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This study investigates how strike-slip faults propagate across vertical domains of contrasting brittle

strength using analogue models. Strike-slip faults are long structures that cut across pre-existing tectonic

or lithological steep boundaries in the upper crust. The interaction between strike-slip faulting and these

domains is crucial for understanding the evolution of regional and local fault patterns, potential stress

reorientations, and seismic hazard assessment. Our models undergo sinistral distributed strike-slip shear

(simple shear) and comprise brittle vertical domains with contrasting properties. We use quartz sand and

microbeads as brittle analogue materials over a viscous mixture to distribute the deformation through the

model. We apply Particle Imaging Velocimetry (PIV) and use incremental vorticity to analyse models

surfaces. The first models investigate strike-slip fault kinematics with only one brittle material (quartz sand

or microbeads), simulating a homogeneous crust. Three further models examine how the orientation of a

central vertical domain, having a strength contrast with respect to the surrounding domains, influences

strike-slip faulting. The main observations of this study are the following:

e The presence of vertical domains of contrasting brittle mechanical strength has a profound effect

on synthetic fault propagation, interaction and linkage as well as the kinematic evolution of

antithetic faults that rotate about a vertical axis due to the applied simple shear.

e The orientation of the central domain determines whether antithetic fault activity concentrates

along the entire width of the domain boundaries or not. In the first case, fault activity is

compartmentalized in distinct domains. In the second case (no or partial fault activity along

domain boundaries), the relative brittle strength contrast determines fault propagation, interaction

and/or linkage across the central domain.
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These findings were compared with the intraplate fault systems of the NW Iberian Peninsula, which

shows synthetic and antithetic faults whose distribution is similar to those observed in our models.

Keywords

Strike-slip fault zone, Fault segmentationRheslogicalinteraction, Fault linkage, Vertical brittle strength

contrasts, Analogue modelling

1. Introduction

The structural styles and the factors that control the geometry of strike-slip faults have been investigated in
detail in many studies (e.g-., Riedel, 1929; Anderson, 1951; Deng et al., 1986; Sylvester, 1988; Dooley and

Schreurs, 2012; Hatem et al., 2017; Lefevre et al., 2020a; Visage et al., 2023). In nature, strike-slip fault

systems typically have complex architectures consisting of numerous segments separated by steps or of
anastomosing, linked fault zones (e.g., Aydin and Nur, 1982; Barka and Kadinsky-Cade, 1988; Wesnousky,
1988; Stirling et al., 1996; Kim et al., 2004). How faults interact or link is considered to be a function of
loading, stress disturbances, rheology and the geometry of pre-existing structures (e.g., Kim et al., 2004;
Myers and Aydin, 2004; Peacock and Sanderson, 1991, 1992; Burgmann and Pollard, 1994; Sibson, 1985;

Gamond, 1983; Rispoli, 1981; Wesnousky, 1988).

Understanding_strike-slip fault interaction and linkage is important not only in view of the location of
geothermal and hydrocarbon resources (e.g. Sibson, 1985; Martel and Peterson, 1991; Aydin, 2000; Odling
et al., 2004; Cazarin et al., 2021) but also for its implications on regional stress orientations (Kirkland et

al., 2008), as well as seismic hazard (Petersen et al., 2011; Bullock et al., 2014), in terms of dynamics, fault

growth and size of earthquakes (e.g. Aki, 1989; Harris and Day, 1999; Scholz, 2002; Wesnousky, 2006;

Shaw and Dieterich, 2007; de Joussineau and Aydin, 2009; Preuss et al., 2019).

Various studies have investigated the influence of vertical changes in mechanical strength (e.g., a horizontal

rheological-contrasts{e-g——mechanical-stratigraphy-of sedimentary sequeneessequence comprising layers

or bodies of different strengths) on strike-slip fault orientation, segmentation, linkage, and displacement,

using field observations—(e.g--Peacock-and-Sanderson,—1992)—combining, combined with analytical and

numerical methods (e.g. Du and Aydin, 1995; Aydin and Berryman, 2010; De Dontney et al., 2011), andor
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analogue models (Richard, 1991; Richard et al., 1995; Gomes et al., 2019; Gabrielsen et al., 2023;

Venancio and Alves Da Silva, 2023). However-onrhy-the-study-from-Gomes-etal-{2019) -has-investigated

Strike-slip fault systems have large aspect ratios (i.e., ratio {e—raticof length vs width),—they-) and can

extend over hundreds or even thousands of kilometres and often cut across pre-existing tectonic eentacts

with—or lithological boundaries that are steeply oriented and have rocks of contrasting

rheologies:mechanical strength on either side. Hence, it is also important to understand the interaction

between vertical domains of contrasting mechanical strength and strike-slip faulting. To our knowledge no

modelling studies have systematically investigated how strike-slip fault systems are influenced by pre-

existing steeply oriented domains with rocks of contrasting mechanical strength on either side of the

contacts. Such (sub)vertical contacts often occur at crustal terrane boundaries, but also occur within crustal

blocks comprising rock units of contrasting strength separated by vertical boundaries, €.9. a magmatic body

with steep margins that intruded into a sedimentary sequence. ,

1n-thisstudy;Here we use scaled analogue model experiments analysed by PIV to assess the role of vertical

rheslegicalcontrastsdomains of contrasting brittle strength in the upper crust on fault kinematics in

distributed strike-slip shear. FheOur results ebtained-show hewthat the presence of such vertical contrast

influencesdomains with different strengths has a profound influence on the erientation;kinematic evolution

and-number-of faults—The-obtainedstrike-slip fault systems. We compare our experimental model results

are-compared-with ene-naturala crustal-scale example in the NW part of the Iberian Peninsula, where two
large parallel strike-stipand sinistral strike-slip fault systems cut Hthelogies-withlithological domains of
contrasting brittlerheslogiesstrength.

