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This work simulates the inversion and incorporation of sub-thrust segmented half-graben basins into tectonic
wedges by means of sandbox analogue models. Segmented half-graben basins - striking at 90°, 45° and 15° to
the extension direction - were created first, and then shortened using different angles for the basal detachment
and topographic slope. A shallow viscous polymer layer located above the half-graben basin was included in one
of themodels. The experimentswere analysed using time-lapse photography, topography laser scans and image-
based 3D voxels. The results indicate a deformation sequence characterised by layer-parallel compaction, fault
reactivation, thrust propagation and related folding. Fault reactivation was associated with the layer-parallel
compaction accomplished by slip along the basal detachment, prior to and in betweenpulses of thrusting. Results
reveal the fundamental control imposed by the vertical load of the tectonic wedge and its integrated strength
profile in the inversion of sub-thrust basins. Results are compared to the Alpine-Carpathian fold-and-thrust belt.
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1. Introduction

Extensional fault systems in rifted continentalmargins are systemat-
ically segmented by the occurrence of soft- and hard-liked transfer fault
systems (e.g., Gibbs, 1984; Morley et al., 1990; Gawthorpe and Hurst,
1993). This segmentation arises from the interaction of fault growth
processes with pre-existing crustal features that become reactivated
upon rifting (e.g., Bartholomew et al., 1993; Faulds and Varga, 1998;
Morley, 2010; Fossen et al., 2016). In this sense, structural inheritance
may also play an important role during subsequent shortening stages.
In collisional foredeeps, rifted continental margins are buried by fore-
land sedimentary systems and, ultimately, become overridden by ad-
vancing fold-and-thrust belts. With ongoing collision, compressive
stresses can be transmitted into the foreland plate, causing the positive
inversion of these deep-seated sub-thrust basins (Fig. 1) under com-
pressional and/or transpressional stress regimes (e.g., Ziegler et al.,
2001). Studies on fold-and-thrust belts such as the European Alpine sys-
tem (e.g., Gillcrist et al., 1987; Williams et al., 1989; Huyghe and
Mugnier, 1995; Muñoz, 2002; Mencos et al., 2015), the High Atlas
(e.g., El Harfi et al., 2006), the Apennines (e.g., Scisciani, 2009), the
Andes (e.g., Carrera and Muñoz, 2013) as well as numerical modelling
dels, Universitat de Barcelona,

ranado).
works (e.g., Buiter et al., 2009; Nilfouroushan et al., 2013; Erdős et al.,
2014), have illustrated that inversion of sedimentary basins is largely
controlled by the inherited lithospheric architecture, including: (1)
the physical properties of pre-existing fault systems and their orienta-
tion in relation to stress trajectories; (2) basin geometry and the physi-
cal properties of the stratigraphic infill; (3) basement type/s; (4)
thermal history; (5) the integrated lithospheric strength profile and its
variations through time (e.g., Ziegler et al., 2001). All these factors can
be included in the concept of inheritance (e.g., Holdsworth et al., 2001).

The study presented here has beenmotivated by the recent interpre-
tation of sub-thrust positive inversion structures below the Alpine-
Carpathian fold-and-thrust belt (e.g., Granado et al., 2016; Fig. 2). The
Höflein high (Fig. 3) is one of the largest hydrocarbon fields in the
area and corresponds to a structurally complex basement high, poorly
covered by available 3D seismic data. Similar sub-thrust structures are
known to host large hydrocarbon reserves in other fold-and-thrust
belts, bur their 3D structure and kinematics also remain poorly
constrained due to deep burial and limited seismic resolution (e.g.,
Zimmer et al., 1996; Shiner et al., 2004; D'Adda et al., 2017). By control-
ling the modelling parameters, sandbox analogue models can provide
structurally balanced and scaled solutions aiding in the interpretation
process (e.g., Koopman et al., 1987; McClay, 1989, 1995, 1996;
Buchanan and McClay, 1991, 1992; Sassi et al., 1993; Vially et al.,
1994; Eisenstadt and Withjack, 1995; Storti and McClay, 1995; Brun
and Nalpas, 1996; Roure and Colletta, 1996; Dubois et al., 2002;
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Fig. 1. a) Continental margin. b) Orogenic belt displaying extensional basins imbricated on
a fold-and-thrust belt, and sub-thrust inverted basins.

51P. Granado et al. / Tectonophysics 703–704 (2017) 50–68
Yamada and McClay, 2004; Eisenstadt and Sims, 2005; Panien et al.,
2005; Del Ventisette et al., 2006; Bonini, 2007; Bonini et al., 2012; Di
Domenica et al., 2014). In this work, the impact of the vertical load
and the strength profile of tectonic wedges on the inversion of structur-
ally segmented sub-thrust basins were investigated by means of sand-
box models. For this matter, the experimental approach included the
deformation of tectonic wedges using different basal detachment dips
and topographic slopes (i.e., β andα angle, respectively) over a friction-
al basal detachment.

The analysis of the experimental results was focused on twomodels
sharing the same tectonic wedge configuration, one with a shallow
viscous detachment above the half-graben basin and one without it,
aimed to represent end members of structural coupling. Insights into
the geometry, the kinematics and the timing of basin inversion vs.
thrust propagation were obtained. To aid in the interpretation of the
experimental results, image-based 3D voxel reconstructions (see
Dooley et al., 2009) were also carried out. Using longitudinal serial
cross-sections as seeds, the technique allows correlating along-strike
both the extensional and compressional architectures of the models
by means of mutually-orthogonal virtual depth-slices and inline-
sections. The experimental results are presented and compared to the
Höflein high natural prototype, discussing the competing factors that
may influence the role of inheritance in natural systems.

