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Introduction

"Nobody said it was easy, no one ever said it would be this hard.”

- Coldplay - The scientist

In-situ borehole measurements allow the determination of the present-day stress field in many
sedimentary basins. These measurements include the determination of the orientation of tensile or
(artificial) hydro fractures (e.g., but not exclusively: Frikken, 1999; Stephenson et al., 2007), borehole
breakouts (e.g. Reinecker et al., 2003) or focal mechanisms (e.g.: Hinzen, 2003; llic and Neubauer,
2005; Plenefisch and Klinge, 2007). Several reflection 3-D seismic attributes are also employed to
estimate paleostress. These methods are mainly based on anisotropy of seismic ray velocity, and can
be used to predict the orientation of fractures in the subsurface. Thus the orientation of the present-
day principle stress axes are constrained (e.g.: Neves et al., 2003). These methods however are also
influenced by sedimentological and/or diagenetic processes.

Pre-drilling knowledge of the present-day stress field can be used to optimize both drilling and
production, as borehole stability, fluid flow properties and the orientation and sealing-properties of both
natural and induced fractures are directly dependant on the present-day stress field (Henk, 2005).
Whether from pre-drilling or in-situ measurements, present-day stress measurements not only are
important for hydrocarbon production and exploration, geothermal or brine wells, they also provide a
valuable insight into the evolution of the Earth’s crust from a scientific point of view, and help risking for
example earthquakes.

However, just as important as the present-day stress, is the paleostress; as many of the present-day
structures are not newly formed, but inherited structures, with movement adjusted to the present-day
stress field. There are several methods that allow the determination of paleostress, and these can be
separated in those that constrain paleostress directions (not magnitude) solely based on the
orientation and structural style of large scale fault or fold patterns, and those that calculate the reduced
stress tensor. These include both directions and (relative) magnitude of the principle stresses.

The first type of paleostress methods depends on the Andersonian Theory of Faulting and uses the
large scale orientation and structural style of fault patterns (Anderson, 1942; Michon et al., 2003). The
orientation of dykes and elongated calderas are also used (although these are not common in
sedimentary basins, e.g.: Muller and Pollard, 1977; Angelier et al., 1997; Paulsen and Wilson, 2007).
Paleostress calculation methods, such as the Direct Stress Inversion (Angelier, 1990) or the Numeric
Dynamic Analysis (Turner, 1953; Spang, 1972; Sperner et al., 1993), and many related or similar
methods (including: Will and Powell, 1991; Yamaiji, 2000; Fry, 2001; Yamaji et al., 2006; Zalohar and
Vrabec, 2007; Sippel et al., 2009) use direct outcrop measurements of the fault orientation and slip
direction to calculate the reduced stress tensor at the moment of fault slip. The reduced stress tensor
consists of the orientation of the principle stress axes and their relative size. Since fault measurements
are required for these methods, direct access to the fault in outcrop is a requirement.

Different types of (sub-)grain piezometry (Carter et al., 1993; Franssen, 1993; Schleder and Urai,

2005), dislocation density and other crystal based stress gauges, can be used as paleostress
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estimators. These include methods such as such as calcite twinning (e.g.: Turner, 1953; Spang, 1972;
Larroque and Laurant, 1988; Rocher et al., 2004), and most of them only provided the differential

stress (01-03). These crystal-based methods will not be discussed here.

Aims and overview

The requirement of direct outcrop access for paleostress calculation methods makes the determination
of paleostress in subsurface settings a challenge. In some on-shore settings, the study of outcrops can
give indication to the paleostress conditions at depth. However, much of the earth’s crust is covered by
younger sedimentary basins.

In this work, a workflow to determine paleostress from brittle deformation structures, solely using 3D
reflection-seismic data is developed and tested. Therefore a reliable method of extracting paleo-slip
information from 3D reflection seismic data is required. In the first two chapters, two main methods are
introduced, the geometrical determination of paleo-slip, and fault plane analysis. The third chapter
represents an initial attempt to develop a similar method of paleostress determination (based on brittle
deformation of rocks) for the basically ductile deformation in the Upper Permian Zechstein evaporites
(Geluk, 2007; Geluk et al., 2007). Interesting insights in the complex, 3D geometries that develop as a
result of the coeval deformation of brittle deposits contained in ductile evaporites are presented
(Bornemann, 1991; Zulauf and Zulauf, 2005; Chemia et al., 2008; Zulauf et al., 2009). This initial
understanding of the strain inside deforming evaporites can be developed into a full method of
determining paleostress from deforming ductile materials that contain brittle markers.

In the concluding remarks the strengths and weaknesses of the seismic based paleostress
determination methods will be discussed. First however, slickensides and larger scale fault undulations
will be discussed in general terms.

Two Excel applets (available on www.ged.rwth-aachen.de) are discussed in Appendix 1 that are
designed to visualize stress tensors and help understand the effect of stress tensors on arbitrary
planes. In Appendices 2 to 5, several of the general assumptions of paleostress calculations are
investigated, and several real and artificial datasets are tested for the robustness of the different
paleostress methods. In Appendix 6, the stratigraphy of the Zechstein deposits of the Dutch

subsurface are discussed in a bit more detail then in Chapter 3.

Slickensides and fault undulation — the topography of fractures and faults

Shear movement on faults and fractures can leave a slickenside on the fault surface. This is a polished
fault surface that might contain parallel sets of ridges and grooves, streaks or linear mineral fibers (so-
called slickenfibres or slickensides) which represent movement striae (Fig. 1 and e.g.: Means, 1987;
Ramsay and Huber, 1987; Twiss and Moores, 1992). It is noted that many authors also call these
striae slickensides, although that actually only applies to the polished fault surface. These striations
form by scratching, gauging or smearing on fault surfaces (Means, 1987), and generally are smaller

than 1 mm. These structures are also called kinematic indicators (Doblas, 1998).

12



Fig. 1: Kinematic indicators on a normal fault in a quarry in the Leine Graben near Hillerse, north of

Gottingen, Germany. The patches of kinematic indicator show two orthogonal movement striae
orientations (shown in white and light grey shades). These sets of overlapping movement striae can
be used to establish a paleostress stratigraphy (the evolution of the paleostress tensor with time,
Kleinspehn et al., 1989), as this fault has two kinematic indicators. Image shows the same fault

plane as in Fig. 2.

Most existing paleostress analyses require a combination of fault orientation and direction of the slip
on the fault as input. Outcrop measurements of these slickensides have been used as slip direction
indicators and in some cases also slip-sense indicators “for generations” (Means, 1987), and are also
used in paleostress analyses (e.g.: Angelier, 1979; Angelier, 1989; Wojtal and Pershing, 1991;
Vandycke, 2002; Sippel, 2008; Sippel et al., 2009, and references therein). These movement striae,
which are often clearly visible in outcrop (Fig. 1), are too small to be recognized in 3D reflection
seismic datasets, which have a resolution of about 15-25 m at best.

Fault plane topography is however not limited to the scale of slickensides. Field observations,
laboratory experiments and laser measurements (LIDAR; Light Detection And Ranging) of natural fault
surfaces (Fig. 2 and e.g.: Brown and Scholz, 1985; Power et al., 1987; Power et al., 1988; Power and
Tullis, 1991; Lee and Bruhn, 1996; Power and Durham, 1997; Develi and Babadagli, 1998; Van der
Zee, 2001; Kokkalas et al., 2007; Sagy et al., 2007a; Sagy et al., 2007b; Candela et al., in press) have
shown fault undulations on many different scales. These undulations are shown to be self-similar and
thus follow a fractal scaling law (e.g.: Power et al., 1988; Power and Tullis, 1991; Lee and Bruhn,
1996; Power and Durham, 1997; Renard et al., 2006; Candela et al., in press). It must be noted that
the fault undulations meant here are something different than variations in fault shape and
orientationas a result of the coalesce of different faults (segmentation of faults, e.g.: Childs et al., 1996;
Schopfer et al., 2007; Lohr et al., 2008). The latter is caused by linkage of previously independent and
individual faults with slightly different orientations, and the related curving of faults when they grow
towards each other. The former is usually interpreted to be the result of inherent random roughness in
the initial failure of single fault planes, which is then selectively preserved or even amplified in the

direction of

13



Fig. 2: Oblique view of a normal fault surface, in a quarry in the Leine Graben near Hillerse, north of
Gottingen, Germany. The fault plane (white in interpretation) shows two types of fault plane
topography. The first type is represented by a number of “lithological steps”, down dip steps,
running roughly horizontal and parallel to the bedding. These steps formed most likely due to
vertical segmentation (sensu: Childs et al., 1996; Schopfer et al., 2007), local differences in material
properties (e.g.: Ferrill and Morris, 2003), weathering, or a combination of the above. The second
type of topography is a low amplitude wave (undulation) of the fault plane along strike. It is this type
of undulation we are interested in here. Stippled lines are used to indicate the approximate

locations of the axis of undulation.

the most recent slip (Lee and Bruhn, 1996; Renard et al., 2006; Kokkalas et al., 2007; Sagy et al.,
2007a; Candela et al., in press). Several studies have shown that fault undulations have their axis
parallel to the main slip direction (Lee and Bruhn, 1996; Renard et al., 2006; Sagy et al., 20073;
Candela et al., in press).Thus, a detailed determination of the fault surface undulations in (neoformed,
non-reactivated) faults in 3D reflection seismic data will give information regarding the slip direction
(see Chapter 2, and e.g. Needham et al., 1996; Marchal et al., 2003). This information can then be

used for paleostress determination.

The geometrical determination of slip — connecting the dots...

Although fault undulations provide an elegant way to constrain movement directions on non-
reactivated faults, there is a simpler way to determine how two fault blocks have moved relative to
each other, even when the fault was reactivated. Comparing the positions of two points before and
after deformation will determine the movement vector between these points, in a “connect the dots-
fashion”. In 3D seismic data from sedimentary basins, one plausible candidate is to use faulted linear
features, such as channels. Back et al. (2006) for example, have shown how maps of the seismic
coherency signature from a delta setting can be used to connect a set of horizons on two sides of a
fault on the basis of the presence of the a faulted channel in both fault blocks. Alternatively, connecting
the channel from both sides of the fault gives the movement vector of the channel. This vector
represents the fault slip vector and thus allows the determination of the paleostress tensor. This
approach also allows the calculation of a paleostress stratigraphy (Kleinspehn et al., 1989). The fault
plane analysis only works in neo-formed, non reactivated faults, as newer movement in a different

direction will destroy the undulation. A number of channels intersecting a synsedimentary fault at
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different stratigraphic levels in a setting with changing stress directions will show the change of
movement direction with time. A similar approach was followed in Chapter 1, where fault slip vectors
were (amongst other methods) constrained by comparing the shape of detailed horizon interpretations.
No faulted channels were located in the seismic data, and as a result, minor, elongated irregularities in
the horizon on both sides of the fault were used. The three-dimensional expression of these

irregularities on the horizon around the fault plane was used, rather than the simple, essentially two-

dimensional expression on the Allan map (Allan, 1989).

Fig 3: Connecting the two ends of a faulted beam is a quick way to determine the slip on the fault.

Stress from ductile salt?
Using for example subgrain piezometry (Carter et al., 1993; Franssen, 1993; Schleder and Urai, 2005),

it is possible to determine the maximum differential stress in halite. The orientations of the stress axes
however can not be determined. The ductility of salt in the subsurface prevents the use of the
“conventional” paleostress methods, as they are developed for brittle failure. In fact, to-date, studying
the deformation and flow of salt in nature was only discussed in detailed, but very local studies in
mines or wells (e.g.: Borchert and Muir, 1964; Woods, 1979; Bornemann, 1991; Geluk, 1995; Burliga,
1996; Smith, 1996; Schléder et al., 2008), in analogue or numerical models (e.g.: Koyi, 1996; Koyi,
2001; Callot et al., 2006; Chemia et al., 2008), or by studying the overburden (e.g.: Mohr et al., 2005).

Here we describe in detail the large scale geometry of a brittle layer in the ductile Zechstein salts. This
layer consists of clay, anhydrite and carbonate/dolomite and is part of the Z3 cycle of the Zechstein
deposition. This layer has been shown to contain large scale folds already (Geluk, 1995), but here we
describe a large scale, detailed geometrical analysis of this layer in two study areas. It will be shown
that the early diagentic history of this layer has a strong effect on the further development of salt

structures in the Central European Basin System.

15



This work will further show that the development of strain in flowing natural salt deposits is extremely
complex. Since the description and determination of deformation or strain is the first step in
understanding the relevant stress(-evolution), this study is an important step in constraining
paleostress evolution from brittle enclosures in a ductile matrix. The study of this layer is further of
relevance since the Z3 brittle layer poses a problem while drilling sub-salt targets and since the
European Zechstein deposits are considered as repositories for radioactive waste and gas and are the
sites for potasch salt dissolution (Bornemann, 1991; Williamson et al., 1997; van Eijs and Breunse,
2003; Evans and Chadwick, 2009).
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Chapter 1: Paleostresses of the Groningen area, the
Netherlands — results of a seismic based structural
reconstruction?

Abstract

We describe a novel workflow to reconstruct paleostress in the subsurface where
the traditional outcrop-based method that uses fault-slip measurements is not
possible. We use 3D seismic data and structural restoration to determine fault
surfaces and slip vectors. These data are then used as input for paleostress-
reconstruction algorithms.

The study area of ca. 750 kmz2 is situated in the Groningen High, the Netherlands.
Excellent quality 3D seismic data were used to interpret 11 horizons and
approximately 80 faults between the Tertiary and the Top Rotliegend. Indicators of
fault slip direction are fault undulations, sedimentary structures offset by faults, fault
branch lines and shapes of horizon cut-outs. These indicators were used as a basis
of 3D restoration of the interpreted horizons. A stepwise restoration approach was
chosen that removed younger deformation to obtain slip vectors for older
deformation events. In a following work step, Numeric Dynamic Analysis (NDA)
was used to calculate paleostress tensors for the Middle and Lower Tertiary, Upper
Cretaceous and Upper Rotliegend sequences.

The results presented in this paper are consistent with existing paleostress
interpretations for NW Europe; however, in contrast to previous studies they are
derived from a subsurface volume where paleostress information was lacking until
now. Issues that need further study include the effect of the size of the study area
on the assumptions of a homogenous stress field, and an analysis of the ambiguity
of the interpretation of fault-slip indicators on 3D seismic data.

Keywords: Groningen High; paleostress; structural restoration; seismic interpretation; Central

European Basin System.

Introduction

An understanding of the evolution of the stress field is essential in studies of the tectonic evolution of
the crust (e.g. Gruenthal and Stromeyer, 1986). Furthermore, analysis of the paleostress field can help
to explain fault reactivation, the timing and patterns of fault leakage and to analyse the migration of
geofluids (Du Rouchet, 1981; Gartrell and Lisk, 2005; Henk, 2005).

There are many methods to determine the present-day in-situ stress. Earthquake focal mechanisms

(e.g. Hinzen, 2003; Reinecker et al., 2005) provide information on the size and orientation of the stress
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tensor in seismically active areas. Analysis of borehole deformation and related methods (e.g. Golke
and Brudy, 1996; Reinecker et al., 2003, 2005) are widely used tools to establish the present stress
field in the subsurface.

Quantifying stress in the past is much more difficult. Large scale fault patterns (e.g. Anderson, 1942;
Michon et al., 2003) provide a first order estimate of the orientation of the principle stresses, without
quantifying stress anisotropy. This Andersonian interpretation for example uses the observation of a
newly formed North-South oriented graben system to postulate a vertical g1 (largest principle stress)
and an E-W oriented g3, while generally ignoring the possibility of oblique slip. Furthermore, the
relative size of the principle stresses remains unknown. Andersonian interpretation has been used to
quantify paleostress and the coefficient of static friction from deep seismic lines (see discussion in
McBride, 1989). Field-based paleostress studies can provide information on the evolution of the entire
paleostress tensor, as fault orientations and slip direction (as indicated by slickensides) can be
measured directly. Slickensides should, according to the Wallace & Bott hypothesis (Wallace, 1951;
Bott, 1959; Angelier, 1994), be parallel to the maximum resolved shear stress on the fault surface.
This allows inversion of the field data to obtain the stress tensor. A correct separation of different fault
populations is however essential (e.g. Bergerat, 1987; Larroque and Laurant, 1988; Hibsch et al, 1995;
Vandycke, 2002; Reicherter and Peters, 2005; Caiazzo et al., 2006; Sippel et al, in press, this volume).
Some methods (like the NDA used in this work) however calculate the orientation and relative size of
the principle strains instead of the principle stresses. Assuming coaxial deformation however, these
strain axes can be considered to coincide with the stress axes (Sperner et al., 1993; Sperner, 1996;
llic and Neubauer, 2005).

In the subsurface of sedimentary basins, 3D reflection seismic data can be used to map large numbers
of fault surfaces in three dimensions. Provided that the slip vectors of these faults can be
reconstructed, the paleostress analyses could be extended to much larger fault populations and rock
volumes in the crust. The interception of faults with the surface is no longer required for paleostress
studies. Previous analyses using this approach were presented by Gartrell and Lisk (2005) for the
Miocene in the Timor Sea, and Lohr (2007) for the Rotliegend of the Central European Basin.

In this paper we present a paleostress analysis of a structurally complex, subsurface setting in the
Central European Basin System, using 3D seismic data. The high quality and quantity of 3D seismic
data available for this study, and existing paleostress studies in the neighbouring countries make the
Groningen area suitable for this approach. We estimated parts of the paleostress stratigraphy over a
period of about 260 Ma and compared the results with published paleostress data from NW Europe.
For this we studied the 3D seismic data set (provided by Nederlandse Aardolie Maatschappij, NAM, a
Shell operated 50-50 joint-venture with Exxon Mobil) of the NW corner of the Groningen High, the
Netherlands (Fig. 1). The workflow developed for this study consists of three steps: (i) a high resolution
seismic interpretation that defines horizons and fault surfaces, with sufficient detail to locally support
the analysis of the paleo-slip directions on individual fault surfaces, (ii) a stepwise 3D reconstruction to
incrementally remove younger deformation and determine the direction of slip of earlier faulting, and

(iii) the analysis of fault-slip and fault-orientation data to calculate paleostress tensors. The following
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Figure 1: The study area in the NW corner of the Groningen High, a structural high bounded by the
Lauwerszee Trough in the west, the Ems Graben in the east and the Lower Saxony Basin in the
south (modified from NAM).

paragraphs provide an account of the data analysis and methodology used for this paleostress
estimation based on 3D-seimic data, followed by a discussion on the applicability of this approach in

settings where fault exposure is lacking and tectonic information is restricted to the subsurface.

Dataset

Our study is based on a high resolution, Pre-Stack Depth Migrated (PSDM) seismic volume of the
Groningen High (Fig. 2), comprising 16 individual seismic surveys acquired between 1984 and 1988,
and data from approximately 300 wells. For this study, the NW corner (25 by 35 km, Fig. 1) of this
giant survey was selected because of its relative structural simplicity, the high quality of data and the
relatively thick accumulation of Cenozoic deposits compared to other parts of the Groningen High. This
allows for a more quantitative analysis of the Cenozoic stress field in this area than in other parts of

the Groningen High.

Geological setting

The Groningen gas field is located on the Groningen High (Fig. 1). The Groningen gas field was
discovered in 1959 after drilling of the Slochteren-1 well. This is the largest natural gas accumulation in
Western Europe that initiated a revival of hydrocarbon exploration and production in the Netherlands

(Breunse and Rispens, 1996). The Groningen High structure is part of the North Netherlands High
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Figure 2: Representative interpreted seismic in- and cross-line from the Groningen area. Position of
the sections is shown in Figure 6. Note steep segments of the Top Rotliegend horizon interpreted to
represent faults. The stars denote locations of Chalk deposits being truncated by the Base North
Sea Super Group. This erosion is not the result of localized fault inversion, but reflecting the uplift of

the Groningen High as an internally stable block, sensu Stauble and Milius (1970).

(TNO-NITG, 2004; Wong et al. 2007). The Groningen High is bounded by the Ems Graben in the east,
the Lower Saxony Basin (LSB) in the south, and the Lauwerszee Trough in the West.

The Groningen High has been a relatively stable structure since the latest Jurassic, when the North
Netherlands High was formed (Ziegler, 1982; TNO-NITG, 2004; Duin et al., 2006; Wong et al. 2007),
and it has probably been a positive structural element since about the Late Carboniferous (Wong et al,
2007). Vitrinite reflectance data and magnetic anomalies have led to the inference of an intrusive body
below the Groningen High of at least Kimmerian age, and apatite fission track data indicate an

additional heat pulse in pre-Permian times (Kettel, 1983; Wong et al., 2007). The source rocks for the
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Groningen gas field are Namurian and Westphalian coals and the reservoir rocks are Rotliegend
(Permian) sandstones. The seal is formed by Zechstein evaporites (Van Adrichem-Boogaert and
Kouwe, 1993-1997; Wong et al. 2007). The thickness of the Zechstein in this area varies between 500
and 1500 m (TNO-NITG, 2004) due to halokinesis that started in the Early Triassic (Mohr et al., 2005).
The Triassic to Lower Cretaceous deposits of the Groningen High are relatively thin (max. 800m) due
to erosion and non-deposition (Ziegler, 1982; TNO-NITG, 2004; Wong et al. 2007). The Upper
Cretaceous Chalk Group is 400 to 1200m thick (TNO-NITG, 2004) and consists mainly of carbonates
and marls. During the (Late Cretaceous) Subhercynian tectonic phase, parts of the chalks were locally
eroded. In the surrounding areas the Laramide inversion (Latest Cretaceous) caused intense uplift,
associated with truncation, erosion, fault reactivation and inversion. The NW corner of the Groningen
High however, remained relatively stable with only minor regional uplift, archived in the erosion of the
uppermost Cretaceous deposits, while along the southern fringes of the Groningen High, some minor
inversion was documented (Stauble and Milius, 1970; Ziegler, 1982; Van Wijhe, 1987; Dronkers and
Mrozek, 1991; Van Adrichem-Boogaert and Kouwe, 1993-1997; Gras and Geluk, 1999; De Jager,
2003; TNO-NITG, 2004; Worum and Michon, 2005; Duin et al., 2006; Wong et al., 2007). The
Cenozoic North Sea Supergroup, depositedfrom the Early Paleocene onwards is predominantly
siliciclastic and between 500 and 1250 m thick (Van Adrichem-Boogaert and Kouwe, 1993-1997; TNO-
NITG, 2004).

Methods

Interpretation

The selected seismic PSDM data (Fig. 2) were interpreted with high lateral resolution (25-50 m).
Eleven mainly formation bounding horizons were interpreted from laterally continuous high-amplitude
reflectors, partly based on interpretations done by NAM (see Table 1). During structural interpretation,
particular attention was given to fault shapes, the mapping of en- echelon fault segments as arrays of
multiple faults, and exact position and shape of horizons to prepare horizon-fault intersections or
juxtaposition maps (“Allan map”, see Allan, 1989). We interpreted 55 faults in the Supra-Zechstein and
23 at the Top Rotliegend level (Table 2), focussing on faults with sufficient spatial extent and throw to
allow the estimation of the displacement vector. Data from 20 wells with (bio-) stratigraphic age
constraints were used for accurate dating of the selected marker horizons. An overview of the
interpreted horizons is given in Table 1. For one reflector in the Lower North Sea Group and for two
reflectors in the Chalk group no well tops were available; the approximate age of these deposits was
constrained by their position in wells (van Ojik, personal communication, 2007). The Lower North Sea
reflector is of Middle Eocene age, probably Early Lutetien. The younger of the two undifferentiated
Chalk reflectors is of Middle to Late Campanian age and the older Chalk reflector is from Late
Santonian to Early Campanian age. In some places, poor seismic reflectivity limited horizon

interpretation of the deeper reflectors in the Upper Cretaceous sequences.
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Horizon: Group: Age: Max depth (m):  Interpretation by:
Base Upper North Sea  Middle North Tertiary; Priaboran (19 600 Authors
Sea Ma)

Brussels Sandstone Lower North Tertiary; Ypresian to 1000 Authors

Member Sea Lutetian (52 Ma)

Undef. Lower North Lower North Tertiary; E Lutetian (?), 1050 Authors

Sea reflector Sea aprox. 45-48 Ma

Base North Sea Lower North Tertiary; Thanetian (60 1300 NAM / Authors

Sea Ma)

Undefined reflector Chalk L. Cretaceous; M.-U. 1700 Authors

Chalk inside 1 Campanian (75-80 Ma)

Undefined reflector Chalk L. Cretaceous; Lower 1900 Authors

Chalk inside 2 Campanian (82-84 Ma)

Base Chalk Chalk L. Cretaceous; (E) 2200 NAM / Authors
Cenomanian (97 Ma)

Base Rijnland Rijnland E. Cretaceous; Latest 2250 NAM
Ryazanian (140 Ma)

Top Rét Salt Main Upper Triassic, E. Anisian (245 2800 NAM

Evaporite Member Germanic Trias Ma)

Top Zechstein Zechstein L. Permian; Thuringian 2900 NAM
(251 Ma)

Top Rotliegend Upper E. Permian; Saxonian 3400 NAM

Rotliegendes

(258 Ma)

Table 1: Horizons described in this study, with ages based on seismic-to-well ties and their
maximum depth. For three horizons no well ties were available and approximate ages are given

based on stratigraphic position of the reflector (van Ojik, Personal communication, 2006).

Fault slip vectors

We carefully examined the data for all possible indicators of fault slip such as fault intersections, fault
bifurcations, the shape of the fault surface (Cartwright et al., 1995; Needham et al., 1996; Marshal et
al., 2003), displaced linear objects (Back et al., 2006), and similarities of horizon cut-offs in Allan Maps
(Allen, 1989). In the Cenozoic section, the best indicators of fault slip were obtained by a combination
of fault undulation (Fig. 3), matching structures on horizons on both sides of the fault (Fig. 4), and
occasionally from the asymmetric shape the of the horizon cut-offs on Allan Maps (Fig. 5). Slip vectors
were only reconstructed from faults which generated a significant horizon offset (>50 m). Faults that
penetrated a horizon with offsets <50 m were classified as “not active” during the timeframe under

review. The high-resolution 3D interpretation of faults revealed undulations on many fault surfaces.
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No significant fault heaves Not reconstructed;

after reconstruction. deposits too thin.

