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Abstract

We present a series of analogue models inspired by the geology of the Zircher Weinland region in the Northern
Alpine Foreland Basin of Switzerland to explore the influence of rheological weak, i.e. (partially) ductile layers on the
3D evolution of tectonic deformation. Our model series test the impact of varying weak layer thickness and rheology,
as well as different kinematics of an underlying “basal fault” Model analysis focuses on deformation in the weak layer
overburden and, uniquely, within the weak layer itself. We find that for low to moderate basal fault displacements,

the above-mentioned parameters strongly influence the degree of coupling between the basal fault and the weak
layer overburden. Coupling between the basal fault and overburden decreases by reducing the strength of the weak
layer, or by increasing the weak layer’s thickness. As a result, basal fault displacement is less readily transferred through
the weak layer, leading to a different structural style in the overburden. By contrast, increasing the amount, or rate, of
basal fault slip enhances coupling and leads to a more similar structural style between basal fault and overburden.
Moreover, dip-slip displacement on the basal fault is more readily transferred to the overburden than strike-slip dis-
placement of the same magnitude. Our model results compare fairly well to natural examples in the Northern Alpine
Foreland Basin, explaining various structural features. These comparisons suggest that rheological weak layers such

as the Jurassic Opalinus Clay have exerted a stronger control on fault zone architecture than is commonly inferred,
potentially resulting in vertical fault segmentation and variations in structural style. Furthermore, the novel addition
of internal marker intervals to the weak layer in our models reveals how complex viscous flow within these layers can
accommodate basal fault slip. Our model results demonstrate the complex links between fault kinematics, mechanics
and 3D geometries, and can be used for interpreting structures in the Alpine Foreland, as well as in other settings with
similar weak layers and basal faults driving deformation in the system.
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1 Introduction

The role of mechanical stratigraphy during tectonic
deformation and its effect on fault architecture is widely
recognized (e.g. Childs et al., 1996; Ferrill et al.,, 2017;
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(partially) ductile rheology may cause deformation styles
in the overburden to differ greatly from those in the units
below the weak layer (e.g. Ferrill & Morris, 2008; Ferrill
et al., 2007, 2017; Stewart, 2007; Stewart & Clark, 1999).

Recently, the relevance of mechanical stratigraphy for
fault development has also been recognized in the con-
text of the Northern Alpine Foreland Basin (Roche et al,,
2020; Shipilin et al., 2020; Fig. 1). In the “Ziircher Wein-
land” region of Northern Switzerland (Figs. 1, 2), 3D
seismic data indicates that the Jurassic Opalinus Clay
represents a significant rheologically weak layer across
which displacement along underlying faults (referred to
as “basal faults” in this paper) was (partially) buffered
and/or decoupled from deformation in its overburden
(Fig. 2a, c; Nagra, 2001; Roche et al., 2020). Only recently,
drilling results in that same area revealed that the Opa-
linus Clay indeed shows only minor signs of faulting or
fracturing, even within deformation zones identified on
seismic reflection data (Nagra, 2022). Elsewhere in the
Swiss Alpine Foreland, sub-surface fault interpretations
can, with few exceptions (e.g. Heuberger et al., 2016;
Nagra, 2019a, 2019b, 2019c), only rely on 2D seismic data
(e.g. Allenbach et al., 2017; Gruber, 2017; Madritsch et al.,
2018; Mock & Herwegh, 2017; Sommaruga et al., 2012).
This lack of 3D data prevents a thorough (3D) assessment
of possible effects of mechanical stratigraphy and basal
fault kinematics on deformation in both the overburden
and the weak layer itself. With only limited additional
constraints from outcrops and earthquake data (Diehl
et al, 2021; Egli et al., 2017; Vouillamoz et al., 2017),
other approaches need to be considered to improve our
understanding of deformation in the NW Alpine Fore-
land, and similar tectonic settings elsewhere.

One such approach is the use of analogue tectonic
modelling, which has since long been proven to be an
excellent means to systematically explore the evolu-
tion of (3D) tectonic deformation over time in settings
involving basal faults and a weak layer (e.g. Richard, 1989,
1991; Withjack & Callaway, 2000). Analogue modelling
studies focusing on pure dip-slip normal faulting have
shown that various factors have an impact on the degree
of decoupling caused by the presence of a viscous layer.
In general, coupling, and thus efficient transfer of defor-
mation into the overburden is affected by, e.g., weak layer
thickness and viscosity, overburden thickness and cohe-
sion, basal fault displacement and -slip rate (Withjack &
Callaway, 2000). Other researchers have studied factors
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such as the alteration of competent layers and clay smear
in similar dip-slip systems (e.g. Kettermann et al.,, 2017;
Schmatz et al,, 2010; Vrolijk et al., 2016). Also the first-
order influence of oblique dip-slip and strike-slip have
been explored through analogue models (Richard, 1989,
1991; Richard et al., 1995). Even so, the detailed 3D struc-
tural evolution of such systems has received only limited
attention and thus remains poorly constrained, especially
when it comes to deformation within the weak layer.

In this study, we use a series of analogue models
inspired by the Ziircher Weinland, an area within the
Swiss Alpine foreland with a comparatively well con-
strained geological and tectonic setting (Figs. 1b, c, 2).
Our aim is to explore the influence of weak layers and
basal fault kinematics on the 3D evolution of deforma-
tion in the overburden and, uniquely, within the weak
layer. We subsequently compare our model results with
natural examples, and whereas the model set-up is tai-
lored to simulate the geological setting in the Swiss
Alpine Foreland, we find that our novel results can also
serve for interpreting the structural evolution of similar
settings elsewhere around the globe.

2 Geological setting and modelling context

The Ziircher Weinland of northern Switzerland is situ-
ated in the NW part of the Northern Alpine Foreland
Basin (Fig. 1b; Sommaruga et al, 2012). This region is
characterized by a stratigraphy marked by pronounced
rheological contrasts that is comprehensively registered
in the sequence drilled at Benken (Nagra, 2001; Roche
et al.,, 2020; Fig. 2b) and has undergone a polyphase tec-
tonic history (Egli et al., 2017; Madritsch, 2015; Marchant
et al.,, 2005 and references therein).

The crystalline basement of northern Switzerland is
dissected by major Late Paleozoic grabens (Permo-Car-
boniferous troughs; e.g. Allenbach et al., 2017; Diebold
et al., 1991; Madritsch et al., 2018; Marchant et al., 2005;
Sommaruga et al., 2012) that formed during a phase of
post-orogenic extension following the Variscan orogeny
(Echtler & Chauvet, 1992; Eisbacher et al., 1989). The
Benken borehole does not reveal any Permo-Carbonifer-
ous sediments and is therefore interpreted to be located
on a structural horst in between these troughs (Fig. 2b;
Marchant et al., 2005; Roche et al.,, 2020). The subse-
quent Mesozoic sequence was deposited in the context of
the opening of the Alpine Tethys and large-scale trans-
gression, starting with an approximately 350 m thick

(See figure on next page.)

Fig. 1 General tectonic setting. a Tectonic overview map of the broader Northern Alpine Foreland Basin. Ap. Apennines. Modified after Sommaruga
etal. (2012). b Tectonic map of the Swiss Alpine Foreland. BWFZ Burgdorf-Wynigen Fault Zone, SGFZ Sankt Gallen Fault Zone, ZWL Zircher Weinland.
Modified after Sommaruga et al. (2012). ¢ Map of Northern Switzerland (around Schaffhausen, including the Ziircher Weinland, of which a detailed
map is provided in Fig. 2a). FBBFZ Freiburg-Bonndorf-Bodensee Fault Zone, HLCG Hegau-Lake Constance Graben, NHFZ Neuhausen Fault Zone, RDF
Randen Fault, RMF Rafz-Marthalen Flexure, ZWL Zircher Weinland. Modified after Roche et al. (2020)
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Fig. 2 Geology of the Zircher Weinland (modified after Roche et al., 2020). a Simplified structural map of structures showing fault traces at Top
Muschelkalk level according to 3D seismic interpretation. WBFZ: Wildenbuch Fault Zone. Decoupled faults do not cross the Opalinus Clay, coupled
faults do (see [c]). Map location shown in Fig. 1b. b Local stratigraphy as revealed in the Benken borehole (location shown in [a]), showing the
relative rheological weakness of the Opalinus Clay compared to the units above and below, based on Young's modulus data from laboratory tests
(see Roche et al,, 2020 for details). Note that Permo-Carboniferous units were not encountered in this particular borehole. SRD: Seismic Reference
Datum (here 500 m above sea level). ¢ Interpreted seismic section A-A; showing the location of the Opalinus Clay (in grey) and its effect on coupling
between the units above and below. For the full names of the seismic horizons, see (b). NHF: Neuhausen Fault Zone, RMF: Rafz-Marthalen Flexure,

sequence of Triassic (incl. Liassic) evaporites, carbon-
ates and marls, followed by the comparatively homoge-
neous and rheologically weak ca. 120 m thick Opalinus
Clay Formation deposited in the Middle Jurassic (Amann
et al., 2017; Hostettler et al., 2017; Nagra, 2001; Roche
et al, 2020; Fig. 2b). The lithological characteristics of

the Dogger sediments overlying the Opalinus Clay vary
compositionally and rheologically. In the Ziircher Wein-
land an approximately 80 m thick mechanically weak
marly succession is developed. Further to the west this
succession is laterally replaced by mechanically stiffer
limestones (Blasi et al., 2013, and references therein).
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The upper Jurassic Malm group is dominated by lime-
stones intercalated with marls and is generally more
competent. Across the wider Northern Alpine Foreland
Basin, the thickness of this succession varies greatly due
to a regional unconformity at its upper limit, marking a
late Eocene phase of crustal-scale uplift that was driven
by the development of the early Alpine forebulge and
resulted in several hundred meters of erosion (Kempf &
Pfiffner, 2004; Mazurek et al., 2006; Roche et al., 2020;
Schori, 2021; Sinclair & Allen, 1992; von Hagke et al.,
2012). Consequently, no Cretaceous units are preserved
in the Ziircher Weinland and the resulting thickness of
the Upper Jurassic limestones and marls amounts to
some 250 m (Fig. 2b).

