
lable at ScienceDirect

Journal of Structural Geology 32 (2010) 537e553
Contents lists avai
Journal of Structural Geology

journal homepage: www.elsevier .com/locate/ jsg
Small-scale faulting in the Upper Cretaceous of the Groningen block (The
Netherlands): 3D seismic interpretation, fault plane analysis and
regional paleostress

Heijn van Gent a,*, Stefan Back b, Janos L. Urai a, Peter Kukla b

a Structural Geology, Tectonics and Geomechanics, RWTH Aachen University, Lochnerstraße 4-20, Haus A, D-52056 Aachen, Germany
bGeological Institute, RWTH Aachen University, Wüllnerstraße 2, D-52056 Aachen, Germany
a r t i c l e i n f o

Article history:
Received 7 July 2009
Received in revised form
24 February 2010
Accepted 9 March 2010
Available online 16 March 2010

Keywords:
Upper Cretaceous chalk
Paleostress
Fault surface undulations
Seismic interpretation
Fault plane analysis
* Corresponding author. Fax: þ49 241 80 92358.
E-mail address: H.vangent@ged.rwth-aachen.de (H

0191-8141/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.jsg.2010.03.003
a b s t r a c t

Over the last years, field-based studies have shown that fault surfaces can exhibit a considerable self-
affine topography. It is reasonable to assume that similar undulations are also present in fault inter-
pretations from 3D reflection seismic data, however both the interpretation uncertainty and geophysical
resolution limits hinder their analysis. This study analyses a set of small-scale, non-reactivated faults in
the Upper Cretaceous Chalk Group (Upper Ommelanden Formation) of the NW-part of the Groningen
Block, the Netherlands, in a high quality Pre Stack Depth Migrated 3D seismic data set. The studied faults
are fully contained inside the Chalk Group, in an area located between the major tectonic-bounding
faults of the NWGroningen Block. Over 200 faults, with offsets in the order of 30e50 m, were interpreted
across an area of ca. 150 km2, showing a clear preferential orientation for strike, dip and dip-direction.
Detailed interpretations and 3D fault plane analyses show undulations on the fault plane. We show that
these undulations are not an interpretation or gridding artefact, and interpret these to indicate direction
of fault slip. These results were used to calculate a paleostress tensor, using all faults to calculate a single
stress tensor for the entire study area by Numerical Dynamic Analysis.

Based on the orientation, position and a thickness analysis, it is interpreted that these faults formed
due to the tectonic reactivation of salt structures in the Latest Cretaceous. The calculated paleostress state
shows a general NWeSE-extension, with a vertical maximum principle stress, and a stress ratio of about
0.3, indicating that the studied faults are not the result of dewatering. This interpretation agrees both
with a nearby salt-tectonic reconstruction, as well as field-based paleostress results from the UK,
Belgium and France. A first look at other surveys from the Dutch sector indicates that similar faults are
present in other areas, with different orientations. We propose that a dedicated analysis of these faults
across on- and offshore Europe would allow extending the stress map of the Late Cretaceous into areas
where the Chalk is not outcropping.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

This work presents a detailed analysis of a set of small-scale
faults interpreted on high-quality 3D seismic data of the Upper
Cretaceous Chalk Group of the NW Groningen Block, the
Netherlands (Fig. 1a). The interpretation results are compared with
existing analyses of faults in the chalk of NW Europe, and used for
paleostress analysis. Previous studies on small-scale faults in chalk
strata have been controversial concerning the interpretation of the
origin of faulting. Hibsch et al. (1995) and Hibsch et al. (2003)
. van Gent).
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interpreted intra-Chalk faults to have formed by compaction. In
contrast, Vandycke (2002) argued for tectonic deformation as the
main cause of faulting observed in Chalk outcrops. The study pre-
sented here will help to distinguish between the two models.

Paleostress analyses provide information on the tectonic
evolution of the crust and help to predict the location and
possible orientations of fracture and fault systems below the
resolution of seismic observation. In hydrocarbon exploration,
these fracture systems can have economically viable permeabil-
ities (Koestler and Ehrmann, 1991; Arnott and van Wunnik, 1996;
van Konijnenburg et al., 2000; Smith and McGarrity, 2001;
Otrtuno-Arzate et al., 2003; Casabianca et al., 2007); thus, the
seismic-based paleostress-analysis approach can potentially
impact oil and gas exploration and production in carbonate
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Fig. 1. (a) Location of the study area in the NW of the Groningen High, at the border of the Lauwerszee Trough. Image courtesy of NAM. (b) Simple stratigraphic column for the
northern Netherlands. Modified from Herngreen and Wong (2007). Also indicated are the approximate stratigraphic positions of the four internal reflectors (AeD), see Table 1.
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provinces in general. Paleostress analyses can be used to estimate
the timing of the opening and closing of faults and fractures,
and for analyzing and modelling the migration of geofluids
(du Rouchet, 1981; Sapra, 1997).

Paleostress analyses are usually based on maps of fault systems
at km-scale (e.g. Anderson, 1942; Michon et al., 2003), on the
detailed mapping of fault surfaces and slip directions in outcrops at
m-scale (Bergerat, 1987; Kleinspehn et al., 1989; Angelier, 1994;
Hibsch et al., 1995; Delvaux, 1997; Saintot and Angelier, 2002;
Vandycke, 2002; Caiazzo et al., 2006; Sippel et al., 2009), or on
the analysis of calcite twins at mm-scale (Turner, 1953; Spang,
1972; Larroque and Laurant, 1988; Rocher et al., 2004). With the
increased availability of industrial 3D seismic data for the scientific
community, several attempts have been made to extract (paleo-)
stress tensors from 3D seismic data (this does not include papers on
seismic processing that constrain the orientation of either fractures
or the present-day stress tensor, such as Neves et al., 2003). Seismic
extraction of paleostress has the advantage that direct access to
rocks is no longer required, so that sedimentary cover, or seawater
coverage in offshore settings does not hinder paleostress analysis.
Furthermore, the fact that seismic data is often available in areas of
hydrocarbon exploration or production means that the results are
directly applicable to aid the local exploration/production strategy
(du Rouchet, 1981; Gartrell and Lisk, 2005; Henk, 2005; Lohr, 2007;
Van Gent et al., 2009). For example, Gartrell and Lisk (2005) have
used 3D seismic data to calculate the present-day stress field in the
Timor Sea (N Australia). Lohr (2007) used 3D seismic data to
constrain the stresses that caused deformation of the Top Rotlie-
gend in the Central European Basin. Finally, Van Gent et al. (2009)
showed how reactivated faults in reflection seismic data can be
used to calculate paleostress stratigraphy in the NW part of the
Groningen Block (Fig. 1) by using structural reconstructions,
matching of horizon shapes across faults, and the analysis of
undulations of fault planes.