Top Mid North Sea Base North Sea Chalk_inside2 Base Rijnland

MNo: of Faults: 8 MNo: of Faults: 9

Mo significant fault heaves Not reconstructed,
after reconstruction deformation not brittle
Al North Sea data | ‘Base Chalk Top Zechstein

No: of Faults: 15 No: of Faults: 23

Mo significant fault heaves

after reconstruction.

“Undef Lower North Sea | Chalk_ insideT ['All Chalk data | Top Rotliegend

No: of Faults: 18 No: of Faults: 27 No: of Faults: 23

Table 2: Orientation of reconstructed faults for each horizon. Arrows on the great circles show the
reconstructed slip direction for the corresponding fault. For the reconstructed Tertiary and
Cretaceous, an additional plot shows the combined data of the entire time period. All stereonets are

lower-hemisphere, equal-area projections with North at the top of the circle.

These undulations are persistent when the interpretation is carried out at different angles to the fault
(Fig. 3). The minor overprinting of the undulation by an interpretation-parallel curvature (most clear in
Fig. 3c) shows that these features are not strongly influenced by interpretation effects. The fault
surface undulations are often described to be parallel to the slip direction (Lee and Bruhn, 1996;
Needham et al., 1996; Renard et al., 2006; Lohr, 2007; Kokkalas et al., 2007; Lohr et al., 2008). We
interpret the undulations to be parallel to the last direction of fault movement, as only corrugations
parallel to the most recent slip direction are likely to be preserved or even amplified, irrespective of
their formation mechanism. (Kokkalas et al, 2007).A second method used for fault-slip analysis was
matching of minor, elongated irregularities in the horizon on both sides of a fault (e.g. Fig. 4a),
although it was not always clear what these features were (small faults or sedimentary features close

to the limit of seismic resolution). We studied these features on the 3D horizons surrounding the fault
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Figure 3: Three different sets of fault interpretation
sticks (the 3D representation of the interpreted fault
trace in cross section) and resultant interpolated
fault surfaces of a single fault in the Upper
Cretaceous, interpreted in three different directions.
Fault sticks are indicated by the colored points
connected by a colored line and a representation of
the plane of interpretation is indicated. During
interpretation, the plane is moved parallel to its
normal about 25 m after the stick is interpreted in
order to interpret the next stick. The resultant,
interpolated fault surfaces are slightly smoothed
and colored for dip direction (azimuth). The exact
shape of the fault surface is controlled by the fault
sticks, and since these are different in each
interpretation, the size and shape of the surface
also varies. The black horizontal lines are depth
contours. Several systematic changes in the dip
direction of the fault (indicated by dashed black
lines) are present in all three interpretation
directions, documenting that these trend lines are
consistent and independent of interpretation
direction. Note that in c), the undulations are still
present but slightly overprinted by undulations in
the the

sensitivity of this type of analysis with respect to the

interpretation direction, documenting
individual interpretation input. In all interpretations,
the

interpretation distance (25m.)

undulation  wavelength is larger than

(see Fig 4a), rather than on the projection of
the horizon on the fault surface (the pure Allan
map), as the lateral continuity and 3D shape

of the features often indicated whether these

Thirdly, we analyzed the shape of the horizon-fault intersections in plan view for indicators of the slip

direction. In Figure 4b, the matching of convex and concave shapes on both sides of the fault surface

strongly indicates the opening direction of this fault. Similar to the analysis of fault undulations, the

geometry matching of fault footwall and hangingwall was very sensitive to the quality of the preceding

fault and horizon interpretation. The fourth method used the shape of the Allan map between the two
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Figure 4: (a) A fault with Allan lines (horizon cutoffs) of a Cenozoic fault from this study illustrating
the footwall and hangingwall horizon cutoffs projected on the fault surface. The solid lines represent
the hangingwall cutoffs, and the dashed lines are the fault-footwall intersections. For four horizons,
parts of the associated 3D surface are shown (shaded for depth). These show the 3D continuation
of the corrugations of the Allan lines. These were used to estimate slip direction by the matching of
shapes across the fault. Several possible slip directions are indicated by arrows. (b) Top view of the
fault cutout of a chalk horizon. The convex and concave shapes on both sides of the fault surfaces

can be connected to estimate slip direction.

tips of the fault (Fig. 5), proposing that the obliquity of slip produced an asymmetry in the Allan map of
an initially horizontal reflector. The parallelism of the slip arrows in Fig. 5 is an obvious simplification,
as slip on normal faults becomes more oblique and rotated in the direction of the centre of the fault
towards the tip lines (Roberts, 1996; Morewood and Roberts, 2000; Cowie and Roberts, 2001). Note
that the analysis of the asymmetry of the Allan map can be e.g. used to support the slip interpretation
presented in Fig. 4.In summary, a combination of these four approaches can be used directly for slip
approximation of the youngest deformation phase. This deformation needs to be sequentially removed
from deeper horizons, before Allan lines representing older tectonic phases can be established for
these levels.

Structural reconstruction

The software package 3DMove was used for 3D retrodeformation and the measurement of the slip

vectors. The tectonic reconstruction served two goals: (i) to measure and test the azimuth and plunge

31



Figure 5: (a) Theoretical Allan Map of a circular fault with pure dip-slip displacement cutting three
horizontal horizons. Dashed line is the footwall cutoff, the continuous line is the hangingwall cutoff
and the bold line is the tip-line (zero-displacement line) of the fault. (b) Theoretical Allan Map of a
circular fault with oblique-slip displacement cutting three horizontal horizons. Note the asymmetry in
the Allan map that can be used as an indication of fault slip.

of the proposed slip vector, and (ii) to remove younger deformation in order to estimate movement
vectors on deeper horizons.

Throughout the study area, all interpreted horizons are sub-horizontal in all fault blocks, which justified
a sequential restoration by inclined shear. This algorithm was used to move the respective hangingwall
blocks to their original position, based on the shape of the associated fault. A restoration was accepted
when hangingwall and footwall blocks fitted along the entire length of the fault surface, without
significant rotation of the horizon. Since the reconstructed geometry depends on the general shape of
the fault surface, an erroneous movement vector could produce rotations or gaps between the footwall
and hangingwall, making this an important quality-control tool. Prior to reconstruction of deeper
horizons, the deformation of the overlying horizons had to be removed. This was done using 3DMove’s
Unfold-to-Target/Inclined-Shear algorithm that unfolded a selected target horizon to a predefined
datum surface by vertical shear, carrying all other objects (both horizons and faults) as passive objects
along while maintaining the same vertical distance to the selected horizon. The assumption to justify
this step is that all horizons were deposited horizontally. Frequently, an unexpected result after this
restoration step was a small area of increased horizon dip on the footwall side of faults. This artefact
was produced by an erroneous projection of the vertical restoration vectors across inclined faults. The
resulting "pull-ups" were manually removed by deleting the area of increased dip and "snapping" the
remaining horizon back to the fault. No decompaction was performed in this study, as estimates of the
change in fault dip due to the removal of compaction indicated that these values were less than the

uncertainty in orientation due to interpretation.
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During the stepwise restoration of the study area down to the Base Chalk level, we collected data on
the dip direction and dip of faults together with azimuth and plunge of the slip vector from each
restoration step for the subsequent use in paleostress analysis. Because of the presence of the ductile
Zechstein salts above the Top Rotliegend, it was not possible to reconstruct all the way down to Top
Rotliegend level.

It should be noted that the uncertainty in slip direction determination of faults that resulted from the
structural reconstruction described above was partly compensated by the fact that almost all horizons
contained two types of fault; “Older” faults that penetrate multiple horizons and already underwent
restoration, and “fresh” or “blind” faults terminating in the target horizon that remained unaffected by
previous reconstructions. An example of the occurrence of these “fresh” faults is the marked increase

of faults between the Base Upper North Sea and the Brussels Sandstone (Table 2).

Paleostress methods

A number of different methods have been previously developed to calculate paleostress from fault
orientations and slip vectors, e.g. the Direct Stress Inversion (DSI, Angelier, 1990) is based on the
inversion of the Wallace & Bott hypothesis (Wallace, 1951; Bott, 1959; Angelier, 1984, 1994). This
hypothesis states that slip on a fault surface is in the simplest case parallel to the direction of the
maximum resolved shear stress on that plane. Shear stress can be calculated using the shear tensor
and the orientation of the plane. Therefore, knowledge of the orientation of a fault surface and the
direction of fault slip on this fault allows one to inverse the Wallace & Bott hypothesis and to calculate
the direction of shear stress on the fault. Combining data from multiple faults then allows the
calculation of the paleostress tensor (e.g. Angelier, 1984, 1990). DSI uses a least square algorithm to
calculate the stress tensor, by minimizing the sum of the angles between the measured slip vectors,
and the calculated shear stress for all faults. The use of the least square criterion implies that the
method is relatively sensitive to outliers and inhomogeneities in the input data.

The Numeric Dynamic Analysis (NDA, Turner, 1953; Spang, 1972; Sperner et al., 1993) is based on
the Mohr-Coulomb criterion and was initially used to calculate stress from twin lamellae in calcite
crystals. NDA calculates the kinematic axes that, assuming coaxial deformation, coincide with the
stress axes (Sperner et al., 1993; Sperner, 1996; llic and Neubauer, 2005). This method involves the
calculation of the orientation of the compression and tension axes for each fault. These axes, that are
perpendicular to each other, lie in the plane normal to the fault and in the direction of the movement
vector. The friction angle theta (©, the angle between the pressure axis and the fault surface) needs to
be defined prior to calculation. In this study, the “best fit angle” was used. This angle is found by
analyzing the alignment of the P- and T axes. A tensor is then calculated (in the coordinate system
defined by the fault and slip vector) by assuming a value of +1 in the direction of the compression axis,
and a value of -1 in the direction of the tension axis as relative values. A tensor rotation transforms this
into a real-world coordinate system, where concentrations of P- and T-axes are then interpreted to
represent the orientation of g1 and o3 respectively.

In this study, NDA was preferred over DSI because NDA was less sensitive to outliers, as shown

several tests using synthetic data (Appendix 2-5), and discussed by Sperner et al. (1993). Therefore,
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data with deviations in the fault-slip vector or faults with orientations caused by local stress
heterogeneities did not strongly influence the results. A comparison of the calculated DSI-tensors from
this study and the faults used to calculate these tensors, often showed that fault systems dominated by
normal faults (see Table 2) resulted in the calculation of compressional stress tensors. Tensors
calculated with NDA did not exhibit this discrepancy.

Neither NDA nor DSI calculate the absolute stress/strain tensor, but only the orientation and the ratio

of the principle stresses. In this study, the stress ratio R was defined as

~ < (070))
(01-03)

with g1, 2 and g3 as the principle stresses of the stress tensor, calculated either using DSI or NDA. In

this study we used the implementation of the DSI and NDA methods in the program TectonicsFP

(Ortner et al., 2002).

Fault interpretation results

Supra-Zechstein Faults

The mapped faults above the Zechstein mainly define graben or half-graben structures, and there are
three main trends visible (Fig. 6). In the SW, a clear NW-SE orientation prevails parallel to the
Lauwerszee Trough and the Rotliegend fault pattern. Along the western border of the study area, the
structural trend of the interpreted fault orientation is N-S. In the N part of the studied volume, the fault
orientation is generally NE-SW (Fig. 6). In the central and eastern part of the volume, no faults
extending into the Tertiary succession were observed and faults in the Cretaceous where only
interpreted when they had a significant throw (>50 m).

Many faults in the Upper Cretaceous Chalk and Tertiary clastics show indications of growth such as
increased sediment thickness in the hangingwall (see Fig. 2). The number of faults in the Cretaceous
is larger than the number of faults in the Cenozoic.

The supra-Zechstein faults in this dataset have a length between 1 and 6 km, with throws generally
ranging between 50 and 200 m. Their location correlates in many cases with underlying Zechstein salt
structures. In 3D the faults are slightly elliptical to rectangular, with a concave upward shape. Many of
these fault surfaces, particularly in the Cretaceous

section, are undulated, with the corrugations being independent of the orientation of the interpretation
cross section (see Fig. 3). Segmented faults were only observed in the Upper Rotliegend. For
Mesozoic and Cenozoic faults that were not undulated we used the other methods described above to
determine fault slip (Fig. 4 and 5). Additionally, complex fault assemblages, antithetic fractures and the
geometries of splays were mapped as a secondary slip direction indicator.

Reactivation of a fault during later deformation may change the shape of the undulations on the fault
surface. Therefore, we only used data on the direction of undulations for faults that were not

reactivated.
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Rotliegend faults

The Rotliegend faults consist of a number of linked concave and convex fault segments, with some
relay ramps. These segmented faults directly indicate fault slip direction. The segments are an
indication of the first stage of faulting before the fault was formed by subsequent fault linkage (e.g.
Needham et al., 1996; Walsh et al., 1999; Schoépfer et al. 2007; Lohr, 2007; Lohr et al., 2008). The
Rotliegend faults generally are longer than the survey, and have a NW-SE orientation. In Fig. 6 and
Table 2 the orientation of the Rotliegend faults are shown. The ductile overlying salt makes it difficult to
accurately time the deformation of the Top Rotliegend reflector. Well data showed that the strong
reflector directly above the Top Rotliegend reflector (Fig 2), represents Zechstein deposits up to and
including the Z2 Basal Anhydrite Member (267.5 Ma, Van Adrichem-Boogaert and Kouwe, 1993-

Figure 6: Oblique view of the model with all supra-Zechstein faults and the Top Rotliegend horizon.
Note the agreement of the NW-SE fault trend with the general Top Rotliegend fault orientation. N-S
oriented plane indicates position of inline cross section in Fig. 2 (a); the E-W oriented plane is the
position of crossline (b). The circle encloses the fault shown in Fig. 3. The vertical exaggeration of

the model is 3x.
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1997). This Zechstein reflector is clearly faulted by the same event as the Top Rotliegend, and no
syntectonic deposition is observed, documenting that the studied faulting of Top Rotliegend did not

start before mid-Zechstein time.

Retro-deformation and paleostress results

After retro-deformation, from the 7 Cenozoic and Upper Cretaceous horizons only the two top Tertiary

and the two top Upper Cretaceous horizons exhibited sufficient fault displacement (>50 m) for further
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Table 3: Paleostress results for the horizons reconstructed in this study showing the principle stress
orientations and histograms of residuals together with the best fit ©-angle and the R-value (ratio of
the principle stresses). Stereonets are lower hemisphere, equal-area projections with North at the

top of the circle.
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analysis. The Top Rotliegend Horizon was not reconstructed due to the uncertainties in the timing of
faulting due to by the decoupling effect of the Zechstein salts. The segmented faults, however,
provided a slip direction for the time of fault formation. The orientation and slip direction of the retro-
deformed Post-Zechstein faults in the reconstructed horizons and the Rotliegend faults are given in
Table 2.

Table 3 shows the paleostress results calculated using the NDA-method. The stereoplot provides the
estimated orientations of the principal stress axes. The R-value is the ratio between the principle
stresses. In the histogram of residuals the difference between calculated and measured lineations is
depicted. A homogeneous dataset (data from a single tectonic event and reasonably homogeneous
stress field) may be assumed to have normally distributed residuals. Residuals with bimodal or skewed

distribution indicate a stress field that is heterogeneous or that faults moved during different phases.

Top Rotliegend
Results from the 23 reconstructed faults at Top Rotliegend indicate a near-vertical g1, with g2 oriented
NW-SE (Table 3). R has a value of 0.40. The best-fit theta angle for this horizon is 32°.

Upper Cretaceous

Results from the 18 reconstructed faults of the first horizon in the Cretaceous shows a vertical o1 and
a NNE-SSW oriented o2 (Table 3). The second reflector of the Cretaceous Chalk also has a near
vertical g1 and a NNE-SSW oriented g2. For both horizons, the minimum stress o3 is oriented WNW-
ESE. At Base Chalk, fault displacement became zero when the overlying deformation was removed.
This indicates that deformation of this horizon started after the deposition of the succeeding Chalk
horizon. This period of tectonic quiescence in the early Late Cretaceous in the Netherlands is also
observed in other studies (Ziegler, 1982; Van Wijhe, 1987; De Jager, 2003). R-values of both horizons
are 0.38. The stress results for the two Upper Cretaceous horizons are similar, and are interpreted to
reflect the same tectonic phase. The combined data from these horizons shows a stress tensor with a
vertical g1, a NNE-SSW oriented o2, and o3 at WNW-ESE (Table 3). The R-value for the combined
data is 0.38.

Tertiary

In the Tertiary succession only few faults have sufficient throw for reconstruction. The faults in the
Base Upper North Sea Group horizon show a near vertical g1, and a NW-SE o2 after the paleostress
inversion (Table 3). The R-value for the Base Upper North Sea is 0.29. The Brussels Sandstone also
has a near vertical g1, and near NNW-SSE oriented o2 (Table 3), with an R-value of 0.17. The
undefined Lower North Sea horizon and Base North Sea horizon were flat after the removal of the
deformation of the overlying horizons. This indicates that after the deposition of these horizons no
tectonic activity occurred until after the Brussels Sandstone member was deposited and deformed.
This period of tectonic quiescence clearly separates the deformation of the Upper Cretaceous horizons
form the deformed Tertiary horizons. The Upper Cretaceous deformation thus most likely represents a

different tectonic phase than the phases that deformed the Base Upper North Sea and Brussels
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Sandstone horizons. On basis of the differences in stress axis orientation and R-value, the Base
Upper North Sea and Brussels Sandstone paleostress results were also interpreted as two different

phases of deformation.

Discussion

Methodology

A basic assumption of nearly all paleostress methods is that of a homogeneous stress field on the
scale of the study. The first order validity of this assumption is based on consistent results of field
studies (e.g. Bergerat and Geyssant, 1983; Bergerat, 1987; Larroque and Laurant, 1988; Bles et al.,
1989; Sperner et al., 1993; Hibsch et al., 1995; Vandycke, 2002; Hinzen, 2003; Reicherter and Peters,
2005), but also on the basis of numerical studies for the case of the lack of fault interaction (Dupin et
al., 1993; Pollard et al., 1993). Nevertheless, there are a number of possible situations where these
assumptions do not hold. Stress fields are generally not homogeneous, and fault tips, fault
irregularities and fault bends, as well as anisotropies such a deep rooted structural elements,
sedimentary inhomogeneities and batholiths may result in local stress deflections on different scales
(e.g. Dupin et al., 1993; Angelier, 1994; Gruenthal and Stromeyer, 1994; Maerten et al., 2002).

An important issue in this respect is the large size of the study area ( 25 km by 35 km) whilst the scale
of outcrops is typically 5 to 50 m. Paleostress analyses based on field measurements can be
considered as point datasets, whereas this study calculates the paleostress for an area of 750 kmz2.
Therefore, we needed to test the assumption of a homogeneous stress field. This was done in a
bootstrapping study of the data (Appendix 3), subdividing the study area in 4 parts as shown in Fig. 6,
and re-calculating the paleostress for these individual parts, using only those faults that were present
in that part. The results from these analyses were internally very similar and compared well with the
original data of the entire survey. This supports the assumption of homogeneous stress at the scale of
the study area.

In this study, slip direction was established by analysis of fault surface undulations, interpretation of
Allan maps, and matching of irregularities in the horizons on both sides of a fault. Faulted channels
and unconformities (Back et al., 2006) were absent in this dataset. Segmented faults (Cartwright et al.,
1995; Roberts, 1996; Marchal et al., 2003; Lohr, 2007; Lohr et al., 2008) are only observed in the
Rotliegend horizon. The mechanism by which the undulations used in this work to constrain paleoslip
are formed however remains unclear. The coalescence of older faults (sensu Schopfer et al. 2007;
Lohr et al., 2008) is a possibility, or it could reflect an inherent roughness of fault planes which forms
during initial failure. Irrespective of the formation, corrugations in the most recent slip direction have
the highest potential to be preserved or even amplified (Lee and Bruhn, 1996; Renard et al., 2006;
Kokkalas et al., 2007).

Gartrell and Lisk (2005) have published paleostress results based on 3D seismic data from the
Neogene deposits of the Timor Sea. They unfolded horizons to remove ductile deformation effects and
bed rotations, after which both the flatted hangingwall and footwall horizons were restored to a
specified level. In a following step, a rigid body translation was used for the restoration of the

remaining horizontal separation. This two-stepped approach does not differ much from the restoration
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used in this work. However, the flexural slip unfolding might introduce errors during restoration,
especially at fault tips and relay ramps, and when fold axes are non-parallel (Gartrell and Lisk, 2005).
This unfolding step was not part of this study as horizons within all studied fault blocks were almost
horizontal.

It is important to discuss the effect of errors in slip direction determination from seismic data. Although
interpretation uncertainties are more than compensated by the large volume of structural data
available for the study, individual determinations are less accurate than those measured in the field
using slickensides. Therefore, we carried out a Monte Carlo analysis with the slip direction in three
datasets (see Appendix 2). We introduced normally distributed errors with a standard deviation of 2°,
9° and 20° in a set of 20 randomly selected faults from the present data set, as well as a
homogeneous set of fault measurements based on field data from the Mammendorf Quarry (Southern
Inverted Margin of the Southern Permian Basin, Germany, Sippel et al., in press, this volume) and an
artificial dataset from Shan et al. (2003). The slip vector was rotated around the normal vector of the
fault surface. This way, 50 modified datasets were prepared for every combination of data source and
standard deviation. Results show that with increasing standard deviation of the introduced errors, the
NDA method produced results where the average orientations of the principle stresses and the stress
ratio remained roughly constant, but the variance increased significantly with increasing standard
deviation. Using the same data with DSI produced similar results, but with an even higher variance.
For about 5% of the Mammendorf results and 10% of the data set of this study, a completely different
stress tensor was calculated, which did not fit the observed faults. We believe this results from the
least squared criterion based calculation of the DSI, where outliers strongly influence the result. This
might also be the reason why the DSI method did not produce internally consistent tensors in this
study.

Discussions of the validity 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 reasonable to assume that the
same features that cause problems in field-based paleostress analyses (closely spaced parallel faults,
fault interaction, fault-bend rigidity, proximity to other faults, faults with a high length-to-width ratio and
proximity to the earth surface) also influence paleostress analysis in the presented scale. Stress
deflections occurring on a scale larger than that of a field study (e.g. stress deflection at the tips of a
multi-kilometre fault zone, or around crustal fault zones or batholiths) may be documented in a densely
sampled field study where many sites are investigated, while on the seismic scale presented here,
these deflections are not apparent. It is clear that the validity of the basic stress inversion assumptions
on the scale of this study need further evaluation, which can be achieved by a direct comparison of our
results with known data from the same area.

For NW Europe, two different kinds of stress fields are generally recognized for the Meso- and
Cenozoic (Bergerat and Geyssant, 1983; Bergerat, 1987; Bles et al., 1989; Hibsch et al., 1995;
Vandycke, 2002); an extensional stress field, interrupted by short, compressional stress states
associated with the Alpine tectonic phases. Numerical modelling has shown that the present-day
stress field of NW Europe is the result of the combined forces exerted by the European-African
collision and ridge push at the Mid Atlantic Ridge (Gruenthal and Stromeyer, 1994, Golke and

Coblentz, 1996). When comparing the temporarily closely spaced, but tectonically very different,
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extensional and inversion stress fields for the Cretaceous (Vandycke, 2002), it is common to find the
maximum horizontal compressive stress (SH) to have the same orientation (see also Fig.7). This can
be explained by that the stress ellipsoid during the Cretaceous is almost purely constrictional ( 01 = 02
> g3, and g3 is horizontal, oriented NW-SE) so that small changes in the horizontal stress on result in
a switch or permutation (sensu Larroque and Laurant, 1988) in the principle stress directions. These
changes might result from a variation in the contributions of tectonic forces and ridge push on the
stress field of NW Europe. Our Cretaceous paleostress results show values of R of roughly 0.4, more
representing a stress state with o1 > 02 > 0s. The fact that we do not find R values supporting this
model might be explained by the inherent uncertainty in slip direction determination, as suggested by

our Monte Carlo analysis (Appendix 2).

Geology

Rotliegend

Hibsch et al (1995) and Bles et al. (1989) describe an earliest Zechstein NS extension in the UK and
France. However, the coeval faulting of Z2 Basal Anhydrite member and the Top Rotliegend Horizon
shows that the oldest tectonic phase interpreted in the Groningen dataset did not start before the Mid
Zechstein, but its upper limit is not well constrained. A thickness analysis between the Top Rotliegend
and the Z2 Anhydrite reflectors show that the EW trending faults in the survey were not active between
the deposition of these strata (Table 2). Paleostress data from Southern Germany, Southern France
(Reicherter et al., 2008 and references cited therein), and the UK (Hibsch et al., 1995) (Fig. 7) shows
that the late Triassic to Jurassic stress field is described by a vertical g1 and a NW-SE oriented o2
(since a1 is vertical, 02 is equal to the maximum horizontal compressive stress, SH). The paleostress
analysis of the Top Rotliegend horizon in this study is therefore interpreted to represent Triassic
extension (Fig. 7). Lohr (2007) published a paleostress state based on 3D seismic data from the Aller

Lineament with comparable orientation.