2. Methods

2.1 Analogue model setup-and-menitering

[Con formato: Sin Resaltar
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In-this-study -eight simple-shear-experiments-are-presented—The experimental machine-comprisesset-up for

simulating distributed strike-slip shear included a mobile base plate that eancould be translated horizontally

alongpast a fixed base plate (Fig. 1). An assemblage of 60 individual and moveable plexiglass bars (each

7978 ¢cm long, 5 cm high and 5 mm wide) everliesthe-was positioned on top of two base plates;which-are

. The assemblage of plexiglass bars was confined by twe-lengitudinal-carbon-fiber sidewalls on the long

sides (Fig. 1b) and twewooden bars (c. 5 mm high, 2 cm wide and 40 cm long) on the short sides (Fig. 1b,

c), that could pivot below the longitudinal sidewalls-consisting-of-vertical-rubbersheets.. The analogue

model iswas constructed on top of the plexiglass bars and eensistsconsisted of a 2 cm-thick viscous layer

and-a-2-cm-thick brittle-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 rubber

sheets. Although our model set-up thus included both a horizontal viscous layer overlain by a horizontal

brittle layer, our experiments 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 simulate

the-lower-distribute the applied shear deformation over the entire width of the model in the overlying brittle

layer (e.g. Schreurs, 1991, 2003; Dooley and uppercrust-respectively—tn-this-way—we-aveid-the-possible
boundary-effects-due-to-the-interaction-between-the brittle-materialsSchreurs, 2012).

Each model had an initial rectangular shape in map view, with a length of 78 cm parallel to the shear

direction and

width of 30 cm-_perpendicular to it. The movement of the mobile base plate occurred by computer-

controlled stepper motors previdingat a constant velocity of 40 mm/h—in—al-experiments,—ebtaining,

resulting in 80 mm of total displacement after two hours. Displacement of the mobile base plate changed

the initial rectangular shape of the overlying assemblage of plexiglass bars into a parallelogram simulating

simple shear.
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[a] rubber [6] ‘mobile base plate
Tongitudinal sidewall
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sidewall

mobile base plate
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zhﬁq,%qﬁ,b P, =
el s plate

Figure 1: Schematic experimental setup. (a) The base of the model set-up 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) upper panel: Initial position of base plates overlain by plexiglass bars confined on the short sides by
wooden bars that can pivot about a vertical axis; lower panel: Sinistral horizontal displacement of the basat

mobile base plate results—ninduces a e #psimple shear movement in the overlying
ateria e-systemati includesassemblage of plexiglass bars as

We performed four series of simple shear experiments-{Fig-—2;, referred to as Series A, B, C and D (Fig. 2).
Series A involved two reference models with only one brittle material (Fig. 3a2a), either quartz sand or
microbeads-(MB);, to investigate strike-slip fault kinematics in medels-a homogeneous upper crust, without

any vertical-rheological-contrast—The-followinglateral variations in mechanical strength. In the subsequent

three series si

2b-d), we introduced vertical domains that consisted of quartz sand with-micrebeadsor microbeads. Each

model had three domains with a ¢ 5-cm-wide central domain consisting of a different brittle material than

the domains on either side-ervice-versa-{Fig—2;-. The difference between Series B, C;-and-B)-—Fwe and D

is the orientation of the central domain with respect to the shear direction, which changed from one series

to the next. To achieve such a model set-up, 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 boundaries. Subsequently, the different granular

materials were sieved on top of the viscous layer and once the desired model thickness was reached, the
cardboard sheets were carefully removed. Hencewe-obtained-two-vertical rheological contrasts that consist
of reactivated-lithological-boundaries—Although removal of the cardboard produced increased dilation

66
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along a narrow zone, it hardly affects the de facto function of this vertical boundary as a primary surface

with materials of contrasting brittle strength on either side. For descriptive purposes, we assigh—a—N

orientation-defined a North direction, which is perpendicular to the applied shear direction and parallel to

the short sides of the undeformed model-Censidering-this-three differentvertical- contrastorientations-were

In_models with a brittle strength contrast, we can distinguish threetwo outer domains—ir—eur—medel

rd-and an

deseriptions—a-, a western

eastern one, and a central domain-_(Fig. 2b-d).

Series Initial Model Configuration
sl el
Model A1 Model A2
A w W
Microbeads N Quartz sand N
Homogeneous brittle domain 3 3
78cm 78cm
5¢cm 5cm
-— -—
Model B1 70 Model B2 70/ .,
B $ §
Mictobeads Microbeads Quartzsand & rtzsand
N20E “-striking vertical domains f § du
of contrasting brittle strength <
5em S5cm
-~ 2t
Model C1 “w
c '§ Model C2 _§
Mi Mi -
N-S striking vertical domains licrobeads g icrobeads Quartz sand s Quartz sand
of contrasting brittle strength & =
5cm 5cm
— -—
D Model D1 %ajo Model D2 z 7
=Y
Microbeads Microbeads uartz sand E irtz sand
N20W -striking vertical domains d %; Qua
of contrasting brittle strength =

Figure 2: Schematic top views of the four series of models, with dimensions and brittle analogue materials used

22, Analogue materials

We used two different types of granular materials in our analogue models to assess the role of vertical zones

of contrasting mechanical strength in the upper crust: quartz sand and microbeads grains. The quartz sand

(distributor Carlo Bernasconi AG; www.carloag.ch) has a grain size between 60 and 250 um with a bulk

+7
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173 density of 1560 kg m-%, whereas the grain size of the microbeads (distributor: Worf Glasskugeln, Germany)

174 lies between 150 and 210 pum with a bulk density of 1400 kg m=. These density values were achieved by

175 sieving the granular material into the model box from a height of 30 cm. Both, quartz sand and microbeads

176 deform according to the Coulomb failure criterion and have internal peak friction angles of 36° and 22° and

177 cohesion values of 50 + 26 Pa and 25 + 4 Pa, respectively (Panien et al., 2016; Schmid et al., 2020). The

178 considerable difference in the internal peak friction angle between the two materials makes them suitable

179 for simulating contrasting upper crustal rocks. According to their difference in the internal friction angle,

180 we consider the microbeads and gquartz sand as weak and strong materials, respectively.

