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Abstract: Mechanical heterogeneity of a sedimentary sequence exerts a primary control on the geometry of fault zones and the
proportion of offset accommodated by folding. The Wildensbuch Fault Zone in the Swiss Molasse Basin, with a maximum
throw of 40 m, intersects a Mesozoic section containing a thick (120 m) clay-dominated unit (Opalinus Clay) over- and
underlain by more competent limestone units. Interpretation of a 3D seismic reflection survey indicates that the fault zone
formed by upward propagation of an east–west-trending basement structure, through the Mesozoic section, in response to NE–
SW Miocene extension. This configuration formed an array of left-stepping normal fault segments above and below the
Opalinus Clay. In cross-section a broad monoclinal fold is observed in the Opalinus Clay. Folding, however, is not ubiquitous
and occurs in the Opalinus Clay where fault segments above and below are oblique to one another; where they are parallel the
fault passes through the Opalinus Clay with little folding. These observations demonstrate that, even in strongly heterogeneous
sequences, here a four-fold difference in both Young’s modulus and cohesion between layers, the occurrence of folding may
depend on the local relationship between fault geometry and applied stress field rather than rheological properties alone.

Received 26 March 2019; revised 8 November 2019; accepted 13 November 2019

A key control on the geometry and nature of structures formed in
response to extensional strains is the mechanical properties of the
deformed rocks. This is most evident in sedimentary sequences
where, for instance, the mode of fracture (Ferrill & Morris 2003),
fracture or fault dip (Peacock & Sanderson 1992; Ferrill et al. 2017)
and fault displacement gradients (Muraoka&Kamata 1983; Ferrill &
Morris 2008; Roche et al. 2012) can change across bedding interfaces
between lithologies of contrasting competence. Where the compe-
tence contrast between interbedded lithologies is large, structures can
step or become decoupled across the less competent units so that the
sequence of rocks of varyingmechanical properties, referred to as the
mechanical stratigraphy (Corbett et al. 1987; Wilkins & Gross 2002;
Laubach et al. 2009; Ferrill et al. 2017), has a significant impact on
the propagation and evolution of extensional faults and fractures (e.g.
Peacock & Zhang 1994; Childs et al. 1996; Vasquez et al. 2018).

The impact of mechanical stratigraphy on extensional faulting is
well documented for small faults at outcrop (Peacock & Sanderson
1992; Wilkins & Gross 2002; Ferrill & Morris 2003; Roche et al.
2012; Agosta et al. 2015) but until the advent of 3D seismic
reflection data, studying this relationship in three dimensions was
challenging (see Mansfield & Cartwright 1996; Kattenhorn &
Pollard 2001). Over the past 10 years there have been many seismic-
based studies of the impact of sequence on fault geometry and, in
particular, on sequences that contain continuous thick salt units
where extensional fault systems are entirely decoupled across the
salt layer (Baudon & Cartwright 2008; Jackson & Rotevatn 2013;
Tvedt et al. 2013; Wilson et al. 2013; Lăpa ̆dat et al. 2017; Deng &
McClay 2019). Here we use a 3D seismic reflection survey to
examine the impact of a thick (>120 m), clay-dominated,
incompetent unit on normal fault geometry.

Displacement across fault zones is accommodated by a
combination of discontinuous and continuous deformation,
which vary in relative importance over a fault (e.g. Grant &
Kattenhorn 2004; Ferrill et al. 2011; Childs et al. 2017; Delogkos
et al. 2017; Homberg et al. 2017). The continuous component is
defined as a change in shape produced by structures that are below
the scale of observations. This definition is scale dependent and
continuous deformation includes, for example, deformation
associated with faulting below the limit of seismic resolution. In
contrast, discontinuous deformation is expressed as discrete
discontinuities, such as fault offsets. Significant continuous
deformation occurs at forced folds above upward propagating
normal faults, particularly above less competent units within the
faulted sequence (Ferrill et al. 2004; Jackson et al. 2006;
Conneally et al. 2017; Lăpa ̆dat et al. 2017; Roche et al. 2017).
Continuous deformation also occurs at relay zones between
adjacent segments within a segmented fault array that serves to
transfer displacement between adjacent segments leading, for
example, to relay ramp development between normal faults that
overlap one another along-strike (Peacock & Sanderson 1991;
Childs et al. 1995; Camanni et al. 2019). In recent years, a
number of seismic-based studies have analysed the variation in
discontinuous and continuous deformation (Conneally et al. 2017;
Lăpa ̆dat et al. 2017) and demonstrated the complex spatial and
temporal variation in the proportion of continuous deformation
within fault zones. These and other studies demonstrate that,
although the nature of the mechanical sequence is expected to
exert a significant control on the distribution of ductile
deformation, there are other geometrical controls that are less
well understood.
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In this paper we describe the geometry and displacement
distribution of a normal fault zone that offsets a mechanically
heterogeneous sequence in which a thick clay-dominated sequence
is under- and overlain by thick carbonate-rich formations. Different
parts of the fault zone contrast in the relative importance of
continuous deformation and we investigate the likely cause of this
variability. In particular, we focus on the control of layering on the
continuity of fault segments across the less competent interval, an
aspect that is important for general considerations of fault-related
fluid conductivity.

Geological setting

Geodynamic evolution

The present study is based on the analysis of a 3D seismic reflection
dataset located at the northern margin of the northern Alpine
Molasse Basin in Switzerland (Fig. 1). This area has had a
polyphase tectonic history (Diebold & Noack 1997; Madritsch
2015; Egli et al. 2017, and references therein). The Paleozoic
basement, exposed to the north of the study area in the Black Forest
Massif of southern Germany (Fig. 1), comprises a variety of
crystalline rocks and metasediments deformed during the Late
Paleozoic Variscan Orogeny and the following post-collisional
extension (Eisbacher et al. 1989; Echtler & Chauvet 1992; Geyer
et al. 2011). The most important basement-rooted fault zones that
developed during the extensional stage and affect the study area are
the roughly NW–SE-trending Freiburg–Bonndorf–Bodensee Fault
zone (Egli et al. 2017) and the ENE–WSW-striking Constance–
Frick trough, a post-collisional graben system locally associated
with several kilometre deep sediment depocentres (Diebold &
Noack 1997; Madritsch et al. 2018).