2. Geological framework

The Alpine-Carpathian fold-and-thrust belt is located in the transi-
tion between the Eastern Alps and the Western Carpathians (Fig. 2a)
to the south of the Bohemian Massif (Fig. 2b). Beneath the fold-and-
thrust belt, the former Middle Jurassic to Early Cretaceous rifted margin
of the European plate is represented by the Lower Austria Mesozoic
Basin (e.g., Wessely, 1987). Although structurally segmented, the base-
ment fault array of the basin is dominantly NE-SW-striking and steeply
SE-dipping (Fig. 2c). The basement fault system originated during the
late stages of the Variscan cycle (e.g.,Wagner, 1998), and since then, be-
came reactivated in several episodes (e.g., Granado et al., 2016). Conver-
gence between Adria and Europe led to the formation of an accretionary
prism as the oceanic lithosphere of the European plate was subducted
beneath the Adriatic plate. Upon continental collision, the Alpine-
Carpathian fold-and-thrust belt developed from late Eocene to early
Miocene by the N- to NW-directed overthrusting of the Adriatic plate
and the accretion of the Alpine Tethys continental margin sequences
onto the European platform (e.g., Decker and Peresson, 1996; Schmid
et al., 2004; Beidinger and Decker, 2014). In NE Austria, the Lower
Austria Mesozoic Basin and its crystalline basement were overthrust
by this thin-skinned fold-and-thrust belt along the shale sequences of
the uppermost post-rift and lowermost foreland sediments (e.g.,
Wagner, 1998; Beidinger and Decker, 2014). Thin-skinned thrusting
was followed by the selective reactivation of the basement faults and
the formation of new basement-involved thrusts between late early
Miocene to earliest middle Miocene. The basement extensional faults
and the basement-involved thrusts broadly share the same orientation
as constrained by the seismic interpretation and 3D structural model-
ling carried out (Fig. 2c). The basement-involved shortening was re-
sponsible for the formation of the Höflein high and other inversion
structures in the sub-thrust and the foreland (e.g., Granado et al.,
2016; Fig. 2d).

TheHöflein high (Fig. 3a) corresponds to the elevated footwall of the
Höflein fault, which is constituted by three segments of distinct mean
orientations (Fig. 3c): a Segment 1, dipping 70° towards 114° (i.e.,
NNE-striking); a Segment 2, dipping 76° towards 175° (i.e., E-W-strik-
ing); and a Segment 3, dipping 74° towards 136° (i.e., NE-SW-striking).
Based on these orientations and the NW-directed direction of shorten-
ing in earlyMiocene (Beidinger andDecker, 2014), these three fault seg-
ments would have been at 15°, 45° and 90° to the shortening direction,
respectively (Fig. 3). Interpretation from 3D depth-converted seismic
data and well intersections has shown that the Alpine Basal Thrust is
folded above the Höflein high. These observations indicate that the up-
lift was produced after thin-skinned thrusting and by the development
of deeper, basement-involved thrusts. Based on this, Granado et al.
(2016) interpreted the Höflein high as a harpoon structure (i.e.,
Williams et al., 1989) constituted by a mildly inverted extensional
fault and an imbricate fan of basement-involved footwall shortcut
thrusts. Frommiddle Miocene onwards, lateral extrusion of the Eastern
Alps towards the Carpathian embayment led to the collapse and burial
of the orogenic wedge beneath the Pannonian basins system (Fig. 2a,
d). This burial affected largely the fold-and-thrust belt and included
parts of its foreland and wedge-top basin (e.g., Ratschbacher et al.,
1991; Tomek and Hall, 1993; Fodor, 1995; Decker and Peresson, 1996;
Huismans et al., 2001; Strauss et al., 2001; Horvárth et al., 2006;
Hölzel et al., 2010).

3. Analogue modelling

3.1. Rationale

Despite the large amount of analogue modelling works on basin in-
version to date, few have addressed the inversion of continental mar-
gins during the development of tectonic wedges (e.g., Bonnet et al.,
2007). A non-cylindrical (i.e., 3D) approach was used for the experi-
mental programme presented here. In such a way, and for the first
time, the inversion and imbrication of segmentedhalf-graben basins be-
neath and ahead of developing fold-and-thrust belts was simulated.
Segmented half-graben basins were modelled first, and then shortened
using different angles for the basal detachment and topographic slope. A
shallow viscous polymer layer, located above the half-graben basin, was
included in one of the models (Table 1). The methodology, materials'
properties, scaling and the combination of analytical techniques used
is this study are described in the following sections.

3.2. Experimental methodology

3.2.1. Set-up
The experimental programme was carried out at the Geomodels An-

alog Modeling Laboratory of the University of Barcelona. A similar set up
to that describedby Brun andNalpas (1996), Smit et al. (2003), Schreurs
et al. (2006), Graveleau et al. (2012) or Bonini et al. (2012) for physical