In this study, a set of small-scale (on a seismic scale, the faults
are actually roughly the same size as structures used in field-based
paleostress study) faults (<50 m offset) of the Upper Cretaceous
Chalk Group is interpreted and analyzed in detail (Figs. 2 and 3).
These faults have low offset, are fully contained inside the Chalk
Group, and not reactivated by later tectonic phases. To differentiate
these small-scale faults from large, long-living, cross-formational
faults, we use the term “Intra-Chalk faults”. This term reflects that
the studied faults do not penetrate Top or Base of the Chalk Group;
but is not meant to imply syn-sedimentary faulting. Using several
overlapping and detailed interpretations of a number of these
faults, it will be shown that these faults commonly have a down-dip
oriented undulation, which is not the result of imaging or inter-
pretation artefacts. These undulations can be used to constrain the
slip direction in the down-dip-direction (pure normal faulting).
Assuming that all faults slipped in a similar fashion as the faults
studied in detail, we used the orientation and related slip direction
of all faults spread over the 10�15 km study area to calculate the
regional paleostress tensor at the time of development of these
faults. This approach differs from “normal” field-based paleostress



Fig. 2. Four seismic crosssections (aed) of part of the Groningen high. Although some meso-faults are interpreted, a high number of small-throw faults are observed between Base
Upper North Sea and Base Chalk reflectors. Orientations of the crosssections are indicated in the inset. Indicated with “Salt structure bound Graben” is the Graben that is also
indicated in Figs. 3f and 5f and discussed in the text.

H. van Gent et al. / Journal of Structural Geology 32 (2010) 537e553 539
studies in two important aspects: Firstly, this approach does not
use direct fault observations from the field, where usually slick-
enlines or slickenfibers are used to constrain slip-direction (Means,
1987). Since these are much too small (in the order of 1e5 mm) to
be observed in seismic data, a different approach of constraining
the slip-direction as is required (also see: Gartrell and Lisk, 2005;
Lohr, 2007; Van Gent et al., 2009). The second aspect deals with
the size of the study area. In field-based paleostress studies, it is
a common approach to compare a number of outcrop-scale
(3e300 m) paleostress tensors with each other to gain insight into
the regional (10e100 km) differences in stress state. In this work
we use all visible faults (faults above seismic resolution) in the
study area to calculate a single regional paleostress tensor for this
area. It must be noted that we use “regional” in this paper only as



Fig. 3. Variance maps of the five reflectors in Fig. 2. (a) Variance map of the base of the North Sea Super-Group. (b) Variance map of reflector B. (c) Variance map of reflector C. (d)
Variance map of reflector D. (e) Variance map of the base of the Chalk Group. (f) Variance map of reflector B with all interpreted fault sticks.
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a comparative term, larger than the study area, but the exact size is
not determined. The regional character of the stress tensor does not
allow the observation of stress permutations on smaller scales
(which is possible in comparative field paleostress studies), but
gives the larger scale stress state. However, if one were to compare
the paleostress results from several seismic blocks, an insight in the
basin-wide stress changes, both over time and space, can be gained.
The calculated stress tensor agrees well with that obtained also by
(Van Gent et al., 2009) for the same area and time from larger,
reactivated faults. While the latter was also seismic derived, field
studies from France, the UK and Southern Belgium show similar
results (Vandycke, 2002).
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2. Geological setting

The Groningen Block (Fig. 1a) contains one of the largest gas
reservoirs of the world. It is part of the North Netherlands High
(TNO-NITG, 2004; Wong et al., 2007), and has been a relatively
stable block since the Late Kimmerian inversion phase (Latest
Jurassic), when the North Netherlands High formed (Stäuble and
Milius, 1970; Kettel, 1983; Duin et al., 2006; Wong et al., 2007).
From Late Permian to Late Jurassic times, the Groningen Block was
part of the Southern Permian Basin. The Rotliegend (Middle
Permian) sandstones form the reservoir in the Groningen area, and
are sealed by the Late Permian Zechstein evaporites and carbonates
(Glennie, 1998; Wong et al., 2007). Triassic to Lower Cretaceous
sequences of the Groningen area are only poorly developed on the
Groningen Block (TNO-NITG, 2004; Duin et al., 2006; Wong et al.,
2007), most likely reflecting a structurally elevated position of
the area during this time. The thickness of the Triassic to Lower
Cretaceous deposits is generally below 200 m in the study area, but
reaches thicknesses between 400 m and 800 m in the surrounding
sub-basins. Althoughmany hydrocarbon reserves in the North Sea’s
Central Graben Area are in (fractured) Chalk Group reservoirs
(Koestler and Ehrmann, 1991; Stewart and Clark, 1999; Mallon and
Swarbrick, 2002; Casabianca et al., 2007; Mallon and Swarbrick,
2008), the Upper Cretaceous Chalk in the Netherlands is generally
not productive (with the exception of the Harlingen Field; see van
den Bosch, 1983). As a result, these deposits are relatively poorly
studied (Van der Molen et al., 2005). The Chalk Group of the Dutch
subsurface consists of Cenomanian to Danian (lowermost Paleo-
cene), relatively deep marine, mostly bioclastic limestones with
local marl interlayers (Herngreen andWong, 2007). Along the basin
fringes more clastic formations are found (e.g.: the Aken and Vaals
Formations of Southern Limburg; Herngreen andWong, 2007). The
Dutch Chalk Group deposits generally display highly parallel,
continuous, low-amplitude reflectors, characteristic of pelagic,
autochthonous chalks (Figs. 2 and 3, Gras and Geluk, 1999; Van der
Molen et al., 2005).

In the Groningen Block the Chalk Group lies concordantly on top
of the Rijnland Group (Figs. 1b and 2, TNO-NITG, 2004; Herngreen
and Wong, 2007). The thickness of the Chalk Group deposits varies
between 600 m and 1000 m. Although in the surrounding areas the
Laramide inversion (Latest Cretaceous) caused intense uplift,
truncation, erosion, faulting and inversion (Ziegler, 1982; Dronkers
andMrozek,1991; Gras and Geluk,1999; De Jager, 2003; TNO-NITG,
2004; Worum and Michon, 2005; Wong et al., 2007), the North
Netherlands High remained relatively stable with only minor uplift
of a local to regional character (Stäuble andMilius,1970; TNO-NITG,
2004; Van der Molen, 2004; Herngreen and Wong, 2007). Only the
uppermost Cretaceous shows signs of erosion of probably less than
100 m (Van der Molen, 2004). Post-Cretaceous sedimentation lead
to a burial of the Chalk Group sequences in the study area ranges of
800e1800 m.