18T THE VISTOUS tayer T 0T TOoUets a2 Oensity 0 T600 RgmT—>—ama—comststed of a mixture of SGM-36
182 polydimethylsiloxane (PDMS) and corundum sand (weight ratio of 0.965: 1.000). The mixture has a quasi-

183 linear _viscosity of 1.5 x10° Pa s and a stress exponent of 1.05 (Zwaan et al.,

a b

Mobile plate
4

30 cm

e —
Granular materials

Viscous mixture

Iz«:m
iZcm

=

184 Plexiglass bars__ yj

185
186
187 isting eets-a A ide
188  plexiglassbars-below the model-materials.

189

190 2018). The properties of all analogue materials are summarized in Table 1.

191
192
Viscous PDMS/corundum
Granular materials Quartzsand  Microbeads
material mixture
Density (ka/m®) 1560 1400 Density (kg/m?) 1600
Grain size (Um) 60-250 150-210 Viscosity (Pa s) 1.5x10°
Peak friction
coefficient u 072-36°  041-22° | Stressexponentn 1.05
and angle, ¢
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193
194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

Cohesion (Pa) 50 +26

Table 1: Materials properties of used granular and viscous materials (after Panien et al., 2006; Schmid et al., 2020).

2.3. Scaling

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

o =pgh @

where p*, g* and h” are the ratios of model to nature for density, 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 x 1075 and a gravity scaling factor of 1. For quartz sand, the density scaling factor is p;,,~0.6_and the

cohesion factor is Cg,, = 1 X 107 (using a cohesion of ~50 Pa and 50 MPa for our quartz sand and upper

crustal rocks, respectively; Byerlee, 1978). Additionally, for microbeads the density scaling factor and

cohesion scaling factor are p;;,,~0.5 and C;,,, = 1 X 10~°_(assuming a weakened natural rock type with a

cohesion of c. 25 MPA), respectively. Using these scaling factors yields a stress scaling factor of ¢* =

1 x 10~°_for both quartz sand and microbeads.

Assuming a lower crustal viscosity of 7 =_10? Pa s (Moore and Parsons, 2015; Zhang and Sagiya, 2017)

yields a viscosity ratio n* = 1 10~'7_(using the viscosity of 1.5 * 10° Pa s for the viscous analogue

material).

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

1986):
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Note that due to the simple shear setup, we substitute the strain rate scaling factor £* with the shear strain

rate scaling factor y* = 1 x 10''. Next, the velocity scaling factor v*and a time scaling factor ¢t* are

calculated with

yielding a velocity scaling factor v* = 2 x 10°_and a time scaling factor t* = 1 x 1071,

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

mm h* converts to a velocity of ~2 mm a* in nature. Using the shear strain rate scaling factor y*, the bulk

shear strain rate y = 3.7 x 1075 s~.in our models translates to a shear strain rate of y = 3.7 x 10716 s~!

in nature and 1 h in our analogue experiments translates to ~12.5 Myr in nature.

In order to verify dynamic similarity of brittle natural and experimental material we calculate the

Smoluchowski number S,.., which is the ratio between gravitational stress and cohesive strength (Ramberg,

1981):

__ pPgh
C+upgh

m

where p, h, C and u 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 S,,, ~1_for our models as well as for nature. We further calculate the Ramberg

number R, to ensure dynamic and kinematic similarities between the viscous layers.

pgh?
Ry =""— 5
w = )

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

Reynolds number R, _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:
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232 Based on the applied scaling laws, the material properties and the similar non-dimensional numbers for

233 model and nature, we consider our models to be properly dynamically scaled. Model parameters and

234 dynamic numbers of the used materials are specified in Table 2.

235
_ General parameters Brittle upper crust Ductile lower crust Dimensionless numbers
Gravity ﬁ%zt;ls ﬁ[ Density Cohesion Density Viscosity Smoluchowski Ramberg Reynolds
- [m/s?] Tm i) [ka/m®] [Pal [ka/m®  [Pas] Sm Rm! Re
Model 9.81 4x10%  1.1x10° 1560 50 1600 1.5x10° 1 6 <1
Nature ~ 9.81 2x10% 6.3x10™ 2700 5x107 2900  1x10% 1 6 =<1
Scaling ratios x* = x™/x" [dimensionless]
i o 0" g h* c* v - v* o
1x10% 0.5'-0.6 1 2x10% 5%-10x107 1x10% 1x10% 2x10° 1x10*

236 ! L ower values for scaling factors p* and C* refer to microbeads.

237 Table 2: Scaling parameters and scaling factors.
238

239
240

241
242 2.4. Deformation monitoring and quantification

243 Since the experiments were conducted using a simple shear setup, vertical motions during deformation

244 were negligible, with nearly all movement located within the horizontal plane. The different experiments

245  were monitored by an automated Nikon D810 (36 MPx) DSLR camera positioned above the experimental
246 model. Images were taken at fixed intervals of 30-sec60 s during two hours, resulting in 240-picturesin

247  tetal121 subsequent top view images of the model surface. For a quantitative 2D analysis of the surface

248  deformation, we used the StrainMaster module of the LaVision© DaVis image correlation software. Fhis

249  software-aHows-us-to-de-the-camera-Using a calibration; plate, the software corrects the mappingtop view

250 images for lens distortion effects (i.e., unwarping), applies image rectification and provides a scaling

251 function fer-that maps coordinates from the camera sensor to physical world coordinates with a resolution

252 of ~9 px/mm. The digital image correlation;ane-the calculates local displacement ealettation-byvectors on
111



253

subsequent images using a square matching algorithm with adaptive multi-pass cross-correlation. We-tseTo