Fig. 2. Geological setting. a) Sketch of the Alpine-Carpathian-Pannonian tectonic framework (modified from Decker and Peresson, 1996). b) Simplified tectonic map of the Alpine-
Carpathian Junction. c) Mean orientations of the Lower Austria Mesozoic Basin basement fault array. d) NW-SE-striking regional cross-section along the Alpine-Carpathian foreland,
fold-and-thrust belt and the Pannonian basins (Korneuburg and Vienna basins). Modified from Zimmer et al. (1996), Beidinger and Decker (2014) and Granado et al. (2016). BM:
Bohemian Massif; EA: Eastern Alps; PB: Pannonian Basin; PM: Para-Autochthonous Molasse; SA: Southern Alps; VB: Vienna Basin; W: Vienna; WC: Western Carpathians.
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analogue experiments of brittle and brittle-ductile systems was used.
The experimental rig consisted on two glass-sided walls, a fixed wall,
and a moving backstop wall with pre-deformation dimensions of 75
× 50 × 6 cm3. A strong plastic sheet was set at its base to simulate the
basal detachment surface (Fig. 4). The plastic sheet was not deformed
under the modelling conditions and maintained its length during the
experiments. On top of the plastic sheet, a 2 mm-thick basal rigid
plate with dimensions of 45 × 50 cm2 was attached to the fixed wall
(Fig. 4). This rigid plate was built with a non-rectilinear boundary in-
spired on the Höflein fault but aimed at providing a 3D component to
the segmented extensional fault system. The rigid plate consisted on
two segments oblique to the extension and shortening directions (i.e.,
one at 15° and another at 45°, such as segments 1 and 2 of the Höflein
fault, respectively); the third fault segment perpendicular to both direc-
tions of deformationwould correspond to the fault segment 3 (compare
Figs. 3 and 4). Using a large rigid footwall block, or a rotatingmechanical
domino set up (Wernicke and Burchfield, 1982; McClay, 1989, 1995)
was discarded to minimise the forced reactivation, and to allow for
the ‘free’ deformation of the sandpack and the development of footwall
shortcut thrusts by slip along the basal detachment (e.g., Panien et al.,
2005; Bonini et al., 2012; Di Domenica et al., 2014).

3.2.2. Analogue materials and scaling
The models were constructed using modelling materials suitable to

carry out simulations of upper crustal deformation (see Davy and
Cobbold, 1991; Weijermars and Schmeling, 1986; Schellart, 2000;
Lohrmann et al., 2003; Adam et al., 2005; Dell'Ertole and Schellart,
2013; Schellart and Strak, 2016). An extension rate of 1 cm/h was ap-
plied to all models given that the rheology of dry quartz sand is not
strain rate dependent and that no proper estimates for the rate of



Fig. 3. 3D structure of the Höflein high and related fault segments. a) Top Basement structuremap of the Höflein high. b) Syn-rift true stratigraphic thicknessmap of theHöflein half-graben.
Numbers 1, 2 and 3 refer to the three fault segments individuated for the Höflein fault. c) Mean orientation of the Höflein fault and its three fault segments. See text for further details.
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Jurassic rifting at the Lower Austria Mesozoic Basin are available. Based
on the structural decoupling observed between thin-skinned thrust sys-
tems and sub-thrust basins, a strain-rate dependent polymer was used
Table 1
Main parameters of the experimental programme.

Basal detachment Dip (β) Shallow detachment Topography slope (α) W

Model 1 Frictional 0° – 0° –
Model 2 Frictional 0° – 0° 0°
Model 3 Frictional 3° – 32° 35
Model 4 Frictional 3° – 3° 6°
Model 5 Frictional 3° – 0° 3°
Model 6 Frictional 3° Viscous 0° 3°
in one of the experiments carried out (see Table 1 and further explana-
tions in the following). A 1.5 cm/h velocity of shortening was chosen
after proper scaling using the polymer characteristics and the thrust
edge (α + β) Total extension Extension rate Total shortening Shortening rate

5 cm 1 cm/h – –
5 cm 1 cm/h 6 cm 1.5 cm/h

° 5 cm 1 cm/h 15 cm 1.5 cm/h
5 cm 1 cm/h 15 cm 1.5 cm/h
5 cm 1 cm/h 15 cm 1.5 cm/h
5 cm 1 cm/h 15 cm 1.5 cm/h



Fig. 4. Experimental set up. a) Top-view sketch of the experimental setup with the
terminology used in this article. Note the 3 different segments of the rigid basal plate at
90°, 45° and 15° to the extension and shortening directions. Compare with Fig. 3c.
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velocities estimated for the area by Beidinger and Decker (2014). The
properties of thematerials used and the scaling of the experimental pro-
gramme are summarised on Table 2.

Dry well-sorted quartz sand with an average grain size of 250 μm, a
mean coefficient of friction (φ) of 0.6, and an average angle of internal
friction (ϕ) of ~34°, a bulk density of 1600 kg/m3 and cohesive strength
of around 55 Pascals was used. As demonstrated by Lohrmann et al.
(2003) and Adam et al. (2005), sand displays an elastic/frictional plastic
behaviour with transient strain hardening prior to transition to stable
sliding. According to their works, the behaviour of dry quartz sand de-
parts from the classically accepted Mohr-Coulomb rheology (e.g.,
Hubbert, 1951), but still remains a good mechanical analogue for
modelling the brittle behaviour of upper crustal rocks. In particular,
sand is considered to be a good analogue material to model settings
where the frictional reactivation of faults happens to be mild (e.g.,
Eisenstadt and Sims, 2005).

The polymer used to replicate the shallow detachment of the thin-
skinned fold-and-thrust belt was Rhodosil GUM FB from Bluestar Sili-
cones, a transparent high-viscosity polydimethylsiloxane (see
Dell'Ertole and Schellart, 2013). At the low velocities of deformation
used in the analoguemodels presented in this study (Table 1), this poly-
mer behaves as a nearly-Newtonian fluid with low yield strength and a
stress exponent n of ~1 (e.g., Davy and Cobbold, 1991; Weijermars and
Schmeling, 1986; Dell'Ertole and Schellart, 2013). This rheological be-
haviour is appropriate to simulate the natural deformation of salt or
overpressured shale formations in upper crustal settings (e.g.,
Weijermars et al., 1993; Couzens-Schultz et al., 2003; Smit et al., 2003;
Santolaria et al., 2015; Schellart and Strak, 2016). In comparison with
the polymer detachment, the basal detachment constituted by the plas-
tic sheet can be considered frictional as indicated by the dominant
breaking-forward sequence of thrusting and the lack of any significant
Table 2
Scaling parameters.

