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Abstract. This study investigates how lithological changes
can affect the strike-slip fault propagation patterns using
analogue models. Strike-slip fault zones are long structures
that may cut across pre-existing tectonic or lithological steep
boundaries. How strike-slip faulting is affected by a later-
ally heterogeneous upper crust is crucial for understanding
the evolution of regional and local fault patterns, stress re-
orientations, and seismic hazard. Our models undergo sinis-
tral distributed strike-slip shear (simple shear) and have been
analysed by particle image velocimetry (PIV). We use quartz
sand and microbeads as brittle analogue materials over a
viscous mixture to distribute the deformation through the
model. The first models investigate strike-slip faulting in a
homogeneous upper crust using quartz sand or microbeads
only. Three further models examine how the presence of a
central section which laterally differs in its properties influ-
ences strike-slip faulting. The main observations are the fol-
lowing:

– The homogeneous upper crust shows typical Mohr–
Coulomb strike-slip faults, with synthetic fault strikes
related to the angle of internal friction of the material
used.

– The heterogeneous upper crust has a profound effect on
synthetic fault propagation, interaction, and linkage, as
well as the kinematic evolution of antithetic faults that
rotate around a vertical axis.

– The orientation of the central section determines
whether antithetic fault activity concentrates along the
entire length of the central contact or not.

In the first case, fault activity is segmented or the number
of different faults formed is increased in distinct domains. In
the second case, the properties of the central material deter-
mine fault propagation, interaction, and/or linkage across the
central domain.

These findings have potential implications for nature that
have been seen in the NW Iberian Peninsula. In this area,
the change in direction of the sinistral faults and the position
of the antithetic faults can be explained due to lithological
change.

1 Introduction

Strike-slip fault systems in nature extend from a few me-
tres to several hundred kilometres and typically have com-
plex geometries consisting of separate fault segments offset
from each other or comprising anastomosing linked faults
(e.g. Aydin and Nur, 1982; Barka and Kadinsky-Cade, 1988;
Wesnousky, 1988; Stirling et al., 1996; Kim et al., 2004). The
evolution of strike-slip fault systems has been studied in nu-
merous studies focused on the process of offset formation
and therefore basin development, change in fault polarity,
and parameters controlling segmentation (e.g. Riedel, 1929;
Anderson, 1950; Deng et al., 1986; Sylvester, 1988; Doo-
ley and Schreurs, 2012; Hatem et al., 2017; Lefevre et al.,
2020; Visage et al., 2023). Understanding strike-slip fault in-
teraction and linkage is important for its implications for the
seismic hazard (Petersen et al., 2011; Bullock et al., 2014), in
terms of dynamics, fault growth, and the size of earthquakes
(e.g. Aki, 1989; Harris and Day, 1999; Scholz, 2002; Wes-
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nousky, 2006; Shaw and Dieterich, 2007; de Joussineau and
Aydin, 2009; Preuss et al., 2019) but also in terms of regional
stress orientations (Kirkland et al., 2008) and in view of the
location of geothermal and hydrocarbon resources (e.g. Sib-
son, 1985; Martel and Peterson, 1991; Aydin, 2000; Odling
et al., 2004; Cazarin et al., 2021).

How faults interact or link is considered to be a func-
tion of loading, stress disturbances, rheology, and the geom-
etry of pre-existing structures (e.g. Kim et al., 2004; My-
ers and Aydin, 2004; Peacock and Sanderson, 1991, 1992;
Burgmann and Pollard, 1994; Sibson, 1985; Gamond, 1983;
Rispoli, 1981; Wesnousky, 1988). Various studies have in-
vestigated the influence of vertical changes in upper-crustal
strength (e.g. a horizontal sedimentary sequence compris-
ing layers or bodies of different strengths) on strike-slip
fault orientation, segmentation, linkage, and displacement.
These studies used field observations combined with analyt-
ical and numerical methods (e.g. Du and Aydin, 1995; Ay-
din and Berryman, 2010; de Dontney et al., 2011) or ana-
logue models (Richard, 1991; Richard et al., 1995; Gomes
et al., 2019; Gabrielsen et al., 2023; Venancio and da Silva,
2023). However, it is also important to consider the evolu-
tion of strike-slip fault systems in a laterally heterogeneous
upper crust. Strike-slip faults often extend laterally over con-
siderable distances and are thus expected to be influenced by
steeply oriented pre-existing tectonic or lithological bound-
aries having rocks with contrasting strength on either side.
Such (sub)vertical contacts often occur at terrane boundaries
or within crustal blocks comprising rock units with contrast-
ing strengths, e.g. a magmatic body with steep margins that
intruded into a sedimentary sequence. To our knowledge, no
modelling studies have yet investigated how strike-slip fault
systems are affected by steeply dipping contacts separating
different rock types. Here we use scaled analogue model ex-
periments analysed by particle imaging velocimetry (PIV)
to assess the role of vertically oriented domains of contrast-
ing brittle strength in the upper crust in fault kinematics in
distributed strike-slip shear. The models were inspired by
the deformation pattern of the NW Iberian Peninsula, which
has undergone sinistral shearing during the Alpine orogeny
(e.g. Martínez Catalán, 2011; Vergés et al., 2019). This par-
ticular area shows a system of sinistral faults that crosses
lithological domains with contrasting properties, and part of
their segmentation is conditioned by these domains.