254 properly track freckle patterns, we sprinkled coffee grains on the model surface prior to the model run. For
255 each image, the analyzed area is subdivided into small interrogation window for which a local displacement
256  vector is determined by cross-correlation. We used subsets (i.e., interrogation windows) of 31 by 31 pixels
257  with a 75% overlap for the local displacement calculations—Fhe-pictures-obtained-have-an-average-area-of
258 8256-by-5504-pixelsfor-the-X that, assembled result in incremental (60 s interval) displacement fields for
259  the horizontal x- and Y¥-axisy-components uy and uy, respectively; with an-averagea vector resolution of 366
260 pixels~1.3 vectors/mm.
Series Models setup
Model A1 Model A2 ;{‘\
A
— Quartz EAs Microbeads
Fault evolution wihout
rheological contrast
78 6m 78 cm
Mode| B1 Sem ModelB2  .Scem
B =
a =]
30cm| | Quartz g 30 em | | picroboads E
Fault evalution with %
N-S rheological contrast &
78 cm 78 cm
Model C1 Sem Model C2  Sem
c Z
30em| | Quartz _% 30cem || Microbeads
Fault evolution with %
N20W' rheological contrast L.J
78 cm 78 cm
Model D1 Som Model D2 Sem
D -4 o
30 em || Quartz & 30cm || Microbeads j
Fault evolution with 5
NZ20E’ rheological contrast 5
78 cm 78 cm
261
262
263
264
265
266
267
268
269
270 wsedPostprocessing included an outlier filter to fill gaps of pixels within a 3 by 3 neighborhood (Westerweel
271 and Scarano, 2005). Discarded vectors in the displacement fields were replaced by an iterative interpolation
272 requiring at least two neighboring vectors. For quantifying deformation at the model surface, we calculate
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273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

the z-vorticity w, (i.e., a local measure of rotation within the xy-plane) as a proxy for shear movement
along strike-slip faults. In contrast to the shear strain e,,,, vorticity is not dependent on the orientation of
the coordinate system, which is crucial when quantifying deformation along faults that strike obliquely with
respect to the coordinate system (e.g., Cooke et al., 2020). w, can be derived from local displacement

gradients according to equation 1:

_&wou, Sudu,
" 9x ox @ ay

Wy

With wuy and vuy being the horizontal displacement components in the x, and y direction, respectively. Due

to convention, positive and negative w, values refer to sinistral and dextral shearsense—respectively

alrelative displacement, respectively. Within the predefined increment of 60 s, w, 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 dextral and sinistral shear sense, respectively. In the results section

we present w, 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 enhanced with superposed line

drawings of the fault pattern. For the statistical analysis of fault orientations, we traced active fault segments

(i.e., w, <-0.5% or w, > 0.5 %) in MATLAB using polylines, where each fault segment is defined by two

consecutive vertices. At each time step, segment length and azimuth were calculated and visualized in

length-weighted rose diagrams.2849).—\W
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298

299

300

301

302

303

304

305

306

307

308

309

310

311
312
313

314

315

316

317

318

319

Granular materials Quartz sand Microbeads

Density p (kg/m3) 1560 2300
Grain size (pm) 60-250 150-210

Friction coefficient p 0,72 0,41
Angle of internal Friction * 36" 22,3
Dynamic stable friction 34" 20,6
Reactivation friction angle (&p) 33,4° 219"
Cohesion (Pa) 484+-26 2544

6*—p*g*h*

414



320  Assuming-alowercrustal-viscosity-of n=10% . : iya;
321 yields-a-viscosity-scaling-ratio-rx = 10~ _which gives 11 310+ for the strainrateratio (e*)calculated with

322 . 3 *
Kk * (3}
323
324
325
326
327
Sr-=pgh/C+Hpgh 4
Re=-pgh*/nv ®)
328
General parameters Brittle upper crust Ductile lower crust (sm) (Rm) (Re)
Gravity  Thickness Velocity Densityp Cohesion Densityp  Viscosity n
(m/s2) h(m) (ms-1) (kg/m3) (Pa) (kg/m3) (Pa-s)
Model 9,81 4,00E-02 2,80E-06 1560 50,00 1600 1,00E+05 1 22 <<1
Nature 9,81 2,00E+04 1,23E-11 2750 5,00E+07 2900 1,00E+22 1 20 <«<1
o* o g* h* o* £ n* v t*
1,13E-06 0,57 1,00E+00 2,00E-06 1,20E+00 1,13E+11 1,00E-17 2,27E+05  8,81E-12
329
330
331
332 N e Con formato: Fuente: 10 pto, Inglés (Reino
Unido)
[ Con formato: Justificado, Espacio Antes: 12
333 3. Results pto, Interlineado: Doble
334 3.1 Series A Faultevolution without vertical rheological contrast

335 We present the results of eight distributed strike-slip shear experiments, grouped in four series of two

336 models each. Series A models included two reference models having a homogeneous upper brittle layer,

337 whereas Series B, C and D models had vertical domains with contrasting brittle strengths (Fig. 2).

338
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349

350

351
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353
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355
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357

358

3.1 Series A: Fault evolution in a homogeneous upper crust

The Series A models eensistconsisted of a homogeneous upper crustal layer composed of a-brittle-layer-of

either microbeads (Fig. 3; Model A1) or quartz sand (Fig. 3:-Medel-AL)-or-micrebeads{Fig-3; Model A2).