The Mesozoic succession overlying the basement was deposited
in an epicontintental marine environment (Geyer et al. 2011). There
are only few and subtle traces of tectonic activity during this
depositional phase. However, some researchers have inferred a
reactivation of pre-existing faults during Triassic and Early Jurassic
times (Wetzel et al. 2003; Marchant et al. 2005).

The Tertiary was a very active tectonic period, starting with
regional uplift in Paleocene–Eocene times related to the develop-
ment of the Alpine flexural forebulge (Sinclair & Allen 1992;
Kempf & Pfiffner 2004). The Central European Rift System,
including the Upper Rhine Graben to the west of the study area,
developed from the Eocene–Oligocene onwards (Ziegler 1992;
Hinsken et al. 2007) and was accompanied by regional extension
and uplift of the Black Forest Massif in early Miocene times.
Contemporaneously, the area of investigation became part of the
northern Alpine flexural foreland basin with clastic Molasse
deposits being deposited unconformably on top of the Mesozoic
sequence (Pfiffner 1986; Sinclair & Allen 1992; Willett &
Schlunegger 2010).

The normal faults analysed in this study are related to the so-
called Hegau–Lake Constance Graben, located east of the study area
(Fig. 1). The activity of this fault system is reported to post-date the
early Miocene (Burdigalian) (Schreiner 1992; Hofmann et al.
2000), consistent with age data recently derived fromU/Pb dating of
vein calcite infills in a nearby borehole (Mazurek et al. 2018). Its
formation is variably interpreted to be due to crustal-scale extension
related to the late-stage evolution of the European Rift system
(Ziegler 1992; Müller et al. 2002) or a deep-seated strike-slip
reactivation of the pre-existing Freiburg–Bonndorf–Bodensee Fault
zone in relation to Alpine foreland contraction (Egli et al. 2017).
Extensional strains accommodated by this fault system are low
(<1%). A maximum fault throw of 200 m is observed along the
Randen Fault NE of the study area (Figs 1 and 2) (Egli et al. 2017).
Within the study area covered by the 3D seismic survey the most

prominent fault belonging to this fault system is the Neuhausen
Fault. According to previous subsurface interpretations, its
maximum observed throw is c. 50 m (Birkhäuser et al. 2001).
Outcrops reveal further evidence for small-scale normal faults
affecting both Late Jurassic and Middle Miocene rocks (Madritsch
2015) (Fig. 2).

The area of investigation lies in the most external part of the
Molasse Basin, which, unlike the area to the south, was not
decoupled from its basement during Early Miocene Alpine foreland
shortening (Burkhard 1990; Jordan et al. 2015; Sommaruga et al.
2017, and references therein). Alpine contractional deformation is
very minor, but a subtle strike-slip overprint of pre-existing
structures (with a presumed formation age between Eocene and
Middle Miocene) as well as small-scale conjugate strike-slip fault
systems are observable in the field (Madritsch 2015; Egli et al.
2017).

Stratigraphic succession

Bedrock outcrops are rare within the study area, which is almost
entirely covered by unconsolidated Quaternary deposits and a dense
vegetation. Nevertheless, the stratigraphic succession is constrained
by the Benken borehole (Nagra 2001), which lies at the centre of
the analysed seismic survey (Figs 3 and 4). The Benken borehole
intersects a crystalline basement horst where Paleozoic gneisses and
granites are directly overlain by the Mesozoic sequence. North and
south of the study area, Late Paleozoic graben segments are interpreted
from 2D and 3D reflection seismic surveys, suggesting that the
uppermost Paleozoic section is constituted by Permo-Carboniferous
clastic sediments in these areas (Fig. 1) (Marchant et al. 2005).

TheMesozoic sedimentary sequence dips gently to the SE (c. 5°).
Lying on the basal Mesozoic unconformity is the so-called
Bundsandstein (Dinkelberg Formation) a metre-thick sandstone
overlain by the Middle Triassic Muschelkalk Group. The lower part
of the Muschelkalk Group is a roughly 100 m thick succession of
marls intercalated with anhydrites and with a layer of rock salt (13 m
thick in the Benken borehole; Fig. 3). Its upper part is a c. 70 m thick
sequence of thick-bedded dolomite and limestone. The Upper
Triassic (Keuper Group and Lias) is constituted by marls,
intercalated with anhydrites (lower part) and sandstones (upper
part). Together, this succession reaches a combined thickness of c.
130 m (Jordan et al. 2016). It is followed by the Lower to Middle
Jurassic Opalinus Clay, a very homogeneous, c. 120 m thick
claystone. The base of the Opalinus Clay is represented by the very
continuous seismic reflection of the Top-Liassic marker horizon
(TLi). The rest of the Middle Jurassic section is a c. 80 m thick
succession of marls intercalated with sand-rich limestone beds
(Upper Dogger Group) (compare Nagra 2001, and references
therein). The overlying Upper Jurassic sequence (Malm Group) is
an up to 250 m thick succession of limestones that has marly
intercalation in its middle part but is otherwise dominated by bedded
to massive, rheologically stiff rocks. Its top is erosive and karstified,
marking a regional unconformity that also represents an important
seismic marker horizon (Base-Tertiary).

The Tertiary succession, which unconformably overlies the
steeply dipping Mesozoic sequence, comprises clastic sediments of
the outermost Alpine Molasse Basin, which forms a wedge with
maximum thickness in the SE (c. 400 m) and thins out towards the
north where the Base-Tertiary crops out (Schreiner 1992; Hofmann
et al. 2000).