2 Methods

2.1 Analogue model setup

The experimental setup for simulating distributed strike-slip
shear included a mobile base plate that could be translated
horizontally above a fixed base plate (Fig. 1). An assemblage
of 60 individual and moveable plexiglass bars (each 78 cm
long, 5 cm high, and 5 mm wide) was positioned on top of

Figure 1. Schematic experimental setup. (a) The base of the model
setup consists of a fixed plate and a mobile plate overlain by an
assemblage of individual and moveable plexiglass bars. The model
is constructed on top of the plexiglass bars and is confined by two
longitudinal sidewalls and two short sidewalls consisting of rubber
sheets. (b) The upper panel shows the initial position of base plates
overlain by plexiglass bars confined on the short sides by wooden
bars that can pivot about a vertical axis. The lower panel shows the
sinistral horizontal displacement of the mobile base plate induces a
simple-shear movement in the overlying assemblage of plexiglass
bars as they slide past one another.

two base plates. The assemblage of plexiglass bars was con-
fined by carbon fibre sidewalls on the long sides (Fig. 1b) and
wooden bars (circa 5 mm high, 2 cm wide, and 40 cm long)
on the short sides (Fig. 1b) that could pivot below the longi-
tudinal sidewalls. The model was constructed on top of the
plexiglass bars and consisted of a 2 cm thick viscous layer,
simulating the ductile lower crust, overlain by a 2 cm thick
layer of granular materials simulating the brittle upper crust.
The short sides of the model were confined by vertical rub-
ber sheets. Although our model setup included a horizontal
viscous layer overlain by a horizontal brittle layer, our exper-
iments focus on the influence of vertical domains with brittle
strength contrasts on strike-slip faulting. The function of the
viscous layer, directly overlying the plexiglass bars, is to dis-
tribute the applied shear deformation over the entire width of
the model in the overlying brittle layer (e.g. Schreurs, 1991,
2003; Dooley and Schreurs, 2012).

Each model had an initial rectangular shape in map view,
with a length of 78 cm parallel to the shear direction and a
width of 30 cm perpendicular to it. The movement of the mo-
bile base plate occurred by computer-controlled stepper mo-
tors at a constant velocity of 40 mm h−1, resulting in 80 mm
of total displacement after 2 h. Displacement of the mobile
base plate changed the initial rectangular shape of the over-
lying assemblage of plexiglass bars into a parallelogram sim-
ulating simple shear.

We performed four series of simple-shear experiments, re-
ferred to as series A, B, C, and D (Fig. 2). Series A involved
two models with only one brittle material (Fig. 2A), quartz
sand or microbeads, to investigate strike-slip fault kinematics
in a homogeneous upper crust without any lateral variations
in mechanical strength. In the other three series (Fig. 2B–D),
we introduced vertical domain boundaries across which the
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Figure 2. Schematic drawing of the materials used and their surface
distribution at the initial stage. All models have a length of 78 and
a width of 30 cm. The references about the patterns observed have
been given using the long side of the edge of the models as “north”.
In the series of models referred to as A, only one type of material
(quartz sand or microbeads) has been used. The diagrams of series
B, C, and D show the position and orientation of the vertical domain
boundaries in plain view and which materials were used.

mechanical strength varied laterally. Each model had three
domains with a 5 cm wide central domain consisting of a
different material than the domains on either side. The dif-
ference between series B, C, and D is the orientation of the
central domain with respect to the shear direction. To achieve
such a model setup, two vertical thin sheets of cardboard
(< 1 mm) were first placed as provisional walls, spaced 5 cm
apart, on top of the viscous layer in the central domain of
the model, parallel to the required orientation of the vertical
domain boundaries. Subsequently, the different granular ma-
terials were sieved on top of the viscous layer, and once the
desired model thickness was reached, the cardboard sheets
were carefully removed. Although removal of the cardboard
produced increased dilation along a narrow zone, it hardly
affects the de facto function of this vertical boundary as a pri-
mary surface with materials of contrasting brittle strength on
either side. For descriptive purposes, we defined a northerly
direction, which is perpendicular to the applied shear direc-
tion and parallel to the short sides of the undeformed model
(Fig. 2A). In models with a brittle strength contrast, we can
distinguish two outer domains, a western and an eastern one,
and a central domain (Fig. 2B–D).

2.2 Analogue materials

We used two different types of granular materials in our ana-
logue models to assess the role of vertical zones of contrast-
ing mechanical strength in the upper crust, namely quartz
sand and microbead grains. The quartz sand (distributor
Carlo Bernasconi AG; https://www.carloag.ch/de/, last ac-
cess: 2022) has a grain size between 60 and 250 µm, with

a bulk density of 1560 kg m−3, whereas the grain size of
the microbeads (distributor Worf Glaskugeln GmbH, Ger-
many) lies between 150 and 210 µm, with a bulk density of
1400 kg m−3. These density values were achieved by siev-
ing the granular material into the model box from a height of
30 cm. Both quartz sand and microbeads deform according
to the Coulomb failure criterion and have internal peak fric-
tion angles of 36° and 22° and cohesion values of 50±26 Pa
and 25±4 Pa, respectively (Panien et al., 2006; Schmid et al.,
2020). The considerable difference in the internal peak fric-
tion angle between the two materials makes them suitable
for simulating contrasting upper-crustal rocks. According to
their difference in the internal friction angle, we consider the
microbeads and quartz sand to be weak and strong materials,
respectively.

The viscous layer in our models had a density of
1600 kg m−3 and consisted of a mixture of SGM36 poly-
dimethylsiloxane (PDMS) and corundum sand (weight ratio
of 0.965 : 1.000). The mixture has a quasi-linear viscosity of
1.5× 105 Pa s and a stress exponent of 1.05 (Zwaan et al.,
2018). The properties of all analogue materials are summa-
rized in Table 1.

