Sea (Fig. 1).
The development was controlled by the deep NW-SE trending
Caledonian structures [Geluk 2005, Smit et al. 2018, Total
Total E&P 2007, Ziegler 1975, 1990a, Ziegler et al. 1982]. The
subsidence deepened the basins and clastic sediments deposited
[Smit et al. 2018, TotalTotal E&P 2007, Ziegler 1990a].

The compression of the Avalonia plate by the Variscan Orogeny
started in the Upper Carboniferous [Smit et al. 2016]. The col-
lision caused inversion on reactivated faults from the Devonian
and Early Carboniferous age across the North sea. The Variscan
inversion increased the sediment input into the basins. Related
folding structures were formed, thereby thinning the sediments.
Right-lateral movement occurred on large strike-slip fault zones
[Evans et al. 2003, Skjerven et al. 1983, Smit et al. 2018, Total
Total E&P 2007, Ziegler 1975, Ziegler et al. 1982].

Late Carboniferous structures were formed by thin- and
thick-skinned Variscan deformation (Fig. 1, 4) [Evans et al.
2003, Nalpas et al. 1995, Ziegler 1975].

2.5. Permian tectonic setting

Lower Permian Rotliegend sands filled the paleo-topographic
basin across the North Sea. The paleo-topography of the
Permian basin was a result of the Late Carboniferous to Early
Permian Variscan tectonic activity (Fig. 2) [Evans et al. 2003,
Ziegler 1975]. It caused the uplift of the Mid North Sea High
and the Mid North Sea–Ringkøbing-Fyn High, separating
the northern and southern Permian basins [Evans et al. 2003,
Nalpas et al. 1995, Ziegler 1975]. Furthermore, the Variscan
deformation caused inversion and folding of the foredeep basin
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A.M. Otting 4068335: Deep structural development of the NW Dutch North Sea

Fig. 3: Plate tectonic settings of Avalonia, Baltica and Laurentia during the Early-Mid Paleozoic period (480, 440 and 420 Ma)
[Smit et al. 2018]. a) Avalonia moves to the north, while the Rheic Ocean opens and subduction occurs along the northern margin
(Tornquist and Iapetus Oceans; b) Closure of Tornquist sea and end subduction of Iapetus Ocean; c) Collision of Avalonia, Baltica
and Laurentia forming the Caledonian Orogeny.

[Evans et al. 2003, Ziegler 1975].

Compaction might have created some minor extensional faulting
and strike-slip movement. Besides some uplift on the reactivated
Devonian faults, inversion had mostly ceased. Some local
subsidence on the NW-SE normal faults occurred. Overall the
Permian period was relatively tectonic inactive [Evans et al.
2003, Ge et al. 2017, Neumann et al. 2004, van Wees et al. 2000,
Ziegler 1975].

Distribution of the Upper Permian Zechstein salts indicates local
fault activation. The topography during the late Permian was
mainly fault-controlled (Fig. 1). As the N-S trend of the Triassic
faults and basins are perpendicular to the E-W oriented Permian
basin not much deformation occurred to the sub-salt sediments
[Evans et al. 2003, Kombrink et al. 2012, Phillips et al. 2018,
Van Wijhe 1987, Ziegler 1975, 1990a].
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Fig. 4: Norths Sea present-day tectonic setting. a) Classical
map [Pharaoh et al. 2010] as cited in [Smit et al. 2018]; b) Re-
vised map after [Smit et al. 2016, 2018] including the new Thor
suture geometry and crustal margins.

2.6. Research Area

As described above the tectonic history of the North Sea has
been widely accepted. Unfortunately, less is known about the ef-
fects on a regional scale of the pre-Zechstein tectonic activity.
The research area of this report is limited to the Step graben,
North Elbow Basin and Elbow Spit High. According to Smit
et al. [2016, 2018] the Thor suture zone is located underneath
the Central Graben. The Step Graben, North Elbow Basin and
Dutch Central Graben are separated from one another by a ma-
jor normal fault (Fig. 1) formed during the Caledonian Orogeny
and Variscan Orogeny [Van Wijhe 1987]. Many fault systems
in the research area show NE-SW orientation from the Caledo-
nian tectonic regime [Cocks et al. 1997, Krawczyk et al. 2008,
Pharaoh et al. 2010, Ziegler 1990a].
In the Carboniferous, the northward movement of Gondwanna
caused the formation of thrust fault systems and flexural load-
ing north of the proto-Dutch Central Graben [Evans et al. 2003,
Skjerven et al. 1983, Smit et al. 2018, TotalTotal E&P 2007, Wijker
2014, Ziegler 1975, Ziegler et al. 1982]. This was accompanied
by magmatism and basin filling of the foreland basins south of
the research area.
The deformation by the Variscan Orogeny was less prominent

in the research area. The tectonic regime was extensional and
fault systems were reactivated rather than newly formed [Evans
et al. 2003, Skjerven et al. 1983, Smit et al. 2018, TotalTotal E&P
2007, Wijker 2014, Ziegler 1975, Ziegler et al. 1982] Strike-
slip wrenching formed the Elbow Spit High [Chen 2015]. Dur-
ing the Permian the Mid North Sea High and the Mid North
Sea–Ringkøbing-Fyn High (NW of the research area Fig. 1)
were uplifted, separating the North sea into the northern and
southern Permian basins. The basins were filled with eroded sed-
iments and the Base Permian Unconformity (BPU) was formed
on the highs [Evans et al. 2003, Nalpas et al. 1995, Ziegler
1975].

3. Sediment Setting

The deposition of sediments is influenced by multiple factors
such as tectonic activity, climate, and eustatic sea-level, while
each of the factors can influence each other as well. There
can, for example, be a regional higher sea-level due to the
flexural subsidence of a nearby orogen [Nichols 2009, Ver-
reussel et al. 2018]. These factors can control the distribution
and type of sediment deposition. The widely known Old Red
Sandstone facies is found in certain areas in the North Sea lo-
cated near the Caledonian orogen as it is comprised of conti-
nental material eroded from the collapsed orogen [Geluk 2005,
TNOTNO Geologische Dienst Nederland 2019, Ziegler 1990a,b].
Understanding the regional depositional environment can there-
fore be useful when interpreting seismic data. This Chapter will
give a short description of the depositional settings of the sub-
salt sediment facies.