Parameter Experiment Nature Model/nature

Length (L) 1 cm 1 km 1.10−5

Gravity (g) 9.81 m/s2 9.81 m/s2 1
Density (ρ)
Dry quartz sand

1.6 g/cm3 2.6 g/cm3 0.61

Density (ρ)
Polymer

0.97 g/cm3 2.2 g/cm3 0.44

Viscosity (η) 1.18 × 104 Pa·s 5 × 1018 Pa·s 2.3 × 10−15

Time (t) 1 h 258,270 yrs 4.42 × 10−10

Velocity (V) 1.5 cm/h 5 mm/yrs 2.26 × 104
back-thrusting observed (e.g., Couzens-Schultz et al., 2003; Smit et al.,
2003; Graveleau et al., 2012).

3.2.3. Procedure
A pre-deformational sandpack was built by pouring layers of even

thickness of white-, blue- and black-coloured sand over the basal rigid
plate and the plastic sheet. Sand layers of 0.4 cm thickness were laid
to facilitate tracking of deformation (Fig. 5a). Subsequently, all models
were subjected to 5 cm of extension parallel to the glass-sided walls of
the rig at a constant rate of 1 cm/h. Deformation was carried out by a
computer-controlled rolling engine that pulled the plastic sheet away
from the fixed basal plate. This forced an asymmetric velocity disconti-
nuity at the base of the sandpack and the consequent development of a
half-graben (Fig. 5b). At the same time, the moving backstop wall was
pulled by a worm screw attached as well to a computer-controlled en-
gine. Both engines worked synchronously at the same rate to avoid dif-
ferential shortening or extension of the sandpack. The accommodation
space created during extension was filled with alternating layers of
poured red-, white- and black-coloured sand simulating syn-rift de-
posits. Extension was halted every 30 min to add each new layer of
syn-rift sand. The syn-rift sand was only poured inside the developing
half-graben basin to fill the accommodation space created during each
step of extension. For this, the top of the undeformed pre-rift layers
was used as a regional reference of elevation. These stepswere repeated
until a total of 5 cm of extension were completed. Following extension,
all models were covered with an even layer of orange-coloured sand to
simulate a post-rift cover (Fig. 5b). This post-rift layer was used as a re-
gional datumof elevation to assess thedegree of shortening anduplift of
the extensional basins during the subsequent phases of deformation.

For the shorteningphase the rolling enginewas locked anddeforma-
tion was applied exclusively by pushing the backstop wall towards the
‘undeformed foreland’ at a constant velocity of 1.5 cm/h. For shortening,
the first shortening model (i.e., Model 2) was kept horizontal whereas
for the rest of the shortening experiments (i.e., Models 3 to 6) the defor-
mation rig was tilted 3° towards the backstop moving wall (Fig. 5). In
such a way, a series of distinct hinterland-thickening wedges were
built by pouring brown and white layers of sand. The parameters
changed for the modelling were: the dip of the basal detachment (β),
the topographic slope (α), the wedge angle (α + β), and the presence
or absence of a shallow viscous detachment in an equivalent post-rift
position. The models carried out and their characteristics are
summarised on Table 1 and in Fig. 5. Although erosion and sedimenta-
tion are known to have a significant impact on the kinematics of tecton-
ic wedges (e.g., Storti andMcClay, 1995; Bonnet et al., 2007;Malavieille,
2010; Graveleau et al., 2012), these were omitted for the sake of
simplicity.

3.2.4. Analysis
In order to keep record of the experiments during extension and

shortening, time-lapse high-resolution digital photographs were taken
from the lateral sides of the model, from an oblique point of view and
from the top of the model at 15 s intervals. Videos from these time-
lapse photos were generated for kinematic analysis of deformation
(see online Supplementary material). A white-light scanner was also
used to record the topographical evolution of themodels. During exten-
sion, these scans were carried out after stopping the deformation rig
and before adding each corresponding syn-rift layer (i.e., after each
0.5 cm increments of extension). During shortening, scans were made
after stopping the rig and for each 3 cm deformation increments. At
the end of each experiment, themodels were preserved and then longi-
tudinally sectioned at 3 mm spacing. A 4 cm wide section along each
side of the experiments was discarded to remove any border effects.
High-resolution photographs of the longitudinal cross-sections were
then imported as seeds to generate 3D voxel models. Image-processing
software was used to generate mutually orthogonal crosslines, inlines



Fig. 5. Summary of the sandboxmodels set ups carried out in this study. a) Baseline extensionalmodel set up previous to extension. b)Model 1 after 5 cmof extension. The results ofModel
1 are also the pre-shortening configuration for shortening Model 2. c) Pre-shortening configuration for Model 3. d) Pre-shortening configuration for Model 4. e) Pre-shortening
configuration for Model 5. f) Pre-shortening configuration for Model 6. See Table 1 for further details.
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and depth-slices that allowed for better visualisation and interpretation
of the experimental results.