2.3 Scaling

For brittle Mohr–Coulomb-type materials, dynamic similar-
ity is given by the equation for stress ratios,

σ ∗ = ρ∗g∗h∗, (1)

where ρ∗, g∗, and h∗ are the ratios of model to nature for den-
sity, gravity, and length, respectively. Note that our two used
granular materials have different densities, cohesions, and
internal friction coefficients. However, the resulting scaling
factors are nearly identical, and therefore, we provide only
the scaling factors for quartz sand. Where scaling factors
substantially differ, we denote them with subscripts “qtz”
and “mb” for quartz sand and microbeads, respectively. Our
model setup yields a length scaling factor of h∗ = 2× 10−6

and a gravity scaling factor of 1. For quartz sand, the den-
sity scaling factor is ρ∗qtz ∼ 0.6, and the cohesion factor is
C∗qtz = 1× 10−6 (using a cohesion of ∼ 50 Pa and 50 MPa
for our quartz sand and upper-crustal rocks, respectively; By-
erlee, 1978). Additionally, for microbeads, the density scal-
ing factor and cohesion scaling factor are ρ∗mb ∼ 0.5 and
C∗mb = 1× 10−6 (assuming a weakened natural rock type
with a cohesion of ca. 25 MPa), respectively. Using these
scaling factors yields a stress scaling factor of σ ∗ = 1×10−6

for both quartz sand and microbeads.
Assuming a lower-crustal viscosity of η = 1022 Pa s

(Moore and Parsons, 2015; Zhang and Sagiya, 2017) yields
a viscosity ratio of η∗ = 1× 10−17 (using the viscosity of
1.5× 105 Pa s for the viscous analogue material).
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Table 1. Material properties of used granular and viscous materials (after Panien et al., 2006; Schmid et al., 2020).

PDMS/
corundum

Granular materials Quartz sand Microbeads Viscous material mixture

Density (kg m−3) 1560 1400 Density (kg m−3) 1600

Grain size (µm) 60–250 150–210 Viscosity (Pa s) 1.5× 105

Peak friction coefficient, µ, 0.72, 36° 0.41, 22° Stress exponent, n 1.05
and angle, ϕ

Cohesion (Pa) 50± 26 25± 4

The strain rate ratio is obtained from the stress ratio and
the viscosity ratio by (Weijermars and Schmeling, 1986)

ε̇∗ =
σ ∗

η∗
. (2)

Note that due to the simple-shear setup, we substitute the
strain rate scaling factor ε̇∗ with the shear strain rate scaling
factor γ̇ ∗ = 1×1011. Next, the velocity scaling factor v∗ and
a time scaling factor t∗ are calculated with

γ̇ ∗ =
v∗

h∗
=

1
t∗
, (3)

yielding a velocity scaling factor of v∗ = 2× 105 and a time
scaling factor of t∗ = 1× 10−11.

Based on our scaling, 1 cm in our experiments corresponds
to 5 km in nature, and the applied velocity of 40 mm h−1

converts to a velocity of ∼ 2 mm a−1 in nature. Using the
shear strain rate scaling factor γ̇ ∗, the bulk shear strain rate
γ̇ = 3.7×10−5 s−1 in our models translates into a shear strain
rate of γ̇ = 3.7×10−16 s−1 in nature, and 1 h in our analogue
experiments translates into ∼ 12.5 Myr in nature.

In order to verify dynamic similarity of brittle natural and
experimental material, we calculate the Smoluchowski num-
ber, Sm, which is the ratio between gravitational stress and
cohesive strength (Ramberg, 1981),

Sm =
ρgh

C+µρgh
, (4)

where ρ, h, C, and µ are the density, thickness, cohesion,
and friction coefficient, respectively, of the brittle material.
With a cohesion of 50 MPa and a friction coefficient of∼ 0.6
(Byerlee, 1978) for upper-crustal rocks, this yields values of
Sm ∼ 1 for our models, as well as for nature. We further cal-
culate the Ramberg number,Rm, to ensure dynamic and kine-
matic similarities between the viscous layers.

Rm =
ρgh2

ηv
(5)

For our velocity of 40 mm h−1, this yields a Ramberg number
of 6 for both our models and nature. The Reynolds number,

Re, is defined as the ratio between inertial forces and viscous
forces and is for all our models, as well as for the natural
prototype� 1,

Re =
ρvh

η
. (6)

Based on the applied scaling laws, the material properties,
and the similar non-dimensional numbers for model and na-
ture, we consider our models to be properly dynamically
scaled. Model parameters and dynamic numbers of the used
materials are specified in Table 2.

2.4 Deformation monitoring and quantification

Since the experiments were conducted using a simple-shear
setup, vertical motions during deformation were negligible,
with nearly all movement located within the horizontal plane.
The different experiments were monitored by an automated
Nikon D810 (36 MP) DSLR (digital single-lens reflex) cam-
era positioned above the experimental model. Images were
taken at fixed intervals of 60 s during 2 h, resulting in 121
subsequent top-view images of the model surface. For a
quantitative 2D analysis of the surface deformation, we used
the StrainMaster module of the LaVision© DaVis image cor-
relation software. Using a calibration plate, the software cor-
rects the top-view images for lens distortion effects (i.e. un-
warping), applies image rectification, and provides a scal-
ing function that maps coordinates from the camera sensor
to physical coordinates with a resolution of ∼ 9 px mm−1.
The digital image correlation calculates local displacement
vectors on subsequent images using a square matching al-
gorithm with adaptive multi-pass cross-correlation. To prop-
erly track the grain movement patterns, we sprinkled coffee
grains on the model surface prior to the model run. For each
image, the analysed area is subdivided into a small interroga-
tion window for which a local displacement vector is deter-
mined by cross-correlation. We used subsets (i.e. interroga-
tion windows) of 31 by 31 pixels with a 75 % overlap for the
local displacement calculations that, when assembled, result
in incremental (60 s interval) displacement fields for the hor-
izontal x and y components of ux and uy , respectively, with
a vector resolution of ∼ 1.3 vectors mm−1.
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Table 2. Scaling parameters and scaling factors.