3.1. Silurian

The Silurian was a very tectonically active period due to the
Caledonian Orogeny that occurred from the Ordovician to Early
Devonian (Fig. 2, 3). Very little is known about the sediments
of Devonian and older periods. Despite the sparse documentary,
some have interpreted the broad lithological geology of the pre-
Devonian basement [Evans et al. 2003, Ziegler 1975].
The Central and Northern North Sea basements are thought to
contain low- to high-grade metamorphic facies, igneous rocks
and metasedimentary rocks. The basement is highly fractured by
multiple phases of deformation. Two rock sets defined by their
radiometric ages have been identified. The Proterozoic basement
includes granitic and gneiss-hornblende grade rocks. The Early
Ordovician to Early Silurian are medium- to high-grade meta-
morphic rocks and can be found across the North Sea. These
rocks are thought to have been clastic sediments that were de-
posited in a rifting system related to the Rhodinia break up and
the Iapetus Ocean formation. The rocks have later been meta-
morphosed and the regional degree of deformation is linked to
the Caledonian Orogeny [Evans et al. 2003]. In a few wells,
some metasedimentary have been found that show low degrees
of metamorphism. Their age is believed to be pre-Devonian to
Devonian age. The rocks contain turbiditic claystones, black
shales within conglomerates and mudstones [Evans et al. 2003,
Smit et al. 2016, TNOTNO Geologische Dienst Nederland 2019]. In
the Netherlands, only a few wells have penetrated rocks older
than the Devonian. The data is too limited to make a lithostrati-
graphical description of the Silurian strata in the Dutch subsur-
face [TNOTNO Geologische Dienst Nederland 2019].
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3.2. Devonian

In the North Sea, the paleo-topography of the Devonian basin
consists of an Old Red Sandstone continent with a trough to
the south. During the Devonian the sea transgressed northward
over the London-Brabant Massif. The sea-level reached its
highest point during the Middle Devonian, extending up to the
Central North Sea. The Late Devonian was a period of sea-level
regression. The basin filled with fluvial sands, claystones and
many red-bed facies (Old Red Sandstone). Volcanism near the
Elbow Spit High was also present. The southern part of the
basin still had a marine depositional environment [Evans et al.
2003, Geluk 2007, Kombrink et al. 2012, Milton-Worssell et al.
2010, TNOTNO Geologische Dienst Nederland 2019].

Compared to the Silurian strata, more attempts have been made
to determine a lithostratigraphic description of the Devonian
strata, but the data is still limited. Therefore, the stratigraphic
units (Lower, Middle and Upper Old Red Group) are assumed
to be separated by major regional-scale unconformities [Evans
et al. 2003]. The unconformities are often the result of tectonic
activities such as local uplift, thus making it impossible to corre-
late these unconformities over wider areas [Evans et al. 2003].

3.2.1. Lower Old Red Group

The Lower Old Red Group was deposited after a phase of up-
lift and erosion caused by the Caledonian Orogeny. Depending
on the tectonic activity in a region the group can be of Silurian
to end Lower Devonian (Emsian) age. The base is defined by
an angular unconformity. The group can include sandstones and
conglomerates, but also volcanic rocks [Evans et al. 2003].

3.2.2. Middle Old Red Group

The distribution of the Middle Old Red Group is limited to the
Orcadian basin and adjacent offshore areas. It thickens in the
vicinity of syn-depositional faults and basement highs. It over-
lays the Lower Old Red Group and sometimes directly the base-
ment. The Middle Old Red Group consists of mostly conglom-
erates and sandstones [Evans et al. 2003].

3.2.3. Kyle Group

The Kyle Group is of Middle Devonian age (Fig. 2). It consists
of shallow-marine limestones, carbonates, mudstones and evap-
orites. The extent of the Kyle Group is not well known, but seis-
mic data indicates that it is relatively widespread over the North
Sea. Based on fossils in the Lower Kyle Group transgression has
occurred up to the Central North Sea [Evans et al. 2003, Kom-
brink et al. 2012, Milton-Worssell et al. 2010, Ziegler 1975].

3.2.4. Upper Old Red Group

The Upper Red Group are unevenly distributed across the North
Sea, but more often found than the Lower Old Red Group. They
are often observed in the central parts [Evans et al. 2003, Kom-
brink et al. 2012, Milton-Worssell et al. 2010]. This group con-
sists of monotonous sandstones, sometimes alternated with silt-
stones and claystones facies. The Upper Old Red Sandstone
facies (Fig. 2) have a fluvial origin, as the Devonian basins
changed to a system of through drainage [Evans et al. 2003,
Kombrink et al. 2012, Ziegler 1975]. The deposition started in
the Orcadian Basin and along the north of the Mid North Sea

High. During the late Devonian, The Upper Old Red Group was
also deposited in adjacent areas, often separated from the Lower
Old Red Group by an unconformity [Evans et al. 2003].
The facies are more of a marine character to the south,
carbonate platforms have been observed near the London-
Brabant Massif. Not much is known yet about these group
[Kombrink et al. 2012, Milton-Worssell et al. 2010, TNO
TNO Geologische Dienst Nederland 2019, Ziegler 1975].

3.3. Carboniferous

The Deposition of sediments in this period is influenced by the
pre-Carboniferous paleo-topography (Fig. 1) [Milton-Worssell
et al. 2010] and tectonic activity, such as subsidence [Kombrink
et al. 2012, Reijmer et al. 2017]. The subsidence was related
to the flexural loading of the northward propagating Variscan
Orogeny. In some parts of the basin, the subsidence exceeded
the sedimentation rate resulting in local deep marine environ-
mental settings [Wijker 2014, Ziegler 1990a]. The depositional
settings varied from shallow marine in the south to deep marine
in the north [Evans et al. 2003, Reijmer et al. 2017]. In the Early
Carboniferous some coal measures can be present [ter Borgh
et al. 2019]. In the Late Carboniferous (Fig. 2) the continen-
tal sediment influx from the Variscan orogens filled the basins
[Evans et al. 2003, Milton-Worssell et al. 2010, ter Borgh et al.
2019]. This was followed by magmatism and crustal thinning
(Carboniferous-Permian) [Neumann et al. 2004, van Wees et al.
2000].