The incremental strain panels document that strain lecalizeslocalized first in the model with quartz sand,

while deformation iswas 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

inecreasingprogressive sinistral simple shear deformation, slightly overlapping right-stepping en echelon

strike-slip faults with a sinistral strike-ship-displacement fermformed (Fig. 3b and g). These faults were

synthetic with respect to the bulk simple shear. In the experimentmodel with guartzsandmicrobeads (Model

Al) the first synthetic faults to-ferm-strike-N70°Ehad an orientation of c. N79°E (Fig. 3b), whereas the

initiakfaukts-in the experimentmodel with microbeadsquartz sand (Model A2) strike N&O-Etheir orientation
was c. N72°E (Fig. 3g). Initial deformation in both models is accommodated erby-by synthetic (sinistral)
strike-slip faults only (Fig. 3a, b and f, g). As deformation pregressesprogressed, individual fault segments

Haklinked up te-form-through-goetrgforming major sinistral strike-slip faults (Fig 3c and h). Antithetic faults

only developed in Model A2 (quartz sand only; Fig. 3h and i) at later stages of deformation. These faults

were confined in between previously formed synthetic faults. The final deformation 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 echelon pattern of faulting was better preserved in the quartz sand

model than in the microbeads model, resulting in a wider damage zone in the former.
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360 Figure 3: Overview of Series A models: Simple shear deformation of two models with a homogenous upper
361 brittle layer. The first four panels of each series show surface photographs with the incremental vorticity after
362 30 minutes (20 mm displacement of mobile base plate), 60 minutes (or 40 mm displacement), 90 minutes (or 60
363 mm displacement) and 120 minutes (or 80 mm displacement). Incremental positive and negative values indicate
364 sinistral (synthetic, red) and dextral (antithetic, blue) relative movement, respectively. The last panel for each
365 series shows a surface photograph of the final stage overlain with the interpreted fault pattern; red lines are
366 sinistral faults, blue lines are dextral faults.
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368 3.2 Series B: Fault evolution in models with N20°E vertical domain boundaries
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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, 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). Atlaterstages-in-the-medel-evolutionthe

cumulative-strain-panelsfor-Slightly later, sinistral strike-slip faults (synthetic) formed in the western and

eastern domains (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 outer

domains, striking at c. N60°E (Fig. 4d, e). Antithetic faults developed also 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 antithetic faults confined between overlapping synthetic faults in Model B2. With

increasing deformation, the central domain and its bordering antithetic faults rotated counterclockwise in

both models (Fig. 4a-e, f-j), as did the antithetic faults in the western and eastern domains, which acquired

a slight sigmoidal “S-shaped” form (e.q. Fig. 3e-ane)-show-that-mest-deformation-is-taken-up-by-a-central
Wm i I g
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390 Figure 34: Overview of Series AB models: simpleSimple shear experimentsdeformation of two models with
391 microbeads-{(Meodel-Alvertical domains of contrasting brittle strength oriented N20°E. The first four panels of
392 each series show surface photographs with the incremental vorticty after 30 minutes (20 mm displacement of
393 mobile base plate), 60 minutes (or 40 mm displacement), 90 minutes (or 60 mm displacement) and guartz-sand
394 {Medel-A2).120 minutes (or 80 mm displacement). Incremental and-cumulative-positive/ and negative values
395 indicates—dextraland—indicate sinistral kinematics(synthetic, red) and dextral (antithetic, blue) relative
396 movement, respectively._The last panel for each series shows a surface photograph of the final stage overlain
397 with the interpreted fault pattern; red lines are sinistral faults, blue lines are dextral faults.
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3.2.3.3. Series B-C: Fault evolution in models with N-S rheelegical-contrastvertical domain
boundaries

The Series C models had vertical N-S striking domain boundaries. Model C1 had a 5-cm wide central

domain of quartz sand with microbeads on either side (Fig. 5; Model C1), whereas in Model C2 it was the

other way around (Fig. 5; Model C2). During the early stages of simple shear, dextral (antithetic) faults

formed along the N-S striking borders of the central domain (Fig. 5b, g) in both models, but earlier and

more pronounced in Model C1. With progressive shearing, both synthetic and antithetic faults formed in

the outer domains of both models (Fig. 5¢ 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

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 synthetic 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 counterclockwise rotation about a vertical axis in both models and

antithetic faults obtained a sigmoidal shape as seen in top view (Fig. 5i). As the initial N-S antithetic faults

bordering the central domain rotated counterclockwise, activity along these faults diminished and new fault

segments appeared striking nearly parallel to earlier formed antithetic faults in the western and eastern

domain (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, both antithetic and synthetic faults were

present in both the western and eastern 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 photographs with the
incremental vorticty after 30 minutes (equivalent to 20 mm displacement of the mobile base plate), 60 minutes
(or 40 mm displacement), 90 minutes (or 60 mm displacement) and 120 minutes (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 by
the interpreted fault pattern; red lines are sinistral faults, blue lines are dextral faults.
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Fhese-arereactivated-showing-dextral-strike-ship-movement{Fig—: Fault evolution in

models with N20°W striking vertical domain boundaries

In the series D models the orientation of the vertical central domain was N20°W. In Model D1 the central

domain consisted of a 5 cm-wide central band of quartz sand with microbeads on either side (Fig. 6; Model

D1), whereas in Model D2 it was the other way around (Fig. 6; Model D2). In contrast to the Model C

series, no faults formed along the boundaries of the central domain in both Models D1 and D2 (Fig. 6a and

f). Model D1 is dominated by synthetic faults crosscutting the central strong domain (6c-€). As these faults

traversed the central domain, they slightly changed their strike orientation. 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 both
in the western and eastern domain of Model D24a—E—The-antithetical-faults-are-the first ones-generated;
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. while antithetic faults formed later and in between overlapping synthetic faults (Fig. 6g-j). With

progressive deformation synthetic faults from the western and eastern domain in Model D2 propagated

partially into the central, weak domain, but halted at the previously formed oblique-slip reverse faults (Fig.