In the Netherlands, three formations are recognized in the Chalk
Group; the Texel Formation, the Ommelanden Formation and the
Ekofisk Formation (Fig. 1b; Van Adrichem-Boogaert and Kouwe,
1993e1997; Oakman and Partington, 1998; Herngreen and Wong,
2007). In the study area and its surroundings, the Lower Chalk
Texel Formation is 50e70 m thick. The Ommelanden Formation is
up to 1000 m thick, and consists of white, chalky limestones with
occasional flint layers (Herngreen and Wong, 2007). While the
Turonian part of the formation consists of relatively dense lime-
stones, the Coniacian to Santonian deposits are generally more
marl-rich. These are overlain by less marly Campanian and Maas-
trichtian deposits (Herngreen and Wong, 2007). The hard and
dense limestones (informally called Upper Ommelanden deposits)
have at their base consolidated calcarenites which grade into
massive chalk with flint layers (Van Adrichem-Boogaert and
Kouwe, 1993e1997; Herngreen and Wong, 2007). The Ekofisk
Formation that forms the Tertiary (Danian) continuation of Creta-
ceous chalk deposition is not present on the Groningen Block.
Studies of non-reservoir Chalk Group deposits (in the Dutch
offshore and in the Central North Sea) have shown a high porosity
and relatively low permeability (Brasher and Vagle, 1996; Mallon
and Swarbrick, 2002; Van der Molen, 2004). The onset of over-
pressure occurs when the Chalk Group is buried below 1 km,
coinciding with a change in compaction mechanism (Van der
Molen, 2004). Above the Chalk interval, the clastic Cenozoic
North Sea Super-Group consist of predominantly siliciclastic rocks
that were deposited from the Thanetian (Early Paleocene) onwards.

2.1. Salt tectonics

Movement of the Late Permian Zechstein evaporite deposits has
influenced the younger deposits and tectonics in the Dutch
subsurface (Van Adrichem-Boogaert and Kouwe, 1993e1997; TNO-
NITG, 2004; Wong et al., 2007). Mohr et al. (2005) showed that salt
movement in the nearby Ems Graben was a multiphase process.
Three distinct pulses of salt movement, coupled to distinct tectonic
phases are recognized. The first phase started almost immediately
after salt deposition and lasted to theMiddle Keuper (Late Triassic);
a second phase occurred from Middle Keuper to Lower Cretaceous.
For the Lower Cretaceous no salt movement was recorded, but
during the Upper Cretaceous to Lower Tertiary, salt movement was
reactivated by compressional tectonics indicated by salt rise and
small amounts of horizontal shortening of salt diapirs.

3. Methods

3.1. Seismic data and fault-interpretation workflow

The seismic data used in this study is part of a large, merged,
3D pre-stack depth migrated seismic data set, provided by the
Nederlandse Aardolie Maatschappij BV. (NAM, a Shell operated
50e50 joint venture with ExxonMobil). The entire survey covers
about 20� 25 km, but the studyarea covers roughly 10�15 kmlarge
seismic cube (see Fig.1). The horizontal and vertical resolution of the
seismic data is 25 m.Well control is providedby about 40 production
and exploration wells. We used the interpretation package Petrel
2007 from Schlumberger for our interpretation work.

The Chalk Group of the study area exhibits numerous small-
scale faults (see Fig. 2), close to the limit of seismic resolution
(Hesthammer and Henden, 2000), that occur predominantly
between areas of significant Post-Zechstein faulting (i.e. faults with
throws between 50 m and 500 m, usually penetrating from Top
Zechstein to middle Tertiary). The intra-Chalk faults can be seen in
all crosssection directions (Fig. 2), exhibiting throws between 30
and 50 m.

To constrain possible activity phases of the intra-Chalk faults,
four auxiliary reflectors (AeD) were mapped (Figs. 1b and 2), which
were subsequently used for a thickness analysis. The ages for
reflectors A, B C, and D are constrained by biostratigraphic data (see
Table 1 as well as Fig. 1b, van Ojik, personal communication, 2008).

Fault interpretation using amplitude, variance, dip and fault
enhancement attributes (e.g. Cox and Seitz, 2007) resulted in the
interpretation of 213 individual intra-Chalk faults (Figs. 3f, 4a and
b). These faults were interpreted in vertical display with a line
spacing of 1e5 (25e125 m), and on depth slices in intervals of
50e200 m. Vertical spacing depended on the size and complexity
of the fault. Vertical fault interpretations were preferentially
oriented perpendicular to the strike of the faults. As a rule, (i) faults
were picked onlywhere the fault was clearly defined in the hanging



Table 1
Ages of the reflectors interpreted on Fig. 2. Stratigraphy is based on Van Adrichem-
Boogaert and Kouwe, 1993e1997, ages of reflector AeD are constrained with well
data (Van Ojik, personal communication 2008).

Horizon Group Age

Base North Sea Lower North Sea Tertiary; Thanetian (60 Ma)
Reflector A Chalk Early Maastrichtian
Reflector B Chalk Campanian
Reflector C Chalk Early Campanian
Reflector D Chalk SantonianeConiacian
Base Chalk Chalk L. Cretaceous; (E) Cenomanian (97 Ma)
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wall of the fault block, and (ii) the fault was preferentially picked
where a change in fault dip occurred to avoid picking artefacts. In
Fig. 2, a zone in the centre of the Chalk interval is visible where the
faults are most clearly imaged (between reflector B and C).

To exclude the possibility that the fault-mapping procedure
produced artificial fault undulations, four faults were interpreted at
25 m horizontal line spacing, using several different arbitrary and
fully independent interpretation profiles, at an angle to the down-
dip-direction (Fig. 4c). In general, a fault interpretation plane can
cut the fault at any angle, but ideally a plane perpendicular to the
fault (parallel to the down-dip-direction, and perpendicular to the
strike) results in the “best” interpretation. By choosing a different
“down-dip deviation” (angle between the down-dip-direction and
the interpretation plane) for each of these interpretations, we
ensured that each interpretation was completely independent.
Subsequently, a series of independent surfaces of the same fault
were constructed from the interpretations using the Petrel algo-
rithm “Convergent Gridder” (see Petrel 2007 Help), with a grid
increment of 10 m and smoothed with a Briggs biharmonic
minimum curvature algorithm (Briggs, 1974). The resulting planes
of the different fault interpretation directions were then visualized
using a look-up table, color-coded according to dip-direction, and
finally compared for structural similarity or dissimilarity either
verifying fault undulations if persistent, or dismissing undulations
as artefacts if incoherent in the different interpretation approaches.

3.2. Paleostress analysis

Following their interpretation, the fault surfaces of the study
area were used for a paleostress analysis. The existing methods for
paleostress calculation can be subdivided into those that are based
Fig. 4. (a) Stereoplot of the 213 faults interpreted in the Chalk interval. A plot of the Pi-poles
angle (in red). The green dip-direction plot shows the orientation of the faults when the f
direction the concentric gridlines are spaced 5 counts, with a maximum of 15. For dip the co
wide. (c) Sketch to illustrate the concept of “ideal” interpretation profile and a single arbitra
arbitrary profile can have any angle to the fault. Since the same fault is sampled with both
effects), but since the profiles are slightly different, the different profile represent independe
to four different profiles per fault are shown. The directions of continued interpretation in
on the Wallace and Bott criterion of minimum misfit angles
(Wallace, 1951; Bott, 1959; Angelier, 1990), and those based on the
MohreCoulomb Criterion (Coulomb,1776; Mohr,1900), with a high
shear-to-normal-stress ratio. All methods require as input the
combination of the orientation and slip direction of faults. Here the
different methods will only be discussed briefly, for a more
extensive and technical discussion the reader is referred Angelier
(1990), Ramsay and Lisle (2000) and Sippel et al. (2009).