3.3.1. Farne Group

The Farne Group (Lower Carboniferous) (Fig. 2) con-
sists of claystones and sandstones with minor coal
seams [Evans et al. 2003, ter Borgh et al. 2019, TNO
TNO Geologische Dienst Nederland 2019]. It also contains a
variable amount of alternating limestone and dolomite beds
[Evans et al. 2003, TNOTNO Geologische Dienst Nederland 2019].
The Farne Group is not widely deposited. It is mainly found
near the Elbow Spit High and Mid North Sea High (Fig. 1).
The sediments were deposited in a delta-front setting alternated
with repeated marine incursions. Channel fills in local fluvial
regimes have also been observed [Evans et al. 2003, Kombrink
et al. 2012, TNOTNO Geologische Dienst Nederland 2019].

3.3.2. Limburg Group

The Limburg group (Upper Carboniferous) (Fig. 2) consists
of clastic fine-grained silici-clastic sediment formations. The
sediments can sometimes contain coal seams [Evans et al.
2003, Kombrink et al. 2012, ter Borgh et al. 2019, TNO
TNO Geologische Dienst Nederland 2019]. At the base, some
marine beds can be found, but these decrease to the top of
the group. The group can further contain sandstones and some
volcanic sediments. The Limburg Group are found in the Step
Graben and Elbow Spit High, but not in the area near the El-
bow Spit High (Fig. 1, Fig. 13g) (see Chapter 5 and [TNO
TNO Geologische Dienst Nederland 2019]). The depositional
setting has been interpreted as a regressive deltaic foreland-basin
fill. With the completion of the Variscan orogen, the sedimenta-
tion influx came to an end [Evans et al. 2003, Kombrink et al.
2012, TNOTNO Geologische Dienst Nederland 2019].
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3.3.3. Zechstein

The Zechstein group (Fig. 2) is a thick sequence of
evaporites (salt) occasionally including floating carbon-
ate blocks. To the south of the North Sea the Zechstein
group contains more carbonate and clastic sediments [TNO
TNO Geologische Dienst Nederland 2019]. The Zechstein was
deposited in a mainly marine setting in the E-W orientated
Permian Basin [TNOTNO Geologische Dienst Nederland 2019].

The Zechstein sediments are widely distributed over the North
Sea, only missing in a few areas (London-Brabant Massif, the
Ringkøbing-Fyn High, the Elbow Spit High and the Texel-
IJsselmeer High (Fig. 1 and Fig. 6)). The absence in these
areas are explained by the elevated paleo-topographic highs
and the Kimmerian uplift and erosion [Evans et al. 2003,
Geluk 2005, Karlo et al. 2014, Nalpas & Brun 2006, TNO
TNO Geologische Dienst Nederland 2019, Ziegler 1990a].

The present-day Zechstein salt deposits are heavily deformed.
The Zechstein salt is ductile and can move easily. The move-
ments can be induced by 1) Overburden (the density of the over-
burden sediments exceed the density of the salt deposits and
movement will start by gravitational instability) and 2) tectonic
activity (salt rises due to local low pressure anomalies at the
top of a salt layer). Salt tectonics or Halokinesis occurred in
the North Sea from Late Permian to Cretaceous [Coleman et al.
2017, Ge et al. 2017, Duffy et al. 2013, Nalpas & Brun 1993,
Ferrer et al. 2017 and references therein].
Depending on the amount of deformation and time different
structures have been observed, ranging from pillows to pierc-
ing to diapirs (Fig. 7, 9, 10) [Bouroullec et al. 2018, Karlo
et al. 2014, van Winden et al. 2018]. There are even two dif-
ferent types of diapirs: 1) asymmetrical as they are controlled
by faults in the sub-salt sediments (Fig. 10) and 2) Symmetri-
cal platform diapirs (Fig. 7, 9) not controlled by sub-salt fault
activity [Nalpas & Brun 1993]. As diapirism progresses, pinch-
ing out of the salt into the surrounding layers can occur. Karlo
et al. [2014] discusses less well known salt structures as pod-
interpod structures, salt welds and collapsed-anticline diapirs.
Such a collapsed-anticline diapir is also observed on the edge
of the Elbow Spit High and Step Graben (Fig. 5).
Due to the rheological properties of the salt the tectonic evo-
lution of the supra-salt sediments is different from the sub-salt
sediments. During fault activity salt will move upward along
the faults, mechanically decoupling the structural deformation
between the sub- and supra-salt sediments. Folding and both
thick- and thin-skinned brittle faulting will be more present in
the supra-salt sediments, while thick-skinned brittle deforma-
tion dominates the sub-salt sediments. Also, the development of
thrust faults occurs often in areas with salt diapirism [Brun &
Nalpas 1996, Coleman et al. 2017, Ge et al. 2017, Kane et al.
2010, Withjack & Callaway 2000].

3.3.4. Rotliegend

The Rotliegend Group was deposited during the Early and Mid-
dle Permian (Fig. 2). The sandstone and local volcanic sediments
were deposited in a semi-arid setting. The Rotliegend Group is
widely distributed in the Permian Basin, though sediment ero-
sion due to tectonic activity occurred in the Late Carbonifer-
ous and Early Permian, and unconformities were formed [Evans
et al. 2003, Geluk 2005, Kombrink et al. 2012, Nalpas & Brun
2006, Ziegler 1975, 1990a].

The Upper Rotliegend consists of coarse- and fine-grained,
clastic sediments. Climatic variations can be observed in the
sediments. The depositional setting has been interpreted as
a desert-/playa-lake complex developed in a large intramon-
tane basin [Evans et al. 2003, Kombrink et al. 2012, TNO
TNO Geologische Dienst Nederland 2019, Ziegler 1975].

The Lower Rotliegend is a sequence of red-brown,
silici-clastic sediments and basaltic volcanic sediments. In
the North Sea the Lower Rotliegend is mostly recognized
to the magmatic successions [Evans et al. 2003, TNO
TNO Geologische Dienst Nederland 2019, Ziegler 1975].