Mechanical stratigraphy

Laboratory tests on samples collected from the Benken borehole
combined with wireline logging provide remarkable quantitative
insights into the mechanical stratigraphy of the sequence
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(Nagra 2001; Giger & Marschall 2014). Rock properties for the
different formations encountered in the boreholewere calculated from
measured P- and S-wave velocities and the density log, which
together can be used to assess depth variation in dynamic Young’s
modulus, using the method presented by Roche & Van der Baan
(2015) (Fig. 3). The calculations of Young’s modulus were calibrated
to the results of a laboratory test programme performed on core plugs
sampled from the Benken borehole (Nagra 2001, and references

therein), which measured static Young’s modulus, cohesion and
internal friction. Although a detailed mechanical analysis based on
these properties is beyond the scope of this paper these data allow
for quantitative comparison between the mechanical properties of
the units within the faulted sequence. This indicates that the
underlying and overlying Muschelkalk and Malm Groups are
significantly stiffer and stronger than the Opalinus Clay, which
therefore constitutes a less competent unit between more competent

Fig. 1. (a) Tectonic map of central northern Switzerland showing the location of the study area (modified after Nagra 2014). (b) and (c) show profiles 4.7
and 4.2 respectively, modified after Jordan et al. (2015).

495Layering and structural controls on fault zone

Downloaded from https://www.lyellcollection.org by Universita' Degli Studi Di Modena e Reggio Emilia on Nov 06, 2024



units. The Dogger Group and the Keuper Group are more mixed
units. A more detailed analysis of this mechanical stratigraphy and
its effect on the faulting is presented in the discussion section.

Seismic data and interpretation

The 3D seismic dataset analysed in this study covers c. 50 km2 and
was acquired by the Swiss National Cooperative for Radioactive
Waste Disposal (Nagra) in 1997. The initial processing workflow
and interpretation has been reported in detail by Birkhäuser et al.
(2001). Prestack depth migration was carried out later to improve
image quality and reduce uncertainty in interpreted fault position.
The 3D velocity model needed for this reprocessing was developed
iteratively on the basis of a pre-existing regional velocity model that
included five Mesozoic intervals (Meier et al. 2014), constrained by
additional well data and tomographic analysis. Initial results of
velocity modelling were calibrated along the Benken borehole
(Nagra 2001; see Fig. 4 for location). At the margins of the data
cube, regional 2D seismic profiles that were previously depth
migrated (compare Meier et al. 2014, and references therein) were
considered as model control points. Compared with the original
legacy dataset the updated prestack depth migration cube has a
revised polarity (SEG-inverse EU) and shows a generally increased
interpretability (continuity of reflection, homogeneity of amplitude
distribution). The seismic interpretation referred to here and
illustrated in Figure 4 was done on this reprocessed seismic
dataset and may therefore vary slightly from previously published
interpretations based on the legacy dataset (Birkhäuser et al. 2001;
Marchant et al. 2005).

Faults were mapped in three dimensions using a combination of
inline and crossline interpretation and horizon and seismic

attributes. The seismic horizon to well ties were based on synthetic
seismograms derived for the Benken borehole (Meier et al. 2014)
(Fig. 3). Our interpretation of the reprocessed data cube generally
agrees with the initial interpretation results of the legacy dataset by
Birkhäuser et al. (2001), revealing the same overall structural
characteristics of the area. The Mesozoic sequence dips gently
towards the SSE with a wedge of the Cenozoic Molasse deposits
thickening continuously in the same direction. The most important
fault recognized in the study area is the Neuhausen Fault imaged in
the northeastern part of the seismic cube (Fig. 4). This normal fault
is related to the Miocene evolution of the previously mentioned
Freiburg–Bonndorf–Bodensee Fault zone (Egli et al. 2017).
Another deformation zone, referred to as ‘Strukturzone von
Niderholz’ by Birkhäuser et al. (2001), is located in the SW of
the survey area. It is constituted by a complex array of minor faults
ascribed to a Triassic rifting event byMarchant et al. (2005) and was
not interpreted in detail during this investigation. The interpretation
of the Base-Mesozoic marker horizon reveals an east–west
crystalline horst structure in the central part of the survey area that
separates Late Paleozoic graben elements of the Post-Variscan
Constance–Frick trough system (compare Marchant et al. 2005;
Madritsch et al. 2018). The southern and northern border faults of
this feature, referred to as the Benken Horst, were apparently
reactivated in post-Paleozoic times and are associated with two
more deformation zones in the overlying sedimentary sequence.
The Rafz–Marthalen flexure occurs at the southern border of the
Benken Horst and is characterized by a gentle east–west-trending
monocline underlain by a number of similar-striking faults that
extend from the basement structure into the Mesozoic sequence
(Figs 1 and 4). In the north, the Wildensbuch Fault Zone
(‘Wildensbuch flexure’ of Birkhäuser et al. 2001 and Marchant

Fig. 2. Examples of normal faults cropping out in the area. (a) Panoramic view of the Randen Fault slip surface; corrugations and striations demonstrate
normal movements (Egli et al. 2017). (b) Interpretation and rose diagram showing the strike of the fault. (c, d) Normal fault in the clastic sediments of the
Upper Marine Molasse showing several metres of vertical offset. In the rose diagrams each circle represents 10% of data, the arrowhead represents the
average value and the number of data are indicated (mesh elements orientation from photogrammetry in (b) and field measurements in (d)). Locations of
these outcrops are indicated in Figure 1a.
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Fig. 3. Stratigraphic sequence recorded in the Benken borehole (location shown in Fig. 4). From left to right: stratigraphy, lithostratigraphy, some of the
main horizons identified in the seismic cube, P-wave velocities, density, impedance and RC series. Young’s modulus is calculated from the variation in
density and velocity. The Young’s modulus from laboratory tests is an average value derived from tests on samples collected in the borehole in different
intervals (Nagra 2001; Giger & Marschall 2014). Finally, a simplified fracture core log is indicated.

Fig. 4. (a) Simplified structural overview showing the main seismically imaged structures in the Muschelkalk. (b) A representative seismic section and
interpretation along the profile AA’ indicated in (a) with a vertical exaggeration of ×3.
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et al. 2005) is characterized by a series of east–west-trending en
echelon fault segments that occasionally extend from the basement
up into the Molasse deposits. A more detailed structural
characterization of this complex fault zone was the main focus of
this study and is presented in the following section.

