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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 reflection data from two surveys on the Groningen High
and the Cleaver Bank High. We focus on a relatively brittle, folded and boudinaged, claystoneecarbonate
eanhydrite 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 not only are reservoirs for hydrocarbons but can 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 suprasalt 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.

� 2010 Elsevier Ltd. All rights reserved.
1. 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;
Hübscher et al., 2007). The Dutch part of the Central European
Basin contains five evaporite cycles of the Late Permian Zechstein
Group (Z1eZ5, 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”1).
x: þ49 241 80 92358.
. Van Gent).
o specify layered, competent
ly buoyancy, but carbonate,
alite and are expected to sink
ales.

All rights reserved.
1.1. 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 of 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., 2009; Schoenherr et al.,
2009a,b). 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
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pressures up to lithostatic (Williamson et al., 1997). Overpressures
in stringers are difficult to predict, therefore 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).

1.2. 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 subsalt 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 observa-
tions 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, 1996;
Geluk, 1995; Burliga, 1996; Smith, 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, 2000; Burliga, 1996; Taylor,
1998; Behlau and Mingerzahn, 2001). The folds have curved,
open-to-isoclinal fold axes, and boudins from millimeter (Schléder
et al., 2008) to kilometer scale (Burliga, 1996) are common. Cross-
sections through the Zechstein in the Gorleben and Morsleben salt
domes (Bornemann, 1991; Behlau 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 distribu-
tion of different age salt, the position and internal deformation of
solid inclusions, the microstructures and, by inference, the defor-
mation mechanisms (among others: Jackson et al., 1990; Talbot and
Aftabi, 2004; Talbot, 2008; Reuning et al., 2009; Schoenherr et al.,
2009a,b; 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 conse-
quently 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).
1.3. 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 onshore and offshore. We focus on thickness variations
and structural style at the scale of 30 me20 km, to draw inferences
about sedimentary and diagenetic evolution and salt tectonic
processes.
2. The stratigraphy of the Zechstein

In the Dutch subsurface, the Zechstein can be subdivided in
a marine lower part (Z1eZ3) and a playa-type upper part (Z4 and
Z5) with more clastic deposits (Geluk, 1997, 2000). Z1eZ3 follow
the classic carbonateeevaporite cycle: claysto-
neecarbonateegypsumehaliteepotassium and magnesium salts
consecutively (Warren, 2006; Geluk, 2000). The cycles correspond
to major transgressions from the Arctic and evaporation of
seawater in the arid Southern Permian Basin (Figs. 1 and 2, Taylor,
1998). In the 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 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 (Figs. 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 potassiumemagnesium 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 wire line logs (Taylor, 1998). The overlying
Platy Dolomite (“Plattendolomit”) reaches thicknesses of 30 m
(Smith, 1995) to 75e90 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 (“Haup-
tanhydrit”) 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; Bäuerle et al., 2000).

The Z3 Leine halite is overlain by two thick potas-
siumemagnesium salt layers, with bischofite, kieserite, carnallite
and sylvite (Coelewij et al., 1978). Primary thickness of the Z3 halite



Fig. 1. Zechstein stratigraphy in the Netherlands (based on Van Adrichem-Boogaert and Kouwe, 1993e1997, 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.
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is 200e300 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, 1993e1997; TNO-
NITG, 2004; Geluk, 2007).

2.1. The Zechstein carbonate facies (Z1eZ3)

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).

2.2. 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 (Figs. 1 and 3). The stringer is visible as a pair of parallel
loops in the relatively transparent halite. Imaging limitations are
related to the frequencycontent andnoise level of the seismic data, to
the thickness of the layer and to the local high dip of the layer (Sleep
and Fujita, 1997). If the thickness of the stringer is below the tuning
thickness of about 30e35 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 40e50 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.

3. Study areas and methodology

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

3.1. The Groningen High

The first study area is 20 � 30 km and is located on the Gro-
ningen High (NE Dutch onshore, Fig. 2, Van Gent et al., 2009). The
Groningen Gas Field (Fig. 2) contains one of the largest gas reser-
voirs of the world (Stäuble 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 dataset, provided by the Nederlandse Aardolie
Maatschappij BV. (NAM, a Shell operated 50e50 joint venture with
ExxonMobil.) The horizontal resolution and seismic positioning
uncertainty are around 50e75 m, with the seismic bin size being



Fig. 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
TexeleIJselmeer 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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25 m. Vertical sampling is 2e4 ms. In total over 250 wells were
drilled in the Groningen area.