Late Cretaceous

As mentioned above, the tectonic state during the Cretaceous in NW Europe was characterized by
prolonged extensional periods that were interrupted periodically by strike-slip/compressional events
(Vandycke, 2002). Paleostress results from Sussex and Kent (UK), Boulonnais (N France) and the
Mons Basin (Belgium) showed E-W to NW-SE extension (Vandycke, 2002), very similar to the results
of the present study. The studied Upper Cretaceous Chalk reflectors are below the Subhercynian
unconformity (see Fig. 7) but no evidence is found for tectonic inversion or fault reactivation within the
seismic volume. Vandycke (2002) and De Jager (2003) showed furthermore that the effects of

inversion events in the Upper Cretaceous were restricted to a few areas. Effects of the Subhercynian
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Figure 7: General overview of the stratigraphy in the Netherlands, including the tectonic phases
(based on Van Adrichem-Boogaert and Kouwe, 1993-1997; Duin et al., 2006) and the paleostress
results of this study, compared with outcrop-based data from (1) Vandycke (2002) and (2) Bergerat
(1987), Bles et al. (1989), Becker (1993), and Reicherter et al. (2008). The general consistence of
subsurface-based stress reconstruction and surface data emphasizes the value of detailed 3D

seismic structural analysis in areas lacking rock exposure.

inversion phase are only documented in Kent and Boulonnais, while in the other studied areas E-W to
NW-SE extension prevailed (Fig. 7). In Sussex, Kent and Boulonnais, Vandycke (2002) did not
observe any effects of Laramide inversion.

During the Jurassic and Early Cretaceous, the stress field in Southern Germany and France was
controlled by rifting in the Central Atlantic (Ziegler, 1982). Rifting in the South Atlantic and building of
the Pyrenees began during the Late Cretaceous (Ziegler, 1982). These events corresponded to a
stress field with a vertical g1 and an N-S oriented SH that rotated to a NW-SE SH, and shifted from
extension to compression (Bergerat, 1987; Bergerat and Geyssant, 1983; Hibsch et al., 1995;
Reicherter et al. 2008) (Fig. 7). Note that the SH from this study corresponds both to the pre-Laramide
extension as published by Vandycke (2002) for the Mons Basin, Kent, Boulonnais and Sussex, as well
as to the SH of the Laramide inversion phase in the Mons Basin, although the tectonic setting of the

later is completely different.
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Tertiary

The Brussels Sandstone (52Ma) paleostress shows a near E-W extensional stress field, very similar to
the Late Paleogene extensional deformation observed by Vandycke (2002) (Fig. 7). In Sussex and the
Isle of Wright, coeval strike-slip and thrust tectonics are respectively described by Vandycke (2002),
with a N-S oriented compression direction. Also Hibsch et al. (1995) published “Post-Paleocene” N-S-
oriented thrusting in England and Wales. Hibsch et al. (1995) describe a W-E stress permutation is
observed in Europe, during the Late Paleogene. This transition with N-S thrust/strike-slip deformation
to the west and E-W extensional faulting to the east runs roughly N-S through France. The Groningen
area was on the extensional side of this pan-European trend, as only extension is observed here. In
this study we have no evidence that the reconstructed North Sea Group horizons were subject to the
documented major inversion; however, minor depositional gaps are observed between the different
North Sea Groups in Groningen (Duin et al., 2006).

The start of the neotectonic period for central and northern Europe is estimated to have occurred
around 10Ma (e.g. Becker, 1993 and Van Balen et al., 2005). The Base Upper North Sea Group was
deposited around 19Ma (Van Adrichem-Boogaert and Kouwe, 1993-1997). Despite the obvious gap
between the deposition of this horizon and the start of the Neotectonic period, we have compared the
paleostress result of the Base Upper North Sea with the present day stress field, as published in the
World Stress Map (WSM, Reinecker et al., 2005, Fig. 8). Becker (1993) notes that the onset of the
Neotectonic period is not strict but a range. The line symbols in Fig. 8 represent the orientation of the
maximum horizontal compressive stress (SH). Since in our study g1 is observed to be near vertical, we
assume the orientation of g2 to be parallel to SH. The general present day stress trend for the
Netherlands is an NW-SE SH. In the north of the Dutch offshore (Central Graben area) the SH is
oriented roughly E-W, as well as in parts of the southern Netherlands and Belgium. These different
stress orientations might result from stress deflections around the London Brabant Massif and the
Central Graben (Gruenthal and Stromeyer, 1994). The data from this study are quite similar to the
general trend of the neotectonic data of the WSM (Reinecker et al., 2005) in the Netherlands.
However, the WSM data point closest to the study area (Lauwerszee Trough, Fig. 8) shows a NE-SW
oriented maximum horizontal stress (SH). This data point is clearly an outlier if compared to the
general regional trend. This data point is located between the Lauwerszee Trough bounding faults,
and local stress deviations often occur over faults (Dupin et al., 1993; Pollard et al., 1993; Gapais et
al., 2000).

Vandycke (2002) showed that for 6 locations in the southern UK, France and Belgium, NE-SW
dominated during the Quaternary (equal to the minimum horizontal stress, an). This trend fits very well
with the observed NW-SE on from the Upper North Sea Group studied in this study. Furthermore,
based on borehole hydraulic fractures Frikken (1999) shows that the present day maximum
compressive horizontal stress (on) on the Friesland platform (roughly 60km to the west of the
Groningen area, Fig. 8) is oriented at 152°. This measure is a 7° clockwise deviation with respect to

the ou of the Base Upper North Sea horizon measured in this study.
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A stress permutation is observed in the Late Neogene stress axes in Fig. 7 and the European present-
day stress maps (www.wsm.physik.uni-karlsruhe.de, Reinecker et al., 2005). While this study and
Vandycke (2002) calculate a normal faulting stress state in Groningen and Belgium, France and the
United Kingdom. The stress state described by Reicherter et al 2008, based on e.g. Bergerat and
Geyssant, 1983; Bergerat, 1987; Becker, 2003) is a strike slip stress tensor, with a similar maximum
horizontal stress (gn). This stress tensor is based on field observations in the south of Europe, close to
the African Indentor. Further north, the strike slip fault setting changes into normal faulting, while

maintaining a NW-SE oriented SH (see also Gruenthal and Stromeyer, 1994).

The lack of tectonic inversion on the study area

In the study area, no tectonic, fault-related effects for Meso- and Cenozoic inversion phases are

observed in the data. Erosional features represented by reflector truncations are present, showing that
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these phases did affect the study area. As discussed by Stauble and Milius (1970), Van Wijhe (1987)
and De Jager (2003), the bulk of the Tertiary and Cretaceous inversion events are found in the West
Netherlands Basin, Lower Saxony Basin and Central Netherlands Basin, the Broad Fourteens Basin
and Dutch Central Graben, and to a lesser degree in the basins surrounding the Groningen area. The
Groningen High was predominantly uplifted as homogenous rigid block, and only slightly eroded, but
that the faults within the Groningen High were not reactivated. With the exception of erosional
features, the post-Zechstein deposits of the studied region of the Groningen High exhibits only

deformation related to extensional events during the Upper Cretaceous and Tertiary.

Salt

Van Balen et al. (2005) points out that in the northern and eastern Netherlands most of the faults are
associated with salt movements. In this NW-Groningen case study there is also a clear link between
the Top Zechstein topography and the general fault locations and orientations. Many of the faults
detected are located directly above changes in the Top-Zechstein topography. The orientation of salt
structures immediately N and E of the study area is N-S, a trend that is parallel to the Mesozoic graben
structures of the Dutch-Central Graben, the Horn Graben and the Glickstadt Graben (e.g. Scheck et
al., 2003; Mohr et al., 2005). However, without further detailed kinematic and mechanical analysis of
the salt tectonic processes in this area (e.g. Mohr et al., 2005), it is not clear at which stage of the salt

movement the faults formed.

Conclusions

The application of a novel, three-stepped workflow utilizing seismic data of the Groningen High, the
Netherlands, and structural reconstruction techniques for paleostress restoration produced results that
were in agreement with classic paleostress estimates based on extensive outcrop studies throughout
Western Europe. In detail, the subsurface-based paleostress calculation delivered the following stress
states in the study area; the earliest phase is characterized by a NE-SW directed extension probably
of Latest Permian/ Early Triassic age. Between Triassic and Early Cretaceous no observations were
made. In the latest Cretaceous the development of an approximately E-W extension (an) is observed,
that follows a phase of tectonic quiescence (early Late Cretaceous). In the Tertiary, two stress states
are observed that are separated from the Late Cretaceous stress states by a phase of tectonic
quiescence. Between 52 Ma and 19 Ma a roughly E-W extension is archived in sediments of the
Lower North Sea Group, while after 19 Ma the stress state corresponds to an approximately NE-SW
extension persisting until the present-day.

Bootstrapping (Appendix 3) of the dataset documented that the initial assumptions of the stress
reconstruction with respect to the scale of stress homogeneity are justified. Before the paleostress—
reconstruction method described in this paper can be universally applied, further critical evaluations
are necessary. These should particularly focus on questions regarding the scale of homogenous
stress field, critical issues of the basic assumptions of stress inversion and discussions on the

ambiguity of the extraction of fault-slip indicators from 3D seismic data.
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Chapter 2: Small-scale faulting in the Upper Cretaceous of the

Groningen Block (The Netherlands): 3D seismic interpretation,

fault plane analysis and regional paleostress'

Abstract

Keywords: Upper
fault plane analysis

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 interpretations 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 NW
Groningen Block. Over 200 faults, with offsets in the order of 30-50 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 NW-SE-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.

Cretaceous Chalk; Paleostress; fault surface undulations; seismic interpretation;

" Heijn van Gent, Stefan Back, Janos L. Urai, Peter Kukla. Journal of Structural Geology 32, 2010, 537-553
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Figure 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 (A-D), see table 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) 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
presented 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
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Figure 2: Four seismic crosssections (a-d) 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 Figures 3f and 5f

and discussed in the text.
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permeabilities (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 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 and or the
present-day stress tensor, such as for example 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 for 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 et al. 2007 and Chapter 1). 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 Rotliegend in the Central European Basin. Finally we show in Chapter 1 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 (Fig. 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 interpretation artefacts. These undulations can be
used to constrain the slip direction in the down-dip-direction (pure normal faulting). Assuming that all
faults in a similar fashion as the faults studies in detail, we used the orientation and related slip
direction of all faults spread over the 10 x 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 studies in two important aspects: Firstly, this approach does not use direct fault

observations from the field, where usually slickenlines or slickenfibers are used to constrain slip-
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Figure 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

direction (Means, 1987). Since these are much too small (in the order of 1-5 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, Chapter 1). The second aspect deals with the size of the study area. In
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field-based paleostress studies, it is a common approach to compare a number of outcrop-scale (3-
300 m) paleostress tensors with each other to gain insight into the regional (10-100 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 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 (Chapter 1) 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 et al., 2002).

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
(Stauble 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. Although many 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 Paleocene), relatively deep marine, mostly bioclastic limestones with local marl interlayers
(Herngreen and Wong, 2007). Along the basin fringes more clastic formations are found (e.g.: the
Aken and Vaals Formations of Southern Limburg; Herngreen and Wong, 2007). The Dutch Chalk
Group deposits generally display highly parallel, continuous, low—amplitude reflectors, characteristic of
pelagic, autochthonous chalks (Fig. 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 (Fig. 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
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and Mrozek, 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 (Stauble and Milius, 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 800 m to 1800 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,
1993-1997, Oakman,and Partington, 1998 Hengreen and Wong, 2007). In the study area and its
surroundings, the Lower Chalk Texel Formation is 50-70 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 limestones, the
Coniacian to Santonian deposits are generally more marl-rich. These are overlain by less marly
Campanian and Maastrichtian 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, 1993-1997; Herngreen
and Wong, 2007). The Ekofisk Formation that forms the Tertiary (Danian) continuation of Cretaceous
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 overpressure 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.

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, 1993-1997; 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 the Middle
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.
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Figure 4: a) Stereoplot of the 213 faults interpreted in the Chalk interval. A plot of the Pi-poles are
shown in Table 2. b) Rose diagram, showing the dip-direction (in blue) and the dip angle (in red).
The green dip-direction plot shows the orientation of the faults when the faults on the edge of salt
structure bound grabens are not taken into account. For dip-direction the concentric gridlines are
spaced 5 counts, with a maximum of 15. For dip the concentric gridlines are spaced 25 counts, with
a maximum of 75. Orientation bins are 5° wide. ¢) Sketch to illustrate the concept of “ideal”
interpretation profile and a single arbitray interpretation profile. The ideal profile is parallel to the
down-dip-direction, while an arbitrary profile can have any angle to the fault. Since the same fault is
sampled with both profiles, the resultant fault plane should have the same geometry (excluding
aliasing effects), but since the profiles are slightly different, the different profile represent
independent interpretations of the same fault. Here only two profiles are shown, but in Fig. 6 three
to four different profiles per fault are shown. The directions of continued interpretation in this figure

are arbitrary.

Methods

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 50-50 joint
venture with ExxonMobil). The entire survey covers about 20 x 25 km, but the study area covers
roughly 10 x 15 km large seismic cube (see Figure 1). The horizontal and vertical resolution of the
seismic data is 25 m. Well control is provided by 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 crossssection

directions (Fig. 2), exhibiting throws between 30 and 50 m.
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Horizon: Group: Age:

Base North Sea Lower North Tertiary; Thanetian (60
Sea Ma)

Reflector A Chalk Early Maastrichtian

Reflector B Chalk Campanian

Reflector C Chalk Early Campanian

Reflector D Chalk Santonian-Coniacian

Base Chalk Chalk L. Cretaceous; (E)

Cenomanian (97 Ma)

Table 1: Ages of the reflectors interpreted on Fig. 2. Stratigraphy is based on Van Adrichem-
Boogaert and Kouwe (1993-1997), ages of reflector A-D are constrained with well data (Van Qjik,

personal communication 2008).

To constrain possible activity phases of the intra-Chalk faults, four auxiliary reflectors (A to D) were
mapped (Fig. 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 (Fig. 3f and Fig. 4 a and
b). These faults were interpreted in vertical display with a line spacing of 1 to 5 (25-125 m), and on
depth slices in intervals of 50-200 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 only where the fault was clearly defined in the hanging 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 were the faults are most clearly
imaged (between reflector B and C).

To exclude 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 the interpretation were completely independent. Subsequently,
a series of independent surfaces of the same fault were constructed from the interpretations using the
Petrel algorithm “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, colour-coded
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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.

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 on the
Wallace and Bott criterion of minimum misfit angles (Wallace, 1951; Bott, 1959; Angelier, 1990), and
those based on the Mohr-Coulomb Criterion (Coulomb, 1776; Mohr, 1900), with a high shear-to-
normal-stress ratio. All methods require as input the combination of both 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 principle 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, 1984, 1990) and the Multiple Inversion
Method (MIM) (Yamaiji, 2000), a modification of DSI for separating inhomogeneous data sets. In
Wallace and Bott-based methods, 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

(@)
(o)
with g1-3 being the principle stresses of the in-situ stress tensor.
Methods based on the Mohr-Coulomb Criterion (Coulomb, 1776; Mohr, 1900) treat all faults as being
newly formed and require a high shear stress- to normal stress — 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 Mohr-Coulomb Criterion include Numeric Dynamic Analysis
(NDA; Spang, 1972; Sperner et al., 1993; Sperner, 1996) and the P-T-B axes Method (PTB; Turner,
1953; PTB; Sperner et al., 1993). These methods assume an angle of internal friction (©, generally
assumed as 30° for neo-formed faults, and 45° for reactivated faults, Sperner et al., 1993; and
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 kinematic ratio, but in the case of
coaxial, upper crustal deformation 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; llic and Neubauer,
2005; Sippel et al., 2009). Several workers combine the Wallace and Bott and Mohr-Coulomb- based
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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 Dihedra Method (Angelier and
Melcher, 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 calculation to work 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 preformed (Appendix
2). 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 g1 is a part of the P-dihedra of all faults, and
o3 is a part of all T-dihedra. By overlapping the P-T dihedra, orientation of g1 and gs 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.

Results

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 | 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 Il 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 athickness up to
400m. 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
thickness of the Lower Cretaceous does not change across the salt pillows and graben, and is about
50-90 m.
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Figure 5. a) Top Zechstein depth map with grabens and salt structures indicated. Yellow box
indicates present study area from figure 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 in Chapter 1.



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. 5¢), with the NE-SW 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.

Fault plane analysis

Figure 3 shows variance horizon maps for reflectors B to D 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 Figure 3a, the variance map of the base of the North Sea Group shows only major
faults in the SW and NW 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 of the predominantly NE-SW trending intra-Chalk faults, although some
faults are observed in different orientations. The variance map of reflector D (Fig. 3d) shows mainly
NE-SW oriented 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.

Figs. 4a and b shows that about 80% of the interpreted faults strike NE-SW and ca. 50% of the total
numbers of faults (62% of the NE-SW 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. Figure 6, shows series of
different interpolated fault surfaces for different interpretation 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
interpretation 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 direction (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 b-d) for comparison. Successful
transpositions (undulations that are clearly recognizable and can be independently interpreted on

these planes) are black lines, mediocre transpositions (undulations are recognizable, but only with the
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Figure 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 in Chapter 1, figure 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.

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 interpretation 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.

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.
Figure 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
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Figure 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 7a). The undulation axes shown in the figure are

taken from Fig. 6a.

angles (Fig. 6¢-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. 8c-g 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. 8d-g show 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 horizontal variance of
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Figure 8: Detailed observations of the link between fault interpretation and fault surface undulations.
For orientation and color key, see Fig. 6 and 7 A) a) Along-strike view of fault 2, showing the
different interpretations as spheres (with color denoting the interpretation, and the letters
corresponding to the position of 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 interpretatd points as spheres and
fault plane 4a -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.

the interpreted points is much smaller than the wavelength of the undulations, which are clearly seen
in all figures.

All surfaces in Fig. 6 and Fig. 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.
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Figure 9: Comparison of fault planes built using different interpolation methods. The input data is
fault 1a (Fig. 6). Fault surface colors denote dip-direction to show undulation as in Fig. 6 and Fig. 7.
The names of interpolation method are taken from the Petrel 2007 version. Default calculation

settings were used to calculate these fault planes

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 orientations that are present in three of the four
interpretation directions (Fig. 6, Fault 3, a-c). The reason for this could be that the oblique undulation
results of 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 orientation of fault 3 does not correspond to the general trend of the faults in the
study area (see stereoplot in Fig. 6). The comparison of fault planes in Fig. 9 shows that the
undulations are independent 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 undulations 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

67



Table 2

Right Dihedra

Polepoints/ Max. value: 10.7% Max. value: 0.17%
Datasets: 213 Datasets: 213 al: 20050 Datasets: 213 al: 000/ 90
density
|
i
/] 4
1A f /
l \ /
__-:’ Eigenval.
- ig1 183/89 0.55
Sy ~ Sig2 020/01 0.28
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Stress axes Mohr circle Histogram
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Datasets: 213
R=03119

30
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R=0.3119
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Table 2: Paleostress results calculated using a single dip-direction/ dip pair for every fault.

(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 interpreted 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 wit large slip are a lot smoother in the slip direction than small-scale faults (Sagy
et al., 2007; Lohr et al., 2008).

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
calculated 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 are 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
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Table 3 Right Dihedra

Polepoints/ Max. value: 7.96% Max value: 0.17%
Datasets: 7442 Datasets: 7442 at: 105/ 44 Datasets: 7442 at: 000/90

density
Eigenval.
g1 300/B9 0.54
Sig2 200/00 0.27
Contours at: Contours at Sig3 110/01 0.19
1.00 200 4.00 6.00 0.01 0.04 0.08 0.12 0.16
Kinematic/ Stress axes Strain/ Mohr circle Histogram
s
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%
Lambda3 40
Datasets: 7442
R=02669

R=0.2669

0.0 02 04, 08, 08 1.0 Sin(Error)
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Table 3: Paleostress results calculated using dip-direction/ dip data from every triangle of the

interpolated 3D surfaces.

the robustness of the results. The calculated paleostress axes show a vertical g1 and a NNE oriented
02. This stress states represents NW-SE extension. The stress ratio for the NDA-calculation has a
value of 0.31. The misfit 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 set consist 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 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 simplification of our first analysis is representative for the detailed fault shapes. Both the
NDA and the Right Dihedra Method calculated a vertical g1 and a NNE oriented g2. 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.
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Discussion

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 undulations 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). An additional
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 “interpretation 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).

Figures 6, 7, 8 and 9 show that the fault plane undulations are consistent in interpretations in different
profiles (Fig. 6, a-c/d) and have a wavelength 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.

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 unsuitable for paleostress analysis as

their formation is unrelated to tectonic events and due to their highly heterogeneous strike directions.
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Polygonal faults were first described in the Cenozoic mudrocks of the North Sea and have been
identified in over 50 sedimentary basins, predominantly in marine, 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 Cretaceous 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 Neotectonic movements 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 NW-SW
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 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 structures 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 seems most 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).

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 NW-
direction 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 NW-SW strike and NNW dip (Fig. 4b). This suggests that the NW-SE extension was

71



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 NE-SW 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 correspond to the NW-SE 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 (Chapter 1). 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; Chapter 1) 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 normally distributed
about pure dip-slip movement, a theoretical Monte Carlo study has shown for three different data sets
(Apendix 2) that the introduction of a normally 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, spread
over 200 km, 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 E-W
orientation, rather than the NE-SW orientation in Groningen. The E-W oriented faults seem generally
unaffected by the main tectonic trends of the area. The difference in orientation might result from a
difference in timing of fault formation (e.g. Gauthier et al., 2000 observed a Tertiary N-S extension), a
perturbation 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).

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.
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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 50 to 100 m,
though stress deflections are known to occur on this scale (e.g. Dupin et al., 1993; Angelier, 1994;
Gruenthal and Stromeyer, 1994 and Maerten et al., 2002). Discussions of the validity 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. The present study area is with 10 x 15 km much larger compared to outcrop paleostress
studies.

However, it must be noted that this is probably one of the most important aspects in which 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
distributed over a basin will allow recognition of the regional or geodynamical stress changes and their
controls. The second aspect in which seismic-basd 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 reasonably 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 system than outcrop studies.

To test this first order assumption of stress field homogeneity we sub-divided the study area in four
zones (Appendix 3). 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 (Chapter 1), 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 (Chapter 1), 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 actually makes the results here more robust, as the
reconstruction is assumed to introduce a lot of errors (Gartell 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 data sets would allow
for a detailed stress-map of the Upper Cretaceous in areas currently covered by post-Creatceous

sediments and/or water.
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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 Vandycke (2002) and Chapter 1, indicating that the studied faults

are very likely to be influenced by a regional stress field.
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Chapter 3: The internal geometry of salt structures - a first look

using 3D seismic data from the Zechstein of the Netherlands'

Abstract

We present a first look at the large scale, complexly folded and faulted internal
structure of Zechstein salt bodies in NW-Europe, using 3D reflection seismic data
from two surveys, on the Groningen High and the Cleaver Bank High. We focus on
a relatively brittle, folded and boudinaged, claystone, carbonate, anhydrite layer
(the Z3 stringer), enclosed in ductile salt. A first classification of the structures is
presented, and compared with observations from salt mines and analogue and
numerical models.

Z3 stringers can be reservoirs for hydrocarbons but also present a serious drilling
problem in some areas. Results of this study could provide the basis for better
prediction of zones of drilling problems. More generally, the techniques presented
here can be used to predict the internal structure of salt bodies, to estimate the
geometry of economic deposits of all kinds and locate zones suitable for storage
caverns.

Structures observed include an extensive network of zones with increased
thickness of the stringer. These we infer to have formed by early diagenesis,
karstification, gravitational sliding and associated local sedimentation. Later, this
template was deformed into large scale folds and boudins during salt tectonics. Salt
flow was rarely plane-strain, producing complex fold- and boudin geometries.
Deformation was further complicated by the stronger zones of increased thickness,
which led to strongly non-cylindrical structures. We present some indications that
the thicker zones also influence the locations of later supra-salt structures,
suggesting a feedback between the early internal evolution of this salt giant and
later salt tectonics.

This study opens the possibility to study the internal structure of the Zechstein and
other salt giants in 3D using this technique, exposing a previously poorly known
structure which is comparable in size and complexity to the internal parts of some
orogens.

Keywords: Zechstein; Salt tectonics; 3D reflection seismic; Folding; Boudinage.

Introduction

The sedimentary basins of NW Europe are classic areas of salt tectonics (Fulda, 1928; Richter-
Bernburg, 1953a; Ziegler, 1982; Taylor, 1998; Mohr et al., 2005; Geluk, 2007; Geluk et al., 2007;
Hubscher et al., 2007). The Dutch part of the Central European Basin contains five evaporite cycles of
the Late Permian Zechstein Group (Z1-Z5, see: Fulda, 1928; Ziegler, 1982; Best, 1989; Taylor, 1998;
Geluk, 2000; De Mulder et al., 2003; TNO-NITG, 2004; Wong et al., 2007), including a relatively brittle

layer consisting of anhydrite, carbonate and clay (the “Z3 stringers” 2).

1 Heijn van Gent, Janos L. Urai, Martin de Keijzer. Journal of Structural Geology. In press: Doi:
10.1016/j.jsg.2010.07.005.

2 The terms raft or floater are sometimes used to specify layered, competent inclusions in salt. The names raft

and floater imply buoyancy, but carbonate, dolomite and anhydrite have a higher density then halite and are

expected to sink under the influence of gravity over geological timescales.
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On the importance of stringers

A large part of the world's hydrocarbon reserve is associated with evaporitic deposits (Warren, 2006),
for example in the Central European Basin, the Caspian Sea, the Gulf of Mexico, offshore Brazil, and
the basins the Middle East. Prediction of the thickness, porosity, geometry and fluid fill of stringers is of
significant economic importance. In some settings in Europe as well as in Oman, stringers enclosed in
the salt are hydrocarbon reservoirs (Mattes and Conway Morris, 1990; Geluk, 1997, 2000; Peters et
al., 2003; Al-Siyabi, 2005; Reuning et al., 2007; Reuning et al., 2009; Schoenherr et al., 2009a;
Schoenherr et al., 2009b). Better understanding stringers in NW Europe can help the interpretation of
the complex geometry and history of the hydrocarbon-bearing stringers in the Ara Salt in Oman.

