








pulses occurred during the Campanian, Paleocene
and Eocene (de Jager 2003, 2007; Surlyk et al.
2003; Van der Molen et al. 2005; Esmerode et al.
2008). While these inversions typically induced
uplift of basin centres, most platform areas subsided
(Littke et al. 2008; Pharaoh et al. 2010).

Structural and stratigraphic framework

The main structural elements in the study area are the
Dutch Central Graben (DCG), the Step Graben (SG),

and the margins of the Schill Grund Platform (SGP)
and Elbow Spit Platform (ESP) (Duin et al. 2006).
The Dutch Central Graben is the deepest section
of the study area, and continues as the German
Central Graben and the Tail End Graben to the
north (Wride 1995). Most of the halite in this area
is associated with the basinal Zechstein Group,
which consists of evaporites, carbonates and clastics
(Van Adrichem Boogaert & Kouwe 1994; Taylor
1998; Geluk 2005; Peryt et al. 2010). The Zechstein
depositional cycles in this area are defined as Z1

Fig. 2. Two-way time (TWT) map of the top Zechstein Group, based on the interpretation of regional 3D seismic
data (Spectrum DEFAB 2010 survey). All 30 interpreted salt structures are indicated (dotted black lines); dashed
black lines define the structural domain edges. All salt structures are listed in Table 1.
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(oldest)–Z5 (youngest), where the Z2 and Z3 mem-
bers typically contain the thickest halite intervals
(Ten Veen et al. 2012). Carbonate members are
subdivided into shelf, slope and basinal facies
(Van der Baan 1990; Tolsma 2014). Occurrences
of slope-facies carbonates in the Zechstein Group
are an indication of the location of the margins of
the Southern Permian Basin and give an approxi-
mation of the extent of Z2 and Z3 halite deposition
(Van der Baan 1990; Geluk 2005; Jenyon & Taylor
2005; Słowakiewicz et al. 2013). In general, halite
thickness increases from west to east towards the
basinal part of the Southern Permian Basin (Ten
Veen et al. 2012), where the Zechstein Group sedi-
ments reaches an estimated initial thickness of
1500–2000 m (Ziegler 1990; Ten Veen et al. 2012;
Hernandez et al., this volume, in press).

The post-Permian stratigraphy in the study area
is described using the nomenclature of Kombrink
et al. (2012) with the key stratigraphic intervals
shown in Figure 3.

Concepts of salt tectonics

In basins with a sufficiently thick, and therefore
potentially mobile, salt sequence, depositional pat-
terns and geometries are often controlled by haloki-
nesis. This can typically be directly related to four
distinct stages of salt movement (cf. Vendeville
2002):

• Layered salt stage: the salt layer is in its initial,
depositional configuration.

• Pillowing stage: lateral salt movement within the
salt layer leads to the development of a primary
rim-syncline basin, away from the salt structure.
Stratigraphic thinning occurs on top of, and adja-
cent to, the pillow.

• Piercing stage: salt moves vertically, piercing
through younger stratigraphic layers. This stage
is typically accompanied by withdrawal of the
surrounding salt towards the piercing structure.
This leads to the development of a secondary rim
syncline where additional accommodation space
is created. This results in a thickening of sediments
towards the salt structure and into the rim syncline.

• Diapir rejuvenation stage: reactivation phase of
the salt structure growth, typically associated
with a third stage of rim-syncline development,
where strata thickens away from the salt structure
(Trusheim 1960; Vendeville 2002).

All four stages can be observed in the study area, as
illustrated in Figure 3 for salt diapir F09-WEST1.
Note that the model of Trusheim (1960), with only
buoyancy being responsible for the creation of salt
diapirs, is no longer considered appropriate with
the generally accepted concept involving active
faulting (Vendeville 2002). Furthermore, the

depositional thickness of the salt is considered to
have a major control on the style of subsequent fault-
ing (the varying thickness of the salt results in vari-
able degrees of decoupling between the basement
and cover structures) and the distribution of synrift
sediments (Stewart 2007; Ten Veen et al. 2012;
Duffy et al. 2013).

Regional salt tectonic development

Based on the assessment of stratigraphic relation-
ships around salt structures, described in the afore-
mentioned salt structure inventory and supported
by published material (see Table 1; Fig. 2), a first-
order interpretation of salt tectonic development is
presented with the aim of giving the reader a frame-
work for understanding subsequent reconstructions.

The Early Triassic appears to have been a period
of relative tectonic quiescence, although some
syndepositional tectonics is suggested by the obser-
vation of variable thicknesses in the Lower Triassic
of the northern Step Graben and the Dutch Cen-
tral Graben (see also Dronkert et al. 1989; Ziegler
1990; Bachmann et al. 2010; Peryt et al. 2010; van
Winden 2015). Middle and Late Triassic deposits
show large thickness variations throughout the
study area (Ziegler 1988, 1990; Remmelts 1995;
Geluk 2005; Bachmann et al. 2010; van Winden
2015). Frequently observed thinning of the Upper
Germanic Trias Group interval towards salt struc-
tures indicates a widespread salt-pillowing stage,
interpreted as the first regional onset of halokine-
sis (Dronkert et al. 1989; Remmelts 1995; Geluk
2005; Bachmann et al. 2010; van Winden 2015).
These salt movements are likely to be linked to the
onset of the Early Cimmerian rifting phase, which
allowed the formation of elongated pillows and
locally detached faults above the salt layer (de
Jager 2003, 2007, 2012; Ten Veen et al. 2012; Kom-
brink et al. 2012). In turn, this led to the development
of depocentres in areas of salt withdrawal (Davison
et al. 2000a, b; Ten Veen et al. 2012; Matthews
et al. 2007).