Wallace (1951) and Bott (1959) showed that the direction of slip
on any plane can be predicted, based on the stress tensor and the
plane orientation, when slip is assumed to be parallel to the
maximum resolved shear stress on the plane. Inverting this prin-
ciple allows one to calculate the stress tensor, based on fault
orientations and observed slip direction. Methods that employ this
method are for example the Direct Stress Inversion (DSI) (Angelier,
1979, 1994, 1990) and the Multiple Inversion Method (MIM)
(Yamaji, 2000), a modification of DSI for separating inhomogeneous
data sets. InWallace and Bott-basedmethods, the orientation of the
principle stresses and their ratio (R) are varied until a minimum is
found in the sum of the squared misfit angles for all faults (i.e.
a least square criterion). The misfit angle is the difference between
the observed slip direction and the calculated shear stress on the
fault. The stress ratio is:

R ¼ ðs2 � s3Þ
ðs1 � s3Þ

with s1e3 being the principle stresses of the in-situ stress tensor.
Methods based on the MohreCoulomb Criterion (Coulomb,

1776; Mohr, 1900) treat all faults as being newly formed and
require a high shear stress e to normal stress e ratio on a fault to
form. A further requirement is that the contraction and extension
axis lie in the plane defined by the slip direction and the fault plane
normal. This makes this method unsuitable for the use with faults
with oblique striae (Sperner, 1996). Methods based on the
MohreCoulomb Criterion include Numeric Dynamic Analysis
(NDA; Spang, 1972; Sperner et al., 1993; Sperner, 1996) and the
PeTeB axes Method (PTB; Turner, 1953; PTB; Sperner et al., 1993).
These methods assume an angle of internal friction (Q, generally
assumed as 30� for neo-formed faults, and 45� for reactivated
faults, Sperner et al., 1993; Sperner, 1996), neglecting the natural
variability of this parameter (Sperner et al., 1993). Both PTB and
NDA calculate the orientation of the kinematic axes and the
are shown in Table 2. (b) Rose diagram, showing the dip-direction (in blue) and the dip
aults on the edge of salt structure bound grabens are not taken into account. For dip-
ncentric gridlines are spaced 25 counts, with a maximum of 75. Orientation bins are 5�

y interpretation profile. The ideal profile is parallel to the down-dip-direction, while an
profiles, the resultant fault plane should have the same geometry (excluding aliasing

nt interpretations of the same fault. Here only two profiles are shown, but in Fig. 6 three
this figure are arbitrary.
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kinematic ratio, but in the case of coaxial, upper crustal deforma-
tion these can be considered to coincide with the stress axes and
the stress ratio (R) (Anderson, 1942; Huang, 1988; Sperner et al.,
1993; Sperner, 1996; Ilic and Neubauer, 2005; Sippel et al., 2009).
Several workers combine the Wallace and Bott and
MohreCoulomb-based methods to calculate solutions that are as
realistic as possible (Reches, 1987; Celerier, 1988; Angelier, 1990;
Zalohar and Vrabec, 2007; Sippel et al., 2009).

In this study, the paleostress reconstruction program Tectonics
FP (Ortner et al., 2002; see also http://www.tectonicsfp.com/) was
used, with implementations of several methods. We used the NDA
(Spang, 1972; Sperner et al., 1993; Sperner, 1996) and the Right
DihedraMethod (Angelier andMelcher,1977) for our analyses. NDA
is preferred for a number of reasons: firstly, DSI fails in cases with
a single predominant fault orientation or in conjugate faults, as it
requires 4 independent slip directions for the least squared calcu-
lation towork properly (Sperner, 1996). The fault set discussed here
shows a high degree of conjugation. NDA is specifically suited for
neo-formed, conjugate faults, but less for (reactivated) faults with
oblique slip (Sperner, 1996). Secondly, earlier tests have shown that
NDA is significantly more robust when a modified Monte Carlo
analysis was performed (Van Gent et al., 2009; Van Gent, 2010). We
believe this results from the least squares algorithm used in DSI,
which is very sensitive to outliers and inhomogeneities in the data.

The Right Dihedra Method is a graphic method based on the
assumption that when all faults move independently of each other
within the same stress, then s1 is a part of the P-dihedra of all faults,
and s3 is a part of all T-dihedra. By overlapping the PeT dihedra,
orientation of s1 and s3 can be constrained, but the solution is not
unique and does not include information regarding the relative size
of the principal stresses (Angelier, 1979). Unlike NDA however, this
method calculates the stress axes, so it was used to confirm the
assumption of coinciding kinematic and stress axes.

4. Results

4.1. Thickness analysis and timing of faulting

The study area is surrounded on three sides by a set of sub-
basins (see Figs. 2, 3 and 6). The structures are salt-structure
bounded grabens, with two types of salt pillows on the flanks (see
Fig. 2a and b; note that the crosssections are not ideally oriented for
this purpose). On the western side of the graben system, salt
pillows with a height of 1800 m are observed (Type I in Fig. 2a and
b). The salt does not penetrate the Base Rijnland Group (Lowest
Cretaceous). On top of these pillows (Fig. 3), collapse grabens have
formed in the Upper Cretaceous and Tertiary deposits. On the
eastern side of the graben, less prominent salt pillows (Type II in
Fig. 2a and b) formed. As with the larger pillows, Triassic sediments
on-lap on the sides and a collapse graben within the Cretaceous
sediments are observed. The faults of the collapse graben however
do no not extend into the Tertiary. Inside the salt structure bounded
grabens between the pillows, tilted Triassic sediments attain
a thickness up to 400 m. The symmetrical termination of the
Triassic succession against the base of the Lower Cretaceous
suggests that the grabens formed before or during the initiation of
salt pillow formation. In the study area outside the graben, the
Triassic sediments are generally less than 200 m thick. The thick-
ness of the Lower Cretaceous does not change across the salt
pillows and graben, and is about 50e90 m.

An analysis of the Zechstein depth map (Fig. 5a) shows that the
salt-structure bound grabens are between 400 m and 900 m deeper
than the average of the study. Thickness maps show that the
grabens were active between Base Upper North Sea and Base North
Sea deposition (Fig. 5b), and to a lesser degree between Base North
Sea and Base Chalk (Fig. 5c), with the NEeSW striking northern
graben section receiving the largest amount of sediment. Between
Base Chalk and Base Rijnland (Lowest Cretaceous), no significant
differences are observed in the thickness between the graben and
other parts of the study area (Fig. 5d), though differences are
observed along faults.