6h and i). During late stages of deformation a few antithetic faults formed in Model D1 in between earlier

formed synthetic faults, striking at somewhat larger angles to the shear direction than in Model D2.
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Figure 56: Overview of Series : D models: Simple shear deformation of two
models with N20°W striking vertical domains of contrasting brittle strength. The first four panels of each series
show surface photographs with i : i isting-the incremental vorticty after
30 minutes (20 mm displacement of mobile base plate), 60 minutes
(or i 40 mm displacement), 90 minutes (or 60 mm
displacement) and 120 minutes (or 80 mm displacement). Incremental and-cumulative-positive/ and negative
values indicate sinistral (synthetic, red) and dextral and-sinistral-kinematies(antithetic, blue) relative movement,
respectively.
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4. Discussion

We used-granular-materials-with-contrasting-rheologies-performed analogue modelling experiments to test

the influence of vertical-centrasts, upper crustal domains of contrasting strength on the development and

evolution of strike-slip fault zones.
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fault-patterns-became-more-complex-—considering-the-of two reference models which simulated a uniform

upper, brittle crust (section 4.1). Subsequently, we discuss and compare the results of three series of models

(Series B, C and D, in which two different brittle materials, strong quartz sand and weak microbeads,
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alternated to form three vertical domains of contrasting strength (section 4.2), i.e. either weak-strong-weak

(i.e. quartz sand-microbeads-quartz sand) or strong-weak-strong (i.e. microbeads-quartz sand-microbead

section). Each of these three series had a different grientation of the vertical eontact—Fhe-introduction-ofa
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is-aprocess-that-oceurs-in-nature(Ron-etak-1984.-domains with respect to the shear direction. In section

4.3 we discuss how1986:

3030

o '[Con formato: Inglés (Reino Unido)




597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

K, the central vertical domain affects fault interaction and/or fault linkage. In the final section 4.4 we

compare modelling results with a strike-slip fault system in the Iberian Peninsula.

4.1. Series A: Strike-slip faulting in models with a homogeneous upper brittle layer

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 localization requires a higher

shear deformation in the model with the weak microbeads than in the model with guartz sand. 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 distribution. The microbeads are well-

rounded and have a narrow grain size distribution (150-210 um), whereas the quartz sand grains are angular

and have a wider grain size distribution (60-250 um). The more equal the grain shape and grain size, the

more applied shear deformation is needed before strain localizes along a narrow fault zone (Antonellini et

al., 1995; Mair et al., 2002).

Sinistral (synthetic) strike-slip faults form in both models. The initial strike of these faults differs between

the model with microbeads and the one with quartz sand, striking at c. N79°E and N72°E, respectively. The

synthetic fault orientations reflect the Mohr-Coulomb fracture criterion for faulting in a homogeneous

material (Fig. 7). At the onset of simple shear, the main principal stress, o1 is oriented at 45° to the shear

direction, and the two potential fault orientations strike at 45° - ¢/2 and at 45° + ¢ /2 to o1, respectively

with ¢ the angle of internal peak friction i.e. the synthetic and antithetic faults would strike at N79°E and

N11°E, respectively in the model with microbeads and at N72°E and N18°E, respectively in the model with

quartz sand. In our models only the synthetic faults form during the early stages of simple shear

deformation. The early synthetic faults form a right-stepping en echelon fault pattern that link up with

increasing deformation to form major strike-slip faults. The fact that nearly all deformation is taken up by

synthetic 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; Dooley & Schreurs, 2012). A

comparison of previous simple shear experiments shows that the shape of the initial model has a clear

influence on the relative proportion of synthetic and antithetic faults (Gapais et al., 1991; Schreurs, 2003).

With 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 all., 1991; Dooley &
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625 Schreurs, 2012). In the model with quartz sand, a few antithetic faults form in between previously formed

626 major synthetic faults (Fig. 3i). These late antithetic faults, however, form in response to local stress field

627 modifications between overlapping synthetic faults, causing o1 to rotate clockwise from 45° to the bulk

628 shear direction towards an orientation that is subparallel to the previously formed synthetic faults. As a

629 consequence, these late antithetic faults are not in the “conjugate” position with respect to the synthetic

630 major faults, but strike at lower angles with respect to the long borders of the model (these are the lower-

631 angle antithetic faults of Schreurs, 2003).

Microbeads - Potential fault orientations

MITE 0, (at45°to simple shear direction)

antithetic s
45 - /2
)
= N79°E
synthetic

internal friction cangle ¢
+  Microbeads: 22"

Quartz sand - Potential fault orientations
N18°E

g, (at 45° to simple shear direction)

45" 9/2
N72°E

=
synthetic
internal friction cangle @
. Quartzsand: 36"

633 Eigure 7: lllustrative scheme of the expected fault orientation according to the Mohr-Coulomb failure criteria,
634 for the experiments with only one type of material (homogeneous upper crust). a) and c) Surface photographs
635 of the model with microbeads only (a) and quartz sand only (c), with the incremental vorticty after 60 minutes
636 (40 mm displacement). b) and d) Schematic explanation for the expected orientation of the synthetic and
637 antithetic faults considering the simple shear orientation along with the Mohr-Coulomb failure criteria, for the
638 models with microbeads and quartz sand only respectively.

antithetic

632

639 4.2. Series B, C and D: The influence of the orientation of vertical domains of contrasting

640 brittle strength on strike-slip faulting

641 Introducing vertical domains of contrasting brittle strength in our models results in fault patterns that differ

642 when compared to the Series A models that consisted only of one homogeneous brittle material. The degree

643 of difference in the fault pattern is a function of the orientation of the vertical domains and whether the

644 domains have a strong (quartz sand) or weak (microbeads) material in the central domain. Fig. 8 shows a

645 schematic overview of the final structures of all six models which had vertical domains of contrasting brittle

646 strength. Each of these six models had an initial rectangular shape and consisted of a western, central and
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eastern domain with the central one having a contrasting brittle strength with respect to the adjacent, outer

domains. The initial strike of the vertical domain boundaries, either N20°E, N-S or N20°W has a profound

influence on the resulting fault pattern.
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Figure 8: Schematic surface views summarizing the main results from the models with vertical domains of
contrasting brittle strength.