In addition, in most cases the Z3 stringer is considered a drilling hazard by operators in the Central
European Basin. The Carbonate Member of Z3 stringer can be significantly overpressured, with
pressures up to lithostatic (Williamson et al., 1997). Overpressures in stringers are difficult to predict.
When planning the well path, stringers are avoided where possible, and not drilled when strongly
folded and/or faulted. Zechstein salt is also used for different kinds of geological storage or solution
mining (Hofrichter, 1974; Coelewij et al., 1978; Bornemann, 1991; Fokker et al., 1995; Geluk et al.,
2000; Van Eijs and Breunse, 2003; Evans and Chadwick, 2009) and prediction of internal structure is

of major relevance in these fields (see Bornemann, 1991; Koyi, 2001; Chemia et al., 2008).

Internal and external salt tectonics

In the literature, salt structures are typically shown in two strikingly different ways. In studies using 3D
seismic and well data that focus on the sub- or suprasalt sediments and are typically hydrocarbon-
related, the evaporites are invariably shown as structureless bodies (for example: Jackson and
Vendeville, 1994; Jackson, 1995; Scheck et al., 2003; Mohr et al., 2005; Maystrenko et al., 2006).

On the other hand, studies of the internal structure of salt are typically salt-mining or storage-related
and are based on observations from mine galleries and borehole data (for example: Krische, 1928;
Richter-Bernburg, 1953a; Siemeister, 1969; Hofrichter, 1974; Richter-Bernburg, 1980; Jackson, 1985;
Richter-Bernburg, 1987; Bornemann, 1991; Smith, 1996; Behlau and Mingerzahn, 2001; Schléder et
al., 2008). These studies show the extremely complex internal geometry with less attention to the
structure of the surrounding sediments.

Detailed observations of salt mines and drill holes (with cm- to m-resolution) display a variety of
deformation structures in the salt on a wide range of scales (Krische, 1928; Richter-Bernburg, 1953a;
Lotze, 1957; Borchert and Muir, 1964; Kupfer, 1968; Muehlberger, 1968; Richter-Bernburg, 1980;
Schwerdtner and Van Kranendonk, 1984; Richter-Bernburg, 1987; Talbot and Jackson, 1987; Best,
1989; Jackson et al., 1990; Bornemann, 1991; Zirngast, 1991; Geluk, 1995; Burliga, 1996; Smith,
1996; Zirngast, 1996; Behlau and Mingerzahn, 2001; Siemann and Ellendorff, 2001; Schléder et al.,
2008). Observations (typically 2D to 3D in salt mines and 1D in storage or solution mining) include
boudins and folds together with shear zones (Bornemann, 1991; Geluk, 1995; Burliga, 1996; Taylor
1998, Behlau and Mingerzahn, 2001; Geluk, 2000).The folds have curved, open to isoclinal fold axes,
and boudins from mm- (Schléder et al., 2008) to km-scale (Burliga, 1996) are common. Cross sections

through the Zechstein in the Gorleben and Morsleben salt domes (Bornemann, 1991; Behlau
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Figure 1: Zechstein stratigraphy in the Netherlands (based on Van Adrichem-Boogaert and Kouwe,
1993-1997, Geluk, 2000 and TNO-NITG, 2004). In the right column the position of the three brittle
intervals in the evaporites is indicated. Only the Z3 stringer is visible in seismic reflection data, and

is fully encased in halite.

and Mingerzahn, 2001) show isoclinal folding of the Z3. Richter-Bernburg (1980) further describes
several examples of fold structures with amplitudes over half the height of the salt structures. Field
studies, from Iran and Oman have also shown the internal complexities of surface-piercing salt domes,
such as the distribution of different age salt, the position and internal deformation of solid inclusions,
the microstructures and, by inference, the deformation mechanisms (among others: Jackson et al.,
1990; Talbot and Aftabi, 2004; Talbot, 2008; Reuning et al., 2007; Reuning et al., 2009; Schoenherr et
al., 2009a; Schoenherr et al., 2009b; Desbois et al., 2010).

Numerical as well as analogue centrifuge and extrusion models of salt tectonics tend to assume
relatively homogeneous rheological properties (although mechanical stratigraphy is used), and
consequently produce relatively simple salt structures (for example: Jackson and Talbot, 1989, Van
Keken et al., 1993; Koyi, 2001; Schultz-Ela and Walsh, 2002; Talbot and Aftabi, 2004; Chemia et al.,
2008). It must be noted however that most of these models, do provide a way to study structural
evolution due to deforming meshes or the use of multicoloured analogue materials. Despite the
relatively simple rheological models, analogue and numerical models with mechanical stratigraphy
have shown the complex deformation associated with (brittle) inclusions in deforming ductile media
(see for example: Escher and Kuenen, 1929; Koyi, 2001; Goscombe and Passchier, 2003; Goscombe
et al., 2004; Zulauf and Zulauf, 2005; Chemia et al., 2008; Zulauf et al., 2009, Schmid et al. 2009).
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Aim of this work

In this paper we aim to contribute to the understanding of the structural style and geometry of the Z3

stringer, by describing detailed interpretations of two 3D reflection seismic surveys from the Dutch on-
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Figure 2: Location map of the study areas with the structural elements (image courtesy of
Nederlandse Aardolie Maatschappij) and Z3 paleogeography (after Geluk, 2000). On the Texel-
IJselmeer High and the Winterton High no salt is present. The NW-Groningen High study area is
indicated with a red dot and the offshore study area with a green dot. Locations discussed in the

text are indicated with yellow dots.

and offshore. We focus on thickness variations and structural style at the scale of 30 m to 20 km, to

draw inferences about sedimentary and diagenetic evolution and salt tectonic processes.

The stratigraphy of the Zechstein

In the Dutch subsurface, the Zechstein can be subdivided in a marine lower part (Z1-Z3) and a playa-
type upper part (Z4 and Z5) with more clastic deposits (Geluk, 1997, 2000). Z1 to Z3 follow the classic
carbonate-evaporite cycle: claystone- carbonate- gypsum- halite - and potassium- magnesium salts
(Warren, 2006; Geluk, 2000). The cycles correspond to major transgressions from the Arctic and

evaporation of sea water in the arid Southern Permian Basin (Fig. 1 and 2, Taylor, 1998). In the
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northern Netherlands deposition was relatively continuous, but the sedimentary sequence has major
periods of non-deposition in the south (TNO-NITG, 2004; Geluk, 2007, see also Fig. 1).
Z1 halite is absent in both areas studied in this paper (Taylor, 1998; Wong et al., 2007). The Z2 Main

Dolomite member and Z2 Basal Anhydrite Member (Stassfurt Formation) are deposited directly on top

-1000 m

-2000 m

Figure 3: N-S seismic cross sections trough the Groningen area. The main formation bounding
reflectors are indicated, as well as the top and base Z3 stringer. The Z3 stringer is relatively
continuous here, although breaks in the reflector are observed. Also note the roughly 500-700 m of
Z2 halite below the Z3 stringer (chaotic, weak reflectors), while above the stringer a few tens to 200
m of Z3 halite are observed between stringer and top Zechstein. The continuous, parallel reflectors
directly below top Zechstein are the Playa—type deposits of the Z4-cycles. Thicker Zones are
indicated with TZ.

of the Z1 anhydrite in both study areas. Therefore, up to the top of Z2 Anhydrite, all rocks are brittle
and coupled to the Rotliegend and underlying basement. The top Z2 Anhydrite reflector is therefore
used in this study to define top of mechanical basement (Fig. 3 and 4). The Z2 halite reaches a
primary thickness between 500 and 600 m in both study areas, which was later strongly modified by
salt tectonics (Taylor, 1998; Geluk, 2007; Geluk et al., 2007). Near the top of Z2 locally (not in the
study areas) thick deposits of potassium-magnesium salt layers are found (Geluk, 2007). The Z3 Leine
Formation starts with an approximately 1 m thick grey shale (Grey Salt Clay) with a high Gamma-ray
signal in wireline logs (Taylor, 1998). The overlying Platy Dolomite ( “Plattendolomit”) reaches
thicknesses of 30 m (Smith, 1995) to 75-90 m (Taylor, 1998) on the shelf, considerably more than in
the basin where it reduces to a few meters (Taylor, 1998). On top of the Platy Dolomite the Main
Anhydrite (“Hauptanhydrit”) is found (Taylor, 1998; Siemann and Ellendorff, 2001). In the Dutch part of
the basin the thickness of the Main Anhydrite increases from 3 m on the shelf to 45 m in the basin,
with local excursions to 100 m and complex changes in thickness (Rijks Geologische Dienst, 1991,
1993, 1995; Taylor, 1998; TNO, 1998; Geluk, 2000). Local variations in the Z3 anhydrite thickness
were first described by Fulda (1928) and were subsequently interpreted to result from a type of
gypsum diapirism or sedimentary swells, although some were interpreted to be tectonic in nature
(Langbein, 1987; Williams-Stroud and Paul, 1997; Bauerle et al., 2000).
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The Z3 Leine halite is overlain by two thick potassium-magnesium salt layers, with bischofite, kieserite,
carnallite and sylvite (Coelewij et al., 1978). Primary thickness of the Z3 halite is 200-300 m in the
Groningen and about 100 m in the offshore study area (Wong et al., 2007).

The Aller (Z4) and Ohre (Z5) formations consist of sabkha deposits and are quite thin (Geluk, 2007).
The Z6 and Z7 (Best 1989) are not found in the Netherlands. The youngest Zechstein unit is the Upper
Claystone Formation (ZUEC) which is between 10 and 50 m thick and is present in large portions of
the Dutch subsurface (Van Adrichem-Boogaert and Kouwe, 1993-1997; TNO-NITG, 2004; Geluk,
2007).

The Zechstein Carbonate facies (Z1, 22, Z3).

Zechstein carbonates in the Netherlands are subdivided in shelf, slope and basin facies (Taylor, 1998;
Geluk, 2000; Wong et al., 2007, see also Fig. 1). The platform carbonates consist of shallow water
deposits with occasional karst features (Scholle et al., 1993; Southwood and Hill, 1995; Strohmenger
et al., 1996). The carbonate members are thickest in the slope, where individual reefs and off-platform
highs, as well as gravity flows are found (Geluk, 2000). The basin facies was deposited in water
depths up to 200 m and can contain high Total Organic Carbon (Geluk, 2000).

Z3 Stringers in Seismic Data

The high acoustic impedance contrast between the stringer and surrounding halite makes the Z3
stringer image reasonably well in seismic data (Fig. 1, Fig. 3). The stringer is visible as a pair of
parallel loops in the relatively transparent halite. Imaging limitations are related to frequency content
and noise level of the seismic data, to the thickness of the layer and to the local high dip of the layer
(Sleep and Fuijita, 1997). If the thickness of the stringer is below the tuning thickness of about 30-35 m,
exact thickness determination from seismic data is not possible (and thickness will be overestimated).
Sections of the stringer with thicknesses below ca. 10 m are not resolved. However, the majority of
stringers in the study area are typically 40-50 m thick, with local excursions up to 150 m or more (see
below). The internal structure of the stringer generally is not resolved, probably because of the low

impedance contrast between anhydrite and carbonate.

Study areas and methodology
We studied stringers in two areas: the Groningen High, and the Cleaver Bank High (Fig. 2).

The Groningen High

The first study area is 20 by 30 km and is located on the Groningen High (NE Dutch onshore, Fig. 2,
Chapter 1). The Groningen Gas Field (Fig. 2) contains one of the largest gas reservoirs of the world
(Stauble and Milius, 1970; Wong et al., 2007). Mohr et al. (2005) showed that salt tectonics in the
nearby Ems Graben initiated during the Early Triassic with subsequent phases in the Late Triassic and
the Upper Cretaceous/Lower Tertiary. There was little or no activity between the Jurassic to Lower
Cretaceous. The stringer is clearly visible in the seismic volume (Fig. 3). The data from this area is part

of a large, merged, 3D pre-stack depth migrated seismic data set, provided by the Nederlandse

88



a) Depth Top Z2Za Basal Anhydrite b) Depth Top Zechstein c) Depth Top Stringer

-3500m ~3000m -2600m -3000m  -2000m 100w -3000m 2000m  -1400m

d) Stringer th?ckness e) Thickened Zones are preferentially f) All thickened zones are synclines
dreped overTop stringersurfece located in salt withdrawl areas.

Stringer Thickness

om 50m 150m Surface d) Surface e)

Figure 4: a) Depth top Z2 Anhydrite map, which assumbed here to be the top of the mechanical
basement. b) Depth top Zechstein. Note the structures indicated. c) Depth top Stringer map. Star
denotes location where a large scale harmonic fold is disturbed by a TZ (see section 5.4.1.3 for
description). d) Thickness of the Zechstein Z3 stringer, draped over the obliquely lit top stringer
surface. Note the variations in thickness and the distribution of the grey areas where the stringer is
less than 5m thick (and assumed to be absent.). €) Smoothed top stringer depth map, with a
discrete stringer thickness map draped over it. Dark grey means stringer is thicker than 50 m, grey
is between 5 and 50 m and white is thinner than 5 m (assumed to be absent). Note that the thicker
zones always lie in the large scale synclinal (deeper) sections of the stringer. f) Comparison of the
present, detailed geometry of the top stringer depth map (c, red) and the smoothed depth map (e,
yellow) and the thicker sections (above 50 m). Note that the stringer is always thicker in those areas
where the original depth map lies below the smoothed surface - i.e. the TZ are dominantly found in
local synclinal structures. The inset shows in cross section how the overlapping of the original (red)
and smoothed (yellow) surface shows that TZ only occur in synclines.
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Aardolie Maatschappij BV (NAM, a Shell operated 50-50 joint venture with ExxonMobil). The
horizontal resolution and seismic positioning uncertainty are around 50-75 m, with the seismic bin size
being 25 m. Vertical sampling is 2 to 4 milliseconds. In total over 250 wells were drilled in the

Groningen area.

The Western Offshore

The second study area, a 20 by 20 km survey, is located in the Dutch offshore (Fig. 2), on the Cleaver
Bank High (CBH), directly north of the Broad Fourteens basin, and is in close proximity to the Sole Pit
Basin and the Central Graben. During the Late Carboniferous, Saalian tectonic phase, the CBH was
tectonically active and uplifted. Between the Permian and the Middle Jurassic the CBH was quiet, but
during the Late Jurassic to Early Cretaceous the CBH was uplifted and deeply eroded (Ziegler, 1982;
Van der Molen, 2004; Duin et al., 2006). However, the study area is located outside the most important
zone of erosion (Fig. 2, Van Hoorn, 1987; Van Wijhe, 1987; De Jager, 2003; Wong et al., 2007).

Top Zechstein is dominated by a NNE striking salt wall with minor grabens on both sides in the
suprasalt deposits. The salt wall has a listric fault and asymmetric graben above its crest, (Fig. 7, cf.
Remmelts, 1996). The sub-salt top Rotliegend horizon shows three fault trends (Fig. 8). The first, NW
striking trend is associated with Variscan wrench faulting (Ziegler, 1982). The second, NNE trend, is
parallel to the salt structure and may be related to the Central Graben / Broad Fourteens Basin fault
system (see Fig.2). The third trend is a minor, approximately E-W fault system, which is related to the
northern border of the Broad Fourteens basin.

Depth and thickness maps of the suprasalt deposits show that the faults parallel to the NW trend
clearly influenced the younger deposits (cf. Fig. 8 and 9).

The seismic data used for this area was also provided by NAM. The horizontal resolution and seismic
positioning uncertainty are typically around 50-75 m (as the seismic bin size is 25 m). Vertical

sampling is 2 to 4 milliseconds. Well control is provided by a dozen production and exploration wells.

The workflow

In addition to the interpretation of the Z3 stringer, sub- and supra-salt reflectors and major faults were
used to establish a geological framework. We used the seismic interpretation package Petrel 2005 and
Petrel 2007 (Schlumberger).

Starting from an existing interpretation (Joris Steenbrink, personal communication, 2007) in the
Groningen area, the complex geometry of the stringers was studied by detailed manual interpretation.
The stringers were interpreted on a 100 x 100 m seed grid, followed by seeded autotracking with a
very low level of tolerance. This means in practice that the interpretation software only extends the
manual interpretation a few lines away from the seed. In Groningen the Z3 stringer can be mapped
with high confidence (Fig. 3). The occurrence of overlapping stringers in the offshore area (Fig. 7)
provides a challenge when interpreting horizons because of the limitation of a single z-value at any x-
y- location in the interpretation software.

In both areas the stringer is locally less clearly defined or absent: either only one loop is visible or

there is no reflector visible at all. A stringer was only interpreted in locations where both loops were

90



Typell

(thust and
occasional
Typelll
(normal fault)

e)

91



Figure 5 (previous page): (a) Observations of the Z3 stringer in the Groningen area, based on a
shaded oblique view of the top stringer (arrow points north, green is up, red is down). The stringer
thickness (Fig. 4d) is projected on the surface, with thickness less than 10 m is gray. Also shown is
the top Zechstein (white contours), and locations of cross sections shown in b — f as well as those in
Fig. 6. Vertical exaggeration is 2x. Star is in the same location as in Fig. 4 and 5. Note how the TZ
in all cross sections are always in a syncline (Fig. 4f).

b): Cross section of internal thrusts (Type I), gaps and folds in a cross section through the TZ. Note
that the TZ is located where the stringer is low. Reflectors have the same colours in the following
cross sections.

c) Close-up cross section of an internal thrust in the stringer (Type ).

d) Cross section of Type Il TZ

e) Conceptual sketch of Type | and Type Il TZ.

e) Cross section showing Type | and Type |l TZ in the same profile.

visible. In the surface- building interpolation step this resulted in two continuous and overlapping
surfaces in the areas without a reflector. In the Groningen area, we used the imaging resolution to
define a threshold value (5 m) for the distance between these surfaces to locate “holes” in the stringer
(Fig. 4d and 5a). The exact value of this threshold is not critical because the transition from seismically
visible stringer to zones without visible stringer is abrupt. These holes correspond closely to the areas
without well-defined stringer reflectors in cross section (compare for example Fig. 3 and 4d, as well as
Fig. 5).

In the offshore area we completed two different interpretations of the stringers. First, stringers were
interpreted as a horizon, with very low tolerance auto tracking around the manual picks. Here we
consistently chose the higher stringer in case of overlap. A continuous surface was thus created over
gaps in the interpretation.

In addition, we manually interpreted stringers using the "Fault Interpretation” routine of Petrel in cross
sections, at 100 - 200 m spacing to define a point cloud of 54000 points. Although no realistic surface
can be created in the interpretation software from these data points, this allowed interpretation of
overlapping and near-vertical parts of the visible stringers, and was used to study more complex 3D

structures (see sections 5.2 and 5.3).

Stringer geometry

Groningen

The Base Zechstein map (top Z2 Anhydrite, Fig. 4a) shows a number of basement faults with offsets
up to 300 m, while the top Zechstein map (Fig. 4b) shows a few salt pillows flanked by a graben, and a
central area where top Zechstein is relatively horizontal at 2000 — 2200 m. Thickness of Zechstein is
about 1000 m, increasing up to 2000 m in the salt pillows.

Although the original stratigraphic position of the Z3 stringer is about 200 to 300 m below top
Zechstein, in its present geometry (Fig. 3, 4d, 5 and 6) its position varies from very close to top
Zechstein, to very close to top Z2 Anhydrite. In the central area (away from the salt pillows) the
enveloping surface of the stringer is sub-horizontal and approximately in its original stratigraphic

position (Fig. 4c). In what follows, we focus on areas with anomalously thick stringers, on areas where
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stringers are not visible, and on folds of different wavelengths, orientation and amplitudes (Figs. 3, 5
and 6).

Stringer thickness distribution

The observed stringers usually have a rather constant thickness of around 40 m, with areas of
increased thickness (up to 150 m). We call these TZ (Thicker Zones; Fig. 3). A stringer thickness
distribution map is shown in Fig. 4d and 5a (areas with no visible stringers - as defined above - are
grey).

We studied 7 wells that penetrate the visible Zechstein stringer. In those wells that penetrate a TZ, the
stringers are 80-125 m thick with two strong Gamma Ray peaks: one in the basal claystone and a
second peak at the top. In all wells penetrating seismically visible stringers outside the TZ, stringer
thickness is around 50 m with only one GR peak in the basal claystone.

In the stringer thickness map (Fig. 4d), a clearly defined regional network of up to 400 m wide, long,
branching TZ are seen throughout the area (red and yellow colour in Fig. 4d and Fig. 5a, dark grey in
Fig. 4e and 4f). These zones are curved, and are connected at triple (rarely quadruple) junctions. TZ
are synclinal (never anticlinal) in shape and lie below the stringers’ enveloping surface (Fig. 4e, 4f and
5).

In more detail, in cross section, TZ can be () symmetric, with two overlapping top stringer reflectors
(top Main Anhydrite), and top stringer slightly raised in the thickest section (Fig. 5a, b, ¢ and e and 6c¢)
and a continuous base (Fig. 5 a, b, ¢, and e), or (ll) asymmetric, with the stringer invisible on one side
of the TZ (Fig. 54, e, f). In the Type | TZs, structures that appear to be internal thrusts are interpreted
(Fig. 5¢), but it can not be ruled out that this is an imaging effect.

There is at best a weak correlation between Rotliegend faults and TZ. In the south of the study area
TZ is only roughly parallel to the Rotliegend fault trend, while the NE-SW oriented TZ along the
western edge of the survey is perpendicular to this trend (compare Fig. 4a and 4d). There is however a
clear correlation between TZ and the topography of top Zechstein (compare Fig. 4b and 4e), as well as
in local depressions of the stringer (Fig. 4e and 4f): TZ are dominantly found in areas where top

Zechstein is deep.

Folds

The enveloping surface of ZE3 forms 10 km-scale fold structures which are harmonic with the top
Zechstein (Fig. 3 and 4). TZ are located in the synclinal hinges of these large scale folds. In the area
marked with a star in Fig. 4c, d, and Fig 5, (also visible in Fig. 6a), a TZ crosses an anticlinal structure.
Here the amplitude of the anticline is much lower than in the rest of the fold.

On a smaller (km) scale, fold structures also exist, most clearly expressed in areas away from the TZ.
The seismic section in Fig. 6d is parallel to the E-W diapir (see Fig. 5 and 6b). A number of low
wavelength (200 m) folds are observed in the stringer, while the Z2, Z4 and Z5 are not folded in the
same way. Since the latter are mechanically coupled to the basement and top salt respectively, this
suggests that the folding of the Z3 solely results from movements in the salt. These folds have fold
axes perpendicular to the axis of the diapir (Fig. 6b). Fig. 6¢c shows a similar structure of folds in an

area
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Figure 6: Observations of folds and boudins in the Groningen Area.

a) Oblique view of the top Stringer horizon with zones thinner than 5 m made transparent to show
top basement (grey) below. View directions of b) and c) are indicated in a).

b) Oblique view of the constrition folds south of the EW diapir. Note how the TZ crossing the diapir
influences the orientation of the holes in top stringer. Width of image about 10 km.

c) View of constriction folds on the flank of a salt structure in the south of the study area. Also note
the slightly raised centre of the TZ in the valley at the base of the pillow. Width of image about 8 km.
d) Cross section perpendicular to the fold axes, location shown in yellow in b) showing open folds
(note vertical exaggeration). Also note the TZ in the most Western part of the cross section.

e) Cross section parallel to the fold axes, location shown in yellow in b), cutting the diapir. The
profile shows a series of broken, asymmetric monoclines with wavelengths between 250 and 1000

m. See discussion for interpretation of these structures.



-3000 m

-2000 m

Figure 7: Cross sections through the Western Offshore area. For locations see Fig. 8d. Note the
boudins (see discussion) and that the isoclinally folded stringers are located close to the inverted
basement blocks. The isoclinal fold in the N-S cross section is also shown in Fig. 11a and d.

with fold axes running up the crest of a salt pillow and wavelengths of a few 100 m. The observed fold

axes in Fig. 4, 5 and 6 generally are in the dip direction of the Z3 enveloping surface.

Areas with no visible stringer

Areas with No Visible Stringer reflector - called ANVIS - are common in the Groningen study area. In
some cases, TZ is spatially related to ANVIS in sub- parallel, occasionally en-echelon, zones (ANVIS,
key 1 in Fig 4d, Fig. 5 a, b and ¢ and Fig. 6e). In other areas, ANVIS have no apparent relationship
with TZ but are related to the E-W striking salt diapir in the north of the area (key 2 in Figure 4d).
These ANVIS are clearly elongated and sub-parallel to the axis of the diapir on its southern side, most
clearly expressed where no TZ is present. On the northern side of the diapir ANVIS are also present
but here the presence of TZ do not allow a clear attribution to TZ or the diapir. The cross section in

Fig. 6e cuts through these gaps showing a series of asymmetric monoclines with lengths between 250
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and 1000 m. The Z4 and Z5 reflectors in this area do not show the same structure, suggesting once
again that the Z3 salts serve as a decoupling layer.

In 4 wells penetrating ANVIS, 2 wells encountered no stringer. In one case a very thin (10-20 m)
stringer was encountered. Finally, one well in an ANVIS penetrated a 100 m long, steeply dipping
stringer section, this shows that the stringers® visibility can be limited by their dip.

In the east of the survey, the roughly N-S oriented TZ intersects the E-W diapir (Fig. 4d and Fig. 6d).
Here the ANVIS which is sub-parallel to the diapir crest further west curves towards the diapir and the

diapir is also narrower here. This may suggest that TZ are older than ANVIS.

Western Dutch offshore

Compared to the Groningen area, the Z3 stringer in the offshore study area has a much more complex
structure. In seismic cross sections (Fig. 7, indicated in Fig. 8d) the visible Z3 stringer is less
continuous and varies strongly in depth over short distances. The stringer is more intensely folded and
frequently offset vertically over more than half of the total Zechstein thickness. The Mesozoic tectonic
inversion of the Broad Fourteens basin is manifested in several inverted basement blocks in the area
(Fig. 7).