4.2. Fault plane analysis

Fig. 3 shows variance horizon maps for reflectors BeD and Top
and Base Chalk. The variance maps of Fig. 3 are extracted at the
reflector level and faults appear as discrete, narrow zones of high
variance (dark). In Fig. 3a, the variance map of the base of the North
Sea Group shows only major faults in the SWandNW corners. In the
centre of the map, none of the intra-Chalk faults is seen to penetrate
the level of the Base North Sea group (compare with Fig. 2). The
variance maps of reflectors B and C (Fig. 3b and c) show the
predominantly NEeSW trending intra-Chalk faults, although some
faults are observed in different orientations. The variance map of
reflectorD (Fig. 3d) showsmainlyNEeSWoriented faults. In the Base
Chalk variance map (Fig. 3e), traces of major faults are primarily
observed in the N and SW of the survey. As suggested by Fig. 2, the
intra-Chalk faults do not penetrate the base of the Chalk Group.

Fig. 4a and b shows that about 80% of the interpreted faults
strike NEeSW and ca. 50% of the total numbers of faults (62% of the
NEeSW striking faults) dip towards the NW, indicating a parallel-
dipping fault array (sensu Buiter et al., 2008). Fault dips range
between 45� and 65�, with an average of 49� (Fig. 4b). An oblique
view of the interpreted fault sticks is provided in Fig. 5. Fig. 6 shows
series of different interpolated fault surfaces for different inter-
pretation directions of four exemplary faults. In the following we
use the following definitions: a fault pick is the node where the
fault is “picked” during interpretation; a “fault stick” is the 3D
representation of all fault picks interpreted in a single interpreta-
tion profile, connecting the picks with a bar; the interpretation
profile is the 2D (usually vertical) crosssection through a fault on
which the fault is picked. The horizontal angle between the down-
dip-direction and the interpretation plane in the down dip direc-
tion (see Fig. 4c) is given for each fault. CW is a clockwise rotation
away from the down-dip-direction; CCW is a counter clockwise
rotation. The interpretation direction is also represented by the
grey plane in the left of the fault. Fault undulations are defined as
consistent, semi-linear changes in dip-directions in the fault plane,
with respect to the overall dip-direction. These are interpreted and
given as bold lines on the most ideally oriented interpretation of
the fault plane (fault interpretation column a). This interpretation is
then transposed to the same location on the other fault planes
(columns bed) for comparison. Successful transpositions (undula-
tions that are clearly recognizable and can be independently
interpreted on these planes) are black lines, mediocre trans-
positions (undulations are recognizable, but only with the a-priory
interpretation on fault interpretation a) are grey lines. Unsuccessful
transpositions (undulations are not recognizable) are grey dashed
lines.

The fault plane undulations observed in the first column
(Fig. 6a) are recognizable in all of the different interpretations of the
four faults shown in Fig. 6. Increasing the deviation of the inter-
pretation profile (away from optimal) shows that the undulations
are still recognizable, albeit with slightly different shapes. At higher
deviations (>20�), new patterns appear with undulations parallel
to the interpretation profile. Overall most undulations have a near
down-dip orientation. The fact that in the detail of fault 1a, in the
upper right of Fig. 6, multiple fault sticks are present in a single
undulation shows that this is not the result of individual fault
interpretations slightly out-of-line with the other fault sticks.

http://www.tectonicsfp.com/


Fig. 5. (a) Top Zechstein depth map with grabens and salt structures indicated. Yellow box indicates present study area from Fig. 3. (b) Thickness between Base Upper North Sea and
Base North Sea. (c) Thickness between base North Sea Supergroup and Base Chalk Group. (d) Thickness between Base Chalk and Base Rijnland Formation (Upper Jurassic) (e)
Thickness between Base Rijnland and Top Zechstein (f) Oblique view of the Top Zechstein Horizon. Faults within the yellow box are those studied in this study, while the faults along
the crests of the salt structures are the meso-faults studied by Van Gent et al. (2009).
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Fig. 6. Overview of the fault surfaces, constructed from the detailed, independent interpretation of four faults from this study area, focussing on the fault undulations, see text for
details. Fault 1 is the same fault as described by Van Gent et al. (2009, their Fig. 3), but in a different view. The fault orientations are given in the stereo net. In the upper right a detail
of fault 1a is shown, showing the number of fault sticks (purple lines) within an undulation.
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To further investigate the robustness of these undulations,
Fig. 7a combines all the interpreted picks from all the different
interpretations in a single plot. Several horizontal bands of high
interpretation density can be distinguished (particularly in fault 4)
which are the result of the choice to interpret faults at local dip
changes (described above). Despite the presence of these bands, the
overall spread of the interpretation points rules out the possibility
that the fault surface undulations are an artefact of a longer average
vertical distance between the points as compared to the average
horizontal distance. Fig. 7b shows the interpolated surface based on
the combined data set of all interpreted points (Fig. 7a), with the
interpreted undulation axes from (Fig. 6a) shown. This surface
shows the main direction of undulations seen in Fig. 6, overprinted
together with the undulations forming at high interpretation
angles (Fig. 6c and d). The main undulation directions however are
still recognizable.

Fig. 8 is an attempt to illustrate the spread of the actual fault
picks around the fitted fault surfaces shown in Fig. 6a. The
residuals between data and the surface (Fig. 8a) are the spread of
interpretation picks around the interpolated fault surface. These
are the result of “interpretation noise”. The spread of the data is
maximum 30 m around the fault plane. Also shown is that
(despite the inherent spread in points due to interpretation noise)
the vertical bands of high interpretation density (Fig. 8b) show an
undulation which has a larger wavelength than the spread in the
data. Since the interpreted undulations and the interpolated fault
surface are not coaxial (meaning that the undulations do not have
linear and parallel axes, see Fig. 8b), it is not possible to find
a projection which shows all residuals without parts of the data
being obscured by the curved fault. For this reason, in Fig. 8ceg we
show 100 m high, (nearly coaxial) ribbons cropped from the data
set. Fig. 8c shows fault 4 (see Fig. 6), at 1400� 50 m depth (red
arrows Fig. 8b), in a projection along the axis of the undulation in
this slice. There are clear undulations in the fault pick data,
reflected in the shape of the fault plane. Fig. 8deg shows other
fault ribbons viewed in a similar way along the axis of undulations
of the fault plane in a suitable slice, but without the fault plane to
allow better visual interpretation of the undulations. The hori-
zontal variance of the interpreted points is much smaller than the
wavelength of the undulations, which are clearly seen in all
figures.

All surfaces in Figs. 6 and 7 are calculated using the default
settings of the Taylor Series algorithm (Convergent Gridder in
Petrel). To examine if the undulations are dependent on the
surface-fitting algorithm, we used (with default settings) six
different interpolation methods implemented in Petrel to calculate
a fault surface interpretation ‘a’ of Fault 1 (Fig. 5). Fig. 9 shows the
result of this comparison. As expected, some algorithms are less
suited to fit a surface covering the whole range of data as they are
not meant to interpolate this type of data, but the undulations of
Fig. 6a can still be identified in all fault surfaces.