General parameters Brittle upper crust Ductile lower crust Dimensionless numbers

Crustal Shear Smolu-
Gravity thickness velocity Density Cohesion Density Viscosity chowski Ramberg Reynolds
(m s−2) (m) (m s−1) (kg m−3) (Pa) (kg m−3) (Pa s) (Sm) (Rm) (Re)

Model 9.81 4× 10−2 1.1× 10−6 1560 50 1600 1.5× 105 1 6 � 1

Nature 9.81 2× 104 6.3× 10−11 2700 5× 107 2900 1× 1022 1 6 � 1

Scaling ratios x∗ = xm/xn (dimensionless)

σ∗ ρ∗ g∗ h∗ C∗ γ̇ ∗ η∗ v∗ t∗

1× 10−6 0.51–0.6 1 2× 10−6 5× 10−7 1× 1011 1× 10−17 2× 105 1× 10−11

Lower values for scaling factors ρ∗ and C∗ refer to microbeads.

Postprocessing included an outlier filter to fill gaps of pix-
els within a 3-by-3 neighbourhood (Westerweel and Scarano,
2005). Discarded vectors in the displacement fields were re-
placed by an iterative interpolation requiring at least two
neighbouring vectors. For quantifying deformation at the
model surface, we calculate the z vorticity, ωz (i.e. a rota-
tion measure in the xy plane), as a proxy for shear movement
along strike-slip faults. In our models, the x axis corresponds
to the long side of the rectangle, and the y axis corresponds
to the short side of the model. In contrast to the shear strain,
εxy , vorticity is not dependent on the orientation of the coor-
dinate system, which is crucial when quantifying the defor-
mation along faults that strike obliquely with respect to the
coordinate system (e.g. Cooke et al., 2020).ωz can be derived
from local displacement gradients according to Eq. (1),

ωz =
∂uy

∂x
−
∂ux

∂y
, (7)

with ux and uy being the horizontal displacement compo-
nents in the x and y directions, respectively. Positive and
negative ωz values refer to sinistral and dextral relative dis-
placement, respectively. Within the predefined increment of
60 s, ωz values are consistently within the range [−2 %, 2 %],
and we set a threshold of −0.5 % and 0.5 % to distinguish
between active deformation and background noise for dex-
tral and sinistral shear sense, respectively. In Sect. 2.5, we
present ωz at deformation stages every 30 min (i.e. after 30,
60, 90, and 120 min). Finite deformation after 120 min for
each model is illustrated with a surface photograph and en-
hanced with superposed line drawings of the fault pattern.
For the statistical analysis of fault orientations, we traced
active fault segments (i.e. ωz ≤−0.5 % or ωz ≥ 0.5 %) in
MATLAB using polylines, where each fault segment is de-
fined by two consecutive vertices. At each time step, the seg-
ment length and azimuth were calculated and visualized in
length-weighted rose diagrams.

3 Results

3.1 Series A: fault evolution in a homogeneous upper
crust

The Series A models consisted of a homogeneous upper-
crustal layer composed of either microbeads (Fig. 3; model
A1) or quartz sand (Fig. 3; model A2). The incremental strain
panels document that strain localized first in the model with
quartz sand, while deformation was still diffuse in the model
with microbeads (Fig. 3a and f); i.e. strain localization occurs
at lower amounts of applied simple shear in quartz sand than
in microbeads. With progressive sinistral simple-shear defor-
mation, slightly overlapping right-stepping en echelon strike-
slip faults with a sinistral displacement formed (Fig. 3b
and g). These faults were synthetic with respect to the bulk
simple shear. In the model with microbeads (model A1) the
first synthetic faults had an orientation of N79° E (Fig. 3b),
whereas in the model with quartz sand (model A2), their ori-
entation was N72° E (Fig. 3g). Initial deformation in both
models is accommodated by synthetic (sinistral) strike-slip
faults (Fig. 3a–b and f–g). As the deformation progressed,
individual fault segments linked up, forming major sinistral
strike-slip faults (Fig. 3c and h). Antithetic faults only de-
veloped in model A2 (quartz sand only; Fig. 3h and i) at
later stages of the deformation. These faults were confined
in between previously formed synthetic faults. The final de-
formation stage (Fig. 3e and j) shows that most deformation
was taken up by major synthetic faults that crossed the entire
length of the model. At the final stage, the initial en eche-
lon pattern of faulting was better preserved in the quartz sand
model than in the microbead model, resulting in a wider dam-
age zone in the former.

3.2 Series B: fault evolution in models with N20° E
vertical domain boundaries

The vertical domain boundaries in the series B models were
oriented N20° E. Model B1 had a central domain consisting
of strong quartz sand with weak microbeads in the adjacent,
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Figure 3. Overview of series A models. Simple-shear deformation
of two models with a homogeneous brittle upper layer. The first
four panels of each series show surface photographs with the incre-
mental vorticity after 30 min (20 mm displacement of mobile base
plate), 60 min (or 40 mm displacement), 90 min (or 60 mm displace-
ment), and 120 min (or 80 mm displacement). Incremental positive
and negative values indicate sinistral (synthetic; red) and dextral
(antithetic; blue) relative movement, respectively. The last panel for
each series shows a surface photograph of the final stage overlain
with the interpreted fault pattern. Red lines are sinistral faults, and
blue lines are dextral faults.

western, and eastern domains (Fig. 4; model B1), whereas in
model B2, it was the other way around (Fig. 4; model B2).
Both models showed the development of dextral strike-slip
(antithetic with respect to sinistral simple shearing) faults
along the vertical boundaries of the central domain (Fig. 4a,
f). Later, sinistral strike-slip faults (synthetic) formed in the
western and eastern domains (Fig. 4b, g). Although these
faults propagated laterally with time, none of the synthetic
faults crossed the central domain. Instead, they halted at
or close to the boundary faults along the central domain
(Fig. 4c, h). In model B1, a few antithetic faults formed in
between pre-existing synthetic faults in the western and east-
ern domains, striking at circa N60° E (Fig. 4d, e). Antithetic
faults also developed in the western and eastern domains of
model B2, almost coevally with the synthetic faults. They
strike at higher angles to the shear direction than those an-
tithetic faults confined between overlapping synthetic faults
in model B2. With increasing deformation, the central do-