The Wildensbuch Fault Zone

Field outcrops of the Wildensbuch Fault Zone are very scarce. Its
geometry is entirely constrained by interpretation of 3D seismic
data. Accordingly, it has a complex 3D structure with strain
partitioned between discontinuous deformation accommodated by a
system of interacting fault segments and continuous deformation
(i.e. folding). As will be demonstrated, partitioning of strain in three
dimensions is strongly controlled by the sedimentary layering. In
the following sections we first describe the 3D arrangement of the
fault segments based on 3D seismic data with a series of maps
(Fig. 5), seismic attributes (Fig. 6), a strike projection of the fault
surface (Fig. 7) and 3D views of faulted horizons (Fig. 8). We next
analyse the orientation of the segments and the partitioning between

continuous and discontinuous deformations based on along-strike
and down-dip displacement profiles (Figs 9 and 10). In the final
section, we broaden the analysis using data from the nearby
Neuhausen Fault.

3D segmentation

The geometry of the Wildensbuch Fault Zone varies through the
Mesozoic section. From the Base-Mesozoic to the Top-Lias the
Wildensbuch Fault Zone consists of two main segments referred to
as segment A and segment B (Fig. 5c). These left-stepping segments
interact via a relay zone that is most readily mapped at the Base-
Mesozoic level and can be seen in a map of seismic coherence at this
level (Fig. 6a). Minor fault segments, labelled C and D in Figure 5,
have been mapped between segments A and B, but these do not
transect the relay zone, which is therefore considered to be intact.
The maximum throw on fault segments A and B at the Base-
Mesozoic is 40 m (Fig. 9d). These two segments tip-out upwards on
the majority of the seismic lines within the Top-Muschelkalk (20%)
or the Top-Lias (60%) (Fig. 7a); however, parts of segments A and

Fig. 5. Fault trace maps of the Wildensbuch Fault Zone in the Malm (IMm) (a), the Opalinus Clay (b) and the Base-Mesozoic formations (BMz) (c). In the
rose diagrams of fault strike each circle represents 10% of data and the arrow represents the average value. The strike data correspond to the strike measured
on areas of the fault surfaces above the Opalinus Clay (a), in the Opalinus Clay (b), and below the Opalinus Clay (c). SA–SD and S1–S5 refer to the
distinct fault segments as discussed in the text.
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B are readily mapped across the Opalinus Clay and are continuous
from the Base-Mesozoic up to the Malm. Locally, the upper tip of
segment B bifurcates upwards to form a series of poorly resolved
small left-stepping relay zones (Bi. in Fig. 7a).

In the Jurassic section above the Opalinus Clay, the upper part of
the Wildensbuch Fault Zone consists of a left-stepping en echelon
array of fault segments (Fig. 5a). The two largest segments within

the array, with maximum throws of 20–30 m, are located at the
eastern and western extremities of the structure; these segments
connect downwards to segments A and B mapped in the lower parts
of the Mesozoic section (Figs 5–7 and 9). Between those segments,
several smaller faults with throws of 10 m or less are seen on seismic
sections (Fig. 7, Section (2)) but unlike the larger faults are not
easily identifiable on seismic coherence maps (Fig. 6a). Unlike

Fig. 6. (a) Seismic variance attribute map and (b) horizon dip at the Malm (IMm), at the Top-Opalinus (TOp), at the Top-Lias (TLi), in the Muschelkalk
(IMk) and at the Base-Mesozoic (BMz). SA, SB, S2, S3, S4 and S5 indicate the location of the fault segments labelled in Figure 5. NHF-E and NHF-C
indicate the eastern and the central segments of the Neuhausen Fault labelled in Figure 11. Variance attribute is a measure of the trace-to-trace similarity of
waveforms and is commonly used to image discontinuities in seismic data such as at a fault (e.g. Saqab & Bourget 2015).
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segments A and B these smaller faults cannot be traced across the
Opalinus Clay but tip-out downwards within the Upper Dogger or
the Opalinus Clay formations. Most of the faults mapped in the
Upper Mesozoic section offset the Base-Tertiary and extend into the
Tertiary Molasse, confirming that the faulting is of at least Early
Miocene age, which is in line with the previously established
regional tectonic history (Schreiner 1992; Madritsch 2015; Egli
et al. 2017). The upper tips of the fault segments are difficult to

define because of the lack of reliable reflectors in this unit but small
faults currently exposed at surface are associated with the studied
structures (Fig. 2).

Finally, in the middle of the Mesozoic sedimentary sequence,
constituted by the Lias and the Opalinus Clay intervals, we do not
observe significant faulting along the Wildensbuch Fault Zone. The
exceptions are segments A and B, which are present above and
below the Opalinus Clay and are locally continuous through the

Fig. 7. (a) Strike projection of the Wildensbuch Fault Zone. The fault surfaces are represented in grey and fine black lines represent tip-lines. (b) Four
seismic sections and their interpretation at the locations indicated in (a). The colour coding and the terminology for the horizon are as in Figure 3. The
segment names are as in Figure 5. Bi. indicates small fault bifurcations.

Fig. 8. A 3D view of two horizons centred on the Wildensbuch Fault Zone. The horizons have been rotated along a horizontal axis to remove the regional
SE tilt and highlight the local deformation. The fine lines correspond to depth contours of 10 m. The vertical exaggeration is ×3. The names of the
segments are as in Figures 5 and 11.
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entire section (Figs 5 and 6 and sections (1) and (4) in Fig. 7b).
Where discrete throws are mapped within the Opalinus Clay (e.g.
section (1) in Fig. 7b) they are lower than the throw on both the over-
and underlying Malm and the Muschelkalk intervals (Figs 9 and
10). This locally low value in throw could potentially indicate
linkage between initially unconnected upper segments in the Malm
and lower segments in Muschelkalk throughout the Opalinus Clay.
However, there is no clear evidence to support this conclusion as no
overlapping areas are observed that would confirm the earlier
existence of down-dip relay zones. Therefore, there is a region in the
centre of the Wildensbuch Fault Zone at the level of the Opalinus
Clay where the mapped throws are reduced and locally absent,
resulting in a hole within the 3D fault surface (Fig. 7), where fault
offset is accommodated by folding.