4.3. Interpretation of fault plane analysis results

All faults in Fig. 6 show fault undulation axes from different
interpretation profiles can be successfully compared to each other.
Whilst nearly all fault undulations are approximately down-dip
oriented, Fault 3 seems to exhibit two different undulation orien-
tations that are present in three of the four interpretation direc-
tions (Fig. 6, Fault 3, aec). The reason for this could be that the
oblique undulation results from two faults coalescing together (e.g.
Lohr et al., 2008). The top tip-line of the fault is lower on the left
compared to the right of this undulation, which supports this
interpretation. However, it must be noted that the overall



Fig. 7. (a) Original interpretation points for the four different interpretations in Fig. 6. The different colors denote the different interpretations, as in Fig. 6. (b) Fault planes
interpolated using the combined interpretations shown in the data from 7(a). The undulation axes shown in the figure are taken from Fig. 6a.
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orientation of fault 3 does not correspond to the general trend of
the faults in the study area (see stereoplot in Fig. 6). The compar-
ison of fault planes in Fig. 9 shows that the undulations are inde-
pendent of the gridding algorithm, thus that the undulations in
Fig. 6 are not the result of processing artefacts.

A comparison of Figs. 6 and 7 shows consistent undulations of
the fault plane. We interpret the observed fault plane undulations
to be parallel to the direction of the slip on the fault (e.g. Brown and
Scholz,1985a; Power et al., 1987; Lee and Bruhn,1996; Renard et al.,
2006; Sagy et al., 2007). Slip on the faults studied here is thus
interpreted to be dip-slip.

This interpretation is in line with studies of similar fault undu-
lations from different settings and at a very wide range of length
scales based on seismic data (see for example Needham et al., 1996;
Marchal et al., 2003; Streit and Hillis, 2004; Lohr et al., 2008), laser
measurements of exhumed fault surfaces (Renard et al., 2006;
Kokkalas et al., 2007; Sagy et al., 2007; Jones et al., 2009; Candela
et al., 2009) and other field and laboratory data (e.g. Brown and
Scholz, 1985b; Power et al., 1988; Lee and Bruhn, 1996; Van der
Zee, 2001). These undulations of the fault plane are usually inter-
preted to result from the inherent random roughness of a fault at
initial failure, which is selectively preserved or even amplified in
the direction of the most recent slip (sensu: Brown and Scholz,
1985a; Power et al., 1987; Lee and Bruhn, 1996; Renard et al.,
2006; Kokkalas et al., 2007; Sagy et al., 2007). Recent work
suggests that faults with large slip are a lot smoother in the slip
direction than small-scale faults (Sagy et al., 2007; Lohr et al.,
2008).
4.4. Paleostress results

The fault plane analysis indicates that slip on the studied faults is
dominantly dip-slip. For the subsequent paleostress analysis, the
average orientation of each of the 213 interpreted faults was calcu-
lated by fitting an average plane to each fault, then assigning dip-slip
movement vectors to each of surface. Table 2 shows the results for
this paleostress calculation, together with stereographic projections
of the 213 interpreted faults. Since the bulk of the faults is contained
between Top and Base Chalk, and do not connect to any other
structures, it can be inferred that all faults are neo-formed, non-
inherited structures that were not reactivated during the Cenozoic.
This supports our choice of the NDA paleostress technique. For NDA-
based paleostress estimation, we used an angle of internal friction of
30�, an angle commonly used for neo-formed faults (Sperner et al.,
1993; Sperner, 1996). The results from NDA and Right Dihedra give
consistent kinematic and stress axes, supporting the robustness of
the results. The calculated paleostress axes show a vertical s1 and
a NNE oriented s2. This stress states represents NWeSE extension.
The stress ratio for the NDA-calculation has a value of 0.31. Themisfit
histogram for the NDA-calculation has the half-bell-shape of
a homogeneous data set (Sperner et al., 1993; Sperner, 1996).

The analysis described above uses a data set where the most of
the shape information of individual faults is lost. In addition, faults
are not weighed for their size or the detail of interpretation. To
study the effect of this simplification, we have used each triangular
segment of the electronic fault planes in combination with the
corresponding dip-slip direction to calculate paleostress. This data



Fig. 8. Detailed observations of the link between fault interpretation and fault surface undulations. For orientation and color key, see Figs. 6 and 7(a) (a) Along-strike view of fault 2,
showing the different interpretations as spheres (with color denoting the interpretation in Fig. 6) and the surface Fault 2 a-interpolation (Fig. 6) to indicate the residual distance of
the interpretation points relative to the interpolated fault plane. (b) updip, oblique view from the footwall block of fault 4 (For orientation; the arrow points north, green is up, red is
down). This image shows the different interpreted points as spheres and fault plane 4a e interpolation (Fig. 6). Note the curving of the interpolated surface at the edges of the fault,
deu to interpolation artefacts. (c) Along dip view of a cropped 100 m high ribbon of data from fault 4 around the �1400 m isochore (between red arrows in b). The fault surface is
shown for clarity. (d) A 100 m high ribbon of data from fault 4, around the �1550 m isochore. The fault surface is not shown, but was used to orientate the view in an optimal down-
dip orientation. (e) as (d) but for fault 1, around the �1350 m isochore. (f) as (d) but for fault 2, around the �1250 m isochore. (g) as (D) but for fault 2, around the �1350 m isochore.
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set consists of 7442 orientation/slip pairs. Here we assume that slip
is always dip-slip on every part of the fault, but this is an obvious
simplification (see for example Roberts, 1996; Morewood and
Roberts, 2000; Cowie and Roberts, 2001; Papanikolaou and
Fig. 9. Comparison of fault planes built using different interpolation methods. The input da
Figs. 6 and 7. The names of interpolation method are taken from the Petrel 2007 Program.
Roberts, 2007; Maniatis and Hampel, 2008). Table 3 shows the
results using this data set. The general shape of the pi-plot density
contours is similar in both cases, showing that the simplification of
our first analysis is representative for the detailed fault shapes. Both
ta is fault 1a (Fig. 6). Fault surface colors denote dip-direction to show undulation as in
Default calculation settings were used to calculate these fault planes.