3.4. Permian

The magmatic sediments were occasionally deposited in the
Early Permian. Erosion formed the Base Permian Unconformity
(BPU). The thermal uplift was followed by thermal subsidence,
allowing sedimentation to deposit in the Upper Rotliegend
[Dixon & RTC 1981, Geluk 2005, Kombrink et al. 2012, Nal-
pas & Brun 2006, Neumann et al. 2004, van Wees et al.
2000]. A Late Permian transgression allowed the deposition of
the Zechstein Group. The Permian is subdivided into Lower
Rotliegend, Upper Rotliegend and Zechstein (Fig. 2) [TNO
TNO Geologische Dienst Nederland 2019].

4. Methods

A structural map that will give insight into the Paleozoic
geological history of the Step Graben, Elbow Spit High, North
Elbow Basin (NEB) and the Elbow Spit Platform is build-up
step by step. The NSR (North Sea Renaissance) seismic survey,
available at the Utrecht University, covers the research area.
Distinguishing the major- and sub-seismic facies is vital for
further interpretation. Seismic facies are sediment packages
defined by their acoustic features in a seismic section. In Table D
is visible how the major- and sub-seismic facies are interpreted
and what they are thought to represent.
Four major seismic facies have been determined: Permian
Zechstein, Carboniferous, Devonian and Lower Old Red Group
(Fig. 2). As described in Chapter 3, the Lower Old Red Group
is of Silurian to Lower Devonian age. It has been chosen to not
incorporate these facies with the Devonian facies.
The Carboniferous and Devonian can be divided in sub-seismic
facies: the Limburg (Upper) and Farne (Lower) Group and the
Upper Old Red Sandstone (Upper) and Kyle Limestone (Mid-
dle) respectively (Fig. 2). More information on the sediment
deposition can be found in Chapter 3.

Using Table D, the seismic facies can be interpreted in the
survey. The base of each seismic facies has been drawn manu-
ally across the seismic lines (figs. 7 to 12). of the NSR survey
in the Petrel software program (Fig. 6). It is easiest to start
interpretation with the SE-NW oriented seismic lines. These
lines are positioned perpendicular to most faults, making the
interpretation of facies across deformed regions easier. The
same can be said of regions with thin Zechstein facies, as there
will be fewer errors in the seismic reflectors (see Chapter 3). It
is possible to use a filter on the seismic lines to erase certain
seismic parameters. Examples are structural smoothing or 3D
edge enhancement (can be found under volume attributes in
the toolbar). Depending on the type of filtering it can be either
used for interpretation of seismic facies or structural geology.
As the SE-NW oriented seismic lines have been interpreted, the
position of the interpreted seismic facies must be the same in the
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Fig. 5: Close-up of the interpreted seismic cross-sections (NSR10-11056). The location of the cross section can be found in figures
6, 13 and A.1. Fault numbering is in accordance with the Structural Maps of the Major faults (Figure 14). Basin seismic stratigraphy
and structural features have been interpreted. Interpretation is focused on the Pre-Mesozoic (sub-salt) sediments. Disappearance of
the salt diapir results in the collapse of the surrounding layers. The seismic is exaggerated in a 1:5 vertical scale.

NE-SW oriented seismic lines at the point of crossing (Fig. 6).
After the seismic facies have been interpreted, the defor-

mation and offset in the seismics become clear. Because the
truncation of the seismic facies can be used to locate a fault.
The offset through the seismic facies can be used to determine
the type, dip, and age of a fault. One must be careful with these
descriptions as a fault can be reactivated as a different type (i.e.
normal fault reactivated as thrust fault is inversion).

The NSR seismic survey contains multiple seismic lines (Fig.
6, thin green lines). A few of the seismic lines are shown in
this report (Fig. 6, yellow and dark brown lines) to represent
the seismic facies interpretation of the research area. They are
all shown in Appendix C. A few have (Fig. 6, yellow lines),
beside the seismic facies interpretation, also been interpreted
on tectonic activity and are discussed in the results (figs. 7 to 12).

The next step in the progress of creating a structural map is the
surfaces. Petrel has the option to make a surface from a horizon.
The horizons are the manual interpreted lines at the base of
the seismic facies. The computation will only be carried out in

the defined research area, which is enclosed by a polygon. The
algorithm method chosen to start the computation process is
the miniature curvature. The surfaces are then visualized. (see
Appendix A) The depth (elevation time in ms) of the seismic
facies horizons are shown as colors in maps in the vertical
direction.

The surfaces are used to create the thickness maps. The thick-
ness maps are the final result obtained from the processing
done in Petrel. They can both be used to describe the sediment
distribution, but it has been chosen to only show the thickness
maps (Fig. 13) in the Results (Chapter 5). Petrel can calculate
the apparent thickness between any two formed horizons. The
resulting thickness maps for each seismic facies are represented
as the thickness in thickness time (ms).

The apparent thickness maps are the basis of the structural maps
(Fig. 13). The apparent thickness maps from Petrel can be down-
loaded in Qgis. The coördinate reference system (CRS) used for
all the maps in this report is WGS84/UTM31N. The thickness
variation in the maps shows sometimes sharp changes (indicated

Section 4, page 9 of 39



Fig. 6: Map showing the seismic lines (all lines) interpreted based on facies as basis for the surface maps, apparant thickness maps
and structural maps. The highlighted (yellow) seismic lines are used in this report to illustrate structural and seismic stratigraphy
features. Interpretation is focused on the Pre-Mesozoic (sub-salt) sediments. The background map shows the Zechstein salt surface
available at NLOG. A select group of the seismic lines can be found in Appendix B (yellow and dark brown), which have not been
interpreted in terms of seismic stratigraphy and structural features. Interpreted seismic cross sections (6) can be found in figs. 7
to 12.

by a sudden color change). These changes can be an indication
of fault locations. The location, length, direction, and other fault
properties (dip, age, type) of these major faults can be checked
with the seismics. This way the faults can be drawn on top of the
apparent thickness maps. Using the option "Locate points along
lines" the symbols indicating the type and dip of the faults can
be added. Combined with the azimuth of the faults the symbols
will be neatly located near the fault line. Building up the infor-
mation in Qgis leads to the structural maps shown in Figure 14
and Appendix B.1.