4. Experimental results

4.1. Baseline extensional model results (Model 1)

A segmented half-graben basin was developed during the exten-
sional deformation stage of each model. Time-lapse photography (see
online supplementary material) has shown that during the earliest
stages of extension a master border fault was developed above the ve-
locity discontinuity. An early fault scarp developed above the segments
at 90° and 15° to extension, whereas a monocline dipping into the half-
graben was developed at the fault segment trending at 45° to extension
(Fig. 6a).With ongoing extension, themonocline became breached, and
the upward-propagating fault segments were linked along strike (Fig.
6b). Secondary faults, including antithetic and, to a lesser extent syn-
thetic faults, grew as initially sinuous and isolated fault segments,
trending parallel to the bisector of the normal to the extension direction
and the corresponding velocity discontinuity segment. This is well illus-
trated by the synthetic fault that breached the monocline developed at
the 45° segment. Initially isolated fault segments were developed on
those fault segments at 90° and 15° to the extension direction, linking
laterallywith other isolated fault segments to produce less sinuous, lon-
ger strike faults (Fig. 6b). Overall, these faults grew migrating laterally
from the 15° and 90° segments towards the 45° fault segment located
in the central part of the sandboxmodel. The formation of additional an-
tithetic faults always took place into the interior of the developing half-
graben basin. As extension accumulated, the formerly developed anti-
thetic fault systems progressively took less displacement and became
abandoned. At the 45° segment, extensional relay ramps were generat-
ed in all the models (Fig. 6b). With continued extension, these relay
ramps were eventually breached to form longer strike faults. Opposite-
ly, themaster border fault displayed a continuous activity during the ex-
tensional phase in all models, developing accommodation space
immediately above the velocity discontinuity. This kinematic evolution
was observed for all the models carried out in this study.

The internal 3D architecture of the segmented half-graben basinwas
additionally constrained by means of serial cross sections (Fig. 6c–e)
and 3D image-based voxels (Fig. 7). Serial cross-sections have shown
differences in regards of the number of faults and their spacing along
strike (i.e., fault density): a total of 4 narrowly-spaced antithetic faults
were developed at the 90° and 15° segments, whereas only 3 widely-
spaced antithetic faults were developed at the central 45° segment. A
synthetic fault was also developed at the central 45° segment and was
responsible for the formation of a rider block (Fig. 6d). The developed
antithetic faults were planar and showed similar cut-off angles at the
90° and 15° segments. Conversely, the antithetic faults developed at
the 45° segment display a steepening, concave upwards geometry.
The plan view geometry of the extensional basin is shown by a depth-
slice (Fig. 7a) as a ribbon of syn-rift layers (i.e., red-, white- and black-
coloured sand). These layers follow the shape of the basal rigid plate
(see Fig. 4 for comparison with the deformation rig set up). Faults
were revealed as thin linear features of coloured sand and correspond
to the dragged sand layers produced by extension along discrete fault
zones. The breached relays ramps and the breached monocline at the
45° fault segment are shown as patches of red- and white-coloured
sand on the depth-slice (Fig. 7a). Three virtual inline sections (i.e., sec-
tions normal to the direction of extension; Fig. 7b-d) were generated
from the 3D voxel and have shown the along-strike structural change
of the basin from the footwall to the hanging-wall (i.e., sections from
I–I′ to III–III’). For those inline-sections striking at low angles to the
faults, the shallowly-dipping fault traces show the apparent dips of
the extensional faults (Fig. 7b–d).

4.2. Shortening results

4.2.1. Shortening Model 2
Thismodel consisted in the simulation of the inversion of a shallowly

buried segmented half-graben basin by shortening the sandpack with-
out any previous topography (i.e., α = 0°) along a horizontal detach-
ment (i.e., β = 0°). The pre-shortening configuration for Model 2 is
shown in Fig. 5b. This set up allowed establishing a baseline model for
comparison with the following ones. The total amount of shortening
was 6 cm (i.e., slightlymore than the amount of extension) and resulted
in the formation of a pop-up anticline (Fig. 8) with no preferred struc-
tural vergence. The anticline was affected by surface-breaching faults
which correspond to reactivated extensional faults (Fig. 8a), as well as



Fig. 6. Summary of results for baseline extensionModel 1. Illumination is from the left. Shadowed areas are surface-breaching faults dipping to the right and illuminated areas are surface-
breaching faults dipping to the left. a) Top viewafter 1 cmof extension. b) Top viewafter 5 cmof extension. c) Cross-section along the 90° segment. d) Cross-section along the 45° segment.
e) Cross-section along the 15° segment. FW: Footwall. HW: Hanging-wall. VD: Velocity discontinuity.

Fig. 7.Virtual sections extracted from the 3D voxel ofModel 1. a) Depth-slice showing the top view geometry of the half-graben basin. b) Virtual inline passing by the tip of the extensional
basin. c) Virtual inline passing along the central parts of the half-graben basin. d) Virtual inline passing by the 90° and the 15° segments. Shallow dips of the extensional faults are apparent
dips. FW: Footwall. HW: Hanging-wall.
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Fig. 8. Summary of results forModel 2. Illumination is from the left. Shadowed areas are surface-breaching faults dipping to the left,whereas illuminated zones are surface-breaching faults
dipping to the right. a) Top viewafter 1 cmof shortening. b) Top viewafter 6 cmof shortening. c) Sliced cross-section along the 90° segment. d) Sliced cross-section along the 45° segment.
e) Sliced cross-section along the 15° segment. Numbers indicate the relative timing of fault activity and basin inversion. FW: Footwall. HW: Hanging-wall.
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two forward directed thrusts and two back-thrusts (Fig. 8a, b). On plan
view, the developing pop-up anticline and the trace of the emergent
thrusts and back-thrusts followed the shape of the underlying rigid
plate. Serial vertical sectioning of the model has shown that the thrusts
faults display a roughly linear geometry. No significant changes along
strike in the structurewere observed (Fig. 8c–e). These features indicate
that the deformation results could have been partially controlled by the
initial boundary conditions of the model.