Figure 4. Overview of series B models. Simple-shear deformation
of two models with vertical domains of contrasting brittle strength
oriented N20° E. The first four panels of each series show surface
photographs with the incremental vorticity after 30 min (20 mm dis-
placement of mobile base plate), 60 min (or 40 mm displacement),
90 min (or 60 mm displacement), and 120 min (or 80 mm displace-
ment). Incremental positive and negative values indicate sinistral
(synthetic; red) and dextral (antithetic; blue) relative movement, re-
spectively. The last panel for each series shows a surface photo-
graph of the final stage overlain with the interpreted fault pattern.
Red lines are sinistral faults, and blue lines are dextral faults.

main and its bordering antithetic faults rotated anticlockwise
in both models (Fig. 4a–e, f–j), as did the antithetic faults
in the western and eastern domains, which acquired a slight
sigmoidal shape (e.g. Fig. 4j).

3.3 Series C: fault evolution in models with N-S
vertical domain boundaries

During the early stages, simple-shear dextral (antithetic)
faults formed along the N–S-striking borders of the central
domain (Fig. 5b, g) in both models but were earlier and more
pronounced in model C1. With progressive shearing, both
synthetic and antithetic faults formed in the outer domains
of both models (Fig. 5c and h). In model C2, activity along
the antithetic faults bordering the central domain ceased, and
synthetic faults propagated from the outer domains into the
central weak domain (Fig. 5h–j). In contrast, in model C1,
the antithetic faults along the borders of the central domain
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Figure 5. Overview of series C models. Simple-shear deformation
of two models with vertical domains of contrasting brittle strength
striking N–S. The first four panels of each series show surface pho-
tographs with the incremental vorticity after 30 min (equivalent to
20 mm displacement of the mobile base plate), 60 min (or 40 mm
displacement), 90 min (or 60 mm displacement), and 120 min (or
80 mm displacement). Incremental positive and negative values in-
dicate sinistral (synthetic; red) and dextral (antithetic; blue) rela-
tive movement, respectively. The last panel for each series shows
a surface photograph of the final stage overlain by the interpreted
fault pattern. Red lines are sinistral faults, and blue lines are dextral
faults.

remained active, and no synthetic faults crossed the central
strong domain (Fig. 5d). In the eastern domain of model
C2, a few antithetic faults formed in between major syn-
thetic faults, striking at a lower angle to the shear direction
than earlier-formed antithetic faults in the western domain.
With progressive simple shear, the central domain showed
an anticlockwise rotation around a vertical axis in both mod-
els, and antithetic faults obtained a sigmoidal shape in top
view (Fig. 5i). As the initial N–S antithetic faults border-
ing the central domain rotated anticlockwise, activity along
these faults stopped, and new fault segments parallel to ear-
lier antithetic faults formed in the western and eastern do-
mains (Fig. 5d, e). At the final stage of model C2, antithetic
faults dominated in the western domain and synthetic faults
in the eastern domain. In contrast, in model C1, antithetic and
synthetic faults were present in both the western and eastern
domain.

3.4 Series D: fault evolution in models with N20° W
striking vertical domain boundaries

In contrast to the model C series, no faults formed along
the boundaries of the central domain in models D1 and D2
(Fig. 6a and f). Model D1 is dominated by synthetic faults
cross-cutting the central strong domain (Fig. 6c–e). As these
faults traversed the central domain, they slightly changed
their strike. In contrast, in model D2, the weak microbeads
of the central domain were internally deformed, and oblique-
slip reverse faults formed, which propagated laterally and
parallel to the domain boundaries (Fig. 6g–j). Synthetic faults
formed in both the western and eastern domain of model D2,
while antithetic faults formed later and in between overlap-
ping synthetic faults (Fig. 6g–j). With progressive deforma-
tion synthetic faults from the western and eastern domain in
model D2 propagated partially into the central weak central
domain but halted at the previously formed oblique-slip re-
verse faults (Fig. 6h and i). During late stages of deforma-
tion, a few antithetic faults formed in model D1 in between
earlier-formed synthetic faults, striking at larger angles to the
shear direction than in model D2.

4 Discussion

4.1 Series A: strike-slip faulting in models with a
homogeneous upper-crust model

In our models simulating homogeneous crust, the structures
display an en echelon pattern, as should be expected (Bartlett
et al., 1988; Sylvester, 1988; Misra et al., 2009). Initial bulk
simple shear is accommodated in both models by zones of
diffuse deformation and is followed by localized deformation
along narrow fault zones. It is interesting to note that local-
ization requires a higher shear deformation in the model with
the weak material than in the model with strong material.
This difference in localization behaviour is attributed to the
difference in dilatancy between the two analogue materials,
which is closely related to grain shape and grain size distri-
bution. The weak material, represented by the microbeads, is
well-rounded and has a narrow grain size distribution (150–
210 µm), whereas the strong material (quartz sand grains) is
angular and has a wider grain size distribution (60–250 µm).
The more uniform the grain shape and grain size, the more
the applied shear deformation is needed to localize the strain
along a narrow fault zone (Antonellini et al., 1994; Mair et
al., 2002). Therefore, the shape and grain size characteris-
tics will influence the time that a fault may take to reacti-
vate, depending on the lithology that comprises its fault zone
(e.g. Sammis et al., 1987; Mair et al., 2002).