5. Results

A seismic interpretation and structural maps have been made of
research area covering the north-western part of the Dutch North
Sea sector (Fig. 1). It includes the area north of the Cleaverbank
Platform (CP), the Elbow Spit High (ESH), North Elbow Basin
(NEB) and the Step Graben (SG). A few of the seismic lines have
been selected to describe the area in this report (Chapter 4). The

interpreted seismic lines can be found in figs. 7 to 12, while all
uninterpreted lines are found in Appendix C. The structural maps
can be found in Figure 14 and Appendix B.1. This Chapter will
describe the observations from the seismic data and structural
maps.

5.1. Seismic observations

The seismic lines have been divided into six (sub)facies on
which later interpretation is based (see Chapter 4). In general,
these facies show thickness variations. They are dipping and
thickening towards the SW. The largest amount of thickening is
observed in the Lower Old Red Group and Carboniferous facies
(Fig. 10. Above the present-day ESH, the Lower Old Red Group
and Lower Devonian sediment facies deepen to the NE (Fig. 8).
The thickening of these facies is not prominent.

The Lower Devonian facies (Old Red Sandstone) is on-
lapping on the formed topography (NEB area). It filled the
depocenter and is locally very thick. The Lower Carboniferous
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(Farne Group) fills the topography.
Another large regional structural feature is shown in Figure 7
and Appendix C.4b located in the southern part of the research
area. A chaotic seismic reflector with an anticlinal form is
located underneath the Lower Old Red Group facies and is
bounded to the east by a Pre-Devonian fault. The Lower Old
Red Group, Kyle and Upper Old Red Group facies thin towards
the feature, but the thinning of the Devonian facies seems
to be related to the topography and activity of the bounding
fault. Thus the anticlinal structure is of Lower Devonian or
Pre-Devonian age.

Smaller-scale structures within a seismic facies can also be
observed. The base of the Lower Old Red Group facies is repre-
sented by an unconformity. The sediments are onlapping on the
pre-Devonian eroded basement. The facies gradually changes to
the top (see Table D). In some seismic lines (Appendix C.7b and
C.6a) this transition is visible as an onlapping unconformity.

The Lower Old Red Group facies transitions into the Kyle
Limestone. The Kyle Limestone is a strong continuous layered
reflector, but becomes more discontinuous towards the south
(Fig. 10, 12 and Appendix C.2b, C.5b).

The base of the Upper Old Red Sandstone facies is marked by
a sharp facies change. The base is a downlapping unconformity.
There is a lateral change in facies to the SW where the reflectors
become stronger and less continuous. This is best observed in
seismic line Figure 10.

The Base of the Farne Group facies is a downlapping unconfor-
mity. The amplitude of the seismic reflectors become stronger
towards the top, indicating a change in facies. Occasionally
some local strong discontinuous reflectors are observed (Ap-
pendix C.5b and Fig. 12). These can be some volcanic sediments.

The base of the Limburg Group is defined by a downlapping un-
conformity. The sediment layers are continuous and the reflec-
tors become stronger to the top. The Top is defined by an ero-
sional surface. Occasionally some volcanic sediments are found
as local strong amplitudes (Appendix C.2b and Fig. 10).

Syn-kinematic deposition started along Lower Carbonifer-
ous normal faults, but the major activity was in the Upper Car-
boniferous. The normal faults caused large offsets in the Limburg
Group sediments. E-NE dipping half-grabens were formed. The
faults interpreted from the seismic lines are incorporated into the
structural maps. Observations on the faults type, age, activity,
etc; are thus described below.

5.2. Structural Map observations

The structural maps shown in Figure 14 and Appendix B.1 are
made from an apparent thickness map per facies with the fault
systems interpreted from the seismics on top. Appendix B.1
shows the evolution of the fault systems, whereas Figure 14 fo-
cuses on the major fault trend per facies.

5.2.1. Thickness variation

During the Lower Old Red Group (Fig. 13a) the sediment
thickness is thinnest at the ESH area. A sharp increase in
sediment thickness is observed to the north and east of the ESH.
At the northern and eastern edge of the ESH major normal faults

have been observed. To the south of the ESH, the sediment
thickness increases rapidly, though less sudden than to the north
and east of the research area. It is in the south where the thickest
sediment package can be observed.

The apparent thickness map of the Lower Old Red Group unit
(Fig. 13b) is almost opposite to the Devonian Period. The largest
sediment package is observed in the north-western part of the
research area. The area is bounded by faults to the south and
east. There is still less sedimentation ongoing in the ESH area,
but this area has been halved. The sharp transition marked by
the major normal fault bounding the ESH to the north remains.
Deposition of thicker sediment package has become more
widely distributed.
The Middle Devonian Kyle Limestone (Fig. 13c) shows distinct
sediment deposits south of the Step Graben and patches of
thicker sediment deposits in the Step Graben and the NEB.
The thickness variation of the Upper Devonian sediments (Fig.
13d) is more or less similar to the thickness variation observed
in the overall Devonian apparent thickness map (Fig. 13b). Most
sedimentation occurred in the NEB, while least in the ESH area
and east of the ESH. The ESH area starts to show an E-W trend
for the first time.