Table 2
Paleostress results calculated using a single dip-direction/dip pair for every fault.
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the NDA and the Right Dihedra Method calculated a vertical s1 and
a NNE oriented s2. NDA gave an R-value of about 0.27. The NDA and
Right Dihedra axes in Table 3 fit well with the axes calculated for
Table 2 (the deviation is 1�) and the R-value is similar (0.31 vs. 0.27).
Also the misfit histograms show a very good result, as 75% of the
calculated slip directions have a misfit angle of 10� or less.
5. Discussion

5.1. Fault undulations

We interpret the consistent pattern of dip-direction variations
on the fault plane (Figs. 6 and 7) as fault undulations that are not
the result interpretation or interpolation artefacts. Fault undula-
tions are observed on a wide range of length scales and are often
described to be self affine (Brown and Scholz, 1985a; Power and
Tullis, 1991; Lee and Bruhn, 1996; Develi and Babadagli, 1998;
Van der Zee, 2001; Sagy et al., 2007; Candela et al., 2009). In this
context it has to be kept in mind that “fault surfaces” in outcrops
are formed by a combination of fracturing and erosion of a fault
zone, and that fault surfaces studied here are representations of an
entire zone of deformation with finite thickness and a complex
internal structure (compare for example with: Koestler and
Ehrmann, 1991; van der Zee et al., 2003). Also the number and
particularly the spacing of data points, which are significantly
smaller and larger respectively in this seismic study, need to be
considered when comparing field and seismic studies.
The fault surface analysis presented in this paper documents
that distinguishing “real” undulations from artefacts resulting from
differences in the location of the pick in different crosslines, is
a challenge. In addition, aliasing can occur if undulations exist at
wavelength smaller than twice the sample point distance (Nyquist
frequency; Campos and Tututi, 2007; Maxit, 2009). A further
complexity occurs when the interpretation plane has a large angle
in respect to the down-dip-direction (Fig. 6, Fault 2d and Fault 3d).
Here, the interpretation uncertainty in the interpretation direction
creates an additional undulation, that overprints the (in this case)
down-dip undulation. We suggest that keeping an interpretation
profile at angles below 20� in respect to the down-dip-direction
will help to avoid this. If discussing seismic-based fault surface
analyses, detailed seismic interpretation is sensitive to “interpre-
tation uncertainty”, but “conceptional uncertainty” can be another
source of error (Bond et al., 2007), which is not entirely excluded
here. In this study, no comparative analysis has been made on how
“mis-picking” influences our results, but different interpreters are
known to provide significantly different horizon interpretations
(Rankey and Mitchell, 2003; Bond et al., 2007).

Figs. 6e9 show that the fault plane undulations are consistent in
interpretations in different profiles (Fig. 6aec/d) and have a wave-
length greater than the inherent noise of interpretation (Fig. 8). They
are also not the result of artefacts in the gridding algorithm (Fig. 9), of
heterogeneous sampling or of spatial aliasing (Fig. 7). The amount of
smoothing is, based on visual comparison in slices projected parallel
to the axis of local undulations (Fig. 8c), a reasonable approximation
to separate real undulations from noise.



Table 3
Paleostress results calculated using dip-direction/dip data from every triangle of the interpolated 3D surfaces.
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5.2. Geology & regional paleostress

The presence of a large number of faults in the upper Cretaceous
Chalk Group of the UK and France was previously interpreted to
result of compaction and dewatering (Hibsch et al., 1995; Hibsch
et al., 2003). These faults are described to be oriented highly
heterogeneously in a single outcrop, contained entirely in the chalk
succession, not connected to deeper or shallower structures and to
display a pure dip-slip slickenside orientation. Dewatering related
Chalk faults are unsuitable for paleostress analysis as their forma-
tion is unrelated to tectonic events and due to their highly hetero-
geneous strike directions. Polygonal faults were first described in
the Cenozoicmudrocks of the North Sea and have been identified in
over 50 sedimentary basins, predominantly inmarine, fine-grained,
smectite-rich mudrocks (Cartwright, 1994; Dewhurst et al., 1999;
Goulty, 2001; Hansen et al., 2004; Goulty and Swarbrick, 2005).
Polygonal faults only rarely occur in chalk (Goulty, 2001; Hansen
et al., 2004). One polygonal fault set, reported in the Upper Creta-
ceous Chalk of the Sable Subbasin, Canadian Atlantic Margin, might
have been initiated in underlying mudrocks (Hansen et al., 2004).

On the other hand, Vandycke (2002) argues that the Chalk
Group provides an excellent record for brittle tectonics, using
observations from several sites in Belgium, France and the UK to
extract a paleostress stratigraphy spanning the Upper Cretaceous to
the present time. Bevan and Hancock (1986) describe a system of
NW-trending fractures in chalk deposits of southern England and
northern France, which they attribute to Neotectonicmovements in
the Lower Rhinegraben system.

The faults of this study have several aspects in common with
polygonal faulting. They are restricted to a specific depositional
interval, appear to have no preferred strike direction in variance
maps (Fig. 4) and low offsets. Detailed analysis of the interpreted
faults however shows a clear preferential NWeSW orientation
(Fig. 4), and the calculated R-value of 0.3 is too high for the radial
extension associated with polygonal faulting (the R-value for
polygonal faulting should approach 0; see Hibsch et al., 2003).
Furthermore, a pressure-solutions study in reservoir chalk in the
North Sea suggests that the chalk serves as an open system for fluid
flow at the (paleo) depth of the Groningen Block (Safaricz and
Davison, 2005; Van der Molen et al., 2005). Thus, it is most likely
the faults of this study are tectonic in origin.

The analysis of thickness maps (Fig. 5) shows two phases of
activity of the major, salt-structure bound grabens; between the
middle Upper Cretaceous and the present time, and during the
Triassic. Because these grabens are decoupled from the underlying
Rotliegend faults by the ductile Zechstein (Roth and Fleckenstein,
2001), and due to the mismatch in orientation of the fault struc-
tures across the salt, we infer that the growth of grabens is related
to the growth of salt pillows. The thickness analysis then shows that
no salt movement occurred in the Groningen Block between the
Jurassic and the Campanian corresponding to the conclusion of
Mohr et al. (2005). The fact that the salt structures on the western
side of the graben extend further into the overburden is interpreted
that during the second phase of salt movement, these structures
were more active than those on the eastern side. Consequently, it
seemsmost likely that the intra-Chalk faults described in this paper
formed as a result of the (re-) activation of flow of salt to the salt
pillows on the western side of the graben in the Upper Cretaceous,
and the subsequent extension of the cover sediments towards the
North West (Mohr et al., 2005).
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The faults in this study preferentially dip in the direction of
extension, the NW. In a 60� wide bin (stippled lines in Fig. 4b),
placed over the average preferred orientation, 105 faults dip in the
NWedirection and 64 dip to the SE. Buiter et al. (2008) indicated
that parallel, basinward-dipping fault sets in the cover above
a moving viscous layer will form when the basal shear on the
brittle-viscous transition is “top-to-the-basin-centre”. This means
that in our case the basal shear was top-to-the NW.

The intra-chalk faults directly bordering the main grabens
(Fig. 5) are parallel to these grabens and do not correspond to the
overall NW-orientation. A recalculation of the paleostress with 31
of these edge faults removed did not influence the paleostress
result, and the interpreted faults still retained the preferential
NWeSW strike and NNW dip (Fig. 4b). This suggests that the
NWeSE extensionwas relatively uniform in NW direction, and that
the other grabens from Fig. 5 had little influence on this extension.
The increase of the thickness of graben fill of the NEeSW striking
graben in the NW corner of the study area (Fig. 5) also indicates that
Chalk extension was predominantly in the NW direction. Smaller
subsidence in the other grabens might have resulted in minor
extension in different directions forming faults that do not corre-
spond to the NWeSE extension.