3.2. The western offshore

The second study area, a 20 � 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 Carbonif-
erous, Saalian tectonic phase, the CBH was tectonically active and
uplifted. Between the Permian and the Middle Jurassic the CBHwas
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 an 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 subsalt 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 EeW 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. Figs. 8 and 9).

The seismic data used for this area were also provided by NAM.
The horizontal resolution and seismic positioning uncertainty are
typically around 50e75 m (as the seismic bin size is 25 m). Vertical
sampling is 2e4ms.Well control is provided by a dozen production
and exploration wells.

3.3. The workflow

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



Fig. 3. NeS 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 500e700 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.
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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 � 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 xey
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
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 (Figs. 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,
Figs. 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 autotracking around the manual picks. Here we
consistently chose the higher stringer in case of overlap. A contin-
uous 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 100e200 m
spacing to define a point cloud of 54 000 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 Section 4.3).
4. Stringer geometry

4.1. Groningen

The Base Zechstein map (top Z2 anhydrite, Fig. 4a) shows
a number of basement faults with offsets up to 300m, while the top
Zechsteinmap (Fig. 4b) shows a few salt pillows flanked by a graben
and a central area where top Zechstein is relatively horizontal at
2000e2200 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 200e300m below top Zechstein, in its present geometry (Figs.
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 areaswith anomalously thick stringers, on areas
where stringers are not visible, and on folds of differentwavelengths,
orientation and amplitudes (Figs. 3, 5 and 6).

4.1.1. Stringer thickness distribution
The observed stringers usually have a rather constant thickness

of around 40m, with areas of increased thickness (up to 150m). We
call these TZs (Thicker Zones; Fig. 3). A stringer thickness distri-
bution map is shown in Figs. 4d and 5a (areas with no visible
stringers e as defined above e are in grey).

We studied seven wells that penetrate the visible Zechstein
stringer. In those wells that penetrate a TZ, the stringers are
80e125 m thick with two strong Gamma Ray peaks: one in the
basal claystone and a second peak at the top. In all wells pene-
trating 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 400mwide, long, branching TZ is seen throughout
thearea (redandyellowcolours in Figs. 4dand5a, darkgrey in Fig. 4e
and f). These zones are curved and are connected at triple (rarely



Fig. 4. a) Depth top Z2 anhydrite map, which assumed here to be the top of the mechanical basement. (b) Depth top Zechstein map. 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 4.3.3. 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 5 m thick (and assumed to be absent). (e)
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 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 e i.e. the TZs are dominantly found in local synclinal structures. The inset shows in cross-section how the overlapping of the
original (red) and smoothed (yellow) surface indicates that TZs only occur in synclines. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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quadruple) junctions. TZs are synclinal (never anticlinal) in shape
and lie below the stringers’ enveloping surface (Figs. 4e and f and 5).

Inmoredetail, in cross-section, TZ can be (I) symmetric,with two
overlapping top stringer reflectors (top Main Anhydrite) and top
stringer slightly raised in the thickest section (Figs. 5aec and e and
6c) and a continuous base (Fig. 5aec and e), or (II) asymmetric, with
the stringer invisible on one side of the TZ (Fig. 5def). In the Type I
TZs, structures that appear to be internal thrusts are interpreted
(Fig. 5c), but it cannot 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 NEeSW oriented TZ along the
western edge of the survey is perpendicular to this trend (compare
Fig. 4a and d). There is, however, a clear correlation between TZ and
the topography of top Zechstein (compare Fig. 4b and e), as well as
in local depressions of the stringer (Fig. 4e and f): TZs are domi-
nantly found in areas where top Zechstein is deep.