The present-day structural characteristics of the
Ziircher Weinland are largely the result of its Cenozoic
tectonic history. During Eocene and Oligocene times
the area was presumably influenced by the evolution of
the roughly N-S trending European Cenozoic Rift Sys-
tem (ECRIS; (e.g. the Rhine and Bresse Grabens; Fig. 1a;
Dézes et al.,, 2004; Hinsken et al., 2007; Schori, 2021;
Ziegler, 1992). During this tectonic phase, the Meso-
zoic sequence across the entire Swiss foreland basin was
affected by N-S striking faults (Gruber, 2017). Only there-
after, the actual North Alpine foreland Molasse sedimen-
tation set in, which consisted of 4 mega-sequences of
clastics, deposited in a flexural foreland basin (Pfiffner,
1986; Sinclair & Allen, 1992; Willett & Schlunegger,
2010). Basin subsidence is inferred to have resulted in
reactivation of basement faults leading to the formation
of monoclines and normal faults striking roughly parallel
to the basin axis (Diebold & Noack, 1997; Gruber, 2017;
Malz et al., 2016). The Zircher Weinland area at the
northern rim of the Swiss Molasse Basin was addition-
ally impacted by NE-SW directed extension related to
the Middle Miocene formation of the Hegau-Lake Con-
stance graben leading to the formation of normal faults
oblique to the basin axis (Egli et al., 2017, Figs. 1c, 2a) and
associated Hegau volcanism (Ibele, 2015, and references
therein). The Ziircher Weinland area was not affected
by large-scale thin-skinned Alpine folding and thrusting
(Fig. 1a and c¢; Burkhard, 1990; Gruber, 2017; Sommaruga
et al., 2012; Vouillamoz et al., 2017).

The most recent evolution of the Swiss Molasse Basin
including the Ziircher Weinland (Pliocene to present)
saw a phase of large-scale erosion (Cederbom et al., 2011;
Von Hagke et al,, 2012) and transition to thick-skinned
tectonics involving reactivation of deep-seated faults,
most commonly as strike-slip faults (Heuberger et al.,
2016; Mock & Herwegh, 2017). Seismological data indi-
cates that some of these faults are active until the present
day (Diehl et al., 2015, 2021; Mock & Herwegh, 2017;
Vouillamoz et al., 2017).
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Within the context of the complex tectonic history of
the Northern Alpine Foreland Basin, our analogue model
set-up is tailored to the Ziircher Weinland (Figs. 1b, c,
2). Accordingly, the models are designed to simulate the
Middle Jurassic Opalinus Clay as an important weak
layer separating the basin’s sedimentary sequence in a
lower and upper part (Fig. 2b, c). Introducing a steeply
dipping “basal fault” underneath the weak layer aims to
simulate the Swiss Molasse Basin’s tectonic setting dur-
ing the Middle Miocene to recent times when basement-
rooted faults (e.g. the Rafz-Marthalen Flexure [RMF] and
Neuhausen Fault Zone [NHFZ], Figs. 1c, 2a, c) became
reactivated in various ways depending on their orienta-
tion with respect to the regional stress field. Thereby we
explore if and under what conditions the weak Opalinus
Clay influenced the deformation in the overlying the sed-
imentary sequence.

3 Methods

3.1 General model set-up

We apply a model set-up involving a deformable base
to simulate a basal fault that induces deformation in an
overlying weak layer, which itself is overlain by a more
competent overburden, thus reproducing the tectonic
setting in the Ziircher Weinland (Figs. 2, 3). The total
thickness of these model materials is set to 6.5 cm, repre-
senting the 650 m of stratigraphy measured from the base
of the Opalinus Clay Formation to the surface (Fig. 2c).
The deformable base consists of a mobile and a fixed base
plate that are both 2 cm thick, with the contact between
these two base plates representing a steep, 75° dipping
fault plane (or velocity discontinuity: VD), similar to the
faults present in the Northern Alpine Foreland Basin
(Figs. 1c, 2a, ¢, 3a, b, e). Furthermore, each base plate is
attached to a longitudinal sidewall. The space between
this longitudinal sidewall is 30 cm, and the length of
the set-up is ca. 80 cm (Fig. 3b). The mobile base plate,
together with its attached sidewall, can move outward
(y-axis), downward (z-axis) and right-laterally (x-axis) by
means of precise computer-controlled motors (Fig. 3a—
¢). By combining these three motions, we can simulate
either pure normal dip-slip, 45° (dextral) oblique nor-
mal slip, or pure dextral strike-slip fault kinematics, as
defined on the basal fault plane (Fig. 3b, e).

3.2 Model materials

Granular materials have been commonly applied for sim-
ulating brittle materials in the Earth’s crust (e.g. Klink-
miiller et al., 2016; Panien et al., 2006). We model the
brittle overburden overlying the Opalinus Clay Formation
in the Alpine foreland using quartz sand (Quarzsand A)
from Carlo Bernasconi AG (www.carloag.ch) (Table 1).
This quartz sand has a grain size of 60—250 pm, internal
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26 Page 6 of 33

F.Zwaan et al.
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Fig. 3 Model set-up. a 3D sketch of basic model set-up. b Section view sketches depicting the different kinematics we apply in our models (pure
normal dip-slip, 45° oblique normal dip-slip and pure dextral strike-slip along the basal fault). c Top view sketch of model set-up. d Different types of
weak layers applied in our models. Note that the total model thickness is always kept at 6.5 cm, translating to 650 m in nature (Fig. 2b). e Definition
of slip direction on the basal fault as applied in our models. ds: pure (normal) dip-slip (0°), os: (45°) (dextral) oblique normal slip, ss: (pure dextral)
strike-slip (90°). Note that the oblique normal slip is a combination of pure normal dip slip and pure strike-slip, the combined vector of which yields
the required oblique slip direction. Slip rates applied in our models are defined in the direction of slip. Qz quartz, VD velocity discontinuity

friction angles in the order of 31.4°-36.1° (Table 1), and a
cohesion value of 9 Pa (Zwaan et al., 2018). Furthermore,
it has a density of 1560 kg/m® when sieved from a height
of ¢. 30 cm (Schmid et al., 2020). For creating internal

markers within the quartz sand to visualize deformation
in cross-sections (see Sect. 3.5), we insert thin (<1 mm)
intervals of corundum sand (F120 Normalkorund from
Carlo Bernasconi AG). The rheology of the corundum
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Table 1 Properties of granular materials
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Material Quartz sand? Corundum sand® Feldspar sand®
Grain size (o) 60-250 um 88-125um 100-250 pm
Grain density (Ogpecir) 2650 kg/m’ 3960 kg/m’ ca. 2650 kg/m?
Density (sieved) (Ogjeyeq) 1560 kg/m? 1890 kg/m? 1300 kg/m?
Internal peak friction angle (q)p) 36.1° 37° 33°
Dynamic-stable friction angle (¢) 314° 32.2° 29.7°
Reactivation friction angle (cpp) 334° 33.8° 32°

Cohesion (C) 9+98Pa 39+10Pa 5-10Pa

2 Properties after Zwaan et al. (2018)

b Properties after Panien et al. (2006), used for internal layering (see Appendix A for details)

 Properties after Zwaan et al. (2022c), used for internal layering (see Appendix A for details)

Table 2 Properties of kinetic sand

Material Kinetic sand?

Grain size (@) 150 um (mean)
98/2
ca. 2650 kg/m?

ca. 1600 kg/m?

Weight mixing ratio (granular / PDMS)
Grain density (pspemﬁc)
Density (bulk) (P

Rheology “Brittle-viscous”
Internal peak friction angle (cpp) 31.0°
Dynamic-stable friction angle (¢) 29.2°
Reactivation friction angle (@) 30.5°

Cohesion (C) 2514325 Pa

? Properties after Katz et al. (2014) and Mayolle et al. (2021), and from new ring-
shear tests done at GFZ Potsdam. Kinetic sand is a brittle-viscous material, but
considered to be dominated by brittle component of its rheology since standard
rheometer tests for viscous material testing (e.g. Rudolf et al. 2016) were not
possible due to the material’s limited capacity to flow. Bulk density measured in
Bern.

Table 3 Properties of viscous material

Material Viscous mixture?

Weight mixing ratio (granular / silicone) /1

Density (bulk) (P 1600 kg/m?

Viscosity (n) 15%x10°Pas

Rheology Near-Newtonian
(n=1.06-1.10)

2 Properties after Zwaan et al. (2018c¢)

sand is very similar to that of the quartz sand (Table 1),
and the inclusion of the thin marker intervals is not con-
sidered to significantly affect model evolution.

In order to simulate the weak Opalinus Clay Formation
in our models we use one of two types of “weak” mate-
rials, i.e. materials that exhibit (partial) viscous behav-
iour when deformed, reproducing the ductile character
of the clay (Tables 2, 3). The first of these is kinetic sand,
a material produced by Spin Master (www.spinmaster.

com), which is a mixture of 98% quartz sand (mean grain
size: 150 pm) and 2% of silicone oil (polydimethylsilox-
ane, or PDMS) coating the sand grains (Katz, 2014; May-
olle et al,, 2021). The PDMS in the kinetic sand causes
it to have a somewhat visco-brittle behaviour (Mayolle
et al., 2021), a internal friction angle of c. 29.5°-31°, and
a relatively high cohesion value of ca. 250 Pa as deter-
mined through ring-shear tests at GFZ Potsdam (fol-
lowing the procedures of e.g. Klinkmiller et al., 2016
and Ritter et al., 2016), whereas the density of the mate-
rial is ca. 1600 kg/m?. Kinetic sand has been successfully
applied by Mayolle et al. (2021) for simulating the brittle-
viscous transition in the deeper parts of the crust, and in
this paper we present the first application of this material
for simulating a weak layer within the shallower parts of
the upper crust. Similar to the quartz sand, we introduce
thin (<1 mm) marker intervals to the kinetic sand. These
intervals consist of white FS900F feldspar sand from
Amberger Kaolinwerke (https://www.quarzwerke.com)
(Table 1, Zwaan et al., 2022c), and are not considered to
meaningfully influence the model results.