In these two models, sinistral (synthetic) strike-slip faults
form first. The initial strike of these faults differs between
the model with the weaker material and the one with strong
material, striking at N79 and N72° E, respectively. The in-
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Figure 6. Overview of series D models. Simple-shear deformation
of two models with N20° W striking vertical domains of contrast-
ing brittle strength. The first four panels of each series show surface
photographs with the incremental vorticity after 30 min (20 mm dis-
placement of mobile base plate), 60 min (or 40 mm displacement),
90 min (or 60 mm displacement), and 120 min (or 80 mm displace-
ment). Incremental positive and negative values indicate sinistral
(synthetic; red) and dextral (antithetic; blue) relative movement, re-
spectively. The last panel for each series shows a surface photo-
graph of the final stage overlain with the interpreted fault pattern.
Red lines are sinistral faults, blue lines are dextral faults, and the
green line indicates a reverse fault.

ternal friction angle of each type of material will be ad-
justed to a certain orientation of rupture according to the
Mohr–Coulomb criterion (Fig. 7). At the beginning of the
experiment, the main principal stress (σ1) is oriented at 45°
to the shear direction, and the two potential fault orienta-
tions strike at 45°−ϕ/2 and at 45°+ϕ/2 to σ1, respec-
tively, with ϕ as the angle of internal peak friction, which
is 22° for the microbeads and 36° for quartz sand (Fig. 7).
Hence, the synthetic and antithetic faults strike at N79 and
N11° E, respectively, in the model with microbeads and at
N72 and N18° E in the model with quartz sand, respectively.
The fact that nearly all deformation is accommodated by syn-
thetic faults is typical of simple-shear models with an initial
rectangular shape, i.e. a large aspect ratio of length (parallel
to shear direction) divided by width (Schreurs, 2003; Doo-
ley and Schreurs, 2012). A comparison of previous simple-
shear experiments shows that the shape of the initial model

Figure 7. Illustrative scheme of the expected fault orientation ac-
cording to the Mohr–Coulomb failure criteria for the experiments
with only one type of material (homogeneous upper crust). Panels
(a) and (c) show surface photographs of the model with microbeads
only (a) and quartz sand only (c), with the incremental vorticity after
60 min (40 mm displacement). Panels (b) and (d) show a schematic
explanation for the expected orientation of the synthetic and anti-
thetic faults considering the simple-shear orientation along with the
Mohr–Coulomb failure criteria for the models with microbeads only
(b) and quartz sand only (d), respectively.

has an influence on the relative proportion of synthetic and
antithetic faults (Gapais et al., 1991; Schreurs, 2003). With
the decreasing aspect ratio, the number of antithetic faults
will increase, and in case of an initially square-shaped model
(i.e. aspect ratio is 1), antithetic faults will dominate (Gapais
et al., 1991; Dooley and Schreurs, 2012). In the model with
quartz sand, a few antithetic faults form in between previ-
ously formed major synthetic faults (Fig. 3i). These late an-
tithetic faults, however, form in response to local stress field
modifications between overlapping synthetic faults, causing
σ1 to rotate clockwise from 45° in the bulk shear direction
towards an orientation that is subparallel to the previously
formed synthetic faults. As a consequence, these late anti-
thetic faults are not in the “conjugate” position with respect
to the synthetic major faults but strike at lower angles with
respect to the long borders of the model (these are the lower-
angle antithetic faults of Schreurs, 2003).

4.2 Series B, C, and D: the influence of the orientation
lateral heterogeneities on strike-slip faulting

Introducing a vertical domain with different properties than
the surrounding material results in different fault patterns and
timing of the structures (Segall and Pollard, 1983; PPeacock
and Sanderson, 1991; Peacock and Sanderson, 1992; Schel-
lart and Strak, 2016; Lefevre et al., 2020; Livio et al., 2019;
Venâncio and Alves Da Silva, 2023). The degree of differ-
ence in the fault pattern is a function of the orientation and
the strength of the domains.

The first thing noticed is that the faults do not follow the
en echelon pattern, and the antithetic faults are the first ones
to form (Figs. 4 and 5). The domain boundaries in series B
and C models initially strike N20° E and N–S, respectively
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Figure 8. Schematic surface views summarizing the main re-
sults from the models with vertical domains of contrasting brittle
strength. CCW represents the anticlockwise rotation about a verti-
cal axis that all the models undergo.

(Fig. 8a, b, c, and d), which is close to the antithetic fault
orientation predicted by the Mohr–Coulomb failure criterion
(i.e. N11° E for microbeads and N18° E for quartz sand; see
Sect. 4.1). As a result, the domain boundaries in both models
are activated along their entire length, and the antithetic faults
are formed along the borders of the central domains (Fig. 8a,
b, and c). With progressive sinistral simple shear, the central
domain bounded by the fault rotates anticlockwise about a
vertical axis and, at the end of the experiment, has rotated
about 12°, striking N08° E. The faults of the domain bound-
aries remain active throughout the model run because their
strike is favourably oriented with respect to the main stress
(Fig. 8a, b). As a result, the sinistral faults in series B and in
model C1 cannot propagate along the entire model, regard-
less of the composition of the central domain, and two possi-
bilities are shown: the faults are segmented (Fig. 8a and b) or
more new faults are generated in the eastern and western do-
mains (Fig. 8c). However, if the central domain is composed
of the weak material and is not fully surrounded by antithet-
ical faults, the synthetic fault can cross-cut the entire model

(Fig. 8d). This may offer the possibility that strike-slip fault
stepping may also be due to the action of lithology, which
is able to induce fault segmentation. Hence, the presence of
a laterally heterogeneous upper crust with steep boundaries
and suitable orientation for activation by antithetic faults can
prevent the synthetic strike-slip faults from crossing certain
domains.