The sediment thickness variation of the Carboniferous (Fig. 13e)
is distinctly different from the Devonian. Overall most sedimen-
tation occurred south of the ESH, least on the ESH and interme-
diate north of the ESH.
The distribution of the Lower Carboniferous Farne Group (Fig.
13f) is relatively chaotic. Patches of thicker sediments are ob-
served to the NE (North Elbow Basin) and SE of the ESH. The
transitions are relatively sudden and marked by faulting.
The Limburg Group is rarely observed in the research area. It is
not present near or on the ESH. In the North Elbow Basin and
Step Graben thin deposits can be found. These are mostly related
to normal faulting nearby. The Limburg Group is only laterally
uniform present south of the ESH.
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Fig. 7: Interpreted seismic cross-sections (NSR09-32290). The location of the cross section can be found in figures 6, 13 and A.1.
Fault numbering is in accordance with the Structural Maps of the Major faults (Figure 14). Basin seismic stratigraphy and structural
features have been interpreted. Interpretation is focused on the Pre-Mesozoic (sub-salt) sediments. Vertical exaggeration is 1:5.
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Fig. 8: Interpreted seismic cross-sections (NSR09-32294). The location of the cross section can be found in figures 6, 13 and A.1.
Fault numbering is in accordance with the Structural Maps of the Major faults (Figure 14). Basin seismic stratigraphy and structural
features have been interpreted. Interpretation is focused on the Pre-Mesozoic (sub-salt) sediments. Vertical exaggeration is 1:5.
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Fig. 9: Interpreted seismic cross-sections (NSR10-11056). The location of the cross section can be found in figures 6, 13 and A.1.
Fault numbering is in accordance with the Structural Maps of the Major faults (Figure 14). Basin seismic stratigraphy and structural
features have been interpreted. Interpretation is focused on the Pre-Mesozoic (sub-salt) sediments. Vertical exaggeration is 1:5.
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Fig. 10: Interpreted seismic cross-sections (NSR10-42283). The location of the cross section can be found in figures 6, 13 and A.1.
Fault numbering is in accordance with the Structural Maps of the Major faults (Figure 14). Basin seismic stratigraphy and structural
features have been interpreted. Interpretation is focused on the Pre-Mesozoic (sub-salt) sediments. The cross section shows a distinct
lateral change in the Old Red Sandstone facies. Vertical exaggeration is 1:5.
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Fig. 11: Interpreted seismic cross-sections (NSR09-21068). The location of the cross section can be found in figures 6, 13 and
A.1. Fault numbering is in accordance with the Structural Maps of the Major faults (Figure 14). Basin seismic stratigraphy and
structural features have been interpreted. Interpretation is focused on the Pre-Mesozoic (sub-salt) sediments. Vertical exaggeration
is 1:5.
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Fig. 12: Interpreted seismic cross-sections (NSR10-31050). The location of the cross section can be found in figures 6, 13 and
A.1. Fault numbering is in accordance with the Structural Maps of the Major faults (Figure 14). Fault movement, basin sequence
stratigraphic and structural features have been interpreted. Cross section shows local magmatic intrusions at the top of the Farne
Group. Vertical exaggeration is 1:5.
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(a) Lower Old Red Group

(b) Devonian (Kyle group and Old Red Sandstone) (c) Kyle Group

Fig. 13: Apparent thickness maps of the interpreted seismic facies in the Step Graben. The map colors indicate the apparent thickness
(see legend) of a sediment facies. The maps include the 6 interpreted cross-sections and basin locations (Elbow Spit High, Step
Graben, Cleaverbank Platform, North Elbow basin and Elbow Spit Platform).
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(d) Upper Old Red Sandstone (e) Carboniferous (Farne Group and Limburg Group)

(f) Farne Group (g) Limburg Group

Fig. 13: Apparent thickness maps of the interpreted seismic facies in the Step Graben. The map colors indicate the apparent thickness
(see legend) of a sediment facies. The maps include the 5 interpreted cross-sections and basin locations (Elbow Spit High, Step
Graben, Cleaverbank Platform, North Elbow basin and Elbow Spit Platform).
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5.2.2. Structural map fault systems

The Lower Old Red Group sediments were mostly deformed
by faults of Early Devonian age (Fig. 14a). Not many faults
of post-Devonian age cross-cut the sediments. The faults are
normal faults. A few minor thrust faults are observed in the
North Elbow Basin and Step Graben, but on a regional scale the
deformation by these faults are minor and they have thus not
been interpreted in the structural maps. Overall the Early Devo-
nian faults system has a dominantly NE-SW directed orientation.

During the Middle and Upper Devonian new fault systems were
formed (Fig. 14b, 14c, 14d), causing two extensional regimes
to be present. Middle Devonian (Kyle Group) faults still have
the first NE-SW trend. The thrust faults are found in regions
with thick sediment deposits and normal faulting in regions with
thin sediment deposits. The new extensional faulting regime
is formed later in the Upper Devonian (Fig. 14d). This regime
had a stronger NE-SW orientation. The strike-slip faults have
a similar trend. The older NE-SW oriented fault systems were
still active. Other faults were reactivated from thrust to normal
faults. But the fault systems formed in the Upper Devonian
have a stronger N-S oriented component. The tectonic regime is
mostly extensional. Some faults cut through the sediments up to
the Zechstein salts.

The Carboniferous structural map (Fig. 14e) shows mainly
normal faulting. Only in the southern part is some thrusting
observed (Appendix B.1f). Notable are the major E-W sinistral
strike-slip fault zones in the southern region (Fig. 14e). The
most extensive faulting is caused by the minor faulting in the
Lower Carboniferous (Fig. 14f). This faulting rarely extends
to older sediment layers. The extension occurred mostly in
the E-W direction, forming small half-grabens. The Upper
Carboniferous is not widely preserved and the fault system is
less evident. According to the structural map in Figure 14g, the
faulting occurred on Lower Carboniferous and Lower Devonian
fault systems. The older fault systems likely controlled the
Limburg Group sediment distribution. A major E-W thrust fault
separates the areas where the Limburg Group has and has not
been observed.

A trend in the major faults can be observed from the Early Devo-
nian to Late Carboniferous Period. The tectonic regime remains
roughly the same from the Early Devonian to Carboniferous Pe-
riod in the structural maps of Figure 14. The faults are bounding
the area where the present-day Elbow Spit High is located. These
faults are mostly listric normal faults. According to the seis-
mic (Appendix C), syn-kinematic deposition must have occurred
from Lower Devonian to at least Upper Devonian (i.e. Caledo-
nian Orogeny). In this same time frame, some minor thrusting
occurred in the Step Graben.
In the Upper Devonian, large major normal faults have devel-
oped in the southern part (Fig. 14d). These have later been re-
activated as strike-slip faults (Lower Carboniferous; Fig. 14f)
and thrust faults (Upper Carboniferous; Appendix B.1g). The
few minor thrust faults in the Step Graben were reactivated as
normal faults in the Lower Carboniferous (Appendix. B.1f).

(a) Lower Old Red Group

Fig. 14: Structural Maps of the interpreted seismic facies in the
Step Graben. These maps show the active major faults, the newly
formed faults and regional stress regime [ter Borgh et al. 2019]
per period in the research area. Background maps are the appar-
ent thickness maps of each period (Figure 13).
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(b) Devonian (Kyle and Old Red Sandstone Group) (c) Kyle Group

(d) Upper Old Red Sandstone (e) Carboniferous (Farne and Limburg Group)

Fig. 14: Structural Maps of the interpreted seismic facies in the Step Graben. These maps show the active major faults, the newly
formed faults and regional stress regime [ter Borgh et al. 2019] per period in the research area. Background maps are the apparent
thickness maps of each period (Figure 13).
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6. Discussions

Following the observations of the seismic data and structural
maps in Chapter 5, the tectonic history of the Elbow Spit Plat-
form (ESP), the Elbow Spit High (ESH), the North Elbow Basin
(NEB) and the Step Graben (SG) will be discussed through the
Lower Old Red Group, Devonian and Carboniferous Period.