The second material we use to simulate a weak layer
in our models is a mixture of silicone oil (SGM-36 type
PDMS, formerly produced by Dow Corning, now part of
Dow Chemical (www.dow.com), and the aforementioned
F120 corundum sand from Carlo Bernasconi AG. This
mixture, made with a ca. 1:1 weight-mixing ratio, has a
density of ca. 1600 kg/m? (Zwaan et al., 2018). Whereas
the kinetic sand with its transitionary rheology is still
relatively competent compared to the quartz sand rep-
resenting the brittle overburden, this mixture of PDMS
and corundum sand is truly viscous and represents a
very weak end-member of Opalinus Clay behaviour. The
material has a near-Newtonian rheology (n=1.06-1.10),
and a viscosity of ca. 1.5 x 10° Pa s at typical model strain
rates of <10™%/s (Zwaan et al., 2018). This material has
been applied in various modelling studies, either as a
lower crustal analogue (e.g. Schmid et al., 2022; Zwaan
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et al,, 2016, 2019) or as an upper crustal weak layer in
contractional models (e.g. Schori et al., 2021). Similar to
the kinetic sand, we use thin (< 1 mm) marker intervals of
feldspar sand to trace deformation in cross-sections, the
presence of which does not significantly alter the model
results.

A final, combined option we use for simulating an
overall weak layer is the inclusion of a thin quartz sand
layer within a layer of the viscous PDMS-corundum sand
mixture. This quartz sand layer then represents a unit of
more competent sediments (e.g. a sandstone or carbonate
interval) within the weak layer. Information on how these
model layers are prepared is provided in the Appendix.

3.3 Model parameters

In this study we present the results of 13 analogue models
(out of a total of 18 completed models runs, see supple-
mentary material in Zwaan et al., 2022b). These 13 mod-
els are sub-divided in four main series (Table 4). The first
two model series (Series A and B) are aimed at exploring
the influence of weak layers in pure dip-slip systems, and
the second two model series (Series C and D) explore the
influence of other basal fault kinematics and basal fault
slip rate, respectively.

Series A contains our reference models, with a stand-
ard (weak) layer thickness of 1.2 cm simulating the 120 m
thick Opalinus Clay Formation (Fig. 2c). This layer is
overlain by a 5.3 cm [530 m] strong and brittle overbur-
den of quartz sand, Figs. 2¢, 3d), and basal fault slip rates
are 10.4 mm/h during a 1-h model run (translating to

Table 4 Overview of model parameters

F.Zwaan et al.

4.1 mm/yr in nature, see Sect. 3.4). In these models we
test the influence of different types of weak layer rheol-
ogy. This series comprises models with a weak layer made
of either kinetic sand (Model A2), of the viscous mixture
(Model A4), or of the viscous mixture with a 4 m thick
internal sand layer (Model A3). In addition, we include
a model without a weak layer (Model Al); instead, this
model has a total brittle layer thickness of 6.5 cm (650 m).

In our Series B models we explore the effect of increas-
ing the weak layer thickness (doubling it to 2.4 cm, or
240 m in nature, with 4.1 cm or 410 m of brittle over-
burden to keep the scaling identical to the other models,
allowing for direct comparison). The weak layers in Mod-
els B1 and B2 consist of kinetic sand and the viscous mix-
ture, respectively. Basal fault slip rates and direction are
the same as in Series A, i.e. 10.4 mm/h pure normal dip-
slip, for a model run duration of 1 h. Note that no model
with a sand-only layering is included in this series since
the strain-rate independent behaviour of granular mate-
rials means that the results of such a model would simply
be the same as those of Model Al.

The models in Series C serve to test the effect of 45°
dextral oblique normal slip on the basal fault plane (Mod-
els C1 and C2) and pure dextral strike-slip fault kinemat-
ics (Models C3 and C4) (for definitions of oblique slip
and strike-slip motion, see Sect. 3.1 and Fig. 3e). Here,
Models C1 and C3 are sand-only (6.5 cm thick), thus
lacking a weak layer, whereas the 1.2 cm thick weak layer
in Models C2 and C4 consists of the viscous mixture.
No models with kinetic sand layers are included in this

Series Model Weak layer Basal fault kinematics®
Series A Al Sand-only (without weak layer) Pure normal dip-slip
(reference models) A2 Kinetic sand Pure normal dip-slip

A3 Quartz sand layer in viscous mixture® Pure normal dip-slip

A4 Viscous layer Pure normal dip-slip
Series B (models with a thick weak layer) B1 Kinetic sand® Pure normal dip-slip

B2 Viscous layer® Pure normal dip-slip
Series C C1 Sand-only (without weak layer) Dextral oblique normal slip
(oblique slip & strike-slip models) @) Viscous mixture Dextral oblique normal slip

a Sand-only (without weak layer) Pure dextral strike-slip?

c4 Viscous mixture Pure dextral strike-slip
Series D D1 Kinetic sand Pure normal dip-slip
(fast fault slip models)® D2 Viscous mixture Pure normal dip-slip

D3 Viscous mixture Pure dextral strike-slip?

2 For definition of basal fault kinematics, see Sect. 3.1 and Fig. 3e

b Layering includes a 4 mm thick quartz sand layer within the 1.2 cm thick weak layer

©Weak layer is 2.4 cm thick and brittle quartz sand overburden is 4.1 cm thick to maintain a total model thickness of 6.5 cm

dTotal basal fault slip in the strike-slip models is increased by a factor two, to 20.8

mm

€ Basal fault sliplip rate increased by a factor 10 to 104 mm/h (compared to standard 10.4 mm/h). Accordingly, the total model duration is reduced by a factor 10 as

well
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series, and basal fault slip rates in Series C are the stand-
ard 10.4 mm/h (where the duration of strike-slip Models
C3 and C4 is doubled to obtain a total basal fault slip of
20.8 mm). Note that the 10.4 mm/h 45° oblique normal
slip in Models C1 and C2 is a combination of 7.4 mm/h
normal dip slip and 7.4 mm mm/h pure dextral strike-slip
(see Fig. 3e).

Our Series D models aim to elucidate the influence of
strain rate on model evolution by increasing basal fault
slip rates by a factor of ten (104 mm/h). The models in
this series have a standard weak layer thickness of 1.2 cm.
We apply pure dip-slip deformation for Models D1
(kinetic sand layer) and D2 (viscous mixture layer), and
dextral strike-slip for Model D3 (viscous mixture layer).
The tenfold increase of basal fault slip velocity means that
the model run duration is reduced by a factor of 10 to
6 min for pure dip-slip Models D1 and D2, and 12 min
for pure dextral strike-slip model D3. Therefore, direct
comparisons can be made with the relevant models from
Series A and C. Note that similar to Series B, no sand-
only models are included in Series D due to the strain-
rate independent behaviour of granular materials.

3.4 Scaling

The main concern for scaling purposes in brittle mate-
rials, which exhibit strain-rate independent behaviour,
is the angle of internal friction. This angle lies between
33.4° and 36.1° for our quartz sand, which is very similar
to friction angles measured for rocks in the uppermost
kilometres of the crust (ca. 40°, Byerlee, 1978, a value also
measured for rocks from the Benken borehole, Giger &
Marschall, 2014; Roche et al., 2020, Table 5). Although
kinetic sand has a viscous component to its behaviour due
to the presence of PDMS silicone oil, we can still assume

Table 5 Scaling parameters
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a somewhat brittle behaviour. The internal friction angle
of the kinetic sand lies between 31° and 29.5°, which is
lower than that of the pure quartz sand and very similar
to the friction angle of the Opalinus Clay as measured in
the Benken borehole (ca. 30°, Giger & Marschall, 2014;
Roche et al., 2020). Here it may be noted that the mate-
rial has a higher cohesion than the quartz sand (Tables 1,
2, 5), and could as such be considered stronger than the
quartz sand under typical model conditions. However,
the partial viscous behaviour of the kinetic sand causes it
to deform in a similar fashion to shales (such as the Opa-
linus Clay) in nature (Mayolle et al., 2021). We can thus
consider the kinetic sand a “weak” material due to its vis-
cous behaviour, which is not fully captured by ring-shear
tests that are designed for purely brittle materials.

The scaling of purely viscous materials such as our
viscous PDMS/corundum sand mixture becomes more
complex than the scaling of brittle materials due to
their strain rate-dependent rheology. We can use the
stress ratio between model and nature (0%, convention:
0" = 00del/ Onature): 0" =p* h* g*, where p*, h* and g* are
the density, length and gravity ratios, respectively (Hub-
bert, 1937; Ramberg, 1981), in combination with the
viscosity ratio (n*) to obtain the strain rate ratio £* (Wei-
jermars & Schmeling, 1986): ¢*=0%*. With the strain
rate ratio we can subsequently compute the velocity
and time ratios (v* and t*): ¢*=v*/h*=1* If we con-
sider the Opalinus Clay as a viscous rather than a brittle
material in nature, and adopt a somewhat high viscosity
of 5x 10" Pa s for the Opalinus Clay (Yarushina et al,,
2021), the viscosity of 1.5 x 10° Pa s of our viscous model
material makes that an hour of deformation in the lab-
oratory translates to ca. 25 kyr in nature. Therefore our

Model material Nature®
Material Quartz sand Overburden
Density (Ogpecifc) 1560 kg/m? 2700 kg/m’
Internal peak friction angle 36.1° ca. 40°
Cohesion 9Pa 20 MPa (2 MPaP®)
Material Kinetic sand Opalinus Clay (strong end-member)
Density (Ogpeciic) 1600 kg/m? 2400-2500 kg/m?
Internal peak friction angle 31° ca. 30°
Cohesion 251 Pa 3 MPa
Material Viscous mixture Opalinus Clay (weak end-member)
Density (Ogpecic) 1600 kg/m? 2400-2500 kg/m’
Viscosity (n) 15%x10°Pas 5x10"Pas

2 Natural values adopted from Giger and Marschall (2014), Roche et al. (2020), and Yarushina et al. (2021)
b Experimentally measured cohesion values of natural rocks may be one or even two degrees of magnitude lower in natural situations due to initial heterogeneities, or

weakening caused by preceding tectonic deformation (Von Hagke et al., 2019)
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standard basal fault slip rate of 10.4 mm/h is scaled down
to a reasonable 4.1 mm/yr.