The antithetic faults that form in the outer domains of our
models are of two types: (i) those that form relatively early in
as yet largely unfaulted domains and strike at large angles to
the shear direction (Fig. 8a, c, and d) and (ii) those confined
between earlier-formed and overlapping synthetic faults that
strike at lower angles to the shear direction (Fig. 8b, e, and
f). In the first case, the earlier-formed antithetic faults reflect
the orientation predicted by the Mohr–Coulomb failure cri-
terion, striking N18° E if the outer domains consist of the
strong material and N11° E if the outer domains consist of the
weak material. Due to lateral fault propagation and coeval ro-
tation of the central fault segments, these antithetic faults ob-
tain a slightly sigmoidal shape form in map view during pro-
gressive simple shear (see also Schreurs, 1994, 2003; Dooley
and Schreurs, 2012). In the second case, the antithetic faults
confined in between closely spaced and earlier-formed syn-
thetic faults have an initial different strike (N15°–N20° E in
the weak material (e.g. model C1) and N25°–N30° E in the
strong material (e.g. model C2)). The antithetic faults con-
fined between major synthetic faults result from local stress
field modifications governed by the relative movement of
material in between previously formed synthetic faults with
large overlap (Schreurs, 2003; Dooley and Schreurs, 2012;
see their R′L faults). Both types of antithetic faults rotate an-
ticlockwise with progressive sinistral simple shear. Rotation
of faults and blocks in strike-slip fault systems not only is
observed in analogue models (Schreurs, 1994, 2003; Doo-
ley and Schreurs, 2012) but also has been documented in
nature (e.g. Ron et al., 1984; Nicholson et al., 1986). It is
thus important to keep in mind that antithetic faults (and the
blocks in between) can undergo considerable rotation about a
vertical axis during simple-shear deformation, implying that
present-day antithetic fault orientations in strike-slip fault
systems do not necessarily reflect the orientations in which
they initially formed.

In comparison with the series B and series C models, the
initial N20° W-striking central domain boundaries in the se-
ries D models are the least favourably oriented for antitheti-
cal fault activation. Consequently, the fault development pat-
tern follows an echelon type, but in both cases, the size of the
segments is affected by the lateral variation in the material
properties. In the weak–strong–weak model D1 (Fig. 8e and
f), the domain boundaries are not activated at all, and the syn-
thetic faults forming in the outer domains propagate across
the central domain. Apart from a slight reorientation of the
fault strike, reflecting the difference in material strength be-
tween central and outer domains (difference in internal fric-
tion angles), the fault pattern in model D1 is similar to the
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one in model A1, which had no vertical brittle strength con-
trasts. The strong–weak–strong model D2 shows a different
deformation behaviour. Although the domain boundaries at
the surface are not activated, the presence of a weak mate-
rial surrounded by strong material results in internal defor-
mation within the central domain and dextral oblique-slip re-
verse faults form, striking parallel to the domain boundaries.
These faults prevent synthetic faults from crossing the central
domain, and they halt against the oblique-slip reverse faults.

4.3 Fault linkage across central domain

In models where synthetic faults from the eastern and west-
ern domain cross-cut the central domain, the entire model
behaves as one domain. As shown in the section above, this
is the case for models C2, D1, and D2, where the vertical
boundaries of the central domain are not or are only par-
tially activated, depending on the orientation of the central
domain (Sect. 4.2). However, all three models show distinct
differences in how laterally propagating synthetic strike-slip
faults link across the central domain (Fig. 9). For model D1
(Fig. 9a, b), faults cross-cut the stronger central domain from
the eastern and western domains (Fig. 9a), linking up in a
new segment. This new segment shows different orienta-
tion resulting in a step-like linkage pattern in surface view
(i.e. flat–steep–flat; Fig. 9a, b). When segmentation occurs
and the faults cross the central domain, the orientation of the
faults is different, probably related to the internal friction an-
gles between the quartz sand and the microbeads (Du and
Aydin, 1995; de Doney et al., 2011).

For models C2 and D2, however, the domain configura-
tion strong–weak–strong has implications for fault linkage.
As synthetic strike-slip faults propagate from the western
and eastern domains towards the weaker central domain,
early-deformation patterns are characterized by a zone of
diffuse deformation across the central domain (Fig. 9c, e).
In model C2, the fault from the westerly domain cross-cuts
the weak central domain and eventually links with the fault
in the easterly domain in a straight fashion after 120 min
(Fig. 9d), abandoning earlier active fault strands striking
N18° E (i.e. the predicted orientation for Mohr–Coulomb
failure criterion). Similar fault kinematics should be expected
for model D2 (Fig. 9e, f). However, laterally propagating
faults in the western and eastern domain do not link dur-
ing the duration of the model run. Instead, the two fault seg-
ments halt at the domain boundary, resulting in ongoing dif-
fuse deformation without strain localization in the central do-
main. This behaviour may be explained by the presence of
the N20° W-striking reverse faults within the central model
domain. Due to the misalignment between central domain
boundaries and the expected orientation of antithetic faults,
the domain boundaries do not activate, and domain-internal
deformation is taken up by oblique-slip dextral reverse faults.
Such faults (i.e. nearly orthogonally striking with respect to
synthetic faults) accommodate bulk shear deformation hin-

dering the synthetic faults from propagating. In that sense,
the oblique-slip reverse faults act as an impenetrable barrier
inhibiting linkage of synthetic faults across the weak central
domain (Fig. 9f). Oblique-slip reverse faults in the central
domain, therefore, influence fault interaction across the cen-
tral domain in a way that is similar to the activated domain
boundaries in models B1, B2, and C1 (Fig. 8).