The domain boundaries in Series B models initially strike N20°E, 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 section 4.1). As a result the domain boundaries in both models are activated along their

entire length, forming antithetic, dextral strike-slip faults along them (Fig. 8a,d). With progressive sinistral

simple shear, the central fault-bounded domain rotates counterclockwise about a vertical axis, and at the

end of the experiment has rotated by about 12° striking c. NO8°E. The domain boundaries remain active

throughout the model run, because their strike orientation remains close to the antithetic fault orientation

predicted by the Mohr-Coulomb failure criterion (Fig 8a, b). As a result of continuous fault activity along

the central domain boundaries, each of the two Series D models develops three spatially separated structural

domains: a western and eastern domain, containing both synthetic and antithetic faults, separated from a

central domain bordered by antithetic faults. Faulting is thus compartmentalized within the model and no

faults propagate from the outer domains into the central domain (Fig. 8a, b).

In comparison to the Series B models, the initial N-S strike of the central domain boundaries in the Series

C models (Fig 8c, d) is less favorably oriented with respect to the antithetic fault orientations predicted by

the Mohr-Coulomb failure criterion. As a result, the domain boundaries in both models are only partially

activated dextrally during initial simple shear deformation (Fig. 4). During progressive shearing the domain

boundaries rotate counterclockwise and become even less favorably oriented for further activation and fault

branches partially no longer follow the domain boundaries, with the overall fault geometry at and in the

vicinity of the central domain boundaries acquiring an overall “S-shaped” geometry in surface view (Fig.

8c, d). The difference between Model C1 (weak-strong-weak) and Model C2 (strong-weak-strong) is that

in the former the total length of the domain boundaries activated is larger and faults at or in the immediate

vicinity of the domain boundaries remain longer active than in the latter (compare Fig. 8c and d). This

difference can be explained by the fact that in Model C1 the weak microbeads represent the dominant brittle

material, and the antithetic fault orientation predicted by Mohr-Coulomb, N10°E for a homogeneous

microbeads layer, is close to the initial N-S orientation of the domain boundary. In contrast, Model C2 is

dominated by quartz sand and the antithetic fault orientation predicted by Mohr-Coulomb, N18°E for a

homogeneous quartz sand layer, is farther away from the initial N-S striking central domain and
3434
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consequently domain boundaries are less activated and fault activity decreases more rapidly with

progressive deformation. As a consequence in Model C2, synthetic faults forming in the outer domains can

propagate across the poorly activated domain boundaries, cross-cutting the central domain, and can partly

link up to form major through-going faults. In Model C1, however, fault activity along domain boundaries

was stronger and occurred longer, and the domain boundaries form a more effective barrier and no synthetic

faults cross-cut the central domain.

In comparison with the Series B and Series C models, the initial N20°W striking central domain boundaries

in the Series D models are the least favorably oriented for fault activation. In the weak-strong-weak Model

D1 (Fig. 8 e and f), the domain boundaries are not activated at all and the synthetic faults forming in the

outer domains propagate across the central domain. Apart from a slight re-orientation of the fault strike,

reflecting the difference in material strength between central and outer domains (difference in internal

friction angles), the fault pattern in Model D1 is very similar to the one in Model A1, which had no vertical

brittle strength contrasts. 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 material surrounded

by strong material results in internal deformation within the central domain and dextral oblique-slip reverse

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.

In all models with vertical domains of contrasting brittle strength, the orientation of the sinistral, synthetic

faults forming in the outer domains reflects the Mohr-Coulomb failure criterion, i.e. if the outer domains

consist of weak microbeads, with an internal friction angle of 22°, the strike of the synthetic faults is c.

N79°E and when the outer domains consist of strong quartz sand, with an internal friction angle of 36°, the

strike of the synthetic faults is c. N72°E (see also section 4.1). In those models, in which the synthetic faults

cross-cut the central domain, the strike of the faults changes slightly, due to the difference in internal friction

angles between the quartz sand and the microbeads (Du and Aydin, 1995; de Doney et al., 2011).

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 and (ii)

those confined between earlier formed and overlapping synthetic faults that strike at lower angles to the

shear direction. The early-formed dextral, antithetic faults reflect the orientation predicted by the Mohr-

Coulomb failure criterion, striking c. N18°E if the outer domains consist of quartz sand and c. N11°E if the
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outer domains consist of microbeads. Due to lateral fault propagation and coeval rotation of the central fault

segments, these antithetic faults obtain a slightly S-shaped sigmoidal form in map view during progressive

simple shear (see also Schreurs, 1994, 2003; Dooley and Schreurs, 2012). The antithetic faults that are

confined in between closely spaced, earlier formed, synthetic faults have an initial different strike (c. N15°-

N20°E in microbeads domains, e.g. Model C1) and c¢. N25°-N30°E in quartz sand domains, (e.g. Model

C2), which is clearly different from those antithetic faults formed during early stages in largely unfaulted

domains. The antithetic faults confined between major synthetic faults result from local stress field

modifications governed by relative movement of material in between previously formed synthetic faults

with large overlap (Schreurs, 2003; Dooley and Schreurs, 2012; their R’ faults). Both types of antithetic

faults rotate counterclockwise with progressive sinistral simple shear. Rotation of faults and blocks in

strike-slip fault systems is not only observed in analogue models (Schreurs, 1994, 2003; Dooley and

Schreurs, 2012), but has also been documented in nature (e.g., Ron et al., 1986; Nicholson et al.,

angle-of the-uniteut(Du-and-Ayin). It is thus important to keep in mind that antithetic faults (and 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.

4.3. Fault linkage across central domain

In models where synthetic faults from the eastern and western 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,
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and D2 where the vertical boundaries of the central domain are not or only partially activated, depending

on the orientation of the central domain (section 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 (i.e., quartz sand) central domain from the E and W domains

(Fig. 9a) and eventually link in the E domain (Fig. 9b). Across the central domain, the fault strike changes

according to the predicted Mohr-Coulomb failure criterion resulting in a step-like linkage pattern in surface

view (i.e., flat-steep-flat; Fig. 9a, b).