Time-lapse photography was used to constrain the sequence of de-
formation (see online supplementary material). During the earliest
stages of shortening, the moving backstop wall generated sliding
along the basal horizontal detachment, producing the compaction of
the sandpack up to the location of the velocity discontinuity. As revealed
by time-lapse photography, the first structures to form developed after
a certain degree of compaction, and then, folded the surface of the sand-
boxmodel (Fig. 8a). These surface-breaching structures are shownup as
lighted and shadowed linear features. These early folds mimicked the
shape of the previously developed extensional fault system, including
the secondary antithetic faults and the breached relay ramps. Hence,
these structures are indicative for the early reactivation of the exten-
sional fault array. As shortening continued, deformation was taken up
by displacement along back-thrusts and thrusts. The back-thrusts
correspond to hanging-wall directed back-thrusts, whereas the thrusts
correspond to footwall shortcut thrusts structures (e.g., McClay, 1989).

4.2.2. Shortening Model 3
This model consisted on the deformation of the segmented half-

graben basin located ahead of a sand wedge with a topographic slope
of α= 32°. In contrast with the former model, the pre-shortening con-
figuration included a hinterland-dipping basal detachment (β = 3°).
The elevated slope was built to make it closely correspond to the inter-
nal friction threshold of the sand. The set up aimed atmodelling the de-
formation of a near-critical wedge (i.e., in the verge of failure; see
Chapple, 1978) so to test if and how the segmented half-graben was
inverted and accreted to the toe of the wedge. The wedge was built
onto the post-rift cover so as to pinch out in a linear fashion (i.e., at
90° to shortening direction) behind the segmented half-graben basin
(Fig. 5c). The total amount of shortening was 15 cm (i.e., three times
the value of extension).

Time-lapse photography allowed unravelling the sequence of defor-
mation which is summarised on Fig. 9a and b (see online supplementa-
ry material). Similarly to Model 2, an initial phase of sand compaction
took place by sliding along the basal detachment. This deformation
phase was accompanied by the gentle inversion of the previously



Fig. 9. Summary of results for Model 3. Illumination is from the left. a) Top view after 2 cm of shortening. b) End of experiment after 15 cm of shortening. c) Cross-section along the 90°
segment. d) Cross-section along the 45° segment of the rigid basal plate. e) Cross-section along the 15° segment. Numbers indicate relative timing of thrustmovement and basin inversion.
FW: Footwall. HW: Hanging-wall.
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developed extensional fault system (i.e., themaster border fault and the
antithetic faults) as shown by the formation of surface-breaching fault-
propagation folds (Fig. 9a) above the underlying extensional fault sys-
tem. Inversion was followed by emergent hanging-wall directed back-
thrusts and foreland-directed thrusts which affected the pre-rift sand
layers. Uplift along the foreland-directed thrusts led to the collapse of
the thrust fronts by “mass-wasting”. Although the overall kinematical
evolution developed broadly in sequence towards the foreland, the
cross-cutting relationships shown by serial cross-sectioning and time-
lapse videos (see supplementary material) revealed out-of-sequence
thrusting (i.e., thrusts #2 and #3; Fig. 9c) after the reactivation of the
border extensional fault. The last deformation phase was represented
by the formation of an emergent footwall shortcut thrust (i.e., thrust
#4; Fig. 9b, c).

Cross sections have shown significant changes along the strike of the
model. Thrust #3 developed as a footwall shortcut at the 90° and 15°
fault segments, whereas it developed as a hanging-wall by-pass thrust
towards the central parts of the sandbox (i.e., 45° segments). The by-
pass thrust re-used the upper reaches of the border extensional fault
(Fig. 9d), transporting and tilting the half-graben towards the foreland.
The basin and its border faultwere split in two in the central parts of the
sandbox model, where it can be found in a hanging-wall and a footwall
position (Fig. 9d). In the 90° and15° segments, the inverted basin occurs
imbricated on a hanging-wall position alongwith themaster extension-
al fault (Fig. 9c and e).

4.2.3. Shortening Model 4
This model consisted on the deformation of the segmented half-gra-

ben basin along a hinterland dipping basal detachment (β=3°), with a
hinterland-thickening sand wedge covering the full stretch of the
model. The sandwedgewas built with a 6° thickening angle and a topo-
graphic slopeα=3° (Fig. 5d). After 15 cm of shortening, the deformed
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tectonic wedged displayed three thrust sheets with associated surface-
breaching fault-propagation folds (Fig. 10). Displacement along the hin-
terland thrust completely overrode the segmented half-graben basin.
Time-lapse photography (see online supplementary material) and to-
pography scans have shown a sequence of deformation characterised
by a first stage of sand compaction associated to slip along the hinter-
land-dipping basal detachment. The deformation front of this early
compaction phase migrated from the hinterland towards the foreland
and arrived ahead of the half-graben basin. The border antithetic fault
underwent mild reactivation by back-thrusting (i.e., back-thrust #1),
developing a gentle fault-propagation fold. The early deformation
front can be better appreciated on the topography scan (Fig. 10b)
whereas the emergent back-thrust fault-propagation fold is better
shown by time-lapse photography (Fig. 10a, c). Subsequent deforma-
tionwas characterised by the development of a breaking-forward thrust
system (i.e., thrusts #2, #3 and #4; Fig. 10e).
Fig. 10. Summary of results for Model 4. Illumination is from the left. A) Top view after 3 cm o
ahead of the half-graben basin. c) Top viewat the end of the experiment after 15 cmof shortenin
segment. Numbers indicate relative timing of thrust movement and basin inversion. FW: Footw
The longitudinal cross-sections revealed a broadly homogeneous
along-strike structure dominated by a large thrust sheet associated
with thrust #2. For this reason, the cross-section at 45° is shown as
a representative section for the whole model (Fig. 10e). The next
thrust to develop (i.e., thrust #3) propagated forward from beneath
the segmented half-graben, splitting the master extensional fault
and the syn-rift wedge in two. Displacement along thrust #3 also de-
veloped a fault-propagation fold with an associated back-thrust
close to the surface. In the central parts of the sandbox, an emergent
thrust front was developed (i.e., thrust #4), showing a top view
shape parallel to the geometry of the basal plate (Fig. 10c, d). This
last thrust propagated forwards in the central parts of the sandbox
model but it is linked to thrust #3 towards the lateral ends of the
sandbox, meaning that thrust #4 is a splay from thrust #3. Only
the border antithetic fault underwent mild reactivation in this
model.
f shortening. b) Topography scan also reveals a bow-shaped deformation front developed
g. d) Topography scan after the end of the experiment. e) Sliced cross-section along the 45°
all. HW: Hanging-wall.