4.1.2. Folds
The enveloping surface of ZE3 forms 10 km-scale fold structures

which are harmonic with the top Zechstein (Figs. 3 and 4). TZs are
located in the synclinal hinges of these large-scale folds. In the area
marked with a star in Figs. 4c and d and 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 TZ. The seismic section in Fig. 6d is
parallel to the EeW diapir (see Figs. 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. 6c shows a similar structure
of folds in an area with fold axes running up the crest of a salt
pillow and wavelengths of a few 100 m. The observed fold axes in
Figs. 4e6 generally are in the dip direction of the Z3 enveloping
surface.

4.1.3. Areas with no visible stringer
Areas with No Visible Stringer reflector e called ANVIS e 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 and also Fig. 5a). In other areas, ANVIS have
no apparent relationship with TZ but are related to the EeW
striking salt diapir in the north of the area (key 2 in Fig. 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 TZs 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 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 four wells penetrating ANVIS, two wells encountered no
stringer. In one case a very thin (10e20 m) stringer was encoun-
tered. Finally, one well in an ANVIS penetrated a 100-m long,
Fig. 5. (a) Observations of the Z3 stringer in the Groningen area, based on a shaded obliqu
thickness (Fig. 4d) is projected on the surface, with thickness less than 10 m is grey. Also show
well as those in Fig. 6. Vertical exaggeration is 2�. Star is in the same location as in Fig. 4. No
internal thrusts (Type I), gaps and folds in a cross-section through the TZ. Note that the TZ
cross-sections. (c) Close-up cross-section of an internal thrust in the stringer (Type I). (d) Cro
showing Types I and II TZs in the same profile. (For interpretation of the references to colo
steeply dipping stringer section, this shows that the stringers’
visibility can be limited by their dip.

In the east of the survey, the roughly NeS oriented TZ intersects
the EeW diapir (Figs. 4d and 6d). Here the ANVIS which are sub-
parallel to the diapir crest further west curve towards the diapir and
the diapir is also narrower here. This may suggest that TZs are older
than ANVIS.

4.2. 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 NWof the study area
(Fig. 8) and along the NWeSE trending faults in the overburden
(Fig. 9).

The stringer surface which was created by horizon interpre-
tation, 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 over-
lapping stringers e compare Figs. 8c and 10). The point cloud,
however, shows locally a high level of additional complexity
(Fig. 11). TZs were not observed in this survey; where the stringer
could be interpreted, the top and bottom reflectors were 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 NEeSW striking salt
wall with two secondary, NWeSE striking graben structures which
are all clearly associated with fault systems in the overburden (Figs.
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).

4.2.1. Stringer surface geometry
The base stringer is shown in Figs. 8e and 10. There are a number

of clearly defined structural elements. Firstly, the enveloping
surface of the stringers follows the large-scale salt wall (Figs. 7a and
8b). In the areas where the stringers can be autotracked and dip less
than 30� (areas with bright colours and grey dots in Fig. 10) the
surface shows gentle, open folds (F in Figs. 7 and 8e) with a wave-
length 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. 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 Figs. 8 and 12) or monoclinal (M in
Fig. 12). The offsets can be not only small and become zero towards
e view of the top stringer (arrow points north, green is up, red is down). The stringer
n is the top Zechstein (white contours) and locations of cross-sections shown in bef as

te how the TZs in all cross-sections are always in a syncline (Fig. 4f). (b) Cross-section of
is located where the stringer is low. Reflectors have the same colours in the following
ss-section of Type II TZ. (e) Conceptual sketch of Type I and Type II TZ. (f) Cross-section
ur in this figure legend, the reader is referred to the web version of this article.)



Fig. 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 constriction folds south of the EW diapir. Note how the TZ crossing the diapir influence the
orientation of the holes in top stringer. Width of image is 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 is 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Cross-sections through the Western Offshore area. For locations see Fig. 8d. Note that the boudins (see discussion) and the isoclinally folded stringers are located close to the
inverted basement blocks. The isoclinal fold in the NeS cross-section is also shown in Fig. 11a and d.
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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, curvedmorphology (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.

4.2.2. Areas with no visible stringer in the Western Offshore
Stringers are usually not visible in the steeply dipping discon-

tinuities described above (see Figs. 10 and 12). However, in rela-
tively 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.

4.2.3. Folds
The open folds (Figs. 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 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 and www.
youtube.com/user/StrucGeology). Here also a direct comparison
between the horizon and fault interpretation of the offshore study
area can be found.