6.1. Lower Old Red Group

The faulting during the Lower Old Red Group is mostly NE-
SW oriented, coinciding with the trend of the Caledonian col-
lision. Based on the syn-kinematic offset on several major nor-
mal faults (Fig. 14a), the deepest seismic facies are interpreted
to be from the Lower Old Red Group. This correlates to the ex-
tensional regime described by [Cocks et al. 1997, Fossen 1992,
Krawczyk et al. 2008, Pharaoh et al. 2010, Smit et al. 2016,
Ziegler 1975, 1990a,b, Ziegler et al. 1982]. Syn-kinematic depo-
sition occurred up through the Lower Devonian. Thick sediment
layers have been deposited in the direction of the Cleaverbank
Platform. This indicates that some of the present-day structural
features, such as the Cleaverbank Platform, had not been formed,
as previously described by [Chen 2015]. Facies interpretation of
the seismic lines shows a (pre-)Devonian basin in the southern
parts. In the NW a Silurian to Lower Devonian shelf-like feature
has been present (no major faulting or thickness variation). In the
SW area, syn-deposition of Lower Devonian sediments occurred
on an older local magmatic anticlinal structure (Chapter 5, Fig.
7, 6). This magmatism is related to the Caledonian collision and
plate subduction.

6.2. Middle and Upper Devonian Period

In the Middle Devonian new faults with a NE-SW orientation
were formed. Inversion occurred locally, especially in the North
Elbow Basin and Step Graben. The normal faulting from the
Lower Devonian in the Elbow Spit Platform area became more
influential during the Middle Devonian. The interpreted exten-
sional regime might be related to either back-arc extension in the
Rhenohercynian Basin to the SE of the Netherlands as described
in the literature [Fossen 1992, Leeder 1988, Wijker 2014, Ziegler
et al. 1982]. The extensional tectonic activity formed a Caledo-
nian accretional wedge in the research area. The presence of the
accretional wedge is also stated in [Smit et al. 2016].

The facies change in the Middle Devonian Kyle Limestones
explained by a change in the depositional environment. The envi-
ronment changes from a shallow to a deeper marine setting in the
SW area as a transgression took place in the northward direction.
The transgression also described by [Evans et al. 2003, Kom-
brink et al. 2012, Milton-Worssell et al. 2010, Ziegler 1975].
The Upper Devonian was a period of active tectonic regimes.
The NE-SW extensional regime of the Lower-Middle Devo-
nian continued into the Upper Devonian. Some NE-SW nor-
mal faulting can still be observed. This is the first time major
strike-slip faulting is also clearly observed. The strike-slip oc-
curred in a NNE-SSW trend (slightly oblique to the first tectonic
regime). From the two tectonic regimes, it can be interpreted that
a transtensional regime was active during the Upper Devonian
(Fig. 14b). Both regimes were still in line with the Caledonian
Orogeny. Evans et al. [2003], Smit et al. [2016, 2018] discuss
the occurrence of lateral strike-slip fault zones along the length
of the Caledonian orogen.

The transtensional system formed in the Upper Devonian,
(Fig. 14d) indicates the early extension of the Variscan collision.

(f) Farne Group

(g) Limburg Group

Fig. 14: Structural Maps of the interpreted seismic facies in the
Step Graben. These maps show the active major faults, the newly
formed faults and regional stress regime [ter Borgh et al. 2019]
per period in the research area. Background maps are the appar-
ent thickness maps of each period (Figure 13).
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According to Smit et al. [2016] the early Variscan extension of
the Avalonia plate is related to the collapse of the accretional
wedge.
Sediments eroded due to the uplifting were deposited in the
newly formed intramontane extensional basins below the ESH
and the North Elbow Basin. The basins were filled with De-
vonian Upper Old Red Sandstones in the north-western part
(present-day North Elbow Basin) as can be concluded from seis-
mic observations (Appendix 8). The Upper Old Red Sandstone
sediments change towards the SW, where shallow-marine con-
ditions dominated. The sediments are more carbonate-rich un-
til it reaches the carbonate platform on the Dinantian London-
Brabant Massif, as previously studied by [Reijmer et al. 2017].

6.3. Carboniferous Period

The extensional regime continued into the Carboniferous
Period, indicated by the many half-grabens (see Fig. 12, C.6a
and Appendix C.5b) formed in the Farne & Limburg Group.
The formation of the small half-grabens is related to the minor
faulting in the sediments. From the Middle Carboniferous
onwards Avalonia was under compression by the Varscan
Orogeny (330-300 Ma) [Smit et al. 2016]. This phase is here
mainly represented by the Limburg Group. These sediments
have been eroded or not deposited (highs) due to the uplifting.
The facies is only preserved in small half grabens formed by
minor local normal faulting. These half-grabens have an E-NE
dip, thus the graben trend is approximately in the N-S direction.
The graben trend coincides with the research of ter Borgh et al.
[2019], which has been conducted in the same research area
(Appendix E.1). This new tectonic regime could indicate the
start of the Variscan Orogeny.