Fig. 11. Summary of results for Model 5. Illumination is from the left. a) Top view after 3 cm of shortening. b) Topography scan after 3 cm. c) Top view at the end of the experiment after
15 cm. d) Topography scan at the end of deformation. e) Cross-section by the 90° segment of the rigid basal plate. f) Cross-section passing by the 45° segment. g) Cross-section by the 15°
segment. Numbers indicate relative timing of fault activity. FW: Footwall. HW: Hanging-wall.
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Fig. 12.Virtual sections extracted from the 3D voxel ofModel 5. a) Cross-section for reference. b) Depth-slice using the undeformedpost-rift unit (i.e., orange layer) as reference. c) Depth-
slice taking the middle of the pre-rift sandpack showing the frontal thrust splitting the half-graben basin in two at the 45° and 90° segments. d) Inline-section showing the footwall
shortcut block beneath the imbricated half-graben basin. e) Inline-section showing the imbricated half-graben basin over the hanging-wall by-pass thrust f) Inline-section showing the
imbricated half-graben basin in a sub-thrust position. Numbers indicate relative timing of fault activity. FW: Footwall. HW: Hanging-wall.

61P. Granado et al. / Tectonophysics 703–704 (2017) 50–68



Fig. 13. Summary of results for Model 6. Illumination is from the left. a) Top view after 3 cm of shortening. b) Top view after 15 cmof shortening and c) its topography scan. d) Top view of
themodel after cessation of shortening. e) Cross-section by the 90° segment of the rigid basal plate. f) Cross-section by the 45° segment. g) Cross-section by the 15° segment. The numbers
indicate the relative timing of fault activity. FW: Footwall. HW: Hanging-wall.

62 P. Granado et al. / Tectonophysics 703–704 (2017) 50–68



63P. Granado et al. / Tectonophysics 703–704 (2017) 50–68
4.2.4. Shortening Model 5
This model consisted on the deformation of the segmented half-gra-

ben basin along a hinterland dipping basal detachment (β=3°) with a
sandwedge covering the full stretch ofmodel. Thewedgewasbuiltwith
no surface slope (i.e., α = 0°). The pre-shortening configuration of the
model is summarised in Fig. 5e. After 15 cm of shortening, time-lapse
photography (see online Supplementary material), topography scans
and serial cross sections (Fig. 11) showed that the sandbox model was
deformed by a dominantly breaking-forwards sequence of thrusting.
Time-lapse photography highlighted a significant amount of sand com-
paction by slip along the hinterland-dipping basal detachment prior to
the nucleation of thrusts. Displacement along these thrusts formed sev-
eral surface-breaching thrust faults and related splays. The compaction
of sand by slip along the basal detachment formed a compaction front
that advanced ahead of the location of the first emergent thrust front
(i.e., thrusts #1 and #2 - #2′). This first sand compaction affected only
those layers on the hanging-wall of the extensional basin. Further slip
along the basal detachment generated additional compaction of sand
ahead of the former compaction front, and in a similar fashion, before
the nucleation of additional thrusts (i.e., thrusts #3 and #4). The first
and second thrusts to form (i.e., thrusts #1 and #2 - #2′) are responsible
for the main uplift of the wedge, whereas the last thrust system to de-
velop (i.e., thrusts #3 and #4) imbricated the segmented half-graben
basin, and widened the tectonic wedge (Fig. 11). Serial cross sections
(Fig. 11e–g) showed that the first three thrust faults developed closely
space apart, whereas the last thrust emerged further outboard.

Post-deformation vertical sectioning revealed the subtle reactivation
of the extensional faults (i.e., the synthetic and antithetic faults;
Fig. 11e–g) and back-thrusting affecting thrust sheet #1. The last thrust
faults to form (i.e., thrusts #3 and#4) nucleated also from the rear of the
sandpack but propagated through the half-graben basin hanging-wall
and footwall. The extensional basin was split by these late thrusts into
several segments and was imbricated along with a footwall shortcut
block (Fig. 11e–g). In the light of the cross-sections and the lateral
time-lapse photography, the sand compaction in between the develop-
ment of thrusts #1-2-2′ and #3-4 seems to be the responsible for the
mild inversion of the extensional fault system.