4.3. 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-scale folds, (2) “constriction” folds, (3) strongly non-
cylindrical structures and (4) isoclinal folds inside the salt struc-
tures. 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.

4.3.1. 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

http://www.ged.rwth-aachen.de
http://www.youtube.com/user/StrucGeology
http://www.youtube.com/user/StrucGeology
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Fig. 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 NWeSE oriented structures in the depth map and the ANVIS in the stringer. (b) Detail of (a)
showing interpretation of the stringer as individual points.
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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).

4.3.2. “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., 1995) 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 Gronin-
gen directly south of the EeW diapir (here the pattern of holes in
the stringer around the EeW diapir is similar to the pattern of
ruptures in the analogue models, see also Fig. 13d). The open folds
with sub-horizontal fold axes (Figs. 8e and 9) in the Western
Offshore study area can also be interpreted to result from a con-
strictional process as the stringer moved along with the salt into
the salt structure (see Fig. 13c).

4.3.3. 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
Figs. 5 and 6a with a relatively large anticlinal stringer fold,
harmonic to top salt, which is bisected by a TZ at high angle to the
Fig. 8. Maps from theWestern Offshore area. (a) Depth map top Rotliegend, note the differen
the point cloud of the manually interpreted base stringer. (d) Same as (c) but overlaid on de
interpolated base stringer surface, based on autotracking plus interpolation interpretation. F d
parts of the autotracked and interpolated base stringer surface with a dip higher than 35� , m
of offsets. A movie of the comparison of the autotracked and manual interpretations of the
and www.youtube.com/user/StrucGeology).
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. 13b, 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.

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

4.3.4. 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 under-
ground 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 our 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.
t structural trends and the inverted blocks. (b) Depth map of top Zechstein. (c) Depth of
pth top Rotliegend surface and with contour lines of depth top Zechstein. (e) Depth of
enotes fold axes, Omeans vertical offsets, see also Fig. 12. (f) Only displaying the offset-
arked O in (e). Sections are coloured for dip value. Note the extremely complex pattern
stringer can be found on our website and YouTube Channel (www.ged.rwth-aachen.de

http://www.ged.rwth-aachen.de
http://www.youtube.com/user/StrucGeology


Fig. 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 Fig. 8e and f). 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.
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5. Discussion

5.1. 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 and 50 m 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 80e90m 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 (TZs) 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 (Figs.
4dee and 5) of approximately in 4e5 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, TZs are
more frequent than in areas where this horizon is shallow (Figs. 4f
and 5). In cross-section at smaller scale, we observe internal over-
lapping 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 cannot 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 andHill,1995; Strohmenger et al.,1996). The
earlyevolution of salt giants is still enigmatic (Hübscher 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 solu-
tion of the Z2 evaporites.

Our preferred scenario involves the formation of 4e5 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-
undersaturated brines to circulate into the Z2 halite. This led to the



Fig. 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�. (b) Isoclinal fold close to inverted basement. Black lines and yellow surface indicate rough shape of the stringer. Vertical
exaggeration 2�. (c) 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. 11aec can be found on our
website and YouTube Channel (www.ged.rwth-aachen.de and www.youtube.com/user/StrucGeology). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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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
ANVIS sub-parallel toTZ (Figs. 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 Gro-
ningen 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 TZs are anhydrite diapirs, as these structures
generally have a flat base (Fulda, 1928; Langbein, 1987; Williams-
Stroud and Paul, 1997; Bäuerle et al., 2000). The observed
structures are more compatible with early sliding structures
(Richter-Bernburg, 1953b; Evrard et al., 2008).

The incursion of seawater 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 the 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 (perhaps
from the off-platform high; Fig. 2 and Bäuerle et al., 2000; Geluk,
2000) during Z3 carbonate deposition having formed erosional or
karst structures when (halite-undersaturated) seawater was flow-
ing 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 (Bosá et al., 1999). In fact, the shape of the water-
filled caves mapped by Bosá et al. (1999), including triple junctions,
is remarkably similar to TZ in Groningen.

The formation of thicker zones in a deforming layer has signif-
icant implications for the evolution during salt tectonic deforma-
tion. 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, 1993; Grujic et al., 2002). The thicker zones
clearly influence the patterns of ANVIS and fold geometry in the
study area (Figs. 5 and 13b).