It is possible to locally map segments of the Wildensbuch Fault
Zone and their throws below the Base-Mesozoic into the Paleozoic
basement. Seismic interpretation at these levels is challenging and is
not presented here. As described above, and discussed in previous
sections, previous work has identified the presence of a deep-seated
northward dipping Paleozoic normal fault (Marchant et al. 2005),

which underlies the Wildensbuch Fault Zone and probably acted as
the locus for its formation.

Fault strike

Vertical variations in the structure of the Wildensbuch Fault Zone
are accompanied by changes in the strike of the component fault
segments. In the lower part of the fault, in the Muschelkalk interval,
fault segments strike 105° on average (Fig. 5c). In the upper part of
the fault, in the Malm interval, the en echelon fault segments strike
on average 125° (Fig. 5a), with significant variability in fault strike
along the segments with notably few portions striking more east–
west; for instance, along segments B, 5 and 3 in Figure 5a. The two
fault segments within the Opalinus Clay strike 110° on average,
which is an intermediate value between the averages obtained for
the Muschelkalk and theMalm intervals. This rotation in fault strike
with depth, together with the en echelon trace map pattern are
typical of oblique reactivation of a pre-existing basement structure
(Grant & Kattenhorn 2004; Giba et al. 2012; Worthington &Walsh
2017). This hypothesis is discussed below.

Fig. 9. East–west along-strike displacement profiles in the Malm (a), the Top-Opalinus (b), the Top-Lias (c) and the Base-Mesozoic (d). Black, discrete
throw; grey, total throw (i.e. discrete throw plus continuous deformation). The total throw profiles are calculated using a trim distance of 300 m on each side
of the fault (see text). The uncertainty in throw is c. 10 m. The colour coding and labels are as in Figures 3 and 5.

Fig. 10. (a–d) Down-dip throw profiles for the four sections illustrated in Figure 7. Line styles are as in Figure 9. The vertical distance is counted positive
downward from the Base-Tertiary horizon (BTe).

501Layering and structural controls on fault zone

Downloaded from https://www.lyellcollection.org by Universita' Degli Studi Di Modena e Reggio Emilia on Nov 06, 2024



Continuous and discontinuous deformation

Continuous deformation occurs within relay zones allowing transfer
of displacement between fault segments. In bedded sequences this
continuous deformation is expressed as ramps of elevated bed dip
between the relay bounding faults. Relay ramps are difficult to
identify where (1) layer dips in the relay ramp are low (i.e.
displacement gradients on the bounding faults are low), and
(2) where the spacing between the relay ramp-bounding faults is
very large or very small. Case (1) occurs for many segment
boundaries in theWildensbuch Fault Zone where throws are <40 m.
However, the largest relay zones, for example, the one between fault
segments A and B within the Muschelkalk (Fig. 8), are readily
mapped.

In addition to relay zones between fault segments, continuous
deformation within the Wildensbuch Fault Zone occurs as synthetic
dip in the footwall and/or the hanging wall of the discrete faults (see
Ferrill et al. 2005) and as open monoclines without any resolvable
faults (see Conneally et al. 2017). This deformation is clearly visible
in cross-section (Fig. 7b) and its distribution can be observed on
horizon dip maps (Fig. 6b). Monoclinal folding is most notably
developed within the Opalinus Clay, where a continuous monocli-
nal limb is up to 300 m wide. In the upper and lower parts of the
fault zone, in the Malm and Muschelkalk formations respectively,
folding is more restricted and is focused between the fault segments.
Continuous deformation progressively diminishes to the west
towards the tip of the Wildensbuch Fault Zone. However, a broad
monocline also occurs between segment A and the Neuhausen Fault
toward the west, indicating transfer of displacement between these
faults (Fig. 8).

The total throw across theWildensbuch Fault Zone is measured as
the vertical difference between two along-strike profiles of horizon
elevation drawn on the upthrown and downthrown sides of the zone
at the outer limits of deformation. Profiles of total throwmeasured in
this way along-strike and down-dip are shown in Figures 9 and 10,
respectively. The magnitude of the continuous component of throw
can be estimated by the difference between the total throw and the
discrete throw represented by the profiles of fault throw. Although
there is a degree of subjectivity in measurement of absolute values
for the total offset across the Wildensbuch Fault Zone (for instance,
owing to the Mesozoic succession’s regional dip), we consider that
the estimated relative contributions of continuous and discontinuous
deformation are robust. Our estimates of total throw are locally
slightly lower than the discontinuous throw. This situation arises
where reflections are rotated slightly counter to the fault dip
direction either as a result of the very low regional dip or between
adjacent faults. These minor errors are not corrected to avoid
introducing additional measurement subjectivity.

Displacement profiles along fault strike (Fig. 9) and selected
down-dip profiles (Fig. 10) demonstrate that continuous deform-
ation makes a relatively minor contribution to the total throw in the
upper (Malm and Dogger units, Fig. 9a) and lower (i.e. the Triassic
Muschelkalk unit, Fig. 9d) parts of the faulted section whereas there
is significant folding within the Opalinus Clay. The contribution of
continuous deformation varies over the fault surface; in the
Opalinus Clay the contribution is generally over 60% but locally
100% of the total throwwhereas above and below the contribution is
generally c. 20%. The highest percentages are observed in the
central part of the Wildensbuch Fault Zone.

The profiles of throw show that the Opalinus Clay is prone to
deforming in a continuous manner with the development of open
monoclinal folding. Across theMalm and theMuschelkalk intervals
deformation is predominantly by discrete faulting and continuous
deformation is largely associated with relay zones between fault
segments. It is apparent that lithology is the primary control on the
relative importance of continuous deformation; however, there is

significant along-strike variability as demonstrated by comparison
between the seismic lines shown in Figure 7b and the associated
throw profiles (Fig. 10). In section (1) in Figure 7b there is a
continuous fault cutting through the entire section, including the
Opalinus Clay, whereas in section (2) in Figure 7b, 200 m to the
west, there are no discrete faults imaged and the throw is
accommodated entirely by folding. This lateral variability indicates
a second control on the occurrence of continuous deformation. To
investigate this secondary control we compare the throw distribution
in the Wildensbuch Fault Zone with the nearby Neuhausen Fault.