The climax of the salt tectonics is observed
to have occurred in the Jurassic period (see also
Remmelts 1995; van Winden 2015). The presence
of prominent rim synclines suggests the dominance
of a piercing stage for many salt structures (Rem-
melts 1995; Lott et al. 2010; vanWinden 2015; Ven-
deville 2002). In the Late Jurassic, rifting-related
subsidence of the Dutch Central Graben was accom-
panied by widespread salt withdrawal, focusing dep-
osition of sediments into the subsequent mini-basins
(Lott et al. 2010). Because of the presence of thick
Zechstein salt, Late Jurassic east–west rifting did
not induce visible faults in the Upper Jurassic suc-
cession (Fig. 4) (Wijker 2014; van Winden 2015),
although it is recognized that the main bounding
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Fig. 3. Main tectonic events and restoration model stratigraphy, including lithological compositions and decompaction factors (after Verweij et al. 2009). Additionally, the
interpreted salt tectonic phase of salt structure F09-WEST1 is plotted through time.

S
A
L
T
T
E
C
T
O
N
IC
S
IN

T
H
E
N
O
R
T
H
E
R
N
D
U
T
C
H
O
F
F
S
H
O
R
E

105

 by guest on A
ugust 13, 2018

http://sp.lyellcollection.org/
D

ow
nloaded from

 

http://sp.lyellcollection.org/


Fig. 4. Interpreted regional seismic section used for restoration (Fig. 6), from regional 3D seismic data (Spectrum DEFAB 2010 survey). For the location of the section see
Figure 2. The abbreviations of stratigraphic intervals refer to Figure 3. The part of the section shown in Figure 5 is indicated on the seismic section (grey box).
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faults of the Dutch Central Graben are overlain by
salt walls, concealing much of the seismically
definable subsalt structural detail (Fig. 4). However,
subsalt basement faulting, through increased subsi-
dence in the Dutch Central Graben, may have been
responsible for a westwards shift of the Dutch
Central Graben depocentre in Late Jurassic times
(Wijker 2014; van Winden 2015). Thinning and
local absence of Upper Cretaceous and Cenozoic
strata over salt structures provides evidence for
renewed salt movement during the Late Cretaceous
and Cenozoic (Remmelts 1995; Van der Molen
et al. 2005, Goffey et al. 2016).

The timing and development of salt struc-
tures, their interaction with faults and the effects on
depositional patterns are not consistent throughout
the entire study area, but vary depending on their
location within the graben system. In order to better
understand the implications of all post-Permian

major structural deformation events on salt move-
ment, a structural (palinspastic) restoration was
performed.

Methods

A regional east–west seismic cross-section from the
Spectrum DEFAB 2010 survey, through the Dutch
Central Graben and Step Graben, was selected for
a structural restoration with the aim of illustrating
and testing hypotheses for the main stages of haloki-
nesis and associated deformation. This particular
section was chosen as it transects five key salt struc-
tures and all main structural domains (see Fig. 2).
Additionally, this line trends perpendicular to the
regional structural grain (NNE–SSW). Figure 4 illus-
trates this section with key stratigraphic intervals
(listed in Fig. 3) and faults indicated (detailed section
is shown in Fig. 5). Interpretations of horizons and

Fig. 5. Detailed interpretation on 3D seismic data (Spectrum DEFAB 2010 survey) of the Figure 4 seismic section,
showing salt structure F09-WEST1 and adjacent intervals to the east. Four intervals are shown flattened on the
corresponding top horizon: Lower Germanic Trias Group (RB), Upper Germanic Trias Group (RN0 and RN1) and
the Altena Group (AT). The location of the palaeo-depocentre is interpreted (indicated by the black arrows).
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faults were performed in time and subsequently
depth-converted. The time–depth conversion was
performed using a regional time–depth conversion
model (Velmod v2.0: van Dalfsen et al. 2006).
For all post-Permian intervals, a V = V0k function,
where V = instantaneous velocity, V0 = reference
velocity and k = velocity gradient, was applied and
Zechstein velocities were assumed to be constant.
In order to appropriately model deformation and
decompaction, rock properties were assigned to all
11 intervals of the model. For these intervals, the fol-
lowing properties were defined: (1) initial porosity;
(2) decompaction factor; (3) compaction curve; and
(4) bulk rock density (Table 2). These parameters
were based on lithological information from the
Terschelling Basin to the south of the study area
(Verweij et al. 2009) and the Cleaverbank Platform
to the SW of the study area (Abdul Fattah et al.
2012) (see Fig. 3). The Zechstein salt layer is treated
as an incompressible layer. Vertical simple shear
was applied in the restoration of faults and in unfold-
ing. It is accepted that this may be unrealistic for
restoration around salt structures, where strata dip
steeply and a bed-length restoration algorithm may
be more appropriate (Rowan & Ratliff 2012).

Several uncertainties are inherent to the structural
restorationof salt sections. First, saltmayhaveflowed
in and out of the 2D section plane which would
change the total area of the Zechstein salt layer, as
represented in the 2D section. Secondly, dissolution
and/or erosion of salt may have occurred, especially
since models from this study suggest that salt was
near, or even at, the surface in several locations
and different moments in time (see also Hernandez
et al., this volume, in press). In this study, restoration
of salt volumes and estimates of the total original
thickness are further constrained by stratigraphic and
structural geometries and by comparison to previous
studies (e.g. Hossack 1995; Ten Veen et al. 2012).

Results

Figure 6a–h presents the results of the structural res-
toration of the regional transect shown in Figure 4.

Eight restoration steps were performed in order to
present a possible Early Triassic structural configura-
tion. A chronological description of the resulting
models is given below.