5.2. Gravity-induced sinking

The density of natural halite is about 2200 kg/m3, anhydrite is
about 2900 kg/m3, and dolomite is about 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

http://www.ged.rwth-aachen.de
http://www.youtube.com/user/StrucGeology


Fig. 12. Detailed observations of the autotracked base stringer interpretation (points), overlain on the interpolated surface (as in Figs. 8e and 9). Those sections of this surface that
dip steeper than 45� are grey in colour. 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 45� (no points where the surface is grey).
Note the curved shape of all ANVIS in map view. The vertical exaggeration is 2�. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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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. Diag-
nostic 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 correlation is not
apparent in our dataset. Keeping inmind that themajor salt tectonic
movements occurred before the end of the Cretaceous, the fact that
many of our stringers are located high in the Zechstein (about 250m
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 Zech-
stein 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 is in agreement with the
wide variationof salt rheologies usedby thedifferent studies, calling
for more work to resolve this question.
5.3. Folding

In salt mines (see, for example, Krische, 1928; Richter-Bernburg,
1953a; Lotze, 1957; Talbot and Jackson, 1987; Schléder, 2006;
Schléder et al., 2007) isoclinal folds are common even in appar-
ently 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 parti-
tioned, possibly associated with the strong 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; Schléder, 2006).
5.4. 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 deforma-
tion. 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 thick-
ness of the Z3. The well data from the Groningen area which were
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 Zech-
stein requires additional data from many wells and that in some



Fig. 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 Figs. 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 results in the contemporary formation of contradicting structural
styles.
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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�, ANVIS corre-
spond to the absence of a stringer due to tectonic disruption
(boudinage). In areas where the stringers’ enveloping surface dips
more than 30�, ANVIS can either correspond to the absence of
a stringer due to tectonic disruption (boudinage or faulting) or to
a tectonically tilted stringer which is not imaged seismically.

5.5. Boudinage in salt e 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 Figs. 4d, 6b and e, 7, 8c and 11c, but the
data quality does not allow a detailed description. We will compare
our results with published example 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 bou-
din 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 sub-
divided 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, p. 294; Smith, 1996; Davison, 1996;
Roth, 1953; Borchert and Muir, 1964; Siemeister, 1969; Burliga,
1996; Schléder, 2006; Schléder et al., 2007; 2008). The six pub-
lished wells of the Gorleben salt structure (Bornemann, 1991)
penetrate the Z3 stringer for a total of 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.

5.5.1. 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 Zulauf and coworkers (Zulauf et al., 2003, 2009;
Zulauf and Zulauf, 2005). These experiments employ plasticine
and natural anhydrite as strong layers. Here the plasticine is suffi-
ciently 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.

5.5.2. Boudin dimensions
Since the thickness of the stringer in Groningen (Figs. 3 and 6e)

is between 40 and 50 m, the observed boudins have unusually high
aspect ratios, in the order of 5e20, much larger than the largest
mean aspect ratios described by Goscombe et al. (2004) in silici-
clastic and carbonate rocks. In the K1odawa 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
2.5e5 (assuming the view is perpendicular to the extension
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direction) and also the experimental D1-boudins of Zulauf and
Zulauf (2005) have aspect ratios around 5. Observations of bou-
dins 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.
5.6. 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 initi-
ated in the underlying more brittle limestone and claystone (sensu
Hansen et al., 2004).

Folds formed under plane strain can be used to approximate the
relative viscosity of the two layers (Sherwin and Chapple 1968),
using the BioteRamberg equations (Ramsay and Huber, 1987) for
Newtonian fluids, or those of 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).
5.7. 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 sedimen-
tation 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 deforma-
tion 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 consis-
tent position of the TZ between salt pillows. This is surprising
because the TZs 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 (Hübscher et al., 2007).
One mechanism for this could be that weak early deformation 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).

5.7.1. 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 are 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 pal-
inspastic 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 magni-
tude 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 kine-
matics 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.

6. Conclusions

1. 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.



H. Van Gent et al. / Journal of Structural Geology 33 (2011) 292e311 309
2. 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.

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

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

5. 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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