Smit et al. [2018], TotalTotal E&P [2007], Wijker [2014], Ziegler
[1990a] discusses that the northward movement of Gondwana
caused flexural subsidence in the North Sea area as the result of
the development of a large scale thrust front. This subsidence
is observed in the results of Figure 13f and 14f. Figure 8 is
an example of Lower Carboniferous basin-fill by subsidence.
The Farne Group facies also show a change to deeper marine
conditions due to continuous basin subsidence (see Chapter 3).
Tectonic activity by inversion is limited to minor thrusting in the
southern part of the research area. This is also where the large
sinistral strike-slip faults have been observed (Fig. 14e). The left
lateral movement is also observed along other major strike slip
faults as described in Evans et al. [2003].
Therefore, the Variscan deformation was not extensive in the
research area and the amount of deformation increases to the
Variscan thrust front located further south. This is also observed
in the research of Wijker [2014]. Some magmatism at the
end of the Variscan Orogeny is observed in the Carboniferous
sediments. This might be related to the migration of the Variscan
front.
The Upper Carboniferous and Permian sediments are limited in
the research area. They have mostly been eroded by the Variscan
uplift, creating the Permian Base Unconformity (BPU). There-
fore, interpretations of the Variscan tectonic activity are also
limited. Sediment distribution of the Limburg Group is mostly
related to the Lower Carboniferous and Pre-Variscan faulting.
[Geluk 2005, Kombrink et al. 2012, Nalpas & Brun 2006, ter
Borgh et al. 2019, Ziegler 1990b]. Zechstein salt filled the
paleo-topography afterward.

7. Conclusions

This report reevaluated the tectonic history of the area north of
the Cleaverbank Platform, the Elbow Spit High, the North Elbow
Basin and the Step Graben. Based on the interpretation of the
NSR seismic survey data and new structural maps it is concluded
that:

– During the Silurian to Lower Devonian, faulting by the Cale-
donian Orogeny was mostly NE-SW oriented. The Lower
Old Red sediments observed in the seismic data show nor-
mal faulting, indicating the start of an extensional phase. Lo-
cal Caledonian magmatism occurred.

– The Middle to Upper Devonian is characterized by normal
faulting. The extensional phase from the Lower Devonian
that continued to the Upper Devonian is likely related to
back-arc extension or gravitational collapse of the Caledo-
nian orogen. The uplifted areas were eroded and Upper De-
vonian Old Red Sandstones were deposited in the newly
formed intramontane basins (located at present-day North
Elbow Basin). In the SW shallow-marine conditions domi-
nated.

– The Elbow Spit High, North Elbow Basin and Step Graben
were a Caledonian accretional wedge from the Silurian to
Devonian Period.

– The formation of E-W fault systems related to the early
Variscan extension continued from Upper Devonian to
Lower Carboniferous.

– The Variscan Orogeny started during the deposition of the
Limburg Group (330-300 Ma). The Orogeny caused erosion
of Upper Carboniferous and Permian sediments, but inver-
sion and deformation were limited in the research area. The
research area is located far from the Variscan front.

– Variscan magmatism occurred through the Carboniferous.
– The formation of minor local N-S oriented extensional half-

grabens in the Upper Carboniferous is related to the Variscan
Orogeny.

– The distribution of sediments is closely related to the struc-
tural elements and paleo-topography created during the Cale-
donian and Variscan Orogeny.

The tectonic history of an area provides insight into the distribu-
tion and environmental setting of sediments. It aides exploration
in the search for potential petroleum systems or alternative un-
conventional resources.
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Appendix A: Surface Maps Step Graben.

Surface Maps of sediment groups below the Zechstein Salt in the Step Graben.

(a) Base Lower Old Red Group (b) Base Middle Devonian/Base Kyle Group

Fig. A.1: Surface Maps of the interpreted facies. The maps shows the depth of the 6 facies bases. The depth is represented by
colours. Basin locations are given (Elbow Spit High (ESH), Elbow Spit Platform (ESP) Step Graben (SG), North Elbow Basin
(NEB), Cleaverbank Platform (CP)
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(c) Base Upper Old Red Sandstone (d) Base Carboniferous/Base Farne Group

(e) Base Limburg Group (f) Base Zechstein

Fig. A.1: Surface Maps of the interpreted facies. The maps shows the depth of the 6 facies bases. The depth is represented by
colours. Basin locations are given (Elbow Spit High (ESH), Elbow Spit Platform (ESP), Step Graben (SG), North Elbow Basin
(NEB), Cleaverbank Platform (CP)
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Appendix B: Extra Structural Maps of the Step Graben

This appendix shows the structural maps from the Late Silurian/Lower Devonian to Carboniferous Period. The maps show all active
faults (new faults and from other periods) present, drawn on the apparent thickness maps. The structural maps are based on the
interpreted facies in the Step Graben.

(a) Lower Old Red Group

Fig. B.1: Structural Maps of the interpreted seismic facies in the Step Graben. The maps show all the faults active in each period.
Faults are separated by newly formed (black) and other (grey). Background maps are the apparent thickness maps of each period
(Figure 13)
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(b) Devonian (Kyle Group and Old Red Sandstone (c) Kyle Group

(d) Upper Old Red Sandstone (e) Carboniferous (Farne Group and Limburg Group

Fig. B.1: Structural Maps of the interpreted seismic facies in the Step Graben. The maps show all the faults active in each period.
Faults are separated by newly formed (black) and other (grey). Background maps are the apparent thickness maps of each period
(Figure 13)
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(f) Farne Group (g) Limburg Group

Fig. B.1: Structural Maps of the interpreted seismic facies in the Step Graben. The maps show all the faults active in each period.
Faults are separated by newly formed (black) and other (grey). Background maps are the apparent thickness maps of each period
(Figure 13)
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Appendix C: Selection of interpreted seismic lines in the Step Graben.

This appendix shows a few seismic lines that have been interpreted on basis of seismic facies and faults (see legend). The seismic
lines have a vertical exaggeration of 1:5. The location of the seismic lines can be seen in Section 4 Figure 6.

(a) NSR09-21052

Fig. C.1
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(a) NSR09-21068

(b) NSR09-32286

Fig. C.2
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(a) NSR09-41055

(b) NSR09-41057

Fig. C.3
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(a) NSR09-41059

(b) NSR09-41061

Fig. C.4
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(a) NSR09-11048

(b) NSR10-12280

Fig. C.5
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(a) NSR10-41063

(b) NSR09-32290

Fig. C.6
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(a) NSR09-32294

(b) NSR10-11056

Fig. C.7
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(a) NSR10-42283

(b) NSR10-31050

Fig. C.8
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Appendix D: Table of seismic facies interpretation
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Appendix E: Structural map of the Dutch subsurface from literature

Fig. E.1: Structural map for the northern Dutch offshore. Faults are divided by the activity on the topmost affected horizon. The
background represents the depth to the base of the Zechstein. This figure is derived from [ter Borgh et al. 2019].
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