Early Triassic

The Lower Germanic Trias Group (RB) was depos-
ited on top of the Zechstein Group (ZE) evaporites.
Although the original thickness distribution of the
ZE interval in the restored section is uncertain, it
is likely that thinning of the interval occurred
towards the edges of the Zechstein salt basin to the
west of salt structure E09E06E03-EAST1 (Fig. 4),
as is modelled in the restored section shown in Fig-
ure 6a. The location of this basin edge in this area is
based on the occurrence of slope facies carbonates
(Tolsma 2014). Towards the east of salt structure
F05F08-WEST1 (Fig. 4), the original salt thickness
may have reached up to 1500–2000 m (based
on 50% salt dissolution and restored current-day salt
thicknesses of up to 900 m: Ten Veen et al. 2012).
The relatively constant thickness of the Lower Trias-
sic sediments observed in this section suggests that
the ZE salt was mostly unstructured at this time
and is modelled as an interval with layered geome-
try. The RB interval is offset by younger faults,
including the Dutch Central Graben boundary faults,
at several locations. However, it is modelled that in
this section the RB interval itself was deposited with
a mostly homogeneous thickness (Fig. 6a). There are
no indications that, during the deposition of the RB
interval, active tectonism occurred in this part of the
basin, even though in the north of the Step Graben
(A and B blocks) there are local indications of active
Early Triassic rifting (van Winden 2015). As such, it
is expected RB was deposited without much palae-
orelief present in the modelled part of the basin.
The model includes some structuration in the pre-
Zechstein basement, which may have controlled
the location of the Southern Permian Basin margins
and the Central Graben boundary faults, which show
similar trends (north–south). This interpretation is
speculative and based on seismic observations of a
pre-Zechstein graben structure following the trend
of the present-day Dutch Central Graben.

Late Triassic

Clear thickness variations near salt structures
(mainly thinning: e.g. salt structure F09-WEST1)
and thickening towards the eastern boundary fault
of the Dutch Central Graben is observed in the
lower part of the Upper Germanic Triassic Group
(RN0) in this section. As the ZE salt had a signifi-
cant thickness and was less deformed at this time,
suprasalt faults were likely to be detached from
pre-salt faults. This is consistent with the observed

Table 2. The assumptions made for initial porosity,
decompaction factors and densities of lithologies in
the northern Dutch offshore (after Verweij et al. 2009)

Lithology Initial
porosity

Decompaction
factor (km−1)

Density
(kg m−3)

Sandstone 0.49 0.27 2650
Shale 0.63 0.51 2720
Chalk 0.70 0.71 2200
Salt (halite) 0.00 0.00 2200
Marl 0.50 0.50 2700
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Fig. 6. Resulting cross-sections at various times in the structural restoration model (×2 vertical exaggeration) showing: (a) the estimated depositional salt thickness in the Early
Triassic; (b) the initiation of salt tectonics in the Late Triassic; (c) & (d) the salt tectonic climax in the Jurassic; (e) & (g) Cretaceous erosion; and renewed salt movement in
(f ) the Late Cretaceous and (h) the present day.
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stratigraphic geometries in the RN0 interval
(e.g. Fig. 5). It is interpreted that most faulting
throughout the Late Triassic was detached from
basement faulting and the depositional pattern was
controlled by non-linked or soft-linked faults above
salt pillows. This is based both on the stratigraphic
geometries throughout the RN interval (Fig. 5) and
on the idea that the Zechstein salt layer probably
had a greater, more homogenous thickness at the
time of initiation of faulting. The RN0 interval
shows clear stratigraphic thinning towards salt struc-
ture F09-WEST1. This geometry can be explained
by the development of a depocentre away from a
Zechstein salt pillow during deposition. A similar
geometry, where strata thicken into a fault plane on
one side of a salt structure and thins on the other
side, can be observed to the west of salt structure
F09-WEST1.

In this section, sediments of the RN0 interval
within the Step Graben appear to have been depos-
ited relatively undisturbed, as reflectors are parallel
and continuous (Fig. 4). Some internal truncation
can be observed near the western Step Graben boun-
dary fault, which suggests minor syndepositional
fault activity. On the Elbow Spit Platform, no Trias-
sic strata can be observed today, but it is assumed
the interval was deposited homogenously across
the platform area and eroded at a later stage. This
is based on the continuous nature of Triassic stratig-
raphy near the western Step Graben boundary fault
(see also the palaeogeographical reconstructions of
Doornenbal et al. 2010; after Ziegler 1990). From
the Dutch Central Graben onto the Schill Grund
Platform, the RN0 interval in this section shows
stratigraphic thinning and is absent further to the east
(Fig. 4). The restoration assumes relatively thin
deposits, although it is uncertain how much Triassic
was originally deposited on the stable Schill Grund
Platform. The interval thickens rapidly into the
Dutch Central Graben towards the west, resulting
from subsidence of this area with respect to the adja-
cent platform areas and the Step Graben (Geluk
2005; de Jager 2007).

Fault activity gradually slowed during the later
part of the Late Triassic. Stratigraphic thickness var-
iations within the RN1 interval in the restored section
shows a shift of depocentres at several locations
within the Dutch Central Graben, in particular to
the east of salt structure F09-WEST1 near the eastern
graben boundary fault (Figs 5 & 6b). The depocentre
of the RN1 interval is observed to shift from close
to this boundary westwards towards salt structure
F09-WEST1. This indicates an increased control
of salt movement on the deposition of sediments.
Reflectors of the RN1 interval downlap onto the
top of the RN0 interval (Figs 4 & 5), illustrating
the development of an eastwards-dipping slope dur-
ing deposition of RN1. The flattened sections shown

in Figure 5 confirm this westwards shift. This shift
and associated downlapping sediments indicate the
withdrawal of salt towards the west and an increase
in salt thickness at the location of salt structure
F09-WEST1, as modelled in Figure 6b. Away from
the graben, RN1 is mostly absent at the present day,
but is interpreted to have been deposited relatively
undisturbed and homogenously (Ziegler 1992).