The individual interpreted stringer fragments in this area are relatively chaotic, with a weak trend of
their long axis parallel to the axis of the salt wall in the east (Fig. 8c and d). Additional trends are
recognized, for example the alignment of stringer fragments along the NW-trend of basement faults in
the NW of the study area (Fig. 8) and along the NW-SE trending faults in the overburden (Fig. 9).

The stringer surface which was created by horizon interpretation, autotracking and surface
interpolation, is, as expected, quite similar to the point cloud interpretation which was created using the
fault interpretation routine (in areas with no overlapping stringers - compare Fig. 8c and Fig. 10). The
point cloud however, shows locally a high level of additional complexity (Fig 11). TZ were not observed
in this survey; where the stringer could be interpreted, the top and bottom reflector was about 40 m
apart. ANVIS occurred in a larger fraction of the area than in Groningen.

At the regional scale, top Rotliegend shows several inverted blocks (Fig. 8a) and top Zechstein shows
the NE-SW striking salt wall with two secondary, NW-SE striking graben structures which are all
clearly associated with fault systems in the overburden (Fig. 8b and 9). On average the stringer is
several hundreds of meters higher on the west-side of the salt wall than on the east side. The Z3
stringer is very close to the top of the inverted basement blocks in almost every case studied (see also
Figs. 7 and 11).

Stringer surface geometry

The base stringer is shown in Fig. 8e and Fig. 10. There are a number of clearly defined structural
elements. Firstly, the enveloping surface of the stringers follows the large scale salt wall (Fig. 7a en
8b). In the areas where the stringers can be auto-tracked and dip less than 30 degrees (areas with
bright colours and grey dots in Fig. 10) the surface shows gentle, open folds (F in Fig 7 and 8e) with a
wavelength of around 400 m and amplitude less than 200 m. Fold axes are usually curved and do not

show a clear preferred orientation. Second, the surface is frequently offset (O in Fig. 8, see also Fig.
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Figure 8 (previous page): Maps from the Western Offshore area. a) Depth map top Rotliegend, note
the different structural trends and the inverted blocks. b) Depth map of top Zechstein. c) Depth of
the point cloud of the manually interpreted Base Stringer. d) Same as ¢) but overlaid on depth top
Rotliegend surface and with contour lines of depth top Zechstein. e) Depth of interpolated base
stringer surface, based on autotracking plus interpolation interpretation. F denotes fold axes, O
means vertical offsets, see also Fig. 12. f) Only displaying the offset-parts of the autotracked and
interpolated base stringer surface with a dip higher than 35°, marked O in e). Sections are coloured
for dip value. Note the extremely complex pattern of offsets. A movie of the comparison of the
autotracked and manual interpretations of the stringer can be found on our website and YouTube

Channel (www.ged.rwth-aachen.de)

12) along steep (steeper than 35°, grey in Fig. 10 and steeper than 45°, grey in Fig. 12) discontinuities.
This offset can be more or less symmetric (graben like, G in Fig. 8 and 12) or monoclinal (M in Fig.
12). The offsets can be small and become zero towards the tip of the steep zone, but also up to 1000
m vertically, offsetting the stringer across almost the whole Zechstein. In map view, these
discontinuities have a peculiar, curved morphology (Fig. 8f) with no clearly defined preferred
orientation. In the point cloud some of these offsets resemble ductile ruptures (Fig. 11c). Fold axes are

often at right angles to these offsets.

Areas with no visible stringer in the Western Offshore

Stringers are usually not visible in the steeply dipping discontinuities described above (see Fig. 10 and
Fig. 12). However, in relatively flat-lying parts the stringers are also frequently not visible. Some of
these ANVIS can be shown to be related to the basement structures (Fig. 8) or to structures in the
overburden (Fig. 9). Other ANVIS like those in the east of the survey (Fig. 8c and d) are parallel to the

salt wall.

Folds

The open folds (Fig. 7, 8 and 12), in the area have been described above. More striking are parts of
the stringers which form complex, three dimensional, tight to isoclinally folded surfaces defined by the
interpreted point cloud (Fig. 11). Visualization of these surfaces is difficult because of software
limitations, and analysis of the structures was best done by interactively rotating the point cloud and
defining the folded surfaces by visual inspection. In Fig. 11a, b and d some of these structural
elements are shown as the raw point cloud together with a basic interpretation. It is striking that these
structures have been only observed in direct proximity of inverted basement blocks.

Movies where of the point clouds shown in Fig. 11 are rotated to get a better feel for the 3D structure
are available on our website and YouTube Channel (www.ged.rwth-aachen.de &
www.youtube.com/user/StrucGeology). Here also a direct comparison between the horizon and fault

interpretation of the offshore study area can be found.

General description of observed fold types

Both in the Groningen area and Offshore study area, folds are observed at different scales and with

different morphologies. The structures can be classified in the following four different groups: (1) diapir
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scale folds, (2) “constriction” folds, (3), strongly non-cylindrical structures and (4) isoclinal folds inside
the salt structures. We will now discuss the interpretation of these in detail. We note here that our
descriptions follow the “classical” fold description methods, focusing on 3D extrapolations of
essentially 2D observations (Lisle and Toimil, 2007, Schmid, et al, 2009). Defining the folded surfaces
using differential geometry (Lisle and Toimil, 2007, Mynatt et al., 2007) will be used in a follow- up

project.

Diapir-scale folds

At the regional scale of the salt structures the Z3 stringer resembles the top Zechstein surface (Figs. 3,
4,7 and 8). This produces large, regional folds in the stringer’s enveloping surface which are harmonic
with the large scale salt structures and are therefore interpreted to reflect the large scale flow paths
during salt tectonics. The other three types of structures are disharmonic to this movement, and
interpreted to result from local deviations from the relatively simple deformation pattern expected (see
Fig. 13a and d).

“Constriction” folds

When the fold axes are steeply dipping, folds in the Groningen area (Fig. 6) are interpreted as
“constriction folds” similar to “curtain folds” (but the latter have vertical fold axes). These reflect
simultaneous shortening and extension in the surrounding salt (cf. Zulauf and Zulauf, 2005, see also
Fig. 13d) and implies that stringers underwent significant internal deformation and do not deform in a
fully brittle fashion. Similar structures were described in many other studies in salt mines (see for
example: Lotze, 1957; Richter-Bernburg, 1980; Talbot and Jackson, 1987; Bornemann, 1991; Jackson
et al., 1996) and in experiments (Escher and Kuenen, 1929; Jackson and Talbot, 1989; Koyi, 2001;
Goscombe and Passchier, 2003; Goscombe et al., 2004; Zulauf and Zulauf, 2005; Chemia et al.,
2008; Zulauf et al., 2009). Particularly the results of Callot et al. (2006) are very similar to the observed
structure in Groningen directly south of the E-W diapir (here the pattern of holes in the stringer around
the E-W diapir is similar to the pattern of ruptures in the analogue models, see also Fig. 13d). The
open folds with subhorizontal fold axes (Fig. 8e and Fig. 9) in the Western Offshore study area can
also be interpreted to result from a constrictional process as the stringer moved along with the salt into

the salt structure, (see Fig. 13c).

Strongly non-cylindrical structures

Two types of non-cylindrical folds (see Pollard and Fletcher, 2005 for definitions) are observed. The
first type is illustrated in Fig. 5 and 6a with a relatively large anticlinal stringer fold, harmonic to top salt,
which is bisected by a TZ at a high angle to the fold axis. The axial surface of this fold is
(approximately) planar, but the fold hinge is lower where the TZ crosses this structure. We infer that
TZ had a mechanical effect which influenced the buckling process and locally led to a longer
wavelength, lower amplitude fold structure (Fig. 13 b, Ramsay, 1967). Experimental and numerical
modeling of the development of folds in layers with strongly variable initial thickness (Grujic, 1993;
Grujic et al., 2002) is in agreement with this, but much more work is needed to allow a full

interpretation.
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a) Base North Sea and Stringer distribution b) Detail of a) showing un-aliased interpretation
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Figure 9: Correlation between the stringer distribution and overburden structures. a) Base North
Sea Super Group (Base Cenozoic) reflector depth map, overlain by map showing where stringer
interpretation is present (black points). Note the correlation between the NW-SE oriented structures
in the depth map and the ANVIS in the stringer. b) Detail of a) showing interpretation of the stringer

as individual points.

The second type of non-cylindrial folds is observed in the offshore area. Here large areas of low
amplitude folding with con-cylindrical axial planes, but relatively horizontal fold hinges (Fig. 13 c,
Pollard and Fletcher, 2005), are found (Fig. 8e and Fig. 9). These are very similar to structures formed
in deformation of a constricted layer (Schmid et al., 2009) and constrictional plasticine experiments
(Zulauf and Zulauf, 2005).

Isoclinal folds inside the salt structures

Although reliable interpretation of steeply dipping, complex structures is difficult, it is tempting to
interpret tight to isoclinal folds in the stringers in a number of areas in the western offshore (Figs. 7 and
11). The structures shown in Fig. 11 closely resemble those documented in large salt structures by
underground studies (cf. Krische, 1928; Richter-Bernburg, 1953a; Bornemann, 1991; Burliga, 1996;
Behlau and Mingerzahn, 2001; Schléder et al., 2008) and experiments (Koyi, 2001; Callot et al., 2006;
Chemia et al., 2008), and we propose that the high quality of the seismic data allows the 3D mapping
of these structures in our study areas. These folds show strongly curved axial planes and fold axes,
and are associated with ruptures in the stringer (see below). In the regions where these structures

dominate, deformation at the scale of the salt dome was clearly much more heterogeneous.
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Discussion

Interpretation of the Thicker Zones

The thickness of the Z3 stringer in the Groningen area and in the Western Offshore is generally about
40 m. Similar Z3 units are between 30-50 thick in Poland, UK and Germany (Richter-Bernburg, 1980;
Bornemann, 1991; Burliga, 1996; Smith, 1996). This shows that the thickness of the undisturbed Z3
stringer is relatively constant over large areas of the Zechstein basin, but local deviations are present
like in the Blijham area (south of the Dollard Bay, Fig. 2) where the stringer is 80-90 m thick, perhaps
related to the proximity of the off-platform shoal (Fig. 2). Complex thickness variations are observed on
the hydrocarbon field-scale. Examples include the Vries area, south of Groningen (see Fig. 2 for
location) and several other locations in the Netherlands (Rijks Geologische Dienst, 1991, 1993, 1995;
TNO, 1998; Geluk, 2007; Geluk et al., 2007, this study).

Thickened zones (TZ) in this study were only observed in the Groningen study area and their
increased thickness in seismic data is consistent with well data. They form a branching network (Fig.
4d-e and Fig.5) of approximately in 4-5 km wide synclines (never anticlines), where the TZ is about
400 m wide and 300 m deeper than the surrounding stringer (Fig. 4f). In synclinal areas between salt
pillows where the present-day top Zechstein is deep, TZ are more frequent than in areas where this
horizon is shallow (Fig. 5 & 4f). In cross section at smaller scale, we observe internal overlapping
reflectors and clear geometrical difference with respect to the surrounding thinner stringer (Fig. 5). In
many cases, there is an ANVIS zone parallel to the TZ where the stringer is not visible.

The pattern of TZ and the peculiar internal structure can not be explained by salt tectonics and
basement-related faulting alone. In the following section we present one possible interpretation of the
events leading to the development of the observed structures, other interpretations are certainly
possible. We assert the formation of these structures to be the product of sedimentary and diagenetic
processes, modified by deformation in the flowing salt. Keeping in mind the fact that the seawater
during deposition of the Z3 stringer (clay, carbonate, anhydrite) is undersaturated with respect to the
underlying Z2 Halite, it is clear that any pathway for circulation of this seawater into the underlying Z2
halite will lead to strong dissolution, a system of karst caves and collapse structures which enhance
further dissolution. Several authors describe sinkholes and collapse breccias related to karst in Z1
platform carbonates (Scholle et al., 1993; Southwood and Hill, 1995; Strohmenger et al., 1996). The
early evolution of salt giants is still enigmatic (Hibscher et al., 2007), particularly with respect to
karstification (Langbein, 1987). It is also possible that subtle (tectonic) movements during Zechstein
times (Geluk, 2005) played a role in the development of the regional depressions and the incipient
rupture of the Z3 clay, allowing solution of the Z2 evaporites.

Our preferred scenario involves the formation of 4-5 km wide depressions after deposition of the Grey
Salt Clay (otherwise a thicker clay would later prevent groundwater circulation and formation of karst).
In these depressions, during or after the deposition of the Z3 Anhydrite (but before the start of
deposition of Z3 Halite from hypersaline brines), minor salt deformation led to the formation of an open
fracture system in the Z3, allowing NaCl-under-saturated brines to circulate into the Z2 Halite. This led
to the formation of an extensive network of dissolution channels and collapse of overlying Z3. Sections

of the Z3 stringer on the edges of the collapse zones ruptured and slid down the slope forming the
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Figure 10: Depth interpolated base stringer surface, based on autotracking and interpolation and
the autotracked interpretation (as black points). Also shown are those areas where the dip of this
surface is larger than 45° (ANVIS, grey, compare with 8e and 8f). ANVIS in areas where the surface
is relatively flat-lying is shown by the absence of points in the coloured map. We interpret these
ANVIS to represent boudin-necks in the stringer (see Fig. 10b). Also shown are several locations of
the graben-type offsets (G) and the locations of detailed views in Fig. 12.

ANVIS sub-parallel to TZ (Fig. 4 and 5). The slides collect at the base of the valleys resulting in the
strongly deformed and tectonically thickened Z3 (TZ) observed in cross sections (Fig. 5). In the
Groningen area, the presence of what appears to be internal thrusts in seismic cross sections and the
presence of TZ in synclines rules out the interpretation that TZ are anhydrite diapirism, as these
structures generally have a flat base (Fulda, 1928; Langbein, 1987; Williams-Stroud and Paul, 1997;
Bauerle et al.,, 2000). The observed structures are more compatible with early sliding structures
(Richter-Bernburg, 1953b; Evrard et al., 2008).

The incursion of sea water into the Southern Permian Basin that is related to the deposition of the Z3
Stringer, represents the most important Zechstein transgression and flooding of the Southern Permian
Basin (Geluk, 2007). Little is known of structures formed during the re-flooding of the centre of large
salt basins, as most information is from the edge of the basins (Barber, 1981; Blanc, 2002; Rouchy

and Caruso, 2002; Loget et al., 2005; Cornée et al., 2006). It is however easy to imagine currents
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a) vx2 b) vx2

Figure 11: Detailed observations of selections of the manual (point cloud) interpretation of the Z3
stringer in the western offshore study area. See Fig. 8 for locations. a) Large scale isoclinal fold,
connected to a stringer with a dome-like shape. Black lines are manually drawn to illustrate the
general shape. Note the proximity of this structure to the inverted basement (grey surface). Vertical
exaggeration 2 x. b) Isoclinal fold close to inverted basement. Black lines and yellow surface
indicate rough shape of the stringer. Vertical exaggeration 2 x. ¢) Detailed view of overlapping
stringers in the Western Offshore area. Yellow planes are ANVIS, yellow lines are parallel to fold-
axes in this part of the stringer. No vertical exaggeration. d) Combined point clouds of a) and b).
Note how the fold hinges align (yellow line).

Movies of the rotating point clouds of fig. 11 a, b and ¢ can be found on our website and YouTube

Channel (www.ged.rwth-aachen.de).

(perhaps from the off- platform high; Fig. 2 and Bauerle et al., 2000; Geluk, 2000) during Z3 carbonate
deposition having formed erosional or karst structures when (halite- undersaturated) sea water was
flowing over a halite substrate covered by a thin Grey Salt Clay layer. Sub-areal karst in salt forms the
same structures as carbonate karst, but at faster rates (Bosa et al., 1999). In fact, the shape of the
water-filled caves mapped by Bosa et al. (1999) including triple junctions, is remarkably similar to TZ in
Groningen.

The formation of thicker zones in a deforming layer has significant implications for the evolution during
salt tectonic deformation. Since the stringer is more competent than the surrounding host, the thicker
zones of these layers represent stronger zones in this layer and will therefore be more difficult to

deform. This will for example lead to different dominant wavelengths in folds (Ramsay, 1967; Grujic,
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Figure 12: Detailed observations of the auto tracked base stringer interpretation (points), overlain by
the interpolated surface (as in Fig. 8e and 9). Those sections of this surface that dip steeper than
45° are grey. Locations of detailed views are shown in Fig. 9. Indicated are monocline like offsets
(M) in a) and c) and graben like offsets (G) in b) and d). Note the differences in ANVIS where the
stringer is quite flat (no points on coloured surface), like in a) and b) and those steeper than 30° (no
points where the surface is gray). Note the curved shape of all ANVIS in map view. The vertical

exaggeration is 2 x.

1993; Grujic et al., 2002). The thicker zones clearly influence the patterns of ANVIS and fold geometry
in the study area (Fig. 5 and Fig. 13b).

Gravity-induced sinking

The density of natural halite is about 2200 kg/m3, that of anhydrite is about 2900 kg/m3, and dolomite
has a density of 2850 kg/m3 (Lide, 1995; Koyi, 2001; Chemia et al., 2008; Li et al., 2009). This density
difference makes the stringers negatively buoyant and they tend to sink if the rheology of the
surrounding salt allows this to happen at geologically significant rates.

The question of gravity-induced sinking of stringers has been a subject of much controversy (Gansser,
1992; Koyi, 2001; Callot et al., 2006; Chemia et al., 2008; Urai et al., 2008). Analogue and numerical
models show that dense blocks in diapirs sink when the diapiric rise velocity is not sufficiently high to
keep the blocks in the diapir (Koyi, 2001; Callot et al., 2006; Chemia et al., 2008). However, estimates
of the in-situ rheology of salt vary widely (cf. Urai et al., 2008), and consequently there is much
uncertainty about the expected in-situ sinking rates. It would therefore be useful to obtain additional
constraints based on our results on this process. Diagnostic structures which allow separating salt
tectonics-related and gravitational sinking- related processes are difficult to define but could consist of

a correlation between vertical position of the stringer and stringer size (Li et al., 2009). Such a
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a) Sketch of plane strain deformation of a stringer  b) The effect of TZ on fold shape
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Figure 13: Sketches of the structures observed in this study.

a) First order, plane strain structural evolution in a salt pillow, showing areas of layer-parallel
extension and shortening and the corresponding boudinage in areas of top salt subsidence and
folding in the salt pillows. Note that the shape of the stringer should resemble top Zechstein as a
harmonic fold. b) The effect of a thicker zone perpendicular to the folding is a depressed fold hinge
while the axial plane is roughly planar. The TZ is stronger and this influences the shape of the fold.
c) In a constrictionally folded layer, the resulting fold structures have non-cylindrical axial planes.
This is a different kind of “non-cylindrical folds” as those described in b). d) The formation of
constriction folds and concentric boudins due to flow into a salt dome (compare with the concentric
boudins in Fig. 4d and 6). The combined effect of the tensile forces due to vertical extension, and
coeval horizontal compression due to the decrease in salt dome diameter result in the

contemporary formation of contradicting structural styles.

correlation is not apparent in our dataset. Keeping in mind that the major salt tectonic movements
occurred before the end of the Cretaceous, the fact that many of our stringers are located high in the
Zechstein (about 250 m from top Zechstein), can be used to calculate an upper bound of sinking
velocity. Considering the case that these stringers were first ruptured into individual bodies,
tectonically displaced to top Zechstein and then started to sink 65 Ma, the upper bound velocity is
around 4 m/Myr. This is much lower than the rates suggested by some analogue and numerical
models, and in agreement with the wide variation of salt rheologies used by the different studies,

calling for more work to resolve this question.

Folding
In salt mines (see for example Krische, 1928; Richter-Bernburg, 1953a; Lotze, 1957; Talbot and

Jackson, 1987; Schléder, 2006; Schiléder et al., 2007) isoclinal folds are common even in apparently
flat-lying salt. The folded layers are often associated with boudins (Ramsay and Huber, 1987;
Schléder, 2006). High strain, folded intervals are often located close to less strongly deformed salt.

This indicates that flow in evaporites can be strongly partitioned, possibly associated with the strong
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topography of the inverted basement blocks (compare with: Talbot and Jackson, 1987). Also the

presence of shear zones in salt can add to the complexity (Kupfer, 1976; Schiéder, 2006).

Interpretation of ANVIS

There are four possible explanations for the absence of a stringer in seismic sections. First, it may not
have been deposited in this location. Second, the layer may be too thin to be imaged. Third, it may be
discontinuous after being disrupted by tectonic deformation. Fourth, it may be in an orientation, which
is too steep to produce a seismic reflection (Sleep, 1995; Geluk et al., 2000). The first explanation is
rejected considering regionally constant thickness of the Z3. The well data from the Groningen area
which was available for this study (see above) do not allow a clear distinction between alternatives
two, three and four. However, it is not possible to explain all ANVIS by steep orientation only, because
they also occur in areas where the surrounding stringer is shallow-dipping and has no vertical offset.

Keeping in mind that a full explanation of ANVIS in the Zechstein requires additional data from many
wells, and that in some ANVIS steeply dipping stringers were found by drilling, in what follows, we
make the reasonable assumption that in areas where the stringers' enveloping surface dips less than
30 degrees, ANVIS correspond to the absence of a stringer due to tectonic disruption (boudinage). In
areas where the stringers' enveloping surface dips more than 30 degrees, ANVIS can either
correspond to the absence of a stringer due to tectonic disruption (boudinage or faulting), or a

tectonically tilted stringer which is not imaged seismically.

Boudinage in salt — observations in mines

We interpret some of the fracturing of the stringer in the data to result from boudinage. The best
examples of boudinage in our study areas are shown in Fig. 4d, 6b, 6e, 7, 8c and 11c, but the data
quality does not allow a detailed description. We will compare our results with published examples of
boudinage in this section. The process of boudinage is the “disruption of layers, bodies or foliation
planes within a rock mass in response to bulk extension along the enveloping surface” (Goscombe et
al., 2004), and a boudin can be described as “a fractured sheet of rock situated between non-fractured
(...) rocks” (Lohest, 1909; Ramberg, 1955; see also Sintubin, 2008).

There is large variety of boudin geometries which can be subdivided both according to their kinematics
as well as to the shape of the boudin blocks (see Goscombe and Passchier, 2003, Goscombe et al.
2004). Boudinage of brittle inclusions in salt is described by several authors. Lotze (1957, page 294:
Smith, 1996: Davison, 1996 Roth, 1953; Borchert and Muir, 1964; Siemeister, 1969; Burliga, 1996,
Schléder, 2006; Schléder et al., 2007; 2008). The six published wells of the Gorleben salt structure
(Bornemann, 1991) penetrate the Z3 stringer in total eight times in four wells. In three of these
penetrations the stringer is interpreted to be disrupted, faulted or fractured, showing the high fracture

density in the Z3 stringer.
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Boudinage in 3D

Studies of boudins to date have almost exclusively been in 2D profiles, and although there is a
reasonable understanding of the range of structures occurring in profile view, there is a striking lack of
understanding of the 3D morphology of boudins.

A 3D exposure of pegmatite boudins in marble (Schenk et al., 2007) shows boudins that are bound by
a set of normal faults formed by reactivation of Mode-I fractures. The most extensive study to date of
how boudins evolve in 3D is provided by the model experiments of G. Zulauf and coworkers (Zulauf et
al., 2003; Zulauf and Zulauf, 2005, Zulauf et al., 2009). These experiments employ plasticine and
natural anhydrite as strong layer. Here the plasticine is sufficiently ductile to fold when shortened
parallel to the layering, but at the same time sufficiently brittle to rupture if extended parallel to the
layers, much like natural anhydrite. The patterns of this “ductile rupture” are much more complicated
than brittle fracture patterns. It is clear that the deviation from plane strain deformation results in the

formation of very complex structures.

Boudin dimensions

Since the thickness of the stringer in Groningen (Fig. 3 and 6e) is between 40 and 50 m, the observed
boudins have unusually high aspect ratios, in the order of 5 to 20, much larger than the largest mean
aspect ratios described by Goscombe et al. (2004) in siliciclastic and carbonate rocks. In the Ktodawa
salt mine, aspect ratios of around 20 are observed in the larger boudins (Burliga, 1996). The
exceptional torn halite boudins in a carnallite matrix (Borchert and Muir, 1964; Siemeister, 1969), have
aspect ratios in the order of 2.5-5 (assuming the view is perpendicular to the extension direction) and
also the experimental D1-boudins of Zulauf and Zulauf (2005) have aspect ratios around 5.
Observations of boudins of sand in viscous putty (Callot et al., 2006) also indicate a high aspect ratio.
On the other hand, Zulauf et al. (2009) produced experimental boudins of very brittle anhydrite in halite
with aspect ratios of 1.5 + 1.0. This difference in aspect ratio between the boudins of Goscombe et al.
(2004) and “evaporitic’ boudins may originate from the different rheologies, but more work is needed

to resolve this question.

The rheology of salt and anhydrite during salt tectonic deformation

The rheology of anhydrite at shallow depth in the crust is not well known (Urai et al, 2008). We note
that during shortening, anhydrite layers in salt domes commonly form concentric folds (see above),
which means that the viscosity ratio is rather high, but at the same time boudins (brittle structures) are
formed in extension. Corresponding to the present state of research (Urai et al., 2008), our present
preferred model is that rheology of anhydrite is controlled by pressure solution and is Newtonian in
layer parallel shortening. However, the high, near lithostatic, fluid pressures commonly observed in
stringers (Williamson et al., 1997), allow tensile failure in layer parallel extension in the anhydrite
encased in sealing salt. This model explains why the stringer forms ductile folds as well as brittle
boudins at the same time. A similar model has already been proposed for pegmatites encased in
marble (Schenk et al., 2007). Alternatively, brittle fracturing may be initiated in the underlying, more

brittle limestone and claystone (sensu Hansen et al., 2004).
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Folds formed under plane strain can be used to approximate the relative viscosity of the two layers
(Sherwin and Chapple 196), using the Biot-Ramberg equations (Ramsay and Huber, 1987) for
Newtonian fluids, or those Smith (1977) for non-Newtonian fluids. It is tempting to apply a similar
method here, and to compare for example this normalized arc length of folds to the aspect ratio of
boudins to calculate the relative viscosity. However, conventional folding theory is based on plane
strain deformation and this is not the case in our field area, so a simple analysis may lead to errors
(Stefan Schmalholz, personal communication). In future work we will attempt to constrain the relative
rheologies of halite and anhydrite by 3D numerical modeling (Schmid et al 2009; Schmalholz and
Podladchikov, 2001).