The Neuhausen Fault

The Neuhausen Fault (Fig. 4) lies close to the northeastern limit of
the seismic cube so that parts of the fault are not well imaged. Those
parts of the fault that are well imaged (e.g. Fig. 11) provide a useful
comparison with theWildensbuch Fault Zone as the two fault zones
share the same geological setting and formed during Miocene
extension (Birkhäuser et al. 2001;Madritsch 2015; Egli et al. 2017).
The Neuhausen Fault is composed of three main segments, referred
to here as the Neuhausen Fault’s western, central and eastern
segments (Fig. 11). The Neuhausen Fault’s western segment, close
to the edge of the data, is poorly imaged and is not further studied
here. The central and eastern segments strike NW–SE and east–
west, respectively. Regional mapping shows that the overall trend of
the Neuhausen Fault is NW–SE and parallel to the larger Randen
Fault (Figs 1 and 2). Consequently, the Neuhausen Fault’s eastern
segment represents a dog-leg in the main fault trace (Fig. 1). Despite
their difference in strike, these two segments are clearly elements of
the same fault and the continuity in their displacements along the
mapped length indicates that they formed at the same time. The
Wildensbuch Fault Zone appears as an along-strike continuation of
the eastern segment and follows the east–west trend parallel to the
inferred basement structure (Marchant et al. 2005). The
Wildensbuch Fault Zone can be mapped to the kink at the junction
between the Neuhausen Fault’s central and eastern segments, again
indicating that it is kinematically related to the Neuhausen Fault.

Figure 11 shows examples of seismic sections and down-dip
displacement profiles across the Neuhausen Fault. Within the
seismic survey it has a generally higher throw than theWildensbuch
Fault Zone; that is, about 60 m on average and locally exceeding
100 m. The upper end of this range is higher than previous estimates
based on seismic interpretations in the time domain (Birkhäuser
et al. 2001). The profiles show a slight downward decrease in throw
across the Neuhausen Fault’s eastern segment (Fig. 11c and d) and a
slight downward increase in throw on its central segment (Fig. 11e
and f). In all sections, the fault is continuous across the Mesozoic
section including the Opalinus Clay and the pronounced monocline
development seen in the Wildensbuch Fault Zone is absent on the
Neuhausen Fault. There are, however, more subtle expressions of
the impact of the Opalinus Clay on fault geometry and throw
distribution. For example, there is a slight decrease in the
discontinuous components of throw, observable in the displacement
profiles (see Fig. 11), and also a local change in fault dip at the base
of the Opalinus Clay (Top-Liassic), with higher dips in the lower
portion of the sequence than in the upper portion. This refraction
could be due to a change in friction angle, a change in failure mode,
or linkage between earlier formed steep segments across a dip relay
zone (for review, see Ferrill et al. 2017). Irrespective of origin,
refracted fault traces reflect a sediment layering control on fault
geometry.

Fault geometric control on continuous deformation

TheWildensbuch Fault Zone displays significant variability in fault
strike above and below the Opalinus Clay. This is not a feature of the
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Neuhausen Fault, on which, despite the difference in strike between
the Neuhausen Fault’s central and eastern segments, the fault traces
mapped on the Muschelkalk and Malm horizons have the same
strike. This difference between the two faults is represented in a
cross-plot of fault strike above and below the Opalinus Clay
measured on selected representative sections (Fig. 12a). The
measured difference in the strike of faults above and below the
Opalinus Clay (angle β) for both theWildensbuch Fault Zone and the
Neuhausen Fault is positively correlatedwith the proportion of throw
accommodated by continuous deformation within the Opalinus Clay
(Fig. 12b). This illustrates that the larger the mismatch in throw
across the Opalinus Clay, the greater is the proportion of continuous
deformation. This relationship is defined primarily by datapoints
derived from the Wildensbuch Fault Zone and is consistent with the
observation that the two areas where the Wildensbuch Fault Zone
forms a continuous fault surface across the Opalinus Clay with
limited folding are those where the strikes of faults in the
Muschelkalk and the Malm intervals are parallel at c. 120°
(compare Fig. 5a and c). These observations indicate that there is a
relationship between fault geometry and the proportion of
continuous deformation within the Opalinus Clay and that, although
this relatively weaker lithology is more prone to continuous

deformation than other parts of the sequence, significant continuous
deformation occurs only in certain geometrical circumstances. The
distribution of continuous deformation in sections above and below
the Opalinus Clay is largely controlled by the locations of relay
zones so that there is no relationship between β and the magnitude of
continuous deformation within these levels (Fig. 12c).

Discussion

Comparison between fault geometry and mechanical
stratigraphy

Rheological sequence has been identified as a primary control on
the occurrence of continuous deformation within fault zones on a
range of scales from outcrop to seismic scale (e.g. Jackson et al.
2006; Ferrill et al. 2017; Lăpa ̆dat et al. 2017; Deng & McClay
2019); however, the actual mechanical properties of the sequence
are rarely reported (Morris et al. 2009; Roche et al. 2014; Ferrill
et al. 2017), particularly at the large scale studied here. An extensive
programme of laboratory tests on samples collected from the
Benken borehole in the centre of the study area (Nagra 2001; Giger
& Marschall 2014) provides the data with which to constrain the