Jurassic

The Lower Jurassic Altena Group (AT) thickens
towards the centre of the Dutch Central Graben
in this section (Fig. 6c), where a secondary rim-
syncline geometry is observed adjacent to salt struc-
ture F09-WEST1 (see Fig. 5). This implies that the
salt structure pierced the overburden at this time.
Towards the Dutch Central Graben boundary faults,
the AT interval is truncated and absent on the plat-
form areas and in the Step Graben. The AT interval
is assumed to have been deposited regionally (in an
open-marine setting: Doornenbal et al. 2010; after
Ziegler 1990) and eroded from platform highs only
at a later stage.

This erosion is believed to have been caused
by uplift in the area of the restored section related
to thermal doming in the Middle Jurassic
(c. 155 Ma: Kombrink et al. 2012) which induced
deep erosion (including of Middle–Upper Triassic
deposits) on the platform areas and minor erosion
within the Step Graben. During the same period,
the Dutch Central Graben continued to subside
and is, therefore, mostly unaffected by erosion, form-
ing a restricted marine embayment (Ziegler 1990;
Cope et al. 1992; Ineson & Surlyk 2003; Feldman-
Olszewska 2006). Salt structures F05F08-WEST1
and E09E06E03-EAST1 were at, or near, the sur-
face during this period (Fig. 6c), exposing Zechstein
salt to erosion and dissolution. This is incorporated
in the model as significant reduction in salt volume
(up to 40%) throughout the Jurassic (Fig. 6c, d).

During deposition of the Upper Jurassic SL0
interval, a secondary rim-syncline geometry adjacent
to salt structure F09-WEST1 persists (Fig. 6d),
although a gradual shift of the depocentre occurs
towards the west (Fig. 4). The shift of depocentre
is accommodated in the restored model by fault-
controlled subsidence (related to active accelerated
rifting), combined with an increased withdrawal of
salt in the west of the Dutch Central Graben. How-
ever, the true relative influence of these factors
is uncertain.

A regional unconformity between SL1 and SL0
(Fig. 4) represents a major westwards shift of the
depocentre, which starts during the deposition of
the SL1 interval (Fig. 6d). As fault activity contin-
ued, deposition of both SL0 and SL1 remained
restricted to the subsiding graben structures. To the
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north, Upper Jurassic sediments locally occur in rim
synclines adjacent to salt structures within the Step
Graben. This indicates that someUpper Jurassic dep-
osition occurred in the Step Graben. The SL1 inter-
val is interpreted to have been widely deposited
and subsequently eroded in this area (Fig. 6d).

Cretaceous and Cenozoic

In the Early Cretaceous, erosion of almost all
Jurassic strata outside of the Dutch Central Graben
occurred, represented by the Base Cretaceous
Unconformity (Fig. 6d) (Copestake et al. 2003; Pha-
raoh et al. 2010). On the Elbow Spit Platform, ero-
sion removed all sediments overlying the Zechstein
salt and is likely to have significantly eroded Zech-
stein sediments themselves, leading to a reduction
in salt volume (Fig. 6e). Some erosion of Upper
Triassic sediments occurred on the Schill Grund
Platform and possibly within the Step Graben
(Fig. 6e). The Rijnland Group (KN) was deposited
during the Early Cretaceous, and was eroded from
most of the Dutch Central Graben and Step Graben
areas during the Late Cretaceous (Fig. 6f).

Within the Upper Cretaceous Chalk Group (CK),
the Late Campanian Unconformity is interpreted
to separate the Chalk Group into two intervals
(CK0 and CK1: Fig. 3) (Van der Molen et al.
2005; Scheck-Wenderoth et al. 2008). This boun-
dary is chosen as it is represents a significant Late
Campanian inversion event, which can be identified
as an unconformity in seismic (Fig. 3), and in CK0
and CK1 depositional trends. The CK0 interval
onlaps towards the west on the eastern side of the
Dutch Central Graben. On top of the Dutch Central
Graben almost no CK0 is present, as the Late Cam-
panian Subhercynian phase of uplift caused erosion
down to the Base Cretaceous Unconformity (Figs 4
& 5) (Farmer & Barkved 1999; Van der Molen et al.
2005; Hampton et al. 2010). Subsequently, the post-
Campanian sediments of the CK1 interval were
deposited during the later part of the Late Cretaceous
(Fig. 6g), which represents the preserved Chalk sed-
iments of the Dutch Central Graben. After deposi-
tion of CK1, the central part of the Dutch Central
Graben was inverted once more during the Laramide
inversion pulse (Ziegler 1990; Ziegler & Dèzes
2007), causing local erosion of CK1. These inver-
sions were not instantaneous and the deposition of
sediments will have continued, as is suggested by
the observed thinning of the CK0 and CK1 intervals
towards the axis of main inversion.

The phases of inversion also induced renewed
halokinesis, causing deformation of CK strata
above salt structures. This resulted, for example, in
an anticlinal geometry at the CK1 level above salt
structures F05F08-WEST1 and F09-WEST1 (Fig.
4), and to a lesser extent above salt structures

E09E06E03-EAST1, G07-WEST and G07-EAST
(van Winden 2015). Faults on the Schill Grund Plat-
form were also reactivated in a reverse sense, evi-
dence of which is shown by locally thrusted CK0
strata to the east of salt structure G07-EAST1
(Fig. 4) and mass-flow deposits (e.g. near the eastern
Central Graben boundary fault in Fig. 4 and above
salt structure G07-EAST1: see also Arfai et al.
2016). Upper Cretaceous strata on top of the Late
Campanian Unconformity appear less deformed,
suggesting that no further significant inversion
events occurred during the Cretaceous in this partic-
ular area of the Dutch Central Graben.