We furthermore consider the dynamic similar-
ity between our models and the natural example in the
North Alpine foreland. In the case of the brittle materi-
als we use the ratio Rs between the gravitational stress
and the cohesive strength or cohesion C (Mulugeta,
1988; Ramberg, 1981): R =gravitational stress/cohesive
strength=(p g h)/C. Assuming the natural cohesion of
20 MPa for the sedimentary layers overlying the Opali-
nus Clay to be reduced by an order of magnitude due to
weakening factors (Table 5), combined with the quartz
sand cohesion of 9 Pa, we obtain a R, value of 17 and
1.3 for model and nature, respectively. Cohesion in our
modelled overburden thus seems somewhat low but is
quite acceptable; our quartz sand cohesion value may in
reality be higher, given the error margins (Table 1), and
cohesion values of bulk rocks in natural situations may
be even more reduced (Von Hagke et al., 2019). In the
case of viscous materials, we use the Ramberg number
R, (Weijermars & Schmeling, 1986): R = gravitational
stress/viscous strength=(p g h®)/(n v). Here we find a R
value of ca. 3.6 for both the viscous mixture and the Opa-
linus Clay. Since both the R, and R, values of our model
materials were practically the same as their equivalents in
nature, we consider our models to be reasonably scaled.

3.5 Model monitoring and analysis

We apply a number of methods for monitoring and ana-
lysing our analogue models. The first method involves
time-lapse photography of the model surface by means
of a rig containing three computer-controlled high-res-
olution Nikon D810 cameras (e.g. Schmid et al., 2022;
Zwaan et al,, 2021a, 2022a). Map view time-lapse imagery
in combination with a surface grid made of corundum
sand (<1 mm thick) allows a first-order visual assess-
ment of model evolution (Fig. 4a). Further model analy-
sis involves photogrammetry analysis of images from
the (obliquely oriented) cameras (using Agisoft Photos-
can, www.agisoft.com) to obtain digital elevation models
for topography analysis in open source QGIS software
(www.qgis.org), (Fig. 4b).

Quantification of surface deformation is done by digi-
tal image correlation (DIC) analysis of time lapse imagery
using DaVis 10.1 from LaVision (www.lavision.de), which
allows for analysis of horizontal displacements and
strain (Fig. 4c). Of particular interest are the maximum
normal strain and minimum normal strain, represent-
ing the changes to the long and short axes of the strain
ellipse, serving as proxies for normal and reverse faulting,
respectively (e.g. Zwaan et al.,, 2021a, 2022a). For strike-
slip models, we use shear strain instead. The interval for
DIC analyses is 2.6 mm of basal fault slip.
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In addition, we produce cross-sections of our models by
wetting and cutting the models to reveal internal model
deformation, assisted by the presence of marker intervals
(Fig. 4d). In contrast to standard model sectioning, which
is done at the end of a model run (since the sectioning
procedure destroys the model), we took advantage of the
models’ physical length to produce progressive sections
at 2.6 mm basal fault slip intervals, creating pseudo-time-
lapse series of model sections (Fig. 4a, d). This progres-
sive sectioning method has to our knowledge only been
sparsely used (e.g. Burliga et al.,, 2012), but allows unique
insights into internal model evolution, especially through
the novel use of marker intervals within the simulated
weak layer. In order to capture lateral variations in model
structure, various sections are made for each inter-
val, (see also the supplementary material, Zwaan et al.,
2022b), of which representative sections are selected
for further structural analysis (Fig. 4a, d). This analysis
involves fault interpretation by tracing vertical offsets of
1 mm or more of the marker intervals within both the
simulated weak layer and its brittle overburden, whereas
faults with smaller offsets in the overburden may be vis-
ible as linear features with a slight colour deviation due to
local dehydration of the sand (Fig. 4d).

Using this sectioning method means that parts of the
model domain are progressively removed over time
(Fig. 4a—c). Therefore, we focus our model analysis on the
domains that remain at the end of the model run for sur-
face analysis (Fig. 4c). Note that due to the relative lack
of visible (surface) deformation in models with strike-slip
deformation, sections are only taken at the end of the
model run in these specific models.

4 Model results

4.1 Series A: weak layer rheology

Model results from Series A reveal how the rheology of
the weak layer affects deformation in normal dip-slip
systems (Figs. 5 and 6). Model A1l is our reference model
without a weak layer, Model A2 contains a weak layer
consisting of kinetic sand, Model A3 involves a viscous
weak layer with a 4 mm thick sand layer incorporated
within, and Model A4 has a fully viscous weak layer. All
four models involve pure dip slip deformation at a rate of
10.4 mm/h along the basal fault.

The results of reference Model Al show how initial
deformation (after 15 min, or 2.6 mm fault slip along the
basal fault) creates an offset and a monocline at the base
of the sand layers that dies out towards the model sur-
face (Fig. 5a;_y). However, DIC results indicate increased
horizontal displacement compared to the general back-
ground displacement, which is bounded by a zone of
extension and a zone of contraction (Fig. 5a). The results
from the next model step (after 30 min, or 5.6 mm of
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a) Top view imagery b) Topography analysis c) DIC analysis (vy)

ZT_, 5cm

y 1 0 2mm
Fig. 4 Model analysis methods (examples taken from Model A1). a Time-lapse map view imagery, showing the stepwise reduction of the model
length due to repeated sectioning. b Topography analysis over time. ¢ Example of digital image correlation (DIC) analysis (incremental displacement
along the y-axis [Vy]) and selection of area of interest for detailed analysis). d Examples of vertical cross-sections (locations shown in [a]). Offsets in
marker horizon as well as linear colour differences are used to identify (incipient) faults. (¥) Note that no vertical distortion is applied when showing
vertical cross-sections, so that their horizontal and vertical scaling is identical
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Model A1
a) 15 min

(2.6 mm slip)

b) 30 min
(5.2 mm slip)

¢) 45 min
(7.8 mm slip)

d) 60 min
(10.4 mm slip)

Model A2 .

e) 15 min
(2.6 mm slip)

f) 30 min
(5.2 mm slip)

g) 45 min
(7.8 mm slip)

h) 60 min
(10.4 mm slip)

10 cm

y T_; [ — B — I e— N z T_, oom
—_—

0 0

Fig. 5 Overview of model results from Series A, part 1: Pure normal dip-slip along the basal fault, in model without weak layer in Model A1, and

with a kinetic sand weak layer in Model A2. Max. / Min. NS (incr): Incremental maximum / minimum normal strain, indicating extension and

contraction in the model, respectively. Vy: incremental displacement in the y-direction. Note that section locations are not indicated due to the

progressive sectioning method (see Sect. 3.5 and Fig. 4)
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Topography Vy Max. NS (incr.) Min. NS (incr.) Sections
Model A3 10:4 il
I n v \'
a) 15 min extension Fic
(2.6 mm slip) J
contraction viscous flow
«
NS
I n v
|
b) 30 min ot 3 V=R
(5.2 mm slip) " .
folding
X
I 1} n v
c) 45 min P |
) reverse
(7.8 mm slip) ! reverse v boudinage /X faulting
faulting v
I i v
d) 60 min - ——
(10.4 mm slip) S ) :
extension
Model A4 10.4 mnfh
| I i %
|
e) 15 min extension T
(2.6 mm slip) foldi
J | gontraction I'e et
| [ i %
. layer tilting
f) 30 min E e e S S —
(32 mmslip) thinning
L L L VI reverse faulting
g) 45 min t e ——— reverse
(7.8 mm slip) ¥ F / W faulting
i initiates
I
h) 60 min
(10.4 mm slip)
10 cm
y
T_; [— ] [E—
X -2cm 0 O y
Fig. 6 Overview of model results from Series A, part 2: Pure normal dip-slip along the basal fault, with a sand interval in the viscous detachment
layer in Model A3, and with a full viscous detachment in Model A4. Max. / Min. NS (incr): Incremental maximum / minimum normal strain indicating
extension or contraction in the model, respectively. Vy: incremental displacement in the y-direction. Note that section locations are not indicated
due to the progressive sectioning method (see Sect. 3.5 and Fig. 4)
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fault slip), reveal how the monocline develops into a
curved reverse fault that reaches the surface (Fig. 5b).
Next to this reverse fault, a normal fault also forms above
the basement fault, and becomes better defined on the
Maximum Normal Strain maps (Fig. 5by;;). As the model
continues evolving, the normal fault becomes more pro-
nounced (Fig. 5¢, d). Note how there is some curving of
the reverse faults along-strike, whereas the normal faults
are fairly straight along-strike (Fig. 5a—d).

Model A2 with kinetic sand follows a very similar evo-
lution as Model A1 (Fig. 5), including the development
of a zone of increased horizontal displacement, and of
a reverse fault prior to the formation of a normal fault.
However, the appearance of these faults is somewhat
delayed when compared to Model Al with the kinetic
sand in Model A2 buffering initial slip along the under-
lying basal fault (Fig. 5a, e). As Model A2 evolves, the
kinetic sand is faulted in a similar fashion to the sand in
Model Al (Fig. 5a—d, c, d). Yet also here some buffering
by the kinetic sand is visible in section view, as the fault
zone in the kinetic sand layer in Model A2 is clearly less
localized compared to the fault in Model A1 (Fig. 5).