The early life of a salt giant

In summary, this study has shown early karst-related thickness variations overprinted by complex
folding and boudinage, producing the complicated present-day geometry of the Z3 stringer. Possible
effects of early karst, diagenesis or gravitational deformation, probably augmented by a local increase
in sedimentation of the stringer, formed a network of ruptures and slide-related folds. This resulted in a
series of thicker zones in the stringer. During the Early Mesozoic salt flow, the salt moved into the
narrow stems of salt walls and diapirs (Fig. 13d). This resulted in the coeval folding and boudinage in
the stringer, leading to significantly more complex structures than in plane strain. This complexity is
further increased by the thicker zones which are significantly stronger than the surrounding stringer
and might form preferred instabilities for folding and boudinage. When the growth of salt structures
was halted, the possible sinking of the broken anhydrite blocks added even further complexity,
although we do not expect this sinking to have geologically significant velocities.

A useful conceptual model for the displacement and deformation of stringers is that of passive and
active processes. Passive means that the stringers are displaced by the flowing salt as passive objects
and active means that the contrast in mechanical properties causes local instabilities, resulting in
deformation, folding and boudinage of the stringers. It is also clear that the temporal evolution of the
position or orientation of a stringer in a salt dome has a large effect on the strain history (Weijermars,
1988; Zulauf et al., 2003; Chemia et al., 2008).

An interesting observation of this study is the apparent correlation of the position of the TZ between
the salt pillows. This is surprising because the TZ are thought to be older than the main phase of salt
tectonics and also much smaller than the first-order structures. If this correlation can be shown to be
real by additional observations of the same correlation in different areas, it would point to a subtle
feedback mechanism in which the early internal structure of the salt basin can have a large effect on
the evolving structures. In previous work, the main drivers for this were thought to be deformation on
basement faults, regional tilt of the basin and lateral differences in overburden stress (Hudec and
Jackson, 2007) but not the internal structure. An interesting concept emerging from this project is then,
that active deformation of the stringers during the early life of the Zechstein salt giant can initiate
feedback processes which control the evolution of the later instabilities and the growth of large scale

salt structures (Hubscher et al., 2007). One mechanism for this could be that weak early deformation
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of TZ affects the topography of the top of the salt, creating a small topography which controls sediment

architecture and evolution of overburden load (cf Ings and Beaumont, 2010).

A toolbox to predict internal structure of salt bodies

The Zechstein of the Central European Basin has a fascinating, complexly folded structure which is
known only in a few cases based on mining data. The methods outlined in this study can be used at a
regional scale because the Z3 reflector is present almost everywhere and can be mapped in 3D using
seismic reflection data which is available over very large areas (TNO-NITG, 2004).

Using the same 3D seismic data, the kinematics of the suprasalt sequence can be relatively accurately
reconstructed using palinspastic reconstruction techniques (e.g. Mohr et al., 2005). Rheology of the
Zechstein salt is not completely understood, but is constrained by a large amount of data. It is clear
that even relatively pure halite can have strain rates variable by two orders of magnitude at the same
differential stress and temperature (Urai et al., 2008) making the mechanical structure of the Zechstein
strongly layered.

This dataset can now be combined into geomechanical models starting from the reconstructed original
structure of the Zechstein including stringers, with the palinspastically reconstructed kinematics of top
salt as kinematic boundary conditions, and the final structure compared with the interpretation of the
Z3 stringer from 3D seismic. In addition, differential stress can be measured by subgrain size
piezometry in drill cores. This method therefore produces models which can be tested against
observations and, if the test is passed, can predict the internal structure of the salt body in the whole

volume.

Conclusions

¢ We mapped complex internal structure of salt domes using 3D seismic reflection data. This opens
the possibility to study the internal structure of the Zechstein and other salt giants in 3D using this
technique, exposing a previously poorly known structure which is comparable in size and
complexity to the internal parts of some orogens.

¢ The evolutionary sequence of sedimentary and diagenetic processes, followed by deformation at
different scales results in early thickness variations, overprinted by a range of fold and of boudin
structures.

¢ Flow heterogeneities in salt caused by presence of thickness variations in stringers are interpreted
to lead to subtle topography of top salt, which in turn influenced sedimentation and deformation of
overburden.

¢ Our observations show no conclusive evidence for significant gravity-induced sinking of stringers.

¢ The methods used in this study can be combined with numerical modeling to predict the internal

structure of salt bodies without extensive drilling or construction of galleries.
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Concluding remarks

“..as the great philosopher Jagger said: ‘you can't always what you want” (...)
‘But as it turns out, if you try sometimes, you get what you need.”

- House MD - Pilot episode

Faults in outcrop vs. seismic faults

a)

e

no scale 0.05-50m 15-1500m

Fig. 1: There are several fundamental differences in observing fault structures (a) in outcrop (b) and

seismic data (c).

There are several fundamental differences between studying faults surfaces in outcrop and the fault
surfaces constructed by interpolation of seismic picks in a seismic dataset (see Chapter 2). Natural
faults consist of a complex of set superimposed fractures and faults with multiple slip surfaces (Fig. 1a,
and e.g.: Koestler and Ehrmann, 1991; Van der Zee, 2001; Storti et al., 2003; Van der Zee et al., 2003;
Van der Zee and Urai, 2005; Bussolotto et al., 2007). The exposed fault plane in outcrop (Fig. 1b)
actually is only one of these slip surfaces, with most likely, several planes removed by erosion, and
several other planes buried below the present exposure. Erosion and fracturing can form “windows” to
other slip planes, but detailed observations of slip planes over large distances is generally not
possible. In seismic interpretation on the other hand (Fig.1c), the fault zone is reconstructed by
discretely picking the locations of reflector termination in seismic cross section, or zones of high fault
likelihood, as indicated by dip, curvature or other fault enhancement attributes (Cox and Seitz, 2007).
Seismic fault analysis is restricted by the limit of seismic resolution (Hesthammer and Henden, 2000)
and is complicated by the effects of diffraction at the reflector terminations. This diffraction makes the
reflectors (which are often actually quite discrete surfaces, for example bedding planes) appear fuzzy
and extend further latterly into the fault zone than the actual reflecting surface. On the other hand,
seismic interpretation does provide an excellent 3D representation of the fault zone, provided the fault

is picked with enough density.
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Several works have shown that the power spectra of 1D profiles from natural fault roughness at
different scales plot as a scale invariant property. The roughness scaling factor is about 0.8
perpendicular to the striations, and thus are essentially fractal (e.g.: Power et al., 1988; Power and
Tullis, 1991; Lee and Bruhn, 1996; Power and Durham, 1997; Renard et al., 2006; Candela et al., in
press). When the undulations from faults picked on 3D seismic reflection data have the same fractal
dimension, they are very likely to be “real” and not an imaging or interpolation effect.

So, while outcrops allow high detail observations of single slip-surfaces at a time (or in crosssections
observations of fault zones, only a 2D representation of this zone), seismic fault surfaces actually
represent the geometry of the fault zone up to a certain resolution limit, and generally fail to observe
individual slivers of host rock inside fault zones. Nevertheless, very important observations, for

example the roughness of the slip plane/fault zone can be assumed to be scale invariant.

Multiple kinematic indicators on a single movement plane

= T \ «

Fig. 2: A patch slickenside with curved movement striations. Does this indicate a continued

movement with changing movement direction? Picture is taken on the same fault in Fig. 1 Fig. 2 of

the introduction.

The overprinting of different kinematic indicators (like in Fig.1 of the Introduction) is often used to
establish a relative chronology of movement events on a fault plane, and thus to calculate a
paleostress stratigraphy (see: Chapter 1; Kleinspehn et al., 1989; Vandycke, 2002; Sippel, 2008;
Sippel et al., 2009). Changes in the tectonic setting or continued tectonic evolution are assumed to
reactivate faults according to the new stress state, and thus with a different slip direction. The
calculation of paleostress stratigraphy involves separation of heterogeneous fault slip events on a
single fault, and combining this separated data with faults that only recorded a single slip
event/direction in order to build internally consistent and homogenous datasets. These are assumed to
have formed due to the different tectonic events, and allow determining the different paleostress states
through time.

Faults generally have several slip planes (for example, but not exclusively: Van der Zee, 2001; Agosta
and Aydin, 2006), which can have such a small spacing, that the kinematic indicators can become
overprinted, similar to Fig. 1 in the Introduction. This figure however provides no means to (relatively)

date these, as one phase of slickenside formation does not affect (erode, damage or reorientate) the
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other phase. Since it is not possible to determine which slip plane was active the latest from this
picture, cross-cutting slickensides like these are not suited for relative dating of the events.
Furthermore, sometimes curved slickenside fibers are observed on a single fault plane (Fig. 2, and
Twiss and Gefell, 1990), showing that slip on faults is not as simple, or linear as is often assumed, but
is complicated by for example rigid body rotation (Twiss and Gefell, 1990). Furthermore, detailed field
observations and numerical modeling have shown that in pure dip-slip normal faults, slip directions
rotate towards the middle of the fault when moving away from the centre of the fault (Roberts, 1996;
Morewood and Roberts, 2000; Cowie and Roberts, 2001; Papanikolaou and Roberts, 2007; Maniatis
and Hampel, 2008). Movement indicators can be rotated away from the average slip on faults by up to
40° on a 40 km long normal fault (Maniatis and Hampel, 2008). This means that the location of the
measurement of a movement indicator along strike (but also vertically) of a fault controls the exact
orientation of the movement indicator. In seismic studies this effect can be controlled since one can
see the entire fault, but in the field one hardly ever knows ones exact location relative to the fault
centre.

There is an additional complication in the way faults rupture. Slip on faults generally is not the result of
a single event, but the combination of multiple seismic events on sections of the fault (I. Papanikolaou,
personal communication 2009), and faults often consist of multiple segments (for example: Cartwright
et al., 1995; Lohr et al., 2008). Individual seismic slip events on a larger fault can be assumed to have

the same convergent slip profile as the fault as a whole. Slickensides are observed on co-seismic

Area of conflicting kinematic indicators

Area of conflicting kinematic indicators

Fig. 3: Sketch of an idealized normal fault, with 6 “seismic slip events” drawn randomly on it. The
lines inside the seismic events represent a simplified slip pattern, and the lines are parallel to the
slip direction. All seismic events are formed during the same tectonic phase, but areas where the

seismic events overlap shows overprinted, conflicting kinematic indicators

surface ruptures, showing that they can form due to a single event (Lin et al., 2001; Lin et al., in press).
This means that the subsequent occurrence of seismic events on different sections of a single fault

under the same stress conditions can result in overprinted, conflicting kinematic indicators of different
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orientations where these sections overlap (Fig. 3). Also in segmented faults, conflicting kinematic
indicators are to be expected, as the fault segment boundaries can be expected to exhibit strongly
diverging slip directions (Maniatis and Hampel, 2008).

Slip directions deduced from the geometrical determination of slip or by fault plane analysis on the
basis of fault plane undulations represent the cumulative slip on the fault plane. In fact the fault plane
undulations, such as those described in Chapter 2 and for example Sagy et al (2007) and Lee and
Bruhn (1996), are formed over longer time periods and multiple slip events. Also, the 3D seismic data
allow the centre of the fault (the area of “un-affected slickenlines”) and any fault segments (Lohr et al.,
2008) to be identified. As a result, these methods might be more applicable to determine slip directions

and stress tensors from fault measurements than kinematic indicators measured in the field.

The integration of salt structure knowledge

Many papers on salt deformation that focus on large scale processes, such as salt diapir initiation and
sedimentary basin development, show salt as a rather homogenous body (e.g.: Hecht et al., 2003;
Scheck et al., 2003; TNO-NITG, 2004; Mazur et al., 2005; Maystrenko et al., 2006). Observations in
mines and well data on the other hand show extremely complex structures forming in deforming salt
(Ahlborn, 1953; Ahlborn and Richter-Bernburg, 1953; Dietz, 1953; Herrmann and Richter-Bernburg,
1953; Martini, 1953; Richter-Bernburg, 1953; Roth, 1953; Wagner, 1953; Siemeister, 1969; Hofrichter,
1974; Richter-Bernburg, 1980; Jackson, 1985; Richter-Bernburg, 1987; Bornemann, 1991; Smith,
1996; Behlau and Mingerzahn, 2001; Schléder et al., 2008). One of the most exciting conclusions of
Chapter 3 is that early sedimentary/diagenetic structures could (co-)control the position of salts
structures, while previously this control was attributed to extra-salt influences, such as basement
faults. The understanding of these feedbacks will only be completed when the different views of salt

structures are integrated.

The Oilmen’s view The Saltminer’s view

' Integration:

l New (3D interpretation) tools are

required.
What controls geometry; Sedimenta-
tion or tectonmics or both?

Fig. 4: While in the oil industry salt is often treated as rather homogenous, but extensive knowledge
of the over-and underburden structure is available, the salt miner often has an unprecedented

knowledge of the complex structures inside deforming salt.

122



Conclusions

Given a sufficiently detailed dataset, the calculation of paleostress-stratigraphy from 3D reflection
seismic data is possible. The resultant stress tensors show good correspondence with tensors
calculated using the “classic”, field based paleostress calculation methods.

Faults from the Upper Cretaceous faults show in 3D reflection seismic features which are very similar
to the slip parallel fault plane undulations observed in LIiDAR, laboratory and field data.

Although significantly more difficult to observe and interpret, the geometrical and fault plane analysis
methods of fault slip determination are less sensitive to the convergent slip patterns and conflicting slip
indicators as field observations.

When artificial random measurement errors are introduced in fault slip data, the Direct Stress Inversion
can potentially produce two different stress tensors from what is essentially the same dataset.

The brittle inclusion of the Zechstein evaporite deposits shows evidence of a very complex structural
and depositional history, with compressional and extensional structures. Constrictional salt flow is
most likely responsible for the complex deformation pattern.

It seems that depositional and diagenetic structures formed early in the history of salt giants can play a
significant role in salt structure development. Only the full integration of knowledge from seismic

interpretation and observations from salt mines will allow these feedbacks to be understood.

Outlook: Is seismic paleostress determination worth the effort?

"By understanding many things, | have accomplished nothing."

- Hugo de Groot

The original aim of this study was to establish the paleostress stratigraphy (up to six time steps per
location) for a number (up to 12) of basins. This way, a number of paleostress maps for large parts of
the Dutch subsurface were to be constructed. This aim was however not fulfilled, as the work did
involve considerably more seismic interpretation as originally anticipated. The construction of such
maps however is still possible.

More work is required to better quantify the fault undulations described in this work, for example also in
thrust or strike-slip faults. We note that a seismic dataset of exceptional “crispness” is required and a
sufficient amount of picks is required for the correct representation of these undulations. We however
have shown that these undulations are most likely not the result of the interpretation direction or the
interpolation, but to date these structures were only observed in (near) dip-slip normal faults. A
possible geophysical effect or geophysical processing has not been completely excluded.
Nevertheless, the fault plane analysis presented in Chapter 1 and Chapter 2 describes a fault plane
morphology which is very similar to observations using LIDAR and laboratory measurements, in that
the fault plane seems to be undulated on all scales, and that these undulations are self-similar. There
is no reason to doubt that the calculation of the roughness scaling exponent of the 3D seismic
surfaces would not fit with that of LIDAR and laboratory measurements. This certainly is a very

interesting avenue of research for a future project
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Although it does not produce a paleostress stratigraphy as described in Chapter 1, the workflow
described in Chapter 2 has the potential to constrain the Upper Cretaceous stress field over large
areas relatively quickly. A similar interpretation can be preformed in a number of surveys in the Central
European Basin. In fact, similar workflows can also be used to establish the paleostress in other
relatively brittle lithologies, using 3D reflection seismic data in any setting.

The methods described in the introduction, that is, connecting objects on two sides of the fault surface
is a potentially very potent method to reconstructing slip direction. However, it only works in areas
which have for example faulted channels. For this, a data set such as that described by Back et al.
(2006) would be very interesting, as it contains channels that are cut by faults.

In Chapter 3, for the first time, the complex 3D strain patterns in the ductile Zechstein evaporites is
hinted on, using a 3D seismic reflection interpretation of the brittle Z3 stringer. However, based on a
quick review of other seismic datasets in the Central European Basin, it was found that the two
datasets used in this study are relatively complicated. In the offshore study area, the NE-SW salt wall
dominates the study area, where deformation is further complicated by the inversed basement blocks.
In the Groningen area, the salt structures are less pronounced, but the deformation seems to be
influenced considerably by the network of thicker zones, which result in a sedimentary and/or
diagenetic network of stronger and weaker zones in the brittle layer. Also the geophysical properties of
the stringer are not fully understood yet, so what the reflection of a steeply dipping stringer looks like is

still not known. Nevertheless, this is a very interesting topic which should be pursued further.
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Appendix 1: Excel applets

"Don’t worry about the future; or worry, but know that worrying is as
effective as trying to solve an algebra equation by chewing bubblegum.”

- Baz Luhrmann - Everybody's Free (To Wear Sunscreen)

Summary

Two Excel applets were written for angle calculation in 3D and the plotting of stress field and faults in
Schmidt’s and Wulfs nets as well as the effects of these stress fields on the planes with two different
material properties. Modifications of these applets were used when azimuth dip data needed to be
converted to strike/dip, rake into plunge and pitch into dip (or vice versa) for input in the different
paleostress programs that were tested (see next appendices). The original applets can be found on
www.ged.rwth-aachen.de.

Similar applets and/or programs have been written numerous times. However here we use Excel to
program this, as Excel is a relatively widely-used program. These applets can thus be understood and
adopted relatively easy. Since Excel is however an essentially 2D program (at least, regarding the
production of figures), several tricks are needed to create stereographic projections. Also the
calculation of eigenvectors in Excel proved to be a rather complicated venture. In the Excel workbook
Stereogram_v2.2, the user is allowed to calculate all the angles between two different planes and two
different lines, as well as the intersection line between two planes. The workbook StressTensor_v2.6 is
written to define a stress tensor and up to 18 different planes. The applet then calculates the total,
normal and shear stress on the different planes. To calculate whether material would fail on these
planes, two different material properties can be provided (e.g. intact rock and fault rock). For the stress
tensor the size and orientation of the principle stresses (and their ratio R) are established. All data is
combined in a Mohr diagram.

A detailed description of the mathematical rationale of these applets will be given below. The
implementation of these calculations in Excel is not described, only the general mathematics. No
references are given in the text, but most mathematical background has been taken from
MathWorld.com, while information to the stress on a plane and the projection types was taken from
Meschede (1994).
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L~otereogram_v2.2.xls

Aim of the applet

The aim of this applet is to plot planes and lineation in a lower hemisphere Schmidt Net using the
Lambert (Equal area) projection, and a Wulffs Net (Equal angle). Also, it can be used to calculate the
angles between two planes, between a plane and a lineation, between two lineations and between a

lineation and a plane intersection line.

Input
The applet can plot two planes and two lineations. The input consists therefore of the dip direction and

dip of planes 1 and 2, and the azimuth and the plunge of lineation 1 and 2.

Output

The output consists of the projection of the lineation 1 and 2 and both the pole and the great circle of
planes 1 and 2 on a lower hemisphere Schmidt Net as well as in a lower hemisphere Wulffs Net. The
output further exists of the azimuth (°) and plunge (°) of the intersection of planes 1 and 2, as well as
the angles between lineations, the angles between the planes and the lineations, the angle between
the planes, and the angles between the lineations and the plane intersection line. All these angles are
in degrees and are the smallest angles. This means that angles between lineations never exceed 180°
and angles between planes and lineations and planes never exceed 90°.

For example, the angle between a plane with orientation 000/10 and a lineation 180/10 is 20° and not

160° (see figure 1).

Output
20°

\

Lineation
180/10

Plane
000/10

Figure 1: The applet output consists of the smallest angle between two objects

Coordinate systems
Different coordinate systems are used for the input, calculation and projection of the objects and

angles in this applet. Input data in the polar coordinate system, with azimuth and plunge as the
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components. The azimuth is the angle in degrees from north, which in this applet is defined as straight
up in the diagrams. The plunge is the deviation in degrees from the horizontal. Note that when planes
are concerned, the azimuth describes the dip direction and the plunge equals the dip of the plane.

For the calculations, the right-handed 3D Cartesian vector coordinate system is used, where the
following rules apply; the vectors have three elements, (x,y,z), the Cartesian axes are orthogonal and
the x direction is up (north), y is to the right (east) and z is down.

For the projection of the objects, a different, 2D Cartesian coordinate system is used, where x is to the

right (east) and y is up (north).

Note to Excel
In Excel all angles are calculated as radian, while the output of the applet and in this script the angle

will be described in degrees. Radians can be converted into degrees by dividing the radian value by
(11/180).

Turning lineation and planes orientations into vectors

Being a line, a lineation can be transformed into a vector relatively easy. The vector is calculated using

the formulas:

X = COS@ * COSa
y = COSp *sina
z=sing

Where a is the azimuth in degrees, and ¢ is the plunge, in degrees.

In this applet, planes are initially characterized by their pole (a line which is perpendicular to the
plane). Calculating the pole of the plane is done by:

Pole azimuth = Plane azimuth +180

Pole dip =90 - Plane dip

This line can then be turned into a vector using formulas (1.1).
Note that since all vectors are recalculated into unit vectors (vectors with magnitude 1) before they are

used further in this applet.

Calculating angles between lines and planes

The scalar product of two vectors (A and B) is a number and is defined as
A<B = |A| |B| cos 6

and as

A*B = AxBx+AyBy+AzBz,

where |A] is the length of vector, which equals:

A (=VAXZ+AY2+AZ?),
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|B| similarly is the length of vector B, and 0 is the angle between vectors A and B. Combining these

formulas produces:

6 =cos™ Ae BJ
|4]|8]

0 = cos”! AB . +AB, +A.B,
(\jAjAjAj )(\ijBysz )

Using this formula allows the calculation of the angle between lines. For the calculation of the angle
between two planes, the same formula can be used, but the poles to the plane needs to be used as
input vector. For the calculation of the angle between a line and a plane, the pole vector needs to be
used as input for the plane. Since the pole vector by definition has an angle of 90° to the plane, the

angle between a line and a plane (©’) is defined as 6’= 90 — 6.

Calculating the intersection between two planes
The intersection line between two planes is an important object as it can be interpreted as a fold axis,
if the planes represent the two sides of the fold. To calculate the plane intersection line, the vector

product is used. The vector product is defined as:
AxB=(iA, +]A, +KA, )x(iB, +|B, +kB,)
AxB=i(AB,-AB,)+j(AB,~AB,)+k( )
Where i, j and k are unit vectors in the direction x, y and z respectively. These define the vector v,
which is a vector perpendicular to both vector A and B, and therefore parallel to the intersection of

these two planes.
To calculate the azimuth and plunge of the plane intersection line, the formulas are:

AN

41V
Otztan1 A—y
Vx
N
\"
1 z
=tan
p=ta =
(VxVy)

Here vx, vy and v; are the components of the vector v.

Calculating and plotting the great circle of a plane
The determination of the great circle of a plane consists of two steps (see figure 2). First, the strike
component of the plane needs to be determined. Then this vector needs to be rotated around the pole

of the plane, describing a semicircle. Excel is essentially a 2D program, but a great circle is a
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projection of a 3D plane intersecting a 3D hemisphere. The strike component is a horizontal vector

parallel to the strike of the plane (that is, dip direction + 90°). Since this vector is horizontal, the z-value

of this vector is 0. To determine the strike component, the vector product of the pole of the plane and

the vertical vector (= 0*i, 0%j, 1*k) was determined. Since the vector product always returns a vector

perpendicular to the input vectors, the resultant vector will be parallel to the strike. When this vector is

Rotated vectors to form the
greatcircle (not to scale)

wy-plane

Wector product of
pole and (0,01}
(Strike component)

WVector (0,0,1)

Frojection of the
pole

Figure 2: The construction of a great circle, see text for details.

normalized (when a unit vector with length = 1 is made of it), it represents the vector projection of the

strike on a lower hemisphere projection with radius 1.

To create the great circle, this point is now rotated 180° around the pole to the plane in 3 degree

increments. These 60 points are combined to form the great circle.

The strike vector is rotated using a rotation matrix (M). In 3D-space, M is a 3*3 matrix of the form:

cosdH 1-co

.2
SQ)VX

M(\A/,H) —( 1-cosa)v, \A/X+(sin 9)\?2

(1-cos OV« \A/y—(sina)\A/z (1-cos )V \A/z+(Sin9)\A/y

2

cos O« 1—cos¢9)\A/y ( 1—cos¢9)\A/yvAz—(sim9)\A/

2

1-cos OV \A/X—(sine)\A/y (1-cosO)- vAy+(sin6?)\A/X cos 0 1-cos O)v.

Here 6 is rotation angle, and vx, vy and vz are the components of the vector v about which the rotation

needs to be preformed (in this case, the pole vector of the plane). A new rotation matrix is required for

each of the 60 points that define the great circle.

The formula to rotate a vector (for example the strike vector S) into its rotated equivalent (S’) is:

S'=MS
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Since this operation is simple rotation, the rotated vectors still have the magnitude 1, and therefore, in

3D define a semicircle.