In the Cenozoic North Sea Group (NS), further
vertical growth of salt structures F05F08-WEST1
and F09-WEST1 (Fig. 6h) is noted, indicated by a
general thinning of the NS interval towards the
axis of the Dutch Central Graben and above these
salt structures (Fig. 4). Thinning of the pre-Miocene
Lower North Sea Group sediments in this section
also indicates another phase of inversion. Late
Miocene–Pleistocene sediments exhibit stratigraphic
thinning in anticline salt structures F05F08-WEST1
and F09-WEST1, suggesting a more recent reactiva-
tion of vertical salt structure growth.

Discussion

Considerations of the presented restoration models
are discussed in this section, including inherent
assumptions related to this restoration method and
the limitations of the input data. Additionally, the
main uncertainties and shortcomings of this model,
related to the local geology and modelling approach,
are highlighted.

Restoration model considerations

Whilst there are some indications of Early Triassic
active tectonism towards the northern Step Graben
(e.g. near salt structure A12-EAST2) and along
the eastern Dutch Central Graben boundary fault,
there are no clear indications of active rifting and
associated salt movement in this period across the
majority the study area. Faults, although mostly
detached, can typically be correlated with active
deeper basement faults. For example, major fault
movements are suggested at the eastern Dutch Cen-
tral Graben boundary fault (Figs 4 & 5). At the pre-
sent day, this fault is observed to link from basement
into the overburden through the salt cover, but it is
unclear if this was the case in Late Triassic times.
The restoration model assumes a consistent struc-
tural style across the Triassic basin and, therefore,
models the fault as detached. It is likely that, at this
stage, the location of salt structures was already
determined and these Late Triassic salt pillows
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have a generic relationship to the salt structures
present within the Dutch Central Graben today.

Zechstein salt thickness through time is inter-
polated between two end members: estimated thick-
ness during the Early Triassic (1500–2000 m:
Ten Veen et al. 2012) and present-day salt thickness.
A reduction in salt volume is assumed to have
been most intense in periods during which Zechstein
salt was exposed to the surface (Early Jurassic and
Cretaceous: Fig. 6c, e, f ) and in periods during
which most salt movement out of the plane of section
is expected (Early Jurassic–Early Cretaceous:
Fig. 6c, d, e).

The development of a secondary rim syncline
during deposition of the Altena interval is inter-
preted as the piercing stage of the F09-WEST1
diapir (Fig. 6d). However, this creation of accom-
modation space can also be attributed to tectonic
subsidence. The restoration model associates AT
sediment accommodation with salt withdrawal
which is supported by active salt movement during
this period (transition from Triassic pillowing to a
fully pierced salt structure in the Late Jurassic).
Other, tectonic subsidence models could be investi-
gated to understand how these processes interact.
Note that this study interpreted a gradual thicken-
ing of the Altena Group into the Dutch Central
Graben in contrast to published concepts of homo-
geneous deposition (Doornenbal et al. 2010; after
Ziegler 1990), based on its interpreted thickness
in 3D seismic data (Figs 4 & 5) (Wijker 2014;
van Winden 2015).

The observation that the Altena Group is only
preserved within the Dutch Central Graben is
explained in the restoration model by continued
subsidence subsequent to deposition. The accommo-
dation space for the overlying SL0 and SL1 intervals
can, again, be attributed to either salt withdrawal
or tectonic subsidence. In this case, tectonic subsi-
dence is used in the model because of known
regional Late Jurassic rift acceleration (Ziegler 1990;
amongst others), and a continuous thick (>6 km:
Fig. 4) pile of SL0 and SL1 sediments. Some salt
withdrawal is, nevertheless, likely and is incorpo-
rated locally into the restoration model. As such,
the model assumes that accommodation was gener-
ated by salt withdrawal in the Altena interval, with
tectonic subsidence more dominant in the SL0 and
SL1 intervals.

In the restoration model, platform areas are
deeply eroded below the Base Cretaceous Unconfor-
mity. The precise depositional area of KN is uncer-
tain, here it is assumed that the interval had an
approximately constant thickness, but with localized
thickening onto the Schill Grund Platform and
within the Dutch Central Graben. This variability is
based on the palaeogeographical maps of Ziegler
(1982), which suggest a transition from paralic to

deep-marine deposition from platform to graben
(see also Zwaan 2018).

The restoration of CK0 involves an estimate of
the amount of eroded Jurassic and Cretaceous strata
associated with the Late Campanian inversion. The
restored geometry and thickness of these intervals
is important, since this affects every older restoration
step. The decision on how much strata to restore is
based on the most realistic geometry in the context
of local geology and extrapolation of truncated
reflectors above the Late Campanian Unconformity
(by flattening seismic data at this level). This inter-
pretation suggests a maximum erosion of 900 m
in the centre of the Dutch Central Graben. Basin
modelling, constrained by vitrinite reflectance data,
indicates this amount of uplift and erosion is in a
realistic range (700 m: de Jager 2003). Alternative
models with a thicker missing section would increase
the compaction of underlying strata in the preceding
restoration steps, which would, in turn, increase
depositional thickness estimates of Jurassic and
Triassic strata.