In Model A3, with a thin sand layer intercalated within
the weak viscous mixture layer, the structures are rather
different from those seen in Models Al and A2 (Figs. 5,
6a—d). Initial deformation in Model A3 (after 15 min, or
2.6 mm of basal fault slip) seems to be mostly buffered
by the weak layer and no clear deformation is visible in
top or section view imagery (Fig. 6a). Even so, some dis-
tributed contraction and a hint of extension appears on
the DIC maps, which border a relatively broad zone of
enhanced horizontal displacement (Fig. 6a;_y). As defor-
mation continues (after 20 min, or 5.6 mm of slip), this
pattern remains in place, and DIC data show a reverse
fault having formed, even though this fault is not yet
apparent in section view (Fig. 6b). Note that this slight
discrepancy may be due to the section being taken from
a different part of the model than where the surface view
analyses is done (see Sect. 3.5). With on-going deforma-
tion, the reverse fault becomes clearly present in section
view as well (Fig. 6¢cy). However, in contrast to Models
Al and A2, the reverse fault does not traverse the weak
layer (Figs. 5, 6a—d). Instead, the viscous layers seem to
buffer the deformation by folding, and the internal sand
layer passively follows this folding. In order to accommo-
date the associated stretching, it develops boudinage fea-
tures (Fig. 6¢, dy). Importantly, no clear normal fault is
formed in what is essentially a large monocline bounded
by a reverse fault in Model A3, even though some distrib-
uted extension is observed on DIC results too (Fig. 6dyy;).

Finally, Model A4 pushes further the general struc-
tural style already observed in Model A3 (Fig. 6). Also
in this model (A4), the viscous material strongly buffers
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deformation induced by the basal fault, so that only lim-
ited localized deformation occurs in the brittle overbur-
den (Fig. 6e-h). Instead, we observe a very broad zone
of horizontal displacement, and a general tilting of the
overburden towards the hanging wall block of the basal
fault (well visible in cross-section, e.g. Figure 6hy,). Yet,
some reverse faulting is observed, but it is much less
expressed and occurs late when compared to the other
models (Figs. 5, 6). Similar to Model A3, very little exten-
sion is observed, and no clear normal faulting develops
in Model A4 (Fig. 6). Instead, it seems that the buffering
of deformation in the viscous layer is achieved by signifi-
cant thinning of the viscous material above the footwall
of the basal fault, and by contraction and folding above
the hanging wall block, directly adjacent to the basal fault
(see cross-section, Fig. 6hy). All the time, the contact
with the brittle overburden remains rather undeformed,
even if it is tilted.

4.2 Model B series models: thick weak layer
The model results from Series B, with a double weak
layer thickness (2.4 c¢cm) and pure normal dip-slip, are
presented in Fig. 7. In the kinetic sand weak layer case
(Model B1), the structural evolution is rather similar to
that of Model A2 with the standard weak layer thick-
ness (Figs. 5e—h, 7a—d). In both cases, we observe early
reverse faulting after 2.6 mm of basal fault slip (Figs. 5e,
7a), followed by the development of a normal fault after
7.8 mm of slip (Figs. 5g, 7c). The kinetic sand in Model
B1 exhibits the same “fault smear” or buffering behaviour
as in Model A2 (Figs. 5e—h, 7a—d) (compare to sand-only
reference Model A1, Fig. 5a—d). A further important sim-
ilarity between Models A2 and Bl is that faults seem to
nucleate at the interface between the kinetic sand and the
quartz sand overburden, as is well illustrated in section
view (Figs. 5e—h, 7a—d). However, there is an important
difference between both models in that the fault struc-
tures in the overburden of Model B1 are smaller in scale
with respect to those in Model A2 (Figs. 5e-h, 7a—d).
Where a thicker kinetic sand weak layer does not alter
the structural style of Model B1 substantially with respect
to its reference counterpart Model A2 (Figs. 5e—h, 7a—d),
the doubling of the fully viscous layer in Model B2 causes
significant deviations from the structures observed in its
reference model counterpart (Model A4) (Figs. 6e—h, 7e—
h). The initial stages (after 2.6 mm basal fault slip) in both
models are rather similar, involving the development of
diffuse contractional and extensional zones (Figs. 6e,
7e). Both models also develop a tilting of the overbur-
den towards the hanging wall of the basal fault, which
is accommodated by viscous flow. However, this viscous
flow is much more pronounced in Model B2, leading to
enhanced thinning of the viscous layer above the footwall
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Fig. 7 Overview of model results from Series B: Pure normal dip-slip along the basal fault, with a kinematic sand layer in Model B1, and with a
full viscous detachment in Model B2. The weak layers have twice the thickness as those in Series A. Max. / Min. NS (incr): Incremental maximum /
minimum normal strain, indicating extension or contraction in the model, respectively. Vy: incremental displacement in the y-direction. Note that
section locations are not indicated due to the progressive sectioning method (see Sect. 3.5 and Fig. 4)
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of the underlying fault, and strong thickening and fold-
ing within the viscous layer adjacent to the fault (see sec-
tion views in Figs. 6e—h, 7e—h). Moreover, the interface
between the viscous detachment and the brittle sand
overburden, although tilted, remains smooth, and no
faulting is observed in the quartz sand overburden of
Model B2 (Fig. 7e-h), whereas minor reverse faulting can
be observed in the overburden of Model A4, Fig. 6e-h).

4.3 Series C: oblique and strike-slip kinematics

Figures 8 and 9 provide overviews of the results from
Series C, in which we test the influence of 45° (dex-
tral) oblique normal slip and pure dextral strike-slip
kinematics along the basal fault. In the case of the 45°
oblique slip Models C1 and C2 (with kinetic sand and
viscous weak layer, respectively), we find that the struc-
tural evolution is rather similar to that observed in their
pure normal dip-slip counterparts (Models A2 and A4,
respectively, Figs. 5e—h, 6e—h, 8). Model C1 also develops
reverse faults followed by normal faults, and at the same
moment as in Model A2, even though these structures
are somewhat less evolved in Model C1 than in Model A2
(Figs. 5e—h, 8a—d). Similarly, Model C2 shows the same
type of thinning of the viscous detachment above the
basal fault footwall, accompanied by the same folding and
thickening adjacent to the basal fault as seen in Model A4
(Figs. 6e—h, 8e—h). Also in Model C2, these structures are
however somewhat less developed than in its pure nor-
mal dip-slip counterpart Model A4 (Figs. 6e-h, 8e-h).
Model C2 also develops an oblique fault, which may be a
boundary effect (Fig. 8h). Furthermore, there are no clear
signs of any strike-slip-related structures in the section
views of either Model C1 or C2, even though the strike-
slip deformation component is as large as the dip-slip
component in these models (Fig. 3e), and strike-slip dis-
placement is clearly visible in surface view imagery (i.e.
the deformed surface grid, Fig. 8).

In pure dextral oblique-slip Models C3 and C4, the
strike-slip features are poorly developed during the first
hour of deformation (Fig. 9a, b, e, f). The only clear hints
of strike-slip displacement at this stage in these models
come from the deformed surface grid, and from the DIC
shear strain analysis (Fig. 9a, b, e, f). However, strike-slip
features clearly appear during the second hour of the
prolonged model run (2 h, or 20.8 mm basal fault slip)
applied for these experiments. In the case of sand-only
Model C3, a series of en echelon (Riedel) faults appear,
bounding an uplifted central domain (Fig. 9¢c, d). This
uplift is accommodated by the development of a pop-up
structure that is visible in section (Fig. 9i, j). These sec-
tions also reveal sub-vertical faults with minimal verti-
cal offset (Fig. 9i, j). Together with the surface view data,
the sections show that the en echelon faults are in fact

F.Zwaan et al.

(oblique) reverse faults on one side of the model, which
become steep strike-slip faults when crossing the model
axis, only to become (oblique) reverse faults on the other
side of the model again (Fig. 9¢c, d). Note however, that
the oblique slip along the reverse segments of the Riedel
faults on opposite sides of the model axis, when present,
is also opposite (dextral becomes sinistral or vice versa).
However, in Model C4 (with a viscous detachment) these
Riedel and pop-up structures are not clearly developed,
even in the second hour of the model run (Fig. 9e—h, k, 1).
Furthermore, any (steep strike-slip) faulting that occurs is
propagating from the short ends inward, suggesting such
faulting in Model C4 is mostly a boundary effect (Fig. 9e—
h, 1). What is however clearly visible in section is the
thickening of the brittle sand overburden in the centre of
the model, leading not only to upward bulging as shown
on model topography data, but also to downward bulging
of the sand layer into the viscous detachment (Fig. 9e-h,
k).

4.4 Series D: influence of increased basal fault slip rate

In the final model Series D we examine the influence of a
tenfold higher basal fault slip rate (104 mm/h instead of
10.4 mm/h) on the evolution of models with a weak layer
(Figs. 10, 11). In the case of Model D1 that involves a
kinetic sand layer and pure normal dip-slip, the develop-
ment is very similar to that of the equivalent model with
a standard, lower, slip rate (Model A2) (Figs. 5e—h, 10a—
d). In both models, initial reverse faulting is followed by
the development of a normal fault, whereas the kinetic
sand layer somewhat buffers basal fault slip by limited
folding (compare to the clean faulting in sand-only Model
Al, Fig. 5a—d).

By contrast, Model D2 (with a viscous weak layer)
shows that increased basal fault slip can lead to signifi-
cant differences in model evolution (Fig. 10e—h). Instead
of allowing the viscous layer to flow, and somewhat buffer
basal fault slip by thinning and folding as in Model A4
(Fig. 6e-h), the viscous layer is dragged downward in
Model D2 (Fig. 10e—h). This downward drag seems rather
similar to the deformation of the kinetic sand in Models
A2 and D1 (Figs. 5e-h, 10a—d), and results in the rela-
tively early development of reverse faulting (when com-
pared to Model A4, Figs. 6e—h, 10f). Nevertheless, even
though there is some extension apparent in DIC imagery,
we do not observe the development of clear normal fault-
ing in Model D2 (Fig. 10e—h).

Whereas increased basal fault slip rate does clearly alter
the structural evolution of Model D2, Model D3 does not
appear to be much affected by faster slip (Fig. 11). This
latter model, which has the same viscous layer as Model
D2, but undergoes pure dextral strike-slip deformation,
produces the same general structures as its equivalent
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Fig. 8 Overview of model results from Series C, part 1: 45° (dextral) oblique normal slip along the basal fault, without a detachment in Model C1,
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Fig. 11 Overview of model results from Series D, part 2 (Model D3): Pure dextral fast strike-slip along the basal fault with a full viscous layer. Total
fault slip is twice as much as in the pure normal dip-slip models and the 45° oblique normal slip models (i.e. 20.8 mm, after a 120 min model run)

with a normal slip rate (Model C4, Figs. 9e-h, 11). In
both Model C4 and D2 we observe a lack of distinct fault-
ing until the one-hour-mark, and subsequent faults are
propagating from the model short ends inward (Fig. 9e—
h, 11). Both models develop uplift along their central
axis, even though the downward bulging of the sand layer
and the associated thinning of the viscous layer below
it, as seen in Model C4, is not as apparent in Model D2
(Figs. 9], 11e-h).