Projection of the vectors

Because all the vectors in the great circle and the pole and lineation vectors are unit vectors, all
together they describe a sphere with the diameter 1. Projection of these vectors on a horizontal plane
(by simply plotting the x and y values of the vector in a xy-plane) is not what is wanted, as that
represents neither the equal angle (Stereographic projection, Wulffs Net), or the equal area (Lambert
Projection, Schmidt Net) projection (note the differences between the left and right panels of figure 5).
The principles of the equal area or Lambert projection are given in figure 3. Here point B represents
the end point of a vector with unit length 1 as it intersects the hemisphere. The plane underneath the
lower hemisphere represents the plane of the Lambert projection, and point X in this plane is the
projection of point B on it. This is done in such a way that AB = AX. This means this is not a true

projection, but rather a rotation of point B into point X. The distance AX is defined as:

AX = 2Rsin(£—£j
4 2

Here @ is the plunge and R is the radius of the projected sphere, in this case, R =1

Flunge

Figure 3: The principles of the Lambert projection, see text for details.

To project lineation and poles on the xy-plane, the azimuth and plunge of these objects are used in the

formulas (note that the direction of x and y is different from those in the vector coordinate system):
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x=sin( a)* 2sin(z—£)
\! 4 2

(T @
= COS * 12sin| = -~
y () (4 2)

Here a is the azimuth and ¢ is the plunge. These formulas are also used to plot the 60
points of the great circles and the intersection vector.
All data is also plotted in a Wullfs Net. The principles of the stereographic projection, on which the
Wulffs Net is based, are given in figure 4.

Here A’ is the projection of point A, and the distance 0A’ is defined as:

OA':R(tan 90;”)

R is the radius of the projection circle (1 in our case), and ¢ is the plunge.
Z (Zzenith)

T
~ ™~

/ AN

/ \

/ \
[ 5 A \

Flunge

Figure 4: The principles of the stereographic projection.

To project lineation and poles on the xy-plane, the azimuth and plunge of these objects are used in the

formulas (note that the direction of x and y is different in the vector coordinate system):
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x = sin( a)*(tan 902_(0)

90—(pj

y =cos(a) *(tan 5
Where a is the azimuth and ¢ is the plunge. These formulas are also used to plot the points of the

great circles and the intersection vector.

Note to projecting great circles in the applet:

If the vector S’ has a negative x scalar, the calculation of the xy-projection-coordinates results in a
great circle that does not enter into the negative y area of the Schmidt Net but projects an additional,
conjugate great circle fragment (see figure 5, right panel). This results from the back calculation to
azimuth and plunge, which is required before the projection coordinates can be plotted. The problem is
solved by forcing Excel to adopt negative x and y projection coordinates, if the vector S’ has a negative

X-component.

Vector Space Schmidt Net

05 1

® Strike —a— Greatcircle

x 3
Circle
—e— Great circle x  Pole
x Pole ® Strike
y

—— Circle Greatcircle corrected

Figure 5: Panels from the Excel sheet showing the difference between vector projection (left) and
Schmidt Net projection (red, right), as well as the result of a negative (black triangles) value for the

vector x coordinate on the projection of the great circle.
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otressTensor_v2.4.xls“
Aim of the applet

The aim of this applet is to calculate the stress (the total, normal and shear stress) on 18 planes, given
a plane and a stress tensor, as well as establishing the size and orientation of the principle stresses
(and their ratio R) of the same stress tensor. It also calculates whether these planes would fail, given
two sets of material properties (for example, intact rock and faults, to calculate the possibility of failure

and when the plane is an old fault, reactivation). All data is combined in a Mohr diagram.

Input
The input of this applet consists of 18 planes (dip direction and dip angle), the six independent values

of the symmetric stress tensor, and the properties of two materials.

Output

The output consists of the stress vector on the 18 planes, as well as the normal and shear stress
components of this vector and the angles between the stress vector and the normal and shear
components of this vector. Also the three principle stresses (g+-3) and their ratio (R) are given. The
principle stresses and principle stress axis of the stress tensor are given. The applet also calculates
whether the plane would fail and indicates this, both in text, as well as in a Schmidt Nett. It further grid-
searches the areas where failure occurs.

Since the principles of the coordinate systems, calculating angles between planes and lines and how
to convert planes and lines into vectors are already discussed in the section on ,Stereogram_v2.2.xIs",

we will omit that here.

Stress on a plane

To calculate the stress on one of the 18 planes, the following tensor equation is used:
o=Tn

Here g is the stress vector on an arbitrary plane. This plane is defined by its pole vector; a unit vector
normal to the plane, here called n. T is the stress tensor.

Note that these planes describe geometrical planes in an unfaulted sample, and therefore do not
necessarily represent faults, joints or other discontinuities inside a volume.

The length of the vector g (|a]) is the scalar value of the stress on the plane and is defined as:

|0|= /Xz +y2+72

Where X, y and z are the x, y and z components of the vector.
The stress vector g can be divided in two components, one parallel to the plane (the shear stress, 1),
the other normal to the plane (the normal stress, v), see figure 1. Since v is parallel to n, and since

also applies that: g = (1 + v), we find that:
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v=nag
and
T=0-n

| v|and | 1| represent the length of these vectors and the scalar value of the normal and shear stress
on the plane respectively.

Mormal component of
.. the stress vector

Mormal wector ﬁ

=tress vector on
the plane ﬁ

Shear stress
component of thg
stresswector

(Fault) Plane

Figure 1: The components of a stress vector acting on a plane.

Calculating the eigenvalues of the stress tensor

z

Figure 2: A stress ellipsoid with the initial (X, y, z) and transformed (X', y’, ') coordinate systems.

A normal stress tensor is symmetrical and defines a so-called stress ellipsoid space. In the definition of
any tensor there is the implicit reference to a coordinate system or axes-system. But this coordinate

system may not necessarily be the most practical, as it does not cut the ellipsoid at its apexes.
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This principle is illustrated in figure 2. The black ellipsoid is the stress ellipsoid defined by the stress
tensor T, and the red coordinate system is the initial coordinate system. The green coordinate system
cuts the stress ellipsoid where the radius is largest (on the z’-axis) and where the radius is smallest (in
this case the ellipsoid is a prolate spheroid (cigar-shaped), so X’ = y’). This coordinate system is called
the transformed coordinate system.

The values on the axis of a coordinate system which cut the stress ellipsoid at the maximum, at the
minimum and along an axis perpendicular to both these axes are called the principle stresses g1-3
(where g1 = g2 =2 g3; and compressive vectors are positive), and the coordinate system is called the
principal coordinate system (x’, y’ and z)).

The transformed stress tensor (T’) defines the same ellipsoid as the original stress tensor T but using
the transformed coordinate system. T’ has non-zero values only along the diagonal, and these values
are the principle stresses g1.s.

The principle stresses are equal to the eigenvalues of the stress tensor T. These eigenvalues are
sometimes also called characteristic values or the roots of the tensor. The eigenvalues of stress tensor

T are calculated by solving the equation.

TX =pX
a b c|[x] X
d e flly|=HVy
g h ifjz] z
a b cl[x]| [ux] [0
d e flly|-|u|=|0
g h ijlz| |[bz 0
a-y b ¢
d ep f|=0
g h iy

Here T is the stress tensor, X is a vector and p is a constant (this equation describes a vector X which
direction does not change when the deformation T is applied to it, but it's length changes with a factor
M). The last line in this equation shows that p can be solved by solving det(T-pl)=0 (I is the identity
matrix, and det(T-pl) is the determinant of (T-pl)). Note that a-i are the known components of T.
det(T-pl)=0 is solved like:
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auy b c

d ep f|=0
g h i
ey f| b c b ¢
a C1-dl [+ =0
h id |h i ey f

a-((e-) *(i4)-h*f)-d (b* (i) -h*Q +g (b*f- (e4) -© =0
1P+ (i+ate) P+ (-ati-eti-a*etctgHfthib*d) pt+ (ateti+b*f*g+c*d*h-c*g*e-f*h*a-b*d%) =0
- (i+ate) - (-ati-efi-a*et+crg+f*htb*d) p- (a*e*i+b*f*g+c*d*h-c*g*e-ffh*a-b*d%) =0
W+ (a,) P+ (a) p+ (a) =0

The last line in this equation can be solved using the cubic formula (similar to the quadratic or ABC-
formula for solving quadratic equations). The three real solutions of the cubic formula equal the

eigenvalues and are (from mathworld.wolfram.com/CubicFormula.html):

0) 1
1=24/-Qcos| — |-—a
z (3) 3%

z2=2 —Qcos(ﬂ]—% )
z3=2 -Qcos(wj-% )
where
o=cos'| -~
J-Q°
Q=3a1-a§
9
R=9( a,a,) -27a,-2a;
54

There the largest value of z1, z2 and z3 is g1 and the smallest value of z1, z2 and z3 equals gs. Of

course the middle value then equals 2.
The ratio R defines the relation between g1, o2 and g3z is:
R= (9,-05)
(0-05)
This ratio is often used in stress tensor calculation and stress tensor inversions to describe the shape

of the principle stress tensor, because the absolute values of the tensor can not be calculated.
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Calculating the eigenvectors of the stress tensor
The vectors defining the transformed coordinate system in the original coordinates can be found by
solving the eigenvectors of the tensor T. For the different characteristic values (that is g1, 02 and 03)

the eigenvectors can be found by solving the following sets of equations:

(a-0,) X, +by, +cz, =0

for o,: dx, + (e-g,) v, +fz, =0
g% +hy, + (i-0,) z; =0

(a-0,) X, +by, +C2Z, =0

foro,: dx, +(e-0,) VY, +z, =0
X, +hy, + (i-0,) z, =0

(a-0;) X, +by, +cz, =0

for o,: dx, +(e-0;) vy, +z, =0
9X; +hy, + (i-0;) z; =0

Here x, y and z define the eigenvectors for the appropriate characteristic values. Solving these sets of
equations in Excel is complicated. Normally one would assume one value of xj, yjorzj(j=1, 2 or 3) to
be 1, and solve the set of equations to calculate the other two values. It is possible that the selected
value is 0, rendering the calculation useless and the user will select another value to be 1. It is
however possible to ascertain a priori whether xj, y; or z is 0, using the subdeterminants; if the
subdeterminant of x;, yj or zj is 0, then ¥;, yj or zj is also 0. The definition of the subdeterminant of x, y;

and z; for gi (iis 1, 2 or 3) is shown below:
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Bal XK
The subdeterminant of x; = X (eo) f
)1 h (o)
_ (e-ci) f
| h (o0

The subdeterminant of y,

[
Q@ xx

g (i-oi)
((@-0,)* (i-0;))—(g"c)

(a-ci) b X
The subdeterminantofz, =| d  (e-0)) X
X D
_ (a-oi) b
| d  (e0)

=((a-0,)" (e-0,))—(d"b)

Using these subdeterminants, it is possible to establish a priori whether one of the xi, yj and zj are
zero, and thus the process of solving the system of equations can be adopted accordingly. When for
example, it is shown that x; is 0, then the system is solved by assuming yij is 1 and zj is calculated
using this knowledge. The choices to establish which of the values of xj, yj and zj to assume as 1 and
which of the xi, yij and zj —values is 0 is handled in the Excel sheet by a complex succession of IF-
THEN and TRUE/FALSE arguments. First the subdeterminants are calculated and then is established
which are zero. Parallel to this, a total of five possible sets of equations per gi-value are solved, in
which all possible variations are calculated. These four sets represent the case when none of the
subdeterminants is 0 and three possibilities when one subdeterminants is 0. These four sets are
supplemented by the case when two sub determinants are 0, then of course the third value is
(assumed to be) 1. Using the IF-THEN and TRUE/FALSE arguments it is then established which of the
five possible cases applies in this case, and the appropriate set of equations is printed as outcome.

When calculating the xi, yij and zj for gi, there are three possible outcomes: i) all nine subdeterminants
have the value 0, ii) all six subdeterminants of two principle stresses have the values 0, and at least
one of the three subdeterminants of the other principle stress has a non-zero value and iii) for all three

principle stresses at least one of the three subdeterminants is not zero.
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Mohr Space

Shear Stress (Pa)

Normal Stress (Pa)

Figure 3: example Mohr diagram from StressTensor_v2.2.ex|

A case where only one principle stress has all sub determinants zero is not possible in this applet.
When all sub determinants are 0 (case i) this means that there is no principle stress axis; all possible
vectors (an infinite amount) in the stress tensor define a perfect sphere and stress from all directions is
the same. This stress state is called hydrostatic. It is defined by a stress tensor with non-zero, identical
values only along the diagonal. Entering a stress tensor describing a hydrostatic stress state will not
result in a successful calculation, as this applet is designed to calculate shear stresses, and a
hydrostatic stress state is defined by its lack of shear stresses.

When all subdeterminants of two principle stresses are 0, and at least one of the sub determinants is
non-zero (case ii) means that no direction of the principle vector of these two principle stresses have
no fixed orientation. Together they describe a perfect circle in the stress ellipsoid, perpendicular to the
orientation of the third principle value. In practice this means that the stress ellipsoid is a prolate
ellipsoid, defining a uni-axial stress state. The principle values of the two undefined vectors are the
same and a uni-axial matrix consist of no-zero values only occurring along the diagonal, and two of
these values are identical.In case iii the stress tensor defines a triaxial state where all principle
stresses can be established and there are three principle stresses with different values. The case with
only one principle stress which three sub determinants are 0 is not possible, as this would imply that
the other two vectors are defined. Since the three principle stress vectors are at angles of 90° relative

to each other, knowing two axes will automatically result in knowing the orientation of the third vector.

Plotting all data in a Mohr-circle

The Mohr circle (hnamed after Otto Mohr and first defined in1882) is a powerful graphic tool to illustrate
principle stresses and the normal/shear stress relations. The Mohr circle is plotted in a space defined
by the shear stress (plotted along the y-axis) and the normal stress (along x-axis, see figure 3).

The principle stresses are plotted along the normal stress axis, because the principle stresses by
definition do not have a shear stress component.

The circle connecting g1 and g3 represent the stresses on planes perpendicular to the g10s-plane, just
as the circles between g1 and 02 and the circle between o2 and o3 represent the stresses on planes

perpendicular to the g102-plane and the g102-plane respectively.
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Remember from your basic Mohr circle knowledge that point P on the 0103 circle represents the shear
stress/normal stress relation of a plane at and angle of 6 to the ags-direction and that the line
connecting point P and the normal stress axis is located at the average of g1 and os.

These circles were plotted by plotting a unit circle and then adding the appropriate components to

change the diameter and the centre of the circle:

Plotting a circle with radius 1 and centred on the origin
x=co0s0 and y=sin6.
For Mohr circle between o, and g,
X=mcose+[m) and y= 2% sing
2 2 2

% = the radius of the circle

+
—01203 = the centre of the circle on the g,-axis

Here 0 is an angle used to plot the circle, between 0 and 360° (the number of increments defines the
resolution of the circle).

The shear stress/ normal stress relations for the different planes can be plotted in the Mohr diagram as
well. For all possible points applies that they can only plot on or inside the circle between g1 and o3
and on or outside the g103- and g203-circles. If a plane plots on for example on the g102-circle this
means that the pole of the plane lies within the plane defined by the 102 vectors (i.e. the pole is
perpendicular to the gs-vector). Ergo, planes that plot on the 020s-circle, have a pole perpendicular to
the g1-vector. Planes that plot between the circles have poles not perpendicular to any of the principle

directions.
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Schmidt Nett,
equal area, lower hemisphere projection

Failure in the sheet
Failure occurs when the calculated stress/strain data for a plane lie above the failure envelope.
In this applet, both Mohr-Coulomb failure and tensional failure can be modeled. The linear Mohr-

Coulomb failure envelope is defined by
r=tang*o,+C

Where T is shear stress, @ is the friction angle, an is the normal stress and C is the cohesion. Tensile
failure occurs at negative (tensional) normal stresses, and the tensional failure envelope curves down
from the cohesion value on the shear stress axis, to the tensile force (T) on the negative normal stress
axis. To simplify, | have programmed a linear tensile failure envelope between C and T.

One of the special features of this applet is that it predicts the orientations of failure, using the material
properties and the stress tensor (see figure). This is done by calculating the normal/shear stress data
for 1511 points distributed over the Schmidt Nett. These are compared with the failure envelopes for
two materials. Failed planes are indicated in the plot with colored dots (red is material 1, blue is

material 2).

Calculate your own stress tensor

The tab “Calculate own stress tensor”, allows the user to calculate a stress tensor, in the case when
one of the principle stresses is vertical (Andersons Theorem). Input consists of the size of the vertical

stress (for example based on pgh), the sizes of the largest and smallest horizontal stress, and the
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azimuth of the largest horizontal stress. Output consists of the stress tensor and a stereoplot of the

input values.
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Appendix 2: Monte Carlo analysis of seismic based paleostress
results of NW Groningen.

Introduction

Paleostress analyses have been used to encipher the stress evolution and tectonic evolution for
several decades, either by studying faults in outcrop (Bergerat, 1987; Wojtal and Pershing, 1991;
Hippolyte et al., 1993; Hibsch et al., 1995; Gapais et al., 2000; Fellin et al., 2002; Saintot and Angelier,
2002; Vandycke, 2002; Hecht et al., 2003; Michon et al., 2003; Reicherter and Peters, 2005; Caiazzo
et al., 2006) or in seismic data (McBride, 1989; Gartrell and Lisk, 2005, Chapter 1 and 2), as well as by
studying various types of sub-grain piezometry, such as calcite twins (e.g.: Rocher et al., 2004).

Many different paleostress analyses have been proposed, but in general, paleostress analysis tools
can be separated by those based on the Mohr-Coulomb failure criterion, for example the Numerical
Dynamic Analysis (NDA) (Turner, 1953), while other analyses are based on the Wallace and Bott
Criterion (Wallace, 1951; Bott, 1959), for example the Direct Stress Inversion (DSI) (Angelier, 1984,
1990, 1994). Both methods assume a homogenous stress field at the scale of the input date. Since
much of the background of these methods is discussed in the individual Chapters of this thesis, as well
as more extensively in for example Sippel (2008), this will not be discussed here.

To the best of our knowledge, no study has been published looking at the effect of the quality of the
input data (with the possible exception of Shan et al. (2006), and Zalohar and Vrabec (2007) who
apply it on their own paleostress calculation methods).

In this appendix, we will look at the effect of simulated measurement errors on the outcome of a
paleostress analysis in three different datasets. For this, data published by Sippel et al. (2009), Shan
(2003) and Chapter 1 are used to calculate the paleostress tensor using the NDA- and DSI-methods.
The original input data for these three datasets consist of the dip direction and dip of the fault, the
azimuth and plunge of the slip vector (combined here in “fault/slip data", sensu: Shan et al., 2003) and
a quality-indicator, which can be used to weigh the data.

In this work however, we will artificially modify the orientation of the slip vector, in order to introduce a
synthetic measurement error in the data. The three original input data sets we have used are corrected
data sets. This means that the displacement orientations are corrected for measurement errors that
rotate the slip vector away from the fault plane. This was done using the program TectonicsFP (Ortner
et al., 2002).

The datasets

The first dataset is taken from Shan et al. (2003). In this paper, the objective-function algorithm is
introduced, which can be used to separate polyphase fault/slip data. Polyphase data in this case
means a dataset of fault/slip data, collected at the same location, but containing the slip data from
multiple, unrelated tectonic events. Separating polyphase datasets constitutes a considerable
challenge in paleostress analyses (see also for example: Kleinspehn et al., 1989; Yamaiji, 2000; Fellin
et al., 2002; Zalohar and Vrabec, 2007; Sippel et al., 2009). Shan et al. (2003) have published two

polyphase datasets (case 1 and case 2) of artificial fault /slip, consisting of three equally large sub-sets
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of monophase fault /slip data to represent different tectonic phases. Case 1 is an idealized dataset,
with slip data being exactly parallel to the maximum resolved shear stress on the faults (exactly
following the Wallace and Bott Criterion). In case 2 however a small, random rotation between -5° and
5° was applied to the slip vector. In this works we have used the 20 fault /slip data pairs of subset 1 of
case 2, as this case most closely approaches a “natural” data-set measured in the field, while still
ensuring that this data is from a single tectonic event. The dataset was constructed using a stress
tensor with the o1 oriented 180/10, o2 has an orientation of 089/05.65, g3 is oriented 329.932/78.48
and the stress ratio R is 0.333 (®=2), making it representing a phase of strike slip faulting (Shan et al.,
2003).

The second dataset consist of 24 fault orientation/ slip vector data, measured in the field, provided by
Judith Sippel (GFZ, Potzdam). They are part of a larger dataset, recorded in the Mammendorf Quarry,
on the Flechtingen High, on the south-western margin of the Central European Basin System (Sippel
et al., 2009). The larger dataset is polyphase in nature, but is separated in two homogenous datasets
using the approach described by Sippel et al. (2009, dataset MAM1 in this paper). The dataset
describes a phase of strike-slip/ reverse faulting, with g1 is oriented 185/10, g2 348/80 and g3 is 094/03
(R approaches 0, ® approaches «») (Sippel et al., 2009).

The third data set is taken from Chapter 1, and contains all 23 faults in the North Sea interval from the
Groningen High. The data set contains only normal faults, with movement vectors all close to dip slip.

The stereographic projection of the three datasets are shown in table 1.

Table 1

1.cor 1.fpl 1.fpl
Datasets: 20 Datasets: 24 Datasets: 23

Shan (2003) Sippel (2009) Chapter 1

Table 1 The datasets used in this study.

Method

The program used to calculate the paleostress axes is TectonicsFP (Ortner et al., 2002). This program
allows for the NDA method a © angle of 0-90°, and to estimate the effect of differences in this angle,
paleostress were calculated with a fixed © angle of 45° and a best fit © angle calculated by
TectonicsFP. The effect of artifical measurement errors was also tested on the DSI method.

In order to evaluate the effect of measurement errors, we performed a modified Monte Carlo analysis
(Metropolis and Ulam, 1949). Although lacking a formal definition, Monte Carlo analysis is used as a

collective term for a group of statistical analyses based on the repeated sampling of a small number of
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parameters from a much larger database (Metropolis and Ulam, 1949). Large groups of data are often
difficult to describe statistically, due to limitations in the calculation capacity. In a Monte Carlo analysis,
a subset of random datapoints is taken from this large dataset and analyzed statistically. If the size of
the subset is correctly chosen, the statistical parameters of this subset will be the same as those of the
entire datagroup. Repeating the analysis with different random subset shows the robustness of the
statistical analysis. In this work we use a slightly modified analysis. Instead of taking random subsets
from our dataset, we modified our original dataset randomly in order to test the robustness of the
paleostress calculation technique.

To introduce artificial measurement errors into the data, a method to change the original data in a
consistent and logical way needed to be developed first. Since the slip of the fault can be thought of as
a vector located in the fault plane, the azimuth and plunge data were converted into a vector. This
vector can then be rotated this slip-vector by a specified amount of degrees around the normal vector
(n) of the fault plane (see Fig. 1). To rotate the movement vector orientation and to change
azimuth/plunge orientations into vectors and back, the excel sheet “StereogramHeijn_v.2.0.xIs”
(available online on http://www.ged.rwth-aachen.de/Ww/people/heijn/heijn_index.html, see also
Appendix 1) was modified.

Once the original datasets were converted in vector data, the slip data was rotated around the fault
plane normal vector using a random, normally distributed number of degrees. For each of the three
input datasets we performed 3 analyses, by varying the original slipvector randomly, using three
different standard deviations.

The normal distribution was a Gaussian distribution, with a standard deviation of either 2, 9 or 20° with
a mean of 0. This way three new datasets were constructed from the original, with an additional,
normally distributed artificial measurement error in the range of -2° and 2°, -9° and 9° and -20° and 20°
respectively. The assignment of a specific error value within this range was controlled by a random
number generator. Repeating the process 50 times created a large dataset containing 50 different
versions of the three original datasets, with the slip vector modified by an artificial error with three
different standard deviations (the total number of modified datasets therefore is 450). The fault
orientations where not varied. These 450 datasets consisted of vector data, so they were consequently
recalculated into azimuth/slip pairs. Due to rounding errors, these new orientations not always align
perfectly with the fault plane, but TectonicsFP allows a correction step, to rotate these orientations into
the fault plane.

In the second step (Fig. 1), the resultant nine (3 different input datasets times 3 different standard
deviations) sets of 50 new datasets, were subsequently used to calculate the paleostress axes, using
the NDA method with the best fit © (which can vary for every of the 50 datasets), the NDA method with
a standard © angle of 45° and the DSI method, which requires no assumption of material properties.
The calculated groups of 50 paleostress orientations were subsequently plotted together in lower
hemisphere (third step in Fig. 1), equal area projection (Schmitt Nett), to visualize the spread in output

data. The calculated R value was also plotted in a histogram to visualize spread.
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Results

The results are plotted in the tables below. The data is grouped in such a way that, the data from one
set of modified data sets is displayed in one page. The three different stress reconstructions are
plotted below each other, with first the NDA results with the best fit angle, below that the results of the
NDA method with a fixed angle of 45° and lastly the results of the DSI method. The calculated
paleostress axes of the original data are also shown.

For the Groningen data set (standard deviation 2°) there is an obvious discrepancy between the

resultant stress axes of both NDA methods and the DSI method (as discussed in Chapter 1.
Step 1: Step 2:

Stress axes 1

Sigma  azi plunge R

Original Data Modified Data 1
foult dipdir dip azi plunge foul i lp azi punae 2

2 .

Stress axes 1
Si eR

igma azi plung
. n
Faulti *

Stress axes 1

Sigma  azi plunge R

Figure 1 Workflow to obtain input data sensitivity. In step 1, 50 modified data sets are created by
randomly modifying the azimuth and plunge of the striation orientation of all faults, following a
Gaussian distribution. In step 2 this cluster of modified datasets is used to calculate 50 sets of
stress axes and stress ratios, using three different paleostress calculation methods. These are then
plotted in stereoplots and histograms. This workflow only describes the procedure for one set of
input data and one standard deviation. The workflow is repeated for 2 additional standard

deviations and then repeated for 2 two other input data sets.

this is one of the reasons why NDA was used instead of DSI, in addition to the “stability analysis” using
synthetic data discussed in Appendix 4). However, the analysis of the Mammendorf dataset also
shows a difference between the NDA and DSI results, both in the stress axis orientation as in the R-
value. Although we will touch on this issue in the discussion, the aim of this section of this Appendix is
not to compare the two paleostress calculation methods with each other, but to determine the effect of
increasing artificial measurement errors on the outcome of individual paleostress methods.