The role of Triassic evaporite intervals (e.g.
Röt evaporites) and their interaction (e.g. co-
mobilization or intermingling) with Zechstein evap-
orites (Niebuhr et al. 1999; Maystrenko et al. 2006;
Pharaoh et al. 2010) was not within the scope of
this study. Dedicated modelling work is suggested
to investigate a possible relationship between the
timing of Triassic evaporite deposition and the pres-
ence of Zechstein evaporites at or near the surface.
This could include investigation of a potential corre-
lation between the formation of lateral Zechstein salt
intrusions and the presence of Röt evaporites (see
also Pharaoh et al. 2010).

Uncertainties and assumptions of the
restoration model

It is acknowledged that all restoration models have
inherent uncertainties and assumptions. The main
limitation for this study is the use of 2D sections
that do not take into account salt and tectonic move-
ments outside or at an angle to the section of the
plane. Additionally, strike-slip components have
not been taken into account, even though oblique
components are documented in the tectonic phases
(most notably Late Cretaceous and Cenozoic inver-
sion: e.g. Van Wijhe 1987; Dronkers & Mrozek
1991; Nalpas et al. 1995; de Jager 2007; Pharaoh
et al. 2010).

The authors acknowledge that it is likely that salt
moved in and out of the plane of the restored 2D sec-
tion (e.g. F05F08-WEST1 and F09-WEST1). At the
same time, the main depocentres in the restored sec-
tion (e.g. on both sides of the F09-WEST1 structure)
were probably affected by very significant salt
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withdrawal to areas out of the section plane. Further
work could be considered to build 3D restorations of
such structures.

The presented model is based on a depth-
converted seismic interpretation but, nevertheless,
shows simplified geometries. Due to limited deep
well control, the time-to-depth conversion is poorly
constrained for the oldest intervals and for the top
of the pre-salt. As such, the depth of the base Zech-
stein in the deepest part of the graben (up to 9 km in
the restoration model; see also Geluk 2005) is asso-
ciated with considerable uncertainty (at least 500 m).
Lithologies, and associated decompaction factors,
assigned to the deeper intervals also carry uncer-
tainty due to limited or no well control.

Impact of models on hydrocarbon
play definition

The model presented in this study, for the timing and
nature of salt movement, can give insight into vari-
ous aspects of the petroleum system of the northern
Dutch offshore. For example, this model could be
applied to define the depositional and preserved
extent of Jurassic (Posidonia/Kimmeridge) source
rocks, to investigate the timing of subsequent hydro-
carbon charge though salt windows or to understand
the distribution of shallow gas occurrences above
salt diapirs. Understanding rim-syncline develop-
ment can also help with the definition of reservoir
distribution in Upper Triassic, Jurassic and Creta-
ceous strata (see also Bouroullec, this volume, in
press; Verreussel, this volume, in press; Zwaan
2018). Zechstein salt movement also impacts other
plays in this area, including the Triassic Volpriehau-
sen play (charge through salt windows from Carbon-
iferous source rocks, salt-controlled traps and lateral
seals, and the risk of halite reservoir cementation:
e.g. Fontaine et al. 1993; Purvis & Okkerman
1996), the Chalk play (Jurassic source rock matura-
tion, reservoir facies distribution and fracturing,
and diaper-controlled four-way dip closure traps:
e.g. Van der Molen et al. 2005; Grassmann et al.
2005; Verweij et al. 2009; van Lochem, this volume,
in press) and Upper Jurassic plays (local source rock
and reservoir burial in salt-withdrawal basins, reser-
voir sand distribution and trap formation: Abbink
et al. 2006; Grassmann et al. 2005). To further
understand the impact of salt tectonics on Mesozoic
hydrocarbon systems and reservoirs, a similar resto-
ration study on a local scale is suggested. This
would, for example, allow a more detailed analysis
of the local effects of salt tectonics on Jurassic source
rocks (e.g. around salt structure F09-WEST1 and
F05F08-WEST1). Additionally, it could give more
insight into the impact of late stages of salt structure
growth on Chalk Group sediment facies and fractur-
ing. The integration of further well data and the

development of a more detailed regional velocity
model will reduce the uncertainties of structural res-
toration in future studies, which would allow for bet-
ter constrained assumptions on lithological
properties and time-to-depth conversion.

Conclusions

This paper describes a detailed structural restoration
of a regional seismic section through the Step Graben
and the Dutch Central Graben. Combined with a
regional analysis of salt structures and depositional
patterns, this allowed the development of a new
model, based on recent 3D seismic data, for the inter-
action between salt movement, tectonic activity and
sedimentation at different stages in the post-Permian
history of the northern Dutch offshore.

It is observed that periods of salt tectonic devel-
opment are closely linked to regional tectonic events.
It follows that depositional patterns are controlled by
an interplay between salt movement and active fault-
ing. This is exhibited during widespread Late Trias-
sic rifting, which induced detached faulting above a
layer of Zechstein evaporites. Deposition of Upper
Triassic sediments occurred in fault-bounded depo-
centres along these soft-linked faults, while salt pil-
lows formed simultaneously along the regional
structural grain (NNE–SSW). This resulted in elon-
gated depocentres away from salt structures and
the thinning of sediments over the salt pillow crests.
Early Jurassic deposition of thick Altena Group sed-
iments resulted in continued halokinesis and the sub-
sequent localized formation of diapirs. Middle
Jurassic thermal doming eroded much of the sedi-
ment on the higher platform areas, which is likely
to include a significant volume of Zechstein salt.
Tectonic subsidence related to a Late Jurassic rifting
phase provided the primary mechanism for the crea-
tion of accommodation space in the Step Graben and
Dutch Central Graben. Acceleration of salt with-
drawal into isolated salt diapirs and salt walls pro-
vided a secondary mechanism to accommodate the
thick Upper Jurassic Schieland Group sediments fill-
ing the graben during Late Jurassic. Distal effects of
Late Campanian (Subhercynian) and Early Cenozoic
(Laramide) inversion phases led to regional uplift in
the Dutch Central Graben, and local vertical salt
movement in salt diapirs and pillows. This had a
direct effect on the depositional characteristics and
structural geometry of the Upper Cretaceous Chalk
Group sediments above salt diapirs.