The calculated paleostress results for the small faults in the
Groningen area correspond well with the interpretation of the
Late Cretaceous stress field derived from the analysis of large-
scale faults of the same area (Van Gent et al., 2009). Despite
a significant difference of the data sets used, a data set of 27
reactivated faults with a displacement larger than 50 m delivered
stress tensors that are almost identical (both in orientation of
the principle stresses and stress ratio, which is 0.38; Van Gent
et al., 2009) with faults analyzed in this study. Furthermore,
Vandycke (2002) observed a very similar pre-Laramide extension
phase in the chalks of Kent, Sussex (UK), Boulonnais (France) and
the Mons Basin (Belgium). The R-value for these tensors is
between 0.2 and 0.5 (Vandycke, personal communication, 2008).
This suggests that the Late Cretaceous phase of extension is of
regional nature.

We have assumed in this study that the slip-direction on the
interpreted faults was entirely dip-slip. However, even if the
movement on the faults was not exactly dip-slip, but rather nor-
mally distributed about pure dip-slip movement, a theoretical
Monte Carlo study has shown for three different data sets (Van
Gent et al., 2009; Van Gent, 2010) that the introduction of a nor-
mally distributed, artificial measurement error in the slip direction,
with a standard deviation of several degrees, only has a limited
effect on the orientation of the stress axes.

A quick inventory of three additional seismic data sets spread
over the entire Dutch sector, suggests that similar intra-Chalk faults
are present in seismic surveys as well. All faults in these surveys (in
one data set over 230 faults were identified and interpreted) show
a preferential EeWorientation, rather than the NEeSWorientation
in Groningen. The EeW oriented faults seem generally unaffected
by the main tectonic trends of the area. The difference in orienta-
tion might result from a difference in timing of fault formation (e.g.
Gauthier et al., 2000 observed a Tertiary NeS extension), a pertur-
bation of the local paleostress field (these three additional surveys
are west of the Lauwerszee Trough, a Pre-Permian structure, and
the present study area is on the eastern side), or a difference in
fault-formation mechanism or Zechstein decoupling (e.g. Scheck
et al., 2003).

5.3. Mechanical stratigraphy

An important feature of the extensional faults of this study is
that they are only visible in the Chalk deposits, and are best
observed between auxiliary horizons B and C (Fig. 2). Above and
below these horizons the studied faults seem to die out rather
quickly. This interval corresponds to the Middle and Upper
Campanian. Herngreen and Wong (2007) describe the Campanian
and Maastrichtian “Upper” Ommelanden Formation as consisting
of consolidated calcarenites in the lower parts that grade
towards the top into massive chalks with flint layers. Below the
Ommelanden Fm occur marlier Coniacian to Santonian deposits.
This makes the Lower to Middle Campanian carbonates relatively
competent in comparison with the surrounding Cretaceous chalks
and the underlying Triassic rocks, which might explain why these
faults predominantly formed in this interval.

5.4. Paleostress assumptions

An important assumption of paleostress analyses is that the
sampled stress field is homogenous and constant on the scale of
the study. In field studies, outcrop sizes do generally not exceed
50e100 m, though stress deflections are known to occur on this
scale (e.g. Dupin et al., 1993; Angelier, 1994; Gruenthal and
Stromeyer, 1994; Maerten et al., 2002). Discussions of the val-
idity of the basic paleostress assumptions by e.g. Dupin et al.
(1993), Pollard et al. (1993) and Gapais et al. (2000) focus on
outcrop scale studies. It is however reasonable to assume that
the same features that cause problems in field-based paleostress
analyses also influence paleostress analysis at the scale
presented.

However, it must be noted that this is probably one of the most
important aspects inwhich this paleostress study differs from field-
based paleostress analyses. The area or volume of rock over which
the paleostress is calculated is significantly larger than that of field-
based paleostress studies. This means that unlike in field studies
where local stress states are calculated, a “regional”, or possibly,
geodynamic stress state is calculated. This also has the effect that
a considerable part of internal detail is lost in seismic-based
paleostress studies. However, comparing different 3D seismic data
sets distributed over a basin will allow recognition of the regional
or geodynamical stress changes and their controls. The second
aspect in which seismic-based studies differ from field studies is
that the slip-direction is not directly observed, but inferred from
geometrical information. However, we believe that the fault
undulations described here form a reasonable proxy for the paleo-
slip direction of faults. On the other hand, the three dimensional
nature of seismic data unravels significantly more of the 3D
geometry of fault systems than outcrop studies.

To test this first order assumption of stress field homogeneity
Van Gent et al. (2009) sub-divided the study area in four zones.
Recalculating the stresses with only the faults enclosed in these
subareas showed a first order validity of the assumption of stress
homogeneity but the result was influenced by the reduction of the
amount of faults in the subareas. The present study, with a high
number of faults producing the same stress tensor as the large
scale study (Van Gent et al., 2009), shows the validity of this
approach and indicates that stresses in the Groningen area during
the Upper Cretaceous were relatively homogenous on the scale of
the analysis. Compared with the Upper Cretaceous stress state
calculated in Van Gent et al. (2009), the fact that here only a single
set of non-reactivated, low displacement faults is present, makes
the structural reconstruction step (in order to remove younger
deformation, to obtain older geometries) unnecessary. This makes
the results more robust, as the reconstruction is assumed to
introduce a lot of errors (Gartrell and Lisk, 2005). This, combined
with the observation of similar, but differently oriented intra-
Chalk faults in other parts of the Dutch subsurface, leads us to
propose that a detailed, NW Europe-wide study of Chalk in seismic
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data sets would allow for a detailed stress-map of the Upper
Cretaceous in areas currently covered by post-Cretaceous sedi-
ments and/or water.

6. Conclusions and outlook

� The workflow described in this paper uses small-scale, intra-
Chalk faults, confined to the Cretaceous Chalk Group, to
provide a way to estimate paleostress from seismic data for
a specific time interval.

� The relatively brittle nature of the Chalk Group makes it an
excellent recorder of brittle deformation that might not be
observed in softer deposits. The dominance of these faults in
a specific interval might be related to variation of brittleness of
chalk deposits.

� A detailed interpretation of the fault and the seismic data
shows that the fault surfaces studied show clear down-dip
undulations that are not the result of interpretation or gridding
effects. These undulations are interpreted to represent the
paleo-slip direction of these faults.

� The calculated paleostress of this study results in a stress for
the Upper Cretaceous that corresponds well with stress fields
described by Van Gent et al. (2009) and Vandycke (2002),
indicating that the studied faults are very likely to be influ-
enced by a regional stress field.
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