The results presented below show that for all three methods, increasing the standard deviation of the
artificial error, increases the spread of both the resultant stress axes and the R value. Furthermore, for
the Groningen (9° and 20° standard deviations) as well as the Mammendorf (standard deviation
equals 20° dataset), the DSI method produces second set of stress axes for 5-10% of the 50 random

datasets. These sets clearly deviate from the main set of stress axes, both in the orientation of the
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principle stresses, and in the stress ratio. The histograms of the Groningen data clearly show a

bimodal distribution.

Discussion

The secondary paleostress results calculated for the Groningen and Mammendorf datasets have large
implications. The calculation two very distinct stress tensors, based on what are essentially the same
data, means that one can never be completely certain whether any calculated paleostress tensor is
correct. A similar result is shown in Appendix 4, where single outliers are shown to strongly influence
the result of the DSI stress tensor. The NDA method appears to be more stable. The calculation of
discrepant stress axes with the DSI method in 5-10% of the cases of the higher standard deviations,
might be the result of the least square regression used in the DSI method. Least square regression is
a method to fit a trend line to a collection of measurements by minimizing the sum of the squared
difference between the data and the trend line (see for example: Davis, 2002). The problem with the
least square criterion in general is very sensitive to outliers' in the data (e.g.: Will and Powell, 1991;
Davis, 2002). Will and Powel (1991) describe how the use of a “classical least squares estimator” for
example in the DSI can result in “surprising” results when used on real data, that is not free of outliers,
or when the data is not Gaussian distributed. One possibility is to visually inspect the data and
(manually) remove these outliers, but since this a four-dimensional problem, this approach is
impractical (Will and Powell, 1991). In addition, in “real” data measurement errors in the field data can
not be avoided (Shan et al., 2006), and the removal of measurement errors is more complex than the
removal of outliers. In seismic based fault displacement studies on the other hand, particularly the
reconstruction step is known to introduce a lot of errors (Gartrell and Lisk, 2005).

Regarding the different orientation of principle stresses and the R-value using different paleostress
calculation methods, Sippel (2008) discusses the difficulty of the NDA to calculate the correct stress
ratio, as it is based on the eigenvectors and eigenvalues and not on the fault-slip pattern. Also the
orientation of the stress axes might not correctly fit with the fault-slip data. It however must be noted
that neither the DSI nor NDA is able to calculate the reported stress ratio 0.333 used to construct the
artificial Shan dataset (Shan et al., 2003).

For the Mammendorf dataset, the orientation of the stress axes of the NDA and DSI results are the
same, but the sign is different, as g2 and os are inverted. This is however not at all surprising
considering that Sippel et al. (2009) shows this data set has an R-value of 0. In a stress tensor with
R=0, 02 and g3 are the same size. This is not reflected in the R-value of the NDA-calculated stress

tensors, but the DSI stress tensor has an average R-value of around 0.11

! Will and Powell (1991) define an outlier as “a measurement that is discrepant with respect to the trend of the
majority of the data, for example, as a consequence of belonging to a different stress field or of erroneous
measurement, especially the wrong sense-of-shear; incorrect geological interpretation, recording or keypunch

errors, etc”.
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Conclusions
There appear to be problems associated with both the NDA and DSI paleostress calculation. The NDA

might have difficulties calculating the correct stress ratio, or the correct stress axes orientation (Sippel,
2008). This section, as well as the other appendices, shows that the DSI is not stable and can
calculate very different stress axes based on what essentially is the same data. This throws a shadow
of doubt on any paleostress tensor, calculated with a least squared regression algorithm, as one is
never certain if the resultant tensor is correct. As a result, we stand by our decision to use the NDA

methods, although we concede that this method might not correctly represent the stress ratio.
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Mamendorf Data set
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Groningen North Sea Group Data
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Groningen North Sea Group Data
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Appendix 3: Bootstrapping the data

To evaluate the statistical robustness of the
dataset, the dataset was subjected to a
modified “sampling without replacement
bootstrapping”test. The term “modified” is
used as the resampling was not done at
random, but was coupled to the fault trends
observed in the survey. The aim of this
analysis is to see whether the fault
orientation influences the calculated
paleostress result. There are four main
areas in the fault orientation and these will
act as a separator for the data in this
analysis.

The fault and slip orientation in the data set
was split into four groups (see figure),
where trend 1 corresponds to the NE-SW
fault trend in the NW of the survey, trend 2
corresponds to the N-S trend along the
western border, and trend 3 corresponds to
the NW-SE trend in the SW of the survey.
The faults in trend 4 are all faults in the
centre and east of the survey, not included

in any of the other trends. This set only

contains faults in the Cretaceous deposits

(this is the area of the faults described in

Chapter 2). The datasets for the Tertiary and Cretaceous faults were resampled using these trends,
and the paleostresses were recalculated with the NDA-method, using a 30° © angle.

A second analysis was used to evaluate the effect of fault orientation, as well as the effect of the
applied slip vectors. Here the paleostress tensor was recalculated in the case of pure dip-slip. This
was done for the entire Tertiary and Cretaceous faults sets, as well as the four Tertiary and four
Cretaceous fault trend sub-sets. Pure dip-slip was assumed by making the orientation of the slip vector
parallel to the dip direction of the fault.

The results of the bootstrapping are shown in table C-1 for the Tertiary and in table C-2 for the
Cretaceous. For the case of pure dip slip, table C-3 shows the results of the Tertiary and C-4 for the
Cretaceous. In these tables, the first line shows the results for the entire dataset, and in table C-3 and
C-4 the second line shows the results for the entire data set, recalculated with pure dip slip.

The results in table C-1 and C-2 show that the orientation of the bootstrapped principle stresses only

differ significantly from the results of the entire dataset in the N_all-trend1-subset. For this subset, the
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orientation of g2 and 03 stress axis is rotated. It must be noted here that for the entire dataset, the R-
value is quite low (around 0.3).

For all other data sets in tables C-1 and C-2, the orientation of the sub-set principle stresses is similar
to the orientation of the principle stresses in the entire data set. The variation in the principle stresses
is generally within 17° (in the case of the N_all-trend1-subset within 35°). This variation is not
necessarily the result of the monotone fault orientation, but can also be caused by the reduced amount
of fault orientations in the analysis. Angelier (1994) already discussed that the quality of the
paleostress analysis depends on the amount of used faults, as well as their spatial distribution.

It is surprising to see that for the case of pure dip slip, the stress orientations of the bootstrapped trend
subsets do not differ significantly from the entire data set. Again N-All trend1- sub sets, shows a switch
in 02 and g3 axes, but all other data sets show paleostress orientations similar to the original dataset.
Also note that the fluctuation diagrams are of a better quality (i.e. closer to the Gaussian bell shape).
Slip vectors in this study nearly are very close to pure dip slip normal faulting. The sum of all the small
errors in the inferred slip vectors might lead to poorer quality than the results using pure dip-slip (see

also Appendix 2).

References:
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The Results
Table C-1
N_all
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Fault orientation
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Table C-2
CK_ _all
All-CK

Trend 1

Trend 2
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; i ?4
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Appendix 4: Synthetic data Paleostress sensitivity test

Synthetic data was used to investigate the sensitivities of the Direct Stress Inversion (DSI) method and
Numerical Dynamic Analysis (NDA) to outliers. Here, 44 faults, together defining an N-S graben with
pure dip slip deformation, form the backbone of this analysis. This fault set consist of two subsets with
a random dip direction between 85° and 95° or 265° and 275° (each 22 faults), and a random dip
between 55° and 65°. This setup was chosen as it represents a N-S orientated extension by a perfect
set of conjugate fractures, but allowing for the inherent variability in orientation and expected
measurement error of 5°. Based on the Andersonian theory of faulting (Anderson, 1942), one would
expect the paleostress tensor of this fault-set to have a vertical a1 and E-W oriented as.

The paleostress analysis of this backbone does not yield results for the DSI metho. This probably
stems from the symmetry in the data set, as Angelier (1994) already noted that the Direct Inversion
Method can not handle conjugate faults. The NDA method does not experience this problem and
shows a vertical o1 and E-W oriented 03. The R-value is 0.5, but we note the comments of Sippel
(2008) that the NDA does not always produce the correct stress ratio.

In the following nine datasets we have added an increasing number of outlier faults. Here again we
observe that DSl is unable to produce a result for most of these, and when it does, the stress axes are
very much influenced by the outliers and stress ratio is low (approaching 0). It is clear that
heterogeneous data and outliers have a very strong influence on the calculation of the DSI. Of course
it would be possible to manually remove these outliers or separate the data. However, as noted by Will
and Powell (1991), in some situations it can be quite difficult to determine which data points
correspond to the stress tensor under review, and which are outliers. The NDA results seem to be

uninfluenced by the inclusion of outliers.
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¢ Anderson, E. M., 1942. The Dynamics of Faulting. Oliver&Boyd, Edinburgh, First edition, pp. 206.

¢ Angelier, J., 1990. Inversion of field data in fault tectonics to obtain the regional stress-Ill. A new
rapid direct inversion method by analytical means. Geophysics Journal International 103, 363-376.

¢ Angelier, J., 1994. Fault Slip Analysis and Paleostress Reconstruction. In: Hancock, P. L. (Ed.),
Continental Deformation. Pergamon Press, Oxford, 53-100.

¢ Sippel, J., 2008. The Paleostress History of the Central European Basin System. Dr. rer. nat.
thesis, Freien Universitat.

¢ Will, T. M., Powell, R., 1991. A robust approach to the calculation of paleostress fields from fault

plane. Journal of Structural Geology 13(7), 813-821
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DSI = Direct stress inversion (Angelier, 1990). NDA = Numerical Dynamic Analysis (Turner&Spang)
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Appendix 5: Differences between NDA with different © angles

In the NDA method, the theta angle (©, angle of internal friction) needs to be defined prior to
calculation. A value of 30° is generally used for neoformed faults, as this value is empirically shown to
give the best results (Sperner et al., 1993; Meschede, 1994; Sperner, 1996). For reactivated faults, the
value of 45° is recommended (Klaus Reicherter, personal communication, 2006). Tectonics FP allows
the calculation of the so-called “best-fit theta angle”. This angle is the result of a stepwise calculation
of the PT-axes using different theta angles between 10 and 85° until an optimum clustering of the PT-
axes is found (Tectonics FP Help). In this appendix a comparison is made between the use of theta
angles of different values. These values are 30°, 45° and the best fit theta angle, calculated by
Tectonics FP. The different fault sets described in Chapter 1 were used for this analysis.

The comparison of output using these theta angles shows that the differences between the output
paleostress axes are within 20° and often smaller than 10°. This places them well within the general
uncertainty of the analysis as well as the uncertainty usually associated with field measurements. The
R-value does not show a significant difference when different theta values are used either. The use of
different theta angles (between 30° and 60°) is shown not to have a large impact on the output of the
NDA method in this dataset.
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¢ Meschede, M., Ratschbacher, L., Frisch, W., Herrman, U. R., 1994. The relation between plate

convergence and paleostress fields: fault-slip analyses in southern Mexico and along the
Motagua-Polochic fault system in Guatemala. TSK 5, Géttingen, 6.4.1994, Gottinger Arbeiten
Geologie und Paldontlogie, 252-255.

¢ Sperner, B., 1996. Computer programs for the kinematic analysis of brittle deformation structures.
In: Frisch, W. (Ed.), Tubinger Geowissenschaftliche Arbeiten Reihe A, 27, Tubingen.

¢ Sperner, B., Ratschbacher, L., Ott, R. 1993. Fault-striae analysis: a Turbo pascal program for
graphical presentation and reduced stress tensor calculation. Computers & Geosciences 19(9),
1361-1388.
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Appendix 6: The stratigraphy of the Dutch Zechstein®

In the Dutch subsurface, the Zechstein can be subdivided in a marine lower part (Z1-Z3) and a playa

type upper part (Z4 and Z5), with a more clastic type of deposits (Geluk, 1997, 2000). In the northern

Netherlands the oldest five of the total seven Zechstein cycles are preserved, but the record gets
incomplete towards the south (see Fig. 1, see also Chapter 3, Taylor, 1998; TNO-NITG, 2004; Geluk,

2007).
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Figure 1: Simplified stratigraphic collumn for the Duth subsurface. South is to the left, north to the right.

Note the subdivision between shelf, slope and basin. Based on Van Adrichem-Boogaert and Kouwe,
1993-1997, Geluk, 2000 and TNO-NITG, 2004

The Zechstein carbonates facies
Time equivalent Zechstein carbonate deposits in the Netherlands are subdivided in shelf, slope and
basin facies (Taylor, 1998; Geluk, 2000; Geluk, 2007, see also Fig. 1). This subdivision is based on

the Zechstein carbonate members that show a pronounced sigmoidal shape in N-S sections. This

results from the members being draped on the underlying aggradational infill of the basin. The

maximum thickness of the carbonate members is observed on the slope. The platform carbonates

consist of shallow water deposits such as lagoonal, bioclastic or oolitic carbonates, reefs and

carbonatic sandstones which experienced occasional subaerial exposure. The slope facies consists of

a transition of platform to basin facies: In the carbonate deposits of the Zechstein individual reefs and

off-platform highs are observed in the slope facies (Geluk, 2000). Slumps, grain and mass flows are

6 This is an extended stratigraphic description of the Zechstein formation in the Netherlands, based on the

stratistratic section of Chapter 3
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also observed. The basin facies were deposited in water depths of several tens of meters with a basin
depth up to 200 m during Z2 deposition. Basin carbonates can contain high Total Organic Content
(TOC) (Geluk, 2000). Redeposition of platform facies is observed in the basin.

Zechstein stratigraphy

The Z1 Werra deposits, including the bitumous Coppershale deposits, are less than 50 m thick in the
Netherlands (Geluk, 2007). Both the Groningen area and the off-shore study area contain no Z1 halite,
as deposition was restricted to the Central Netherlands Basin (see Fig. 1). The Main Zechstein Basin
was formed by a starved basin, with mixed carbonate, clay and evaporitic anhydrite deposition.

The 30-90 m thick Z2 Main Dolomite member is deposited directly on top of the Z1 deposits in both
study areas. The Z2 halites (Stassfurt Formation) are deposited after the Basal Anhydrite Member.
They reach thicknesses between 500 and 600 m of primary thickness in both study areas, but this
thickness was later modified by salt tectonics (Geluk, 2007). On the slope and platform anhydrite is
deposited as a last Stassfurt deposit before the deposition of the Z3 Leine Formation. This starts with
a roughly 1 m thick grey shale (Grey Salt Clay), which is characterized by a sharp Gamma-ray peak in
wireline logs, though not as strong as the equivalent Z1 Copper Shale formation (Taylor, 1998). The
Z3 Platy Dolomite is equivalent to the Seaham Formation in Durham and the Brotheron formation,
found in Yorkshire (Taylor, 1998). The dolomite reaches thicknesses of 30 m (in Seaham, Smith,
1995) to 75-90 m on the shelf, which is considerably more than in the basin where it reduces to
several meters (Taylor, 1998). The Platy Dolomite consists of grey microcrystalline dolomite, with thin
shaly layers (Taylor, 1998). Depositional settings were mainly shallow, quiet water, with water depths
up to several tens of meters (Taylor, 1998; Geluk, 2000). On top of the Z3 Carbonate, a series of
sabkha cycles is identified, which consists of algal mats and nodular anhydrite before grading into the
overlying Hauptanhydrit (Main Anhydrite, Taylor, 1998). In the Gorleben salt structure (east of
Hamburg, Germany), this member consist of grey to blue anhydrite with brownish shaly marls and thin
layers of magnesite, which represents algae structures (Siemann and Ellendorff, 2001). In the Dutch
part of the basin the thickness of the Main Anhydrite increases from 3 m on the shelf to 45 m in the
basin, with local excursions to 100 m and complex changes in thickness (Taylor, 1998; Geluk, 2000).
The Z3 halite deposits of the Leine Formation, contain a halite basal part, but the upper part consists
of two thick potassium-magnesium salt layers, which includes beds of bischofite, kieserite, carnallite
and sylvite (Coelewij et al., 1978). Thicknesses of the Z3 halite are 200-300 m in the Groningen area,
while in the offshore study area primary thickness of roughly 100 m are observed (Geluk, 2007).
During the deposition of the Z4 Aller Formation permanent hypersaline conditions were reached. The
Aller formation consists of the Red Salt Clay and a thin layer of the Pegmatit Anhydrit member, both
being only several meters thick (Geluk, 2007), followed by Z4 Salt. The Z4 deposits reaches no more
than 50 m thickness (Geluk, 2007). The middle of the Z4 Salt consists of potassium-magnesium salts,
and the top contains alterations of halite and claystone. Combined with the deposition of sabkha
anhydritic claystones along the basin edge, these deposits were interpreted as playa deposits (Geluk,
1997, 2000). The Z5 Ohre Formation is only deposited in the northeast of the Dutch onshore and the

northwest of the offshore. It consists of a several meter thick basal claystone and a halite layer with a
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thickness up to 15 m (Geluk, 2007). The Z5 was not deposited in the present study areas. The Z6 and

Z7, described by Best (1989) are not found in the Netherlands. The youngest Zechstein deposit is the

Upper Claystone Formation. It occurs throughout the Netherlands and is comprised of red and grey

anhydritic claystones, and is between 10 and 50 m thick (Geluk, 2007).
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Summary

The pre-drilling prediction of (paleo)-stress helps defining fracture and fault patterns which can either
help or hinder hydrocarbon production, and helps to decipher the tectonic history of the crust. At the
moment, paleostress studies are mostly based on the detailed mapping of faults and movement
directions in the field. This limits the applicability of this approach to areas where the rocks of interest
are outcropping and excludes sedimentary basins. In this work, a method is developed and tested to
determine the paleostress stratigraphy solely based on 3D reflection data, and the initial work for a
similar approach for ductile evaporites is presented.

For the determination of paleostress, knowledge of the orientation and slip direction of the individual
faults in the set is required. Both in field and seismic surveys it is relatively easy to determine the fault
orientation. Determining the slip direction however remains a challenge in seismic data. In field
studies, measurement of the slickenside orientation provides a quick and easy slip direction
determination, but these structures are too small to be resolved in seismic data. Due to the converging
pattern of slip lines, the measured slickenline does not need to represent the tectonic movement
direction. Furthermore, since faults generally rupture in a number of seismic events distributed over
the fault plane, contradicting slip directions formed during the same tectonic phase can overprint each
other, complicating the interpretation of field based slip determination.

The easiest way to determine the slip direction on faults is by connecting two points that were on direct
opposite sides of the fault, prior to deformation. Unfortunately, no faulted channels or lineaments were
present in the data set. By careful mapping of the Allan lines however, the slip directions of a number
of faults, over a number of time periods were constrained. This data allowed for the determination of
the paleostress stratigraphy of the NW corner of the Groningen High in the Netherlands, spanning
from the Triassic to present-day. The paleostress states correspond well with published paleostress
data.

The roughness of fault planes is however not limited to the scale of slickensides. Also larger
undulations are present on the fault surfaces. Recent publications, based on LIDAR measurements of
outcropping faults suggest that these undulations are in the direction of fault slip. Detailed
interpretation of several faults in the relatively brittle Upper Cretaceous Chalk from the same area
showed that in reflection seismic, undulations are present in interpretations in different directions. It is
also shown that these undulations are unlikely to be the result of aliasing, or interpolation effects. The
determination of the orientation and slip direction of over 200 faults allowed the determination of the
Upper Cretaceous paleostress. This result corresponds well to the paleostress results with the
geometrically determined slip direction, and published results.

The Late Permian Zechstein deposits of Europe consist for a large part of (ductile) evaporites. This
interval decouples sub- and supra-salt deformation. The ductile deformation of these deposits does
not allow the determination of the paleostress evolution using the above discussed method. However,
an enclosed brittle layer, fully encased in the ductile salts, allows the visualization of the extremely
complex deformation patterns, and can serve as a strain marker in these deposits. Structures
observed, include various types of disharmonic folds, superimposed on the harmonic folding, which

follows the top of the salt, ductile rupture (boudins) and zones of early diagentic/sedimentary thickness
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increase. The latter seem to affect younger deformation. These zones seem to influence the location
of salt structures, showing that early structures can affect the salt tectonics and deformation of supra-

salt deposits.
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Zusammenfassung

Vorhersagen Uber den (Paldo-)spannungen im Vorfeld von Bohrungen erlauben Aussagen Uber
Bruch- und Stérungsmuster, welche im Zuge der Kohlenwasserstoffproduktion sowohl hilfreich, als
auch hinderlich sein kdénnen. Desweiteren helfen sie bei der Entschlisselung der tektonischen
Geschichte der Erdkruste.

Paldospannungsstudien basieren z. Z. weitestgehend auf der detaillierten Kartierung von Stérungen
und Bewegungsrichtungen im Aufschluss. Die Anwendbarkeit dieses Ansatzes ist auf Bereiche
begrenzt, in denen die entsprechenden Gesteine im Aufschluss zuganglich sind, was Sedimentbecken
ausschlieft.

In der vorliegenden Arbeit wurde eine Methode entwickelt und getestet die
Paldospannungsstratigraphie einzig auf der Basis von 3D reflexionsseismischen Bildern zu ermitteln.
Desweiteren wird ein entsprechender Ansatz zur Anwendbarkeit der Ergebnisse auf duktile Evaporite
vorgestellt.

Zur Ermittlung der Paldospannungen sind Informationen Uber Orientierung und Bewegungsrichtung
individueller Stérungen eines Datensatzes notwendig. Die Orientierung einer Stdérung lasst sich
sowohl im Gelande, als auch aus der Seismik relativ einfach bestimmen. lhre Bewegungsrichtung aus
seismischen Daten zu gewinnen ist hingegen eine Herausforderung. Harnische, welche im Aufschluss
schnell und einfach auf den Bewegungsvektor schlieRen lassen, sind zu kleinmalstdblich um in
seismischen Daten aufgeldst zu werden. Desweiteren konvergieren Harnische in der Regel entlang
der Stérungsflache, weshalb ein gemessener Bewegungsindikator nicht unbedingt die wahre
tektonische Bewegungsrichtung anzeigt. Darlber hinaus verteilt sich der Gesamtversatz einer Stérung
auf eine Vielzahl von untergeordneten seismischen Ereignissen entlang der Stérungsflache. Die Folge
sind eine Vielzahl sich Uberlagernder Bewegungsrichtungen innerhalb eines tektonischen Regimes,
was die Deutung der absoluten Bewegungsrichtung aus Aufschlussdaten zusatzlich erschwert.

Der einfachste Weg den Bewegungsvektor einer Stérung zu bestimmen ist es zwei auf
gegeniberliegenden Seiten der Stérung befindliche Punkte miteinander zu verbinden, welche vor der
Deformation unmittelbar nebeneinander lagen. Leider waren keine gestérten Kanale oder Lineare im
Datensatz enthalten. Durch sorgféaltiges Kartieren der ,Allan lines“ konnte jedoch der Versatz an einer
bestimmten Anzahl Stérungen Uber bestimmte Zeitraume eingegrenzt werden. Diese Daten erlaubten
eine Rekonstruktion der Paldospannungsstratigraphie des Nordwestlichen Teils des Groningen Hochs
in den Niederlanden Uber den Zeitraum von der Trias bis heute. Die Paldospannungszustande sind in
guter Ubereinstimmung mit bereits publizierten Paldospannungsdaten.

Die Rauhigkeit von Stérungsflachen ist nicht auf Harnische beschrankt. Es finden sich auch
UregelmaRigkeiten groReren Malstabs. Aktuelle Veroffentlichungen zeigen anhand von LIDAR
Messungen an offenliegenden  Stérungsflachen, dass diese UnregelmaRigkeiten die
Bewegungsrichtungen der Stérungen anzeigen. Detaillierte Interpretation einiger Stérungen in relativ
sproden Gesteinen der Oberkreide aus der entsprechenden Gegend zeigen in der Reflexionsseismik

UnregelmaRigkeiten, auch wenn diese Flachen in verschiedenste Richtungen interpretiert wurden. Es
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wird gezeigt, dass diese UnregelmaBigkeiten mit groler Wahrscheinlichkeit nicht auf Aliasing oder
Interpolationseffekte zurlickzufiihren sind.

Die Analyse der Raumlage und Bewegungsrichtung von Gber 200 Stérungen erlaubte die Bestimmung
der Paldospannung in der Oberkreide. Das so gewonnene Ergebnis ist in Ubereinstimmung mit den
Palaospannungsergebnissen aus geometrisch bestimmten Bewegungsrichtungen, sowie mit
Literaturdaten.

Die Oberpermischen Zechstein Ablagerungen in Europa bestehen in erster Linie aus (duktilen)
Evaporiten. Dieses Intervall entkoppelt Sub- und Suprasalzdeformation voneinander. Das duktile
Deformationsverhalten dieser Ablagerungen erlaubt es nicht die Paldospannung mit Hilfe der
vorgestellten Methoden zu bestimmen. Allerdings ermdglicht ein vollstandig in das duktile Salz
eingeschlossenes, sprodes Schichtpaket die Visualisierung des extrem  komplexen
Deformationsmusters und dient als Verformungsindikator in diesen Ablagerungen. Sichtbare
Strukturen umfassen neben verschiedenen Typen disharmonischer Faltung, welche die der Oberseite
der Salzschicht folgenden harmonische Faltung Giberlagern, auch duktile Briiche (Boudins) und Zonen
frihsedimentérer/diagenetischer Machtigkeitszunahme, welche die spéatere Deformation zu
beeinflussen scheint. Diese Zonen scheinen die Lokalisierung von Salzstrukturen zu beeinflussen,
was zeigt das junge Strukturen Einfluss auf die spatere Salztektonik und Deformation von den, das

Salz tberlagerenden, Ablagerungen haben kénnen.
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