This study demonstrates that an analysis with a
strong focus on halokinetic development can provide
new insights into the local effects of structuration,
which has implications for the position of local depo-
centres and for hydrocarbon play elements such as
source rock and reservoir deposition or preservation.
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& WIERZBOWSKI, A. (eds) Sediment 2006. 21th
Meeting of Sedimentologists and 4th Meeting of
SEPM Central European Section, June 6–11, 2006,
Göttingen, Germany; Abstracts and Field Trips. Deut-
sche Gesellschaft für Geowissenschaften, Hannover,
Germany, 1–67.

FEIST-BURKHARDT, S., GÖTZ, A.E., SZULC, J., BORKHATARIA,
R., GELUK, M., HAAS, J. & NAWROCKI, J. 2008. Triassic.
In: MCCANN, T. (ed.) The Geology of Central Europe.
Volume 2: Mesozoic and Cenozoic. Geological Society,
London, 749–822.

FONTAINE, J.M., GUASTELLA, G., JOUAULT, P. & DE LA VEGA,
P. 1993. F15-A: a Triassic gas field on the eastern limit
of the Dutch Central Graben. In: PARKER, J.R. (ed.)
Petroleum Geology of Northwest Europe: Proceedings
of the 4th Conference. Geological Society, London,
583–593, https://doi.org/10.1144/0040583

GAST, R.E., DUSAR, M. ET AL. 2010. Rotliegend. In: DOOR-

NENBAL, J.C. & STEVENSON, A.G. (eds) Petroleum Geo-
logical Atlas of the Southern Permian Basin Area.
European Association of Geoscientists and Engineers
(EAGE), Houten, The Netherlands, 101–121.

GELUK, M.C. 2005. Stratigraphy and tectonics of Permo-
Triassic basins in the Netherlands and surrounding
areas. PhD thesis, Utrecht University, Faculty of Geo-
sciences, Utrecht, The Netherlands.

GOFFEY, G., ATTREE, M. ET AL. 2016. New exploration dis-
coveries in a mature basin: offshore Denmark Geolog-
ical Society. In: BOWMAN, M. & LEVELL, B. (eds)
Petroleum Geology of NW Europe: 50 Years of
Learning – Proceedings of the 8th Petroleum Geology
Conference. Geological Society, London. First pub-
lished online September 26, 2016, https://doi.org/
10.1144/PGC8.1

GRASSMANN, S., CRAMER, B., DELISLE, G., MESSNER, J. &
WINSEMANN, J. 2005. Geological history and petro-
leum system of the Mittelplate oil field, Northern
Germany. International Journal of Earth Sciences,
94, 979–989.

HAMPTON, M.J., BAILEY, H.W. & JONES, A.D. 2010. A hol-
ostratigraphic approach to the chalk of the North Sea
Eldfisk Field, Norway. In: VINING, B.A. & PICKERING,
S.C. (eds) Petroleum Geology: from Mature Basins to
New Frontiers – Proceedings of the 7th Petroleum
Geology Conference. Geological Society, London,
473–492, https://doi.org/10.1144/0070473

HERNANDEZ, K., MITCHELL, N.C. & HUUSE, M. In press.
Deriving relationships between diapir spacing and salt
layer thickness in the Southern North Sea. In: KILHAMS,
B., KUKLA, P.A., MAZUR, S., MCKIE, T., MIJNLIEFF, H.F.
& VAN OJIK, K. (eds) Mesozoic Resource Potential of
the Southern Permian Basin. Geological Society, Lon-
don, Special Publications, 469, https://doi.org/10.
1144/SP469.15

HODGSON, N.A., FARNSWORTH, J. & FRASER, A.J. 1992. Salt
related tectonics, sedimentation and hydrocarbon plays
in the Central Graben North Sea UKCS. In: HARDMAN,
R.F.P. (ed.) Exploration Britain: Geological Insights
for the Next Decade. Geological Society, London,

Special Publications, 67, 31–63, https://doi.org/10.
1144/GSL.SP.1992.067.01.03

HOSSACK, J.R. 1995. Geometrical rules of section balancing
of salt structures. In: JACKSON, M.P.A., ROBERTS, D.G. &
SNELSON, S. (eds) Salt Tectonics: A Global Perspective.
American Association of Petroleum Geologists, Mem-
oirs, 65, 29–40.

HUSMO, T., HAMAR, G.P., HOILAND, O., JOHANNESSEN, E.P.,
ROMULD, A., SPENCER, A.M. & TITTERTON, R. 2002.
Lower and middle Jurassic. In: EVANS, D., GRAHAM,
C., ARMOUR, A. & BATHURST, P. (eds) The Millenium
Atlas: Petroleum Geology of the Central and Northern
North Sea. Geological Society, London, 129–155.

INESON, J.R. & SURLYK, F. (eds) . 2003. The Jurassic of Den-
mark and Greenland. Geological Survey of Denmark
and Greenland Bulletin, 1.

JENYON, M.K. & TAYLOR, J.C.M. 2005. Dissolution effects
and reef-like features in the Zechstein across the Mid
North Sea High. In: PERYT, T.M. (ed.) The Zechstein
Facies in Europe. Lecture Notes in Earth Sciences,
10. Springer, Berlin, 51–75.