4.4 Comparison with strike-slip fault zones in Iberia

The NW Iberian Peninsula contains major sinistral and dex-
tral strike-slip intraplate fault systems (Fig. 10a). These in-
traplate fault systems are located in an old basement de-
veloped during Variscan orogeny (Devonian–Carboniferous;
e.g. Matte, 1991; Martínez Catalán et al., 1997; Fernández et
al., 2004). During this stage, a set of lithologic units with
contrasting properties such as granites, quartzites, slates,
and high-grade metamorphic rocks were emplaced and de-
formed. During the Alpine compression (Late Cretaceous to
the present), the present fault pattern was obtained due to
the collision between the Iberian microplate and the north-
ern edge of Africa in the Middle Miocene (e.g. Alonso et
al., 1996; Vegas et al., 2004; Martín-González and Heredia,
2011; Martín-González et al., 2012). This collision caused
the Iberian Peninsula to undergo an anticlockwise twist,
resulting in slight shearing (e.g. Martínez Catalán, 2012;
Vergés et al., 2019). In the study area, intraplate defor-
mation led to a fault pattern primarily composed of sinis-
tral faults, such as the Penacova–Régua–Verin fault (PRVF),
Manteigas–Vilariça–Bragança (MVBF), and Orense faults
(see Fig. 10a). Additionally, antithetic dextral faults were
also generated (see Fig. 10a).

Among the traces of these faults, we can observe antithetic
faults that do not connect with each other and, in some cases,
acquire a sigmoidal shape as observed in models C1 and C2
(Fig. 8e and f). These antithetic faults are not in a conju-
gate position and are mostly confined between major sinistral
faults. At the end of the sinistral faults is the Porto–Tomar
fault, which delimits the study area. The Porto–Tomar fault
shows dextral displacement and tectonically delimits the area
to the north and south of Portugal (Veludo et al., 2017). The
main traces of the sinistral faults are not completely straight
but show slight changes in strike. For example, along the
PRVF, the fault undergoes an anticlockwise refraction when
crossing from weak into strong lithologies (b.1 in Fig. 10b),
similar to model D1, with strong quartz sand in the central
domain (Fig. 10b). On the other hand, the same fault under-
goes a clockwise refraction as it crosses from strong litholo-
gies (granites) in shaly units (b.2 in Fig. 10b), similar to
model D2, with weak microbeads in the central domain. The
same phenomenon is also observed along the Vilariça fault
when the fault intersects granites and slate units (Fig. 10c).

Although, on a local scale, similarities are observed in the
behaviour of individual faults crossing contrasting litholo-
gies in nature and faults crossing vertical domain boundaries

Solid Earth, 15, 1509–1523, 2024 https://doi.org/10.5194/se-15-1509-2024



S. González-Muñoz et al.: Insights from analogue models 1519

Figure 9. Detailed surface photographs of the central domain of the models with the contrasting brittle mechanical strength, showing the
fault linkage across the central domain at 90 min (60 mm displacement) and 120 min (80 mm displacement). Panels (a) and (b) show model
D1 with the central domain striking N20° W and composed of the strong material (quartz). Panels (c) and (d) show model C2 with the central
domain striking N–S and composed of the weak material (microbeads). Panel (e) shows model D2 with the central domain striking N20° W
and composed of the weak material (microbeads). (f) Schematic drawing for the fault linkage at the last stage.

Figure 10. (a) Digital elevation model of the northwestern section
of the Iberian Peninsula where the main faults are drawn, with the
locations of (b) and (c) enlarged as insets. The faults are essentially
sinistral, and there is a dextral fault on the southern edge that de-
limits the study area. In blue and light red, the secondary antithetic
(dextral) and synthetic (sinistral) faults have been marked, respec-
tively. (b) Schematic representation of the southern section of the
Verin fault showing patterns of directional changes similar to mod-
els D1 and D2. (c) Schematic representation of the southern section
of the Vilariça fault showing a similar deformation pattern to model
C2.

in our analogue models, the NW Iberian Peninsula strike-slip
fault system as a whole shows little resemblance to the over-
all fault patterns in homogeneous or laterally heterogeneous
upper-crustal models. This may indicate that the NW Iberian
crust is much more heterogeneous and complex than the one
modelled in our experiments.

5 Conclusions

We developed a series of analogue models to investigate
faulting in the brittle upper crust as a result of sinistral simple
shear. In a first series of models, the upper crust was homo-
geneous and consisted of a single analogue material, namely
weak microbeads or strong quartz sand. In three further se-
ries of models, the upper crust was laterally heterogeneous
and consisted of three domains with vertical boundaries and
contrasting strength (i.e. a weak–strong–weak or a strong–
weak–strong configuration).

The fault pattern in a homogeneous upper crust is domi-
nated by sinistral (synthetic) strike-slip faulting, whose ori-
entations are readily explained by the Mohr–Coulomb failure
criterion, with fault strikes being a function of the internal
friction angles. In models with a heterogeneous upper crust,
the development of the faults does not follow an en echelon
pattern. The sinistral faults are developed in the outer do-
mains in the expected orientations, according to the Mohr–
Coulomb failure criterion.

The heterogeneity of the upper crust, as lateral variations
in the lithology, could affect the expected sequence of strike-
slip faults, with antithetic faults being the first to form. If the
initial strike of the boundaries of the domains is subparallel
to the predicted Mohr–Coulomb failure criterion, the devel-
opment of antithetic faults is promoted. As a consequence,
faulting may occur in distinct structural domains and faults
may be segmented. If the orientation is less favourable, the
development of antithetic faults is not promoted, allowing
synthetic faults to form without distinct structural domains.

The properties of the lithology that intersect the sinistral
faults influence how their segments are connected. In the case
of weak–strong–weak, the synthetic faults from the outer
domains cross-cut the central domain with a slight change
in strike orientation, whereas in the case of strong–weak–
strong, the weak central domain shows internal oblique-slip
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reverse faulting which inhibits faults from the outer domain
from fully crossing the central domain.

Although we only tested sinistral simple shear, our results
can also be applied to dextral simple shear by mirroring the
fault patterns around a N–S axis.

There are similarities between the behaviour of individ-
ual faults in natural systems and our heterogeneous upper-
crustal models, i.e. the slight change in strike orientation
when crossing a boundary with contrasting strength.
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