Fig. 11. (a, b) Maps of the Neuhausen Fault showing the main fault segments observed below and above the Opalinus Clay, respectively. (c–f ) Examples of
sections and down-dip throw profiles for the Neuhausen Fault showing no strong evidence of segmentation down fault dip. Line styles, colours coding and
labels are as in Figures 3, 5 and 9.
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mechanical stratigraphy in the study area. The Young’s modulus of
the Opalinus Clay is on average c. 10 GPa, in contrast to the much
stiffer rocks constituting the underlying and overlying Muschelkalk
and Malm interval respectively with Young’s moduli of c. 40 GPa
(Fig. 4). The Opalinus Clay has a low cohesion of 4 MPa and a low
friction angle of 23° compared with the surrounding Malm and
Muschelkalk with a cohesion greater than 20 MPa and a friction
angle higher than 40°. In the study area, a maximum temperature of
c. 85°C for the Opalinus Clay was reached during the Cretaceous for
a depth of 1050 m, and a maximum burial depth of 1650 m was
reached during the Miocene for a temperature of c. 66°C (Mazurek
et al. 2006). Considering the evidence for late Miocene to recent
erosion of c. 1000 m in the region of the northern Molasse Basin
(Mazurek et al. 2006; von Hagke et al. 2012) the measured rock
properties probably do not equal those at the time of faulting (post-
early Miocene) when the Molasse section overlying the faulted
Mesozoic units was thicker. Nevertheless, the relative strength and
competence contrasts between the various units are unlikely to have
been significantly different, particularly as the Jurassic Opalinus

Clay was already compacted at this time. The measured rock
properties for the Opalinus Clay are therefore consistent with the
seismic observations of widespread continuous deformation in this
unit at the seismic scale.

Seismic mapping indicates that the sections above and below the
Opalinus Clay are more likely to accommodate extension by
discrete faulting than the Opalinus Clay. It is clear that the
monoclinal folding in the Opalinus Clay is not a poorly resolved
normal fault, as the wavelength of the monocline is up to 300 m
(Fig. 6b) and adjacent sections demonstrate that faults are readily
imaged across it elsewhere (e.g. Fig. 7b, section (1)). Borehole data,
however, indicate that the Opalinus Clay is generally less prone to
development of brittle structures at the small scale. In the
Schlattingen-1 borehole located about 5 km NE of our study area,
and already within the adjacent Hegau–Lake Constance graben
system, the Opalinus Clay is almost devoid of fractures whereas
fault zones, shear fractures and veins are recorded above and below
(Mazurek et al. 2018). The preferential location of fractures in the
Malm and Muschelkalk competent units relative to the Opalinus

Fig. 12. (a) Plot of average fault strike at the Malm (IMm) v. average fault strike at the Base-Mesozoic (BMz) of selected locations along the Wildensbuch
Fault Zone (WBFZ) and the Neuhausen Fault (NHF). (b, c) Plots of continuous deformation expressed as a percentage of the total throw v. β at the Top-
Opalinus (TOp) and the Top-Lias (TLi) levels (b), and at the Malm (IMm) and Base-Mesozoic (BMz) levels (c). The β angle is the difference between the
local strikes of the fault in the Malm and at the Base-Mesozoic levels. (d) Rose diagrams showing fault strike below (red) and above (blue) the Opalinus
Clay and the McCoss construction for the Wildensbuch Fault Zone (McCoss 1986). The orientations (1) and (2) correspond to the average orientations of
the fault zone below and above the Opalinus Clay, respectively. The grey arrow indicates the direction of extension obtained from the McCoss construction
according to the two average orientations. The orientation (3) corresponds to the strike of a hypothetical normal fault formed without influence of pre-
existing structures according to the direction of extension.
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Clay incompetent unit is in accordance with differential stresses that
are higher in stiffer formations as suggested from numerical
modelling of the studied sequence (Hergert et al. 2015). However,
the Schlattingen-1 borehole is located outside any monoclinal
structure, and therefore may not be representative of the fracture
frequency occurring in the Wildensbuch Fault Zone. Fracture data
from the closer Benken borehole also show low fracture densities in
the Opalinus Clay, but a collection of sub-seismic-scale veins and
shear fractures occurs within a narrow zone near 700 m depth (Fig. 3;
Nagra 2001, and references therein). From an Opalinus Clay rock
laboratory at Mont Terri, located c. 100 km west of our study area in a
reverse fault regime, meso- and small-scale deformation of Opalinus
Clay is also reported to be dominantly brittle (Laurich et al. 2017;
Jaeggi et al. 2018). Consequently, the possibility that the broad
monocline associated with the Wildensbuch Fault Zone is accom-
modated by displacement on a numberof small faults that individually
are below the limit of seismic resolution cannot be ruled out.

Structural inheritance and fault zone geometry

The Wildensbuch Fault Zone forms a left-stepping array of
segments at the level of the Malm unit. The available outcrop data
(Madritsch 2015; Egli et al. 2017) indicate that these are normal

fault segments and fault geometries and displacements are
consistent with normal offset. The en echelon arrangement of the
segments suggests that they formed under the influence of an
underlying basement structure. By comparing the overall trend of
the fault zone (c. 090°) and the average strike of the segments within
the zone (c. 125°), the McCoss construction (McCoss 1986;
Worthington & Walsh 2017) can be used to derive the extension
direction responsible for the formation of the segmented array; the
resulting extension direction is c. 060° (Fig. 12d). This orientation is
perpendicular to the trend of the Neuhausen Fault central segment
(Fig. 11a) and the small-scale normal faults observed in the Tertiary
sand (Fig. 2), and is consistent with previous field studies
(Madritsch 2015; Egli et al. 2017) that report similar striking
normal faults at surface invoking a NE–SW Miocene extension
direction. We infer that the Neuhausen Fault and the Wildensbuch
Fault Zone formed under the same Miocene extension and that the
Wildensbuch Fault Zone localized above a pre-existing east–west
basement structure. Although the seismic imaging within the
basement does not allow such deeper structures to be clearly
identified, a Permo-Carboniferous normal fault with this trend
beneath the Wildensbuch Fault Zone is considered plausible from a
regional geological perspective (Marchant et al. 2005; Madritsch
et al. 2018).