KOMBRINK, H., DOORNENBAL, J.C., DUIN, E.J.T., DEN DULK,
M., TEN VEEN, J.H. & WITMANS, N. 2012. New insights
into the geological structure of the Netherlands; results
of a detailed mapping project Netherlands. Journal of
Geosciences, 91, 419–446.

KRAWCZYK, C.M., MCCANN, T., COCKS, L.R.M., ENGLAND,
R., MCBRIDE, J. &WYBRANIEC, S. 2008. Caledonian tec-
tonics. In: MCCANN, T. (ed.) The Geology of Central
Europe. Volume 1: Precambrian and Palaeozoic. Geo-
logical Society, London, 301–381.

KRONER, U., MANSY, J.-L. ET AL. 2008. Variscan tectonics.
In: MCCANN, T. (ed.) The Geology of Central Europe.
Volume 1: Precambrian and Palaeozoic. Geological
Society. London, 559–664.

LITTKE, R., BAYER, U., GAJEWSKI, D. & NELSKAMP, S. (eds).
2008. Dynamics of Complex Intracontinental Basins.
The Central European Basin System. Springer, Berlin.

LOTT, G.K., WONG, T.E., DUSAR, M., ANDSBJERG, J.,
MÖNNIG, E., FELDMAN-OLSZEWSKA, A. & VERREUSSEL,
R.M.C.H. 2010. Jurassic. In: DOORNENBAL, J.C. &
STEVENSON, A.G. (eds) Petroleum Geological Atlas of
the Southern Permian Basin Area. European Associa-
tion of Geoscientists and Engineers (EAGE), Houten,
The Netherlands, 175–193.

MAGRI, F., LITTKE, R., RODON, S., BAYER, U. & URAI, J.L.
2008. Temperature fields, petroleum maturation and
fluid flow in the vicinity of salt domes. In: LITTKE, R.,
BAYER, U., GAJEWSKI, D. & NELSKAMP, S. (eds) Dynam-
ics of Complex Intracontinental Basins: The Central
European Basin System. Springer, 323–330.

MATTHEWS, W.J., HAMPSON, G.J., TRUDGILL, B.D. & UNDER-

HILL, J.R. 2007. Controls on fluviolacustrine reservoir
distribution and architecture in passive salt-diapir prov-
inces: Insights from outcrop analogs. AAPG Bulletin,
91, 1367–1403.

MAYSTRENKO, Y., BAYER, U. & SCHECK-WENDEROTH, M.
2006. 3D reconstruction of salt movements within the
deepest post-Permian structure of the Central European
Basin System – the Glueckstadt Graben Netherlands.
Journal of Geosciences, 85, 181–196.

MIJNLIEFF, H.F. & GELUK, M. 2011. Palaeotopography-
governed sediment distribution – a new predictive
model for the Permian Upper Rotliegend in the

SALT TECTONICS IN THE NORTHERN DUTCH OFFSHORE 115

 by guest on August 13, 2018http://sp.lyellcollection.org/Downloaded from 

https://doi.org/10.1144/0050949
https://doi.org/10.1144/0050949
https://doi.org/10.1144/0050949
https://doi.org/10.1144/0040583
https://doi.org/10.1144/0040583
https://doi.org/10.1144/PGC8.1
https://doi.org/10.1144/PGC8.1
https://doi.org/10.1144/PGC8.1
https://doi.org/10.1144/0070473
https://doi.org/10.1144/0070473
https://doi.org/10.1144/SP469.15
https://doi.org/10.1144/SP469.15
https://doi.org/10.1144/SP469.15
https://doi.org/10.1144/GSL.SP.1992.067.01.03
https://doi.org/10.1144/GSL.SP.1992.067.01.03
https://doi.org/10.1144/GSL.SP.1992.067.01.03
http://sp.lyellcollection.org/


Dutch sector of the Southern Permian Basin. In:
GRÖTSCH, J. & GAUPP, R. (eds) The Permian Rotliegend
of the Netherlands. SEPM, Special Publications, 98,
147–159.

NALPAS, T., LE DOUARAN, S., BRUN, J.P., UNTERNEHR, P. &
RICHERT, J.P. 1995. Inversion of the Broad Fourteens
Basin, a small scale model investigation. Sedimentary
Geology, 95, 237–250.

NIEBUHR, B., BALDSCHUHN, R., ERNST, G., WALASZCZYK, I.,
WEISS, W. & WOOD, C.J. 1999. The Upper Cretaceous
succession (Cenomanian–Santonian) of the Staffhorst
Shaft, Lower Saxony, northern Germany: integrated
biostratigraphic, lithostratigraphic and downhole geo-
physical log data. Acta Geologica Polonica, 49,
175–213.

NØTTVEDT, A., GABRIELSEN, R.H. & STEEL, R.J. 1995. Tecto-
nostratigraphy and sedimentary architecture of rift
basins, with reference to the northern North Sea.
Marine and Petroleum Geology, 12, 881–901.

PERYT, T.M., GELUK, M.C., MATHIESEN, A., PAUL, J. &
SMITH, K. 2010. Zechstein. In: DOORNENBAL, J.C. &
STEVENSON, A.G. (eds) Petroleum Geological Atlas of
the Southern Permian Basin Area. European Associa-
tion of Geoscientists and Engineers (EAGE), Houten,
The Netherlands, 123–147.

PHARAOH, T., DUSAR, M. ET AL. 2010. Tectonic evolution. In:
DOORNENBAL, H. & STEVENSON, A. (eds) PetroleumGeo-
logical Atlas of the Southern Permian Basin Area.
European Association of Geoscientists and Engineers
(EAGE), Houten, The Netherlands, 24–57.
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