5 Discussion

5.1 Synopsis of model results

Within the parameter space covered by our models, we
find that both model layering and basal fault kinematics
have important impacts on fault model evolution (sum-
marized in Figs. 12 and 13). Of these two parameter
groups, the impact of model layering is best shown in the
models with pure normal dip-slip along the basal fault
(Fig. 12), whereas the impact of basal fault kinematics is
best highlighted by comparing those models involving

standard layering and varying kinematics (oblique and
strike-slip; Fig. 13).

5.1.1 Influence of model layering

In the sand-only case (i.e. reference Model A1, Figs. 5a—
d, 12a, g-j), we observe the initial development of a
reverse fault after 2.6 mm of basal fault slip, followed by
a normal fault, both rooting at the contact between the
basal fault and the sand layer. The presence of a reverse
fault in such a basal normal fault model set-up may seem
somewhat surprising, but has been observed in previous
studies with very similar (sand-only) set-ups (e.g. Koop-
man et al., 1987; Naylor et al., 1994; Richard, 1989, 1991;
Sanford, 1951; Schmatz et al., 2010; Withjack & Callaway,
2000; Withjack et al., 1990). In these studies, the authors
found that vertical (i.e. 90° dipping) basal normal faults
induce such combined reverse and normal faulting in
the overlying sand layer, whereas shallowly dipping basal
faults (45°) led to normal faulting only. Our model set-up,
with its 75° basal fault inclination clearly falls in the steep
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I. Influence of layering on model development (pure normal dip-slip) increased decoupling
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Fig. 12 Schematic overview depicting the influence of viscous layer properties on model development (in pure normal dip-slip models). a—f Final
state of model deformation. g—n Evolution of g—j) sand-only Model A1, and k-n of Model A4 with a standard thickness viscous layer
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l. Influence of basal fault kinematics on model evolution
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Fig. 13 Schematic overview depicting the influence of basal fault kinematics on model development (final model stage). *Pure dextral strike-slip
results after double amounts of slip (compared to the pure normal dip-slip and 45° oblique normal slip models)
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fault part of the spectrum (Withjack et al., 1990). The
explanation for the initial development of reverse faulting
above steep basal faults is that the maximum shear stress
along the basal fault is also oriented vertically, which in
combination with the resulting oblique orientation of the
principal stress (o) forces reverse faulting in the over-
burden (Roche et al., 2000).

However, when adding increasingly viscous basal lay-
ers to the models, the deformation style starts to change
(Fig. 12b-d). Kinetic sand (as in Model A2, Fig. 5e-h,
12b) leads to some folding at the base of the model to
compensate for the slip along the basal fault due to the
visco-brittle properties of the kinetic sand, delaying the
faulting in the sand. Yet the general model structure
is very similar to that of the sand-only equivalent, with
the exception that the faults are rooted at the interface
between the kinetic sand and the sand overburden, rather
than at the base of the model materials as in the sand-
only case (Fig. 12a, b). At a later stage however, the fault
crosses into the kinetic sand, indicating that the material
undergoes only limited viscous flow before switching to a
more brittle-style of deformation (Figs. 5h, 12b).

A layer of properly viscous material allows for even
more compensation of basal fault slip by folding and vis-
cous flow (Fig. 12¢, d). In Model A3, which contains a
sand layer within the viscous layer (Figs. 6a—d, 12c), the
flow and folding of the viscous layer sufficiently compen-
sate basal fault slip to only allow the delayed development
of a reverse fault in the overlying sand layer (Fig. 6¢). The
boudinage affecting the sand layer within the viscous
layer uniquely highlights the internal deformation (i.e.
stretching) of the viscous material above the basal foot-
wall, whereas internal deformation in the thin sand layer
allows it to accommodate downward warping above the
basal fault (similar to thin brittle overburden layers in
Withjack & Callaway, 2000; Zwaan et al., 2020). Although
boudinage has been studied in previous modelling stud-
ies (e.g. Mandal et al., 2007; Mengong & Zulauf, 2007;
Passchier & Druguet, 2002; Zulauf et al.,, 2014), we are
not aware of any study producing boudinage structures
resulting from a similar model set-up as the one we apply.
Perhaps the closest are the clay layers in the models by
Schmatz et al. (2010).

The effects of viscous flow are even better visible when
a purely viscous layer is applied (e.g. Model A4, Figs. 6e—
h, 12d, k-n). Here, we see the gradual stretching and
thinning of the viscous layer above the basal footwall
block, the thickening of and folding within the viscous
layer above the hanging wall block, and the flow of mate-
rial down along the basal fault plane. As a result, the sand
overburden is largely decoupled from the basal fault, so
that the brittle overburden is passively tilted towards the
basal hangingwall block, while only minor faulting in the
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sand is observed (Figs. 6e—h, 12d, k—n). Such decoupling
effects due to the presence of a viscous layer are well
known from various previous studies with similar set-ups
(e.g. Dooley et al., 2003; Naylor et al., 1994; Richard, 1989,
1991; Schori et al., 2021; Withjack & Callaway, 2000), but
the details of flow within the viscous layer has received
limited attention so far. Dooley et al. (2017) propose the
concept of “streamlines” based on an indirect analysis of
viscous layer thicknesses in analogue models of salt tec-
tonics to explain how viscous materials flow, and Brun
and Beslier (1996) have included colour makers in their
analogue models of lithospheric-scale rifting, allowing an
impression of viscous flow at the end of the model run.
Furthermore, Koyi (2001) and Dooley et al., (2009, 2015)
have used marker layers in models of salt diapirs. To our
knowledge, however, the use of marker layers within the
viscous layer, combined with our progressive sectioning
procedure, is unique and for the first time directly shows
the complex evolution of layer-internal viscous flow in
systems affected by basal faults, which would otherwise
remain undetected.

It may be noted that by increasing the thickness of the
viscous layer, the decoupling effects are enhanced so that
the system is dominated by viscous flow and buffering
of basal fault slip within the viscous layer (i.e. Model B2,
Figs. 7e—h, 12e, Withjack & Callaway, 2000). As a result,
no faulting is observed within the overlying sand layer.
By contrast, the use of a thick kinetic sand layer does not
prevent the development of similar structures as those
in the equivalent model with a normal thickness kinetic
sand layer (compare Models A2 and B1, Figs. 4e—h, 7a—d,
12b, e). However, also in the case of a thick kinetic sand
layer, we find that faults tend to root at the interface of
the kinetic sand layer and the sand overburden, so that
the resulting fault structure is smaller in scale due to
basic geometric relationships (fault inclinations and brit-
tle layer thickness, see e.g. Allemand & Brun, 1991, and
Zwaan et al.,, 2019).

5.1.2 Influence of basal fault kinematics

In addition to the presence and characteristics of a rheo-
logical weak layer, also the type of basal fault kinematics
(i.e. slip direction and slip rate along the basal fault) has a
pronounced effect on model evolution (Fig. 13). In fact,
both layering and fault kinematics interact in various
ways.

Firstly, the sand-only models show how pure normal
dip-slip (in Model A1) creates the reverse and normal
fault structures discussed in Sect. 5.1.1 (Figs. 12a, g—j,
13a). By contrast, the pure dextral strike-slip in Model
C3 leads to the development of a pop-up structure with
strike-slip component that is rooted at the basal veloc-
ity discontinuity (VD), with the boundary faults of this
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pop-up structure crossing the model centre in a right-
stepping en echelon fashion (Figs. 9a, d, i, j, 13c). Such
structures are typical of strike-slip models (e.g. Dooley
& Schreurs, 2012, and references therein), where it must
be stressed that small deviations from pure strike-slip
deformation may cause the system to either create tran-
stensional or transpressional structures (e.g. Fedorik
et al., 2019; Viola et al.,, 2004). Furthermore, there are no
clear indications in section view that the model involves
strike-slip deformation, as one could interpret the pop-
up structure as a result of in-section contraction. It is
also important to recognize that these structures only
develop in response to large amounts of fault slip, show-
ing that dip-slip is a more efficient means of inducing
faulting in the overburden of the weak layer. This rela-
tively large impact of the dip-slip component is clear
from the 45° oblique normal slip model results (Model
C1, Figs. 8a—d, 13b), which have no clear indications of
the equally large strike-slip deformation component and
as such closely resemble the pure normal dip slip model
results (Fig. 13a), but at an earlier stage of development
(compare Fig. 13b with Fig. 12i). Those insights highlight
the importance of understanding the 3D evolution of tec-
tonic structures and are very much in line with results
from Richard (1989, 1991), who ran similar models and
also registered the dominance of the dip-slip over the
strike-slip component. However, the brittle-only mod-
els by Von Hagke et al. (2019) show that oblique normal
slip can also cause the development of en echelon nor-
mal faulting overlying a basal fault. This may however be
influenced by their set-up involving a 60° dipping normal
fault and their use of a granular material with a higher
cohesion than our quartz sand.