Fig. 13. Models of upward propagation of a pre-existing structure in a heterogeneous sequence. (a) The pre-existing structure is well oriented relative to the
direction of extension, resulting in a continuous vertical propagation through the layered sequence. (b) The pre-existing structure is oblique relative to the
stress field, resulting in the formation of a monocline in the less competent unit and the formation of an en echelon structure with segments striking with a
different orientation than the pre-existing structure. (c) The pre-existing structure is locally oblique. In (a)–(c) 1, 2 and 3 are successive steps showing
vertical propagation. For illustration, we represent a different portion of the sedimentary sequence in the different steps. The grey arrows represent the
direction of extension at the time of reactivation. The grey layer corresponds to a less competent unit but continuous deformation extended above the layer.
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Beneath the Opalinus Clay the individual fault segments strike c.
20° anticlockwise of those above (Fig. 5); that is, intermediate in
orientation between the general trend of the Wildensbuch Fault
Zone and the trend of the fault segments in the Malm unit. This
strike change is attributed to upward bifurcation and twisting of the
fault from a continuous basement fault at depth. Upward twisting of
fault segments from a single reactivated basement structure has been
described from seismic data (Giba et al. 2012) and is well known
from analogue models of fault reactivation (Clifton et al. 2000;
Corti 2008). In the case of the Wildensbuch Fault Zone this upward
twisting is interrupted by the Opalinus Clay, across which there is a
stepwise change in the strike of fault segments presumed to be due
to mechanical decoupling across this weaker interval; similar
stepwise changes in fault orientation are observed in reactivated
fault systems in the presence of highly ductile salt units (Jackson &
Rotevatn 2013).

The Neushausen Fault cutting through the Mesozoic section
developed in response to Miocene extension. Egli et al. (2017)
suggested that it also nucleated along a pre-existing basement
structure trending parallel to it and perpendicular to the inferred
Miocene extension direction (i.e. NW–SE). Hence it was not
reactivated in an oblique manner as was the Wildensbuch Fault
Zone. Asmentioned previously, the Neuhausen eastern segment has
an anomalous strike, forming a dog-leg in the otherwise continuous
fault trace, and is aligned with the trace of the Wildensbuch Fault
Zone (Fig. 1). We interpret that at this location, the Neuhausen Fault
has locally followed the trace of the same roughly east–west-striking
basement structure that lies beneath the Wildensbuch Fault Zone.
This portion of the Neuhausen Fault does not seem to be segmented
in the sameway as theWildensbuch Fault Zone but its location at the
edge of the seismic dataset does not allow for a similarly detailed
interpretation.

Model of formation of the fault zone under structural
inheritance and layering control

In this section we discuss aspects of the development of the
Wildensbuch Fault Zone that can be constrained by inspection of its
displacement distribution. Whereas the degree of partitioning of the
displacement into continuous and discontinuous components varies
over the fault, with a locally significant continuous component
within the Opalinus Clay, the distribution of the total displacement
is largely unaffected by the Opalinus Clay and profiles of total
displacement vary systematically, both along-strike and down-dip
(Figs 9 and 10). Therefore, the various components of the fault array
are all parts of a single coherent structure. In this context,
monoclines seen on seismic lines act to transfer displacement
between fault segments above and below (e.g. Fig. 10c) and are
effectively dip relay zones between fault segments.

It could be considered that dip segmentation initially occurred
along the entire length of the Wildensbuch Fault Zone and that the
fault segments above and below the Opalinus Clay later established
linkages at some locations to give the present-day 3D fault geometry
(see Kattenhorn & Pollard 2001; Jackson& Rotevatn 2013; Lăpa ̆dat
et al. 2017; Deng & McClay 2019). However, we do not consider
this to be the case, partly because we do not see pronounced
monocline development or overlapping fault segments, suggestive
of pre-existing relay zones, associated with those parts of the
Wildensbuch Fault Zone or the Neuhausen Fault that are continuous
across the Opalinus Clay. Also, the total throw associated with
continuous fault traces is not significantly larger than that associated
with fault traces that are segmented in cross-section and so
continuity is not established as throw increases, as would be
expected if a continuous fault was established by linkage of dip
relay zones. Instead, we favour a model in which the degree of
segmentation of the fault across the Opalinus Clay reflects

conditions during its initial propagation through the sequence and
the fault propagated across the Opalinus Clay more readily at some
locations than at others apparently depending on the fault
orientation with respect to the direction of extension (Fig. 13).
Faults that are continuous across the Opalinus Clay occur where the
fault segments above and below the Opalinus Clay are parallel,
suggesting that the fault was locally optimally oriented to propagate
through the section. In contrast, in those areas where the fault is
discontinuous across the Opalinus Clay, the segments above and
below are oblique to one another, suggesting that the fault was not
optimally oriented at the time of fault propagation, fault propagation
was retarded by the Opalinus Clay, and a new and unconnected fault
segment formed above the Opalinus Clay. In the case of the
Wildensbuch Fault Zone, the orientations of these decoupled
normal fault segments are compatible with the direction of Miocene
extension.

Conclusions

The Wildensbuch Fault Zone is formed by oblique reactivation of a
pre-existing basement structure that propagated upwards through a
pronounced mechanically layered stratigraphy. Throw is transferred
between fault segments both laterally and vertically via relay zones
and open monoclines, so that a coherent displacement distribution is
maintained even for segments that are widely separated in map view
relative to their displacement. The unit of key importance for fault
zone development is the Opalinus Clay, a weak claystone that is
over- and underlain by much more competent rock units. Whereas
the overlying and underlying units deformed in a brittle manner, the
Opalinus Clay commonly deformed in a largely continuous manner
resulting in open monoclines. However, folding is by no means
ubiquitous and despite its relatively low Young’s modulus and
failure angle, faults can be continuous across the Opalinus Clay on
both the Wildensbuch Fault Zone and the related Neuhausen Fault
with little or no continuous deformation. Folding is most
pronounced when fault segments above and below the Opalinus
Clay Formation have oblique strike to each other and is much
reduced to absent when the fault has the same strike above and
below the Opalinus Clay. Therefore, the impact of an incompetent
unit such as the Opalinus Clay on the geometry of fault zones is not
simply a function of the mechanical contrast at the time of faulting
but is also a function of the orientation of the fault zone to the
extension direction. Increasing obliquity to the extension direction
(e.g. owing to reactivation of precursor structure) favours fault
segmentation across such units, which show a tendency to deform in
a continuous instead of discontinuous manner, whereas faults
striking perpendicular to extension may show no segmentation
despite a strong mechanical contrast within sedimentary layering.
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