Model D1 (EXP_1116) Model C2 (EXP_1162) Model D2 (EXP_1122)

| 120 min

CATT ]
diffuse deformation e
[ e £

— W

ocalization )\ _ ! linkage '5_ = |
«and fault linkage ORI | B3 |

Figure 9: Surface detailed photographs of the central domain of the models with the contrasting brittle
mechanical strength, showing the fault linkage across the central domain at 90 minutes (60 mm displacement)
and 120 minutes (80 mm displacement). a) and b) model D1 with the central domain striking N20°"W and
composed by the strong material (quartz). ¢) and d) model C2 with the central domain striking N-S and
composed by the weak material (microbeads). e) model D2 with the central domain striking N20°W and
composed by the weak material (microbeads). f) Schematic drawing for the fault linkage at the last stage.

For models C2 and D2, however, the domain configuration 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 W domain cross-cuts the weak central domain

and eventually links with the fault in the E 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 during the duration of the model run.

Instead, the two fault segments halt at the domain boundary resulting in ongoing diffuse deformation

without strain localization in the central domain. This behavior may be explained by the presence of the
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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 hindering the

synthetic faults to propagate. 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 central domain in a similar way as do

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 dextral strike-slip intraplate fault systems (Fig. 10a).

These groups on intraplate fault systems are located in an old basement developed during Variscan Orogeny

(Devonian-Carboniferous, e.g., Matte, 1991; Martinez Cataléan et al., 1997; Fernandez 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 deformed. 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 northern edge of Africa in the middle Miocene (e. g., Alonso et al., 1996; Vegas et al., 2004; Martin-

Gonzalez and Heredia, 2011, Martin-Gonzalez et al., 2012). This collision caused the Iberian Peninsula to

undergo a counterclockwise twist, resulting in slight shearing (e.g. Martinez Catalan, 2011; Vergés et al.,

2019). In the study area, intraplate deformation led to a fault pattern primarily composed of sinistral faults

such as the Penacova-Régua-Verin (PRVF), Manteigas-Vilarica-Braganca (MVBF), and Orense faults (see

Fig. 10a). Additionally, antithetic dextral faults were also generated (see Fig. 10a).
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Figure 10: a) Digital elevation model of the northwest section of the Iberian Peninsula where the main faults
are drawn, with the location of Figures b and c. The faults are essentially sinistral and there is a dextral fault on
the southern edge that delimits the study area. In blue and light red, the secondary antithetic (dextral) and
synthetic (sinistral) faults have been marked respectively. b) Schematic representation of the southern section
of the Verin fault showing patterns of directional changes similar to models D1 and D2. ¢) Schematic
representation of the southern section of the Vilarica fault showing a similar deformation pattern to model C2.

Among the traces of these faults, we can observe antithetic faults that do not connect with each other and,

in some cases, acquire an S shape as described in the C1 and C2 models (Fig. 8). These antithetical faults

are not in a conjugate position and are confined between the 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 trace

of the sinistral faults is not completely straight and undergoes small changes that are observable at a larger

scale (Fig. 10b and c). Along the same trace of the PRV fault, it is observed that the faults undergo a

counterclockwise refraction, similar to the D1 model with quartz in the central domain (Fig. 10b). On the

other hand, in section b.2, the fault undergoes a clockwise refraction as it crosses shale-type materials
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(which is represented by the microbeads grains in our models; Panien et al., 2006), similar to the D2

experiment. This phenomenon is also observed in the Vilarica fault when the fault intersects granites and

slates units (Fig. 10c).
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We performed a series of analogue models to investigate faulting in the upper, brittle crust as a result of

sinistral simple shear. The initial model had a rectangular shape with the long axis parallel to the shear

direction. In two reference models, the brittle crust consisted of either a weak granular material

(microbeads) or a strong granular material (quartz sand). In a further six models, we introduced mechanical

strength contrasts in the upper crust, by introducing a vertical central domain consisting of quartz sand

surrounded by microbeads (i.e. a weak-strong-weak configuration) or the other way around (i.e. a strong-

weak-strong configuration). These models allowed us to test the influence of vertical domains of contrasting

brittle strength on the fault pattern, and the influence of the weak-strong-weak and strong-weak-strong

configuration.

- The fault pattern of models with a single granular material simulating the upper crust (i.e. no vertical

domains of contrasting brittle mechanical strength) is dominated by sinistral (synthetic) strike-slip

faulting, whose orientations are readily explained by the Mohr-Coulomb failure criterion, with fault

strikes being a function of the internal friction angles, which differ between microbeads ($=22°) and

quartz sand (¢= 36°)

- In models with vertical domains of contrasting brittle strength, initial fault development occurs in the

outer domains with syn-and antithetic faults forming in the expected orientations according to the

Mohr-Coulomb failure criterion.

- In models with domains of contrasting brittle strength, the central domain boundaries are almost

completely or fully activated if their strike orientation is subparallel to the predicted antithetic fault

orientation. As a consequence, faulting occurs in three distinct structural domains.

- If the orientation of the domain boundaries is less favorably oriented, they are only partially activated

or not at all, allowing synthetic faults that form in the outer domains to cut across the central domain.

Hence, there are no distinct structural domains.

- If the central domain boundaries are fully activated and three structurally distinct domains form, the

strength contrast between the domains (i.e. weak-strong-weak or strong-weak-strong) does not

influence the overall fault pattern. However, if the domain boundaries remain inactive then the strength

contrast between the domains has an influence on the fault development and evolution. 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
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show internal oblique-slip reverse faulting, which inhibits faults from the outer domain to fully cross

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.

- Our results are comparable with the fault systems observed in the NW of the lberian Peninsula. Fhe

faults-The area shows synthetic and antithetic faults whose distribution is similar to the models made.

In addition, refraction patterns of the main traces-change-theirinitial-strike-when-they-crosseut-different

the faults associated with lithological contrasts can be observed.
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