When a viscous weak layer is included, the decou-
pling involved strongly modifies the development of our
models (Fig. 13d—f). As described in Sect. 5.1.1, defor-
mation in pure normal dip-slip systems (i.e. Model A4,
Fig. 5e-h) is buffered by viscous flow in the weak layer,
so that only limited faulting appears in the overlying sand
layer (Fig. 12d). In the case of pure dextral-strike slip
(Model C4, Figs. 9e-h, k, 1, 13f), no faulting is observed
in the brittle layer. Instead, we observe a slight bulging
of the sand layer, and a slight thinning of the weak layer
below. However, even the larger amount of basal fault
slip applied in this model does not create any obvious
strike-slip related structures in either the viscous layer
or the overlying sand cover. As with the pop-up in the
sand-only equivalent (Fig. 13c), the bulging of the sand
layer could be interpreted as a result of in-section con-
traction. Furthermore, similar to the sand-only case, the
45° oblique normal slip results (i.e. Model C2, Fig. 8e-h,
Fig. 13e) very much resemble the structures of the pure
normal dip-slip model (Fig. 13d), but in an earlier stage
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of development (i.e. prior to the appearance of faulting in
the sand layer). At the same time, the structures do not
seem to register any impact of the significant strike-slip
component applied in the model. As with the sand-only
models, these insights from our models with a viscous
weak layer are very much in accordance with those from
similar models in Richard (1989, 1991), again highlight-
ing the dominance of dip-slip deformation along basal
faults, and the importance of understanding the third
dimension in such tectonic systems. It should however
be pointed out that, similar to sand-only models (Von
Hagke et al., 2019), other studies have also produced en
echelon basins during oblique extension (Zwaan et al.,
2020). However, instead of a basal fault, these authors
used a viscous rheological contrast to generate differen-
tial subsidence. Still, also these model results may be rel-
evant for interpreting natural examples.

Finally, basal fault slip rate has a secondary influence on
the structural evolution of our models (Fig. 13g-1). Since
sand behaviour is strain rate-independent under nor-
mal laboratory conditions, changing model strain rates
is not expected to modify our model results, which are
therefore not of interest here. In the case of kinetic sand
Model D1 (Figs. 10a—d, 13j), the increased pure normal
dip-slip rate does not provide a clear difference in model
evolution (compare to model A2, Figs. 4e—h, 13g). This
result highlights the significant brittle component of the
kinetic sand rheology that was already apparent from
the general resemblance to the pure sand equivalent (e.g.
Fig. 13a). By contrast, when applying faster normal dip-
slip to Model D2 with a viscous weak layer (Figs. 10e—h,
13k), the viscous material strengthens. As a result, the
viscous layer cannot easily flow and compensate basal
fault slip. Instead, it is dragged down with the basal hang-
ing wall block, leading to increased faulting in the brittle
overburden. This strengthening effect of viscous material
subjected to increased strain rates, and the resulting cou-
pling and transfer of deformation from the model base
into the brittle overburden is well-known from previ-
ous modelling work (e.g. Brun, 1999; Withjack & Calla-
way, 2000; Zwaan et al., 2019). However, such enhanced
enhanced transfer of deformation from the model base
into the overburden is not observed in our fast strike-slip
Model D3 (Figs. 11, 13i, 1), once more highlighting the
relatively minor impact of strike-slip displacement along
basal faults on deformation in the overburden, and the
need to understand tectonic systems in 3D.

5.2 Application of model results: comparison to natural
examples

5.2.1 Ziircher Weinland

We first compare our model results to two selected struc-

tures in the Ziircher Weinland area: the Rafz-Marthalen
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Fig. 14 Comparison of seismically mapped structures in the Zircher Weinland region (compare Fig. 1b for location) redrawn in 3D after Roche et al.
(2020) and our analogue model results. Middle: Structural map at Top Muschelkalk level, i.e. the top of the brittle sequence underlying the Opalinus
Clay. a—-d 3D sketches of the natural examples and respective analogue models from this study. a, b comparison of the Rafz-Marthalen Flexure
(RMF). ¢, d Comparison of Neuhausen Fault (NHF). Scaling in our models: 10 mm in the model =100 m in nature

Flexure (RMF) and the Neuhausen Fault Zone (NFZ)
(Figs. 1c, 2a, ¢, 14). In the case of the RMF, motion
along the various basal faults, although likely related to
reactivation of Late Paleozoic precursor structures dur-
ing the Late Oligocene/Early Miocene formation of the
Swiss Molasse Basin (Birkhiduser et al., 2001; Malz et al.,
2016), did not result in propagation of faulting into the
overburden (Fig. 14a). This lack of faulting in the over-
burden is most likely due to the relatively minor normal
dip slip along the individual basal faults (<50 m). This is
in accordance with our (Model A2) results, which suggest
that, even considering the Opalinus Clay to be relatively
competent (as simulated by a kinetic sand layer), more
than over 50 m of deformation would be needed before
faulting would initiate in the overburden (Figs. 12b, 14b).

The NW-SE striking Neuhausen Fault Zone (NHFZ)
relates to the formation of the Middle Miocene Hegau-
Lake Constance Graben (Birkhduser et al., 2001; Egli
et al, 2017; Fig. 1c). The NHFZ is characterized by up
to 100 m pure normal dip slip accumulated along the
basal fault in Miocene times (Birkhduser et al., 2001;
Egli et al., 2017; Madritsch, 2015; Roche et al., 2020).

As constrained by seismic data, the steep basal fault has
propagated upward through the Opalinus Clay, into the
overburden, apparently in the form of a single steep nor-
mal fault (Figs. 2c, 14c). Comparing our model results
to the NHF, we find that the model with a kinetic sand
layer after 10 mm (100 m) pure normal dip-slip provides
the best fit, even though we do not observe the model’s
reverse faulting in the natural case (Fig. 14c, d). Since the
basal fault dip in nature is the same as in our models (ca.
75°), the reverse faulting may be an artefact of the rela-
tively low cohesion in our model quartz sand layers (see
Sect. 3.5 on scaling, and the models by Von Hagke et al.,
2019). Alternatively, a minor component of reverse fault-
ing (< <20 m) may just not be resolvable by seismic data.
Overall, the comparison between our models with
deformation structures in the “Ziircher Weinland” sug-
gests that the > 100 m thick weak layer represented by the
Opalinus Clay appears to have a strong buffering effect
on “basal faults” with smaller vertical offsets. Indeed,
fault propagation across the Opalinus Clay requires rel-
atively strong tectonic deformation, i.e. fault displace-
ment>50 m. This is in accordance with data from past
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and recent boreholes (Nagra, 2001, 2022; Roche et al.,
2020) that show very limited faulting within the Opalinus
Clay.

5.2.2 Wider Swiss Alpine Foreland

Even though layer thicknesses of the brittle overburden
of the Middle Jurassic weak layer change considerably in
the wider Swiss Alpine Foreland when moving away from
the Zircher Weinland (both towards the Alpine front
and towards the SW), some additional structures from
this area can also be interpreted using our model results.
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Firstly, we focus on the St. Gallen Fault Zone (SGFZ),
which involves reactivation of a Permo-Carboniferous
trough-bounding fault zone that has been active up to
the present day (Diehl et al., 2017; Fabbri et al., 2021;
Heuberger et al., 2016; Fig. 15a). In section view the
SGFZ shows both normal faulting and reverse faulting,
with>100 m basal fault normal dip-slip affecting the
Mesozoic sediments overlying the Permo-Carbonifer-
ous trough (Fig. 15a. No clear signs of decoupling along
the Opalinus Clay, or any other weak layer that may be
present in the area (e.g. Triassic evaporites, Fig. 2c) is
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Fig. 15 Comparison of structures from the wider Swiss Alpine Foreland with analogue model results. a Simplified map and section view of the
Sankt Gallen Fault Zone (normal dip-slip fault, reactivated as a sinistral strike-slip fault), compared to b our sand-only pure normal dip-slip model
Al. Redrawn after Diehl et al. (2017), based on data from Heuberger et al. (2016). ¢ Simplified map and section view of the Burgdorf-Wynigen Fault
Zone (sinistral strike-slip kinematics), compared to d our sand-only pure strike-slip model C3. *The original dextral-strike-slip model is mirrored to
reflect the natural situation. Redrawn after Mock and Herwegh (2017). BD Burgdorf. PCT Permo-Carboniferous Trough, BMe Base Mesozoic, TMe Top
Mesozoic. Locations of the St Gallen Fault Zone and the Burgdorf-Wynigen Fault Zone are indicated in Fig. 1b
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observed. As such, the SGFZ structure is very similar to
our sand-only normal dip-slip model Model Al without a
weak layer (Figs. 4a—d, 12a, g—j). However, focal mecha-
nisms along the SGFZ indicate on-going sinistral strike-
slip deformation, rather than normal dip-slip motion
(Diehl et al., 2017; Heuberger et al., 2016). These observa-
tions highlight the polyphase evolution of the SGFZ, with
initial periods of Mesozoic to Oligocene dip-slip motion
along the pre-existing basal fault causing the pronounced
normal and reverse faulting found in the Mesozoic /
Cenozoic units (Fig. 15b), whereas the currently active
strike-slip motion results from the present-day stress
field (Heuberger et al., 2016). Importantly, compared to
the Ziircher Weinland where the Opalinus Clay caused
considerable decoupling, the high degree of coupling
along the SGFZ is likely due to the much thicker overbur-
den (>3000 m, versus 530 m in the Ziircher Weinland,
Figs. 2b, c, 15a). A thicker overburden is indeed known
to significantly decrease the decoupling influence of weak
layers (Withjack & Callaway, 2000), and this effect is also
apparent in our models (Fig. 12d, f).

Increased coupling due to a thicker overburden is
also observed along the Burgdorf-Wynigen Fault Zone
(BWFZ) located in the central, thrusted part of the Swiss
Alpine foreland (Figs. 1b, 15c). The BWFZ is character-
ized by currently active sinistral strike-slip deforma-
tion along a reactivated normal fault zone bounding a
Permo-Carboniferous trough (Mock & Herwegh, 2017,
Fig. 15c). Also here, rheological weak layers such as the
Opalinus Clay or weak Triassic evaporites are thicker
than in the Ziircher Weinland, but do not seem to sig-
nificantly reduce coupling. The structures in our models
and in nature are not very similar at first sight, probably
due to the complexity of the inherited deep structure of
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the BWFZ (Fig. 15¢, d). However, what our model results
do suggest is that considering the lack of a significant
dip-slip component, Miocene to recent strike-slip dis-
placement along the BWFZ must have been considerable
(i.e. several hundreds of meters) to allow for the devel-
opment of clear strike-slip faults in the upper Mesozoic
and Cenozoic sedimentary sequence (Mock & Herwegh,
2017, Figs. 9a—d, 15¢, d). This need for large strike-slip
displacements in order to create structures in the over-
burden implies that there may be other, smaller “blind”
strike-slip faults in the area that did not (yet) accommo-
date sufficient displacement to significantly affect the
overburden. Nevertheless, also such smaller strike-slip
faults could be relevant in the context of seismic hazard
assessment (see also Sect. 5.2.3).

5.2.3 Broader application of our model results

Apart from the comparisons with fault zone examples
from the Swiss Alpine Foreland, our model results are
also of use for interpreting structures from elsewhere
around the world. For instance, the relationship between
the thickness and rheology of a weak layer and decou-
pling between deformation below and above the layer
(Fig. 13) is observed at various locations (Ferrill & Mor-
ris, 2008; Ferrill et al., 2017). In the North Sea, Permian
Zechstein salt caused decoupling of overburden from
normal faulting along reactivated basement faults (e.g.
Stewart, 2007; Stewart & Clark, 1999; Warsitzka et al.,
2021; Fig. 16a), favouring the development of monoclines
in the weak layer overburden, similar to what we see in
our models (e.g. Ferrill et al., 2007) (Figs. 12d, f, k-n, 13e,
h). Other examples can be found in the Bresse Graben
(France, Fig. 1a), where Triassic Salt forms a weak pre-
rift layer (Rocher et al., 2003), and at various locations
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Fig. 16 a Line drawing of time-migrated seismic section (NRGS84-407) across the Smarbukk structure, Norwegian North Sea (modified after
Withjack et al., 1990). AAPG ©1990, reprinted by permission of the AAPG whose permission is required for further use. b Sketch of slip partitioning
that occurred during the 2016 Kumamoto earthquake. Modified after Toda et al. (2016)
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in Texas (USA), where clay-rich shales form weak layers
above basal faults (Ferrill & Morris, 2008; Ferrill et al.,
2004, 2007).

Furthermore, the novel direct observations of inter-
nal deformation within the weak layers of our models
appears to be especially relevant for other tectonic set-
tings. They reveal much more complex flow patterns
than would be expected otherwise (Figs. 12c, d, f, k-n,
13d-e, h, k). This is reminiscent of the complex internal
flow of salt diapirs (e.g. Jackson & Talbot, 1986), and vis-
cous materials similar to those in our models are indeed
used for the simulation of salt tectonics in many analogue
modelling studies (e.g. Fort et al., 2004a, 2004b; War-
sitzka et al., 2021; Zwaan et al., 2021b). Our model results
show that even though a weak layer may seem relatively
undisturbed at first sight, significant internal deforma-
tion may have taken place nevertheless, and needs to
be taken into account for a proper understanding of the
system. Such internal deformation is especially relevant
when weak layers are considered for their georesource
potential (e.g. for salt production or gas storage), where
the presence and distribution of impurities and hetero-
geneities poses significant challenges (e.g. Dufty et al,
in review; Jackson & Hudec, 2017; Rowan et al., 2019;
Strozyk et al., 2012; Warren, 2016).

Other important general insights derived from our
models regard the structural expression of strike-slip
deformation. Whereas our model results suggest that
basal fault dip-slip motion can have a strong imprint on
deformation in the weak layer overburden, even during
an early deformation stage, strike-slip deformation along
the basal fault needs to be significant to lead to a discern-
ibly imprint in the weak layer overburden (Figs. 12, 13).
As such, apparent normal fault structures may very well
conceal an important strike-slip deformation compo-
nent, as shown to be present in our oblique-slip models
(Fig. 13b). In fact, such apparent normal fault systems
that effectively accommodate oblique-slip deformation
are reported on the island of Kyushu (Japan) (Fig. 14b),
and in Central Nevada and the Walker Lane fault system
(USA) (Caskey et al., 1996; Toda et al., 2016; Wesnousky,
2005), with implications for local earthquake risk assess-
ment. Pure strike-slip systems can be even more chal-
lenging to assess since our models illustrate that such
systems may undergo strike-slip deformation without
readily detectable surface expression (Figs. 9, 11, 13f, i,
1). Some natural examples are the blind strike-slip fault
near the town of Bam in Iran (Talebian et al., 2004) the
Andravida fault in Greece (Karakonstantis et al., 2019),
and various seismically active structures in the California
Continental Borderland, USA.

These results and considerations again highlight
the need for a thorough 3D understanding of tectonic
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structures, since (minor) strike-slip deformation compo-
nents in fault zones can otherwise be easily overlooked.

6 Conclusion

In this study we use a series of analogue models, inspired
by the geology of the Ziircher Weinland region in the
Northern Alpine Foreland Basin, to determine the influ-
ence of rheologically weak (partially ductile) layers and
basal fault kinematics on the 3D evolution of deforma-
tion in the weak layer overburden and, uniquely, within
the weak layer itself. Our model results lead us to the fol-
lowing conclusions:

+ A weak layer is capable of decoupling the weak layer’s
overburden from deformation along the basal (nor-
mal) fault below it, so that the overburden deforms
in a different manner than the basal fault does. This
decoupling effect is enhanced by decreasing the
strength of the materials comprising the weak layer,
or by increasing the weak layer’s thickness. By con-
trast, increasing the amount of basal fault slip, or
increasing basal fault slip rate enhances coupling, so
that deformation is more readily transferred from the
basal fault into the overburden.

+ Our models suggest that normal dip-slip motion,
rather than strike-slip motion along the basal fault
leads to deformation in the overburden of the weak
layer in the case of low to intermediate displace-
ments. Whereas the interaction between these slip
components may sometimes be complex, especially
when basal fault dip and cohesion of the overburden
are taken into account, relatively small magnitudes
of normal dip-slip can lead to overburden deforma-
tion. By contrast, it appears that larger magnitudes of
strike-slip displacements are required to achieve rec-
ognizable deformation in the overburden. As a result,
strike-slip components can easily be overlooked, with
implications for seismic risk assessment, and may
only be revealed when 3D fault analysis is applied.

+  When comparing our model results to natural exam-
ples we find a fair fit; our model results explain vari-
ous features of the structures found in the (Swiss part
of) the Northern Alpine Foreland Basin, and suggest
that weak layers such as the Middle Jurassic Opalinus
Clay have exerted significant control on fault zone
architecture.

+ Furthermore, the novel addition of internal marker
layers to the weak layer, in combination with our pro-
gressive sectioning method, reveals that when the
system is sufficiently weak, the basal fault slip can to
a large degree be accommodated by complex viscous
flow within the weak layer. This viscous flow would
otherwise go unnoticed, but may be of great signifi-
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cance for understanding the tectonic history of cer-
tain fault systems, and in cases where weak layers are
being considered as potential georessource (e.g. salt
mining).

The above results demonstrate the complex links
between fault kinematics, mechanics and 3D geome-
tries. Profound knowledge of the temporal evolution of
these links in nature is of great importance. As such we
consider our models a useful analogue not only for the
northern Alpine foreland basin but also for other regions
featuring similar tectonic / structural settings.

Appendix

Model preparation

All model materials are built into the general set-up con-
sisting of sidewalls and base plates (Fig. 3), which are
covered with a sub-millimetre thick plastic foil (“Alkor”
foil 120,010 formerly produced by Alkor-Venilia, now
available as “Gekkofix 11,325” http://www.gekkofix.com,
Klinkmiiller et al., 2016). The angle of boundary fric-
tion of the foil with quartz sand lies between 15° and 21°
(Schreurs et al., 2016). Subsequently, the model materials
are added on top of this set-up.

Sand is simply sieved into the model (ie. onto the
detachment layer, or onto the model base) from a
heigh>30 cm to ensure a constant density (e.g. Klink-
miiller et al., 2016; Schmid et al., 2020). It is regularly flat-
tened by means of a scraper. At these scraping intervals
(of 4 mm in the lower 1.2 cm of the model, and of 1 cm in
the overlying material), we apply (sieve in) a thin (<1 m)
marker layer of dark corundum sand that allows the trac-
ing of internal deformation on cross-sections (Sect. 3.5).
This dark corundum sand has very similar properties to
the quartz sand (Table 1), and its presence (or the regu-
lar scraping) is not expected to significantly affect model
results.

The kinetic sand is applied in a different manner than
the quartz sand since it cannot simply be sieved into the
model. Instead, we apply a manual roller pin method
to prepare layers of kinetic sand of ca. 4 mm thickness
each, which are subsequently added to the model. Simi-
larly to the quartz sand, we insert (sieve in) thin (<1 mm)
marker intervals within the individual 4 mm kinetic sand
layers to trace deformation on cross-sections. Since the
kinetic sand is darker than the quartz sand, we use the
white FS900F feldspar sand for the marker layers instead.
The presence of these thin marker layers is not consid-
ered to significantly affect model evolution. Note that,
since the prepared kinetic sand layers do not cover the
whole width of the model, we use feldspar sand to fill in
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any gaps that may occur along the sidewalls. This filling
of gaps with feldspar sand does not cause any observable
boundary effects.

The basic method used for creating the viscous layers is
similar to the method used for the kinetic sand, with the
difference that we use a KitchenAid® mixer with pasta
attachment to create thin layers (manually rolling the
material being impractical) that are subsequently added
to the model. Also in the dark viscous mixture, we create
(sieve in) thin (<1 mm) marker intervals with white feld-
spar sand at 4 mm layer thickness intervals, and any gaps
along the sidewalls are filled with feldspar sand as well.
Similar to the models with a kinetic sand detachment,
the use of feldspar sand for creating marker layers and
filling gaps does not cause clear boundary effects. In the
case of Model A3, the central 4 mm of viscous mixture is
replaced by an equally thick layer of quartz sand that is
simply sieved in.

While preparing the model, a sand talus develops on
both short ends of the model since for practical reasons
no confinement is present there (Fig. 3a). This sand talus
then serves as model confinement, which is important
to prevent the detachment layer materials from flowing
sideward. Previous modelling efforts (e.g. Zwaan et al,,
2021a, 2022a) have shown the effectiveness of this type
of model confinement, and only very limited boundary
effects occur.

Finally, after the general model layer cake is completed,
a 4 x4 grid of dark corundum sand (<1 mm thick) is
added to the model surface, as is a pattern of coffee pow-
der (Fig. 4a). These measures help for subsequent model
analysis (Sect. 3.5).
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