Virtual depth-sliceswere generated using the undeformed ‘foreland’
post-rift and pre-rift sand layers as a regional reference of elevation
(Fig. 12a–c). The first depth-slice revealed the shape of uplifted half-
graben basin, the plan view geometry of the frontal thrusts #3 and #4
and their imbricated footwall fault block. In a similar fashion to the 3D
voxel of the baseline extensionalmodel (Fig. 7), the imbricatedhalf-gra-
ben basin displays its characteristic shape arranged in the three 90°, 45°
and 15° segments. The footwall shortcut thrust displays kinked plan
view geometry, with one larger linear segment parallel to the 15° seg-
ment of the border extensional fault, and a shorter sinuous segment
striking oblique to the 45° and 90° segments. A deeper depth-slice
using the undeformed pre-rift layers as an elevation datum (Fig. 12c)
showed a thin slice of the lowermost part of the half-graben basin and
its border extensional fault in a sub-thrust footwall position. The
geometry of the footwall shortcut thrust is parallel to the trace of the
segmented border fault. Virtual inlines generated from the 3D voxel
were selected from the foreland towards the hinterland (Fig. 12d–f, re-
spectively). These inlines show the geometry of the footwall shortcut
block, alongwith a fragment of the former segmented half-graben. Gen-
tle anticlines on the hanging-wall of the border fault are indicative for
the mild inversion of the segmented extensional fault system. A thin
sliver of syn-rift sediments in a footwall position is also revealed by
these virtual inlines (Fig. 12e). Thrusts can be correlated along strike
Fig. 14.Virtual sections extracted from the 3D voxel ofModel 6. a) Cross-section for reference. b)
slice using themiddle of the pre-rift sandpack as reference. d) Inline-section showing the inver
Inline-section showing the imbricated sub-thrust basin. f) Inline-section showing thrust-stackin
and basin inversion. FW: Footwall. HW: Hanging-wall.
of the sandbox model and display a characteristic concave-upwards
geometry.

4.2.5. Shortening Model 6
This model also consisted on the deformation of the segmented

half-graben basin using the same wedge geometry as that of Model
5 (i.e., β = 3° and α = 0°), but included a 0.4 cm thick layer of vis-
cous polymer. The polymer was laid pinching out in the foreland
on a post-rift equivalent stratigraphic position (Fig. 5f). Total short-
ening was also 15 cm. As shortening started, a first thrust nucleated
at the rear of the wedge (i.e., thrust #1) and transferred displace-
ment forwards and upwards along a ramp-flat transition into the vis-
cous polymer layer (i.e., thrust #2). In the early stages of shortening a
broad cover anticline was developed above the rearmost thrust,
whereas displacement along the viscous detachment formed an
emergent thrust front at the polymer's pinch out (Fig. 13a). Further
shortening was accommodated by a breaking-forward system of
thrusts that affected the sub-polymer layers (i.e., thrusts #4 and
#6). Conversely, deformation in the cover was represented by long-
lasting deformation at the front, followed by out-of-sequence thrust-
ing and related folding (Fig. 13b).

Contrary to the other shortening models, time-lapse photography
has shown that no significant compaction of the sand wedge took
place during the early deformation stages (see online Supplementary
material). In addition, no evidences of fault reactivation and basin inver-
sionwere observed on the top view time-lapse photography during this
early deformation. Gentle compaction of the sub-polymer layers took
place only after a significant amount of shortening was accommodated
by thrusting at the rear and shortening of the overburden along the vis-
cous detachment. Topography scans have also revealed that uplift was
mostly concentrated at the rear by the stacking of sub-polymer internal
thrust sheets (Fig. 13c). This uplift was responsible for the development
of an incipient crestal collapse graben above the frontal culmination of
the thrust stack (Fig. 13d). On the other hand, shortening accommodat-
ed by the shallow detachment widened the tectonic wedge without
generating significant uplift. After cessation of shortening, the uplifted
hinterland underwent foreland-ward collapse of the cover units above
the polymer layer (Fig. 13d). In this process, the overburden was not
fully pierced by the flowing polymer as several welds were developed.
These welds are located on top of the half-graben basin and on the
frontal culmination of the hinterland thrust stack as shown by the
cross-sections (Fig. 13e–g). Extension in the hinterland summit was ac-
commodated by additional down-slope shortening and the associated
reactivation of the cover thrust system.

Serial cross-sections have shown that mild inversion of the exten-
sional fault system took place (Fig. 13e–g). Although fault reactivation
was preferentially focused on the antithetic faults, the border and syn-
thetic extensional faults were mildly reactivated as well. The observed
cross-cutting relationships indicate that reactivation of the extensional
faults took place before the imbrication of the segmented half-graben
by the sub-polymer thrusts #4 and #6. At the light of the observations
made, mild inversion of the extensional faults should have taken place
by slip along the basal detachment prior to the break-forward propaga-
tion of thrusts #4 and #6. Thrust #4 propagated as a hanging-wall by-
pass thrust, whereas thrust #6 propagated as a footwall shortcut thrust.

Virtual depth-slices and inline-sections were generated from the 3D
voxel (Fig. 14). These sections illustrate further the geometry of the sub-
polymer thrust system and the inversion-related structures. The
most important observations derived from the voxel data are: in the
upper parts of the model (Fig. 14b), the hanging-wall by-pass thrust
Depth-slice taking the undeformedpost-rift unit (i.e., orange layer) as reference. c)Depth-
ted half-graben basin and the footwall shortcut block beneath the polymer detachment. e)
g relationships and a large polymerweld.Numbers indicate the timing of thrustmovement
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(i.e., thrust #4) was only developed at the 90° segment. On the other
hand, this thrust runs parallel to the 15° segment of the half-graben,
and is oblique to the strike of the 45° segment. In the deeper sections
(Fig. 14c), thrust #4 displays a rather linear strike. Thrust #6 developed
as a footwall shortcut thrust parallel to the border extensional fault, par-
ticularly at the lower parts of the model (Fig. 14c). Inline sections have
shown the concave-upwards geometry of the shortcut thrust blockwith
a slice of the imbricated basin (Fig. 14d). Gentle hanging-wall anticlines
above the reactivated border extensional fault can also be appreciated. A
syn-rift repetition is observed associated with the hanging-wall by-pass
thrust (i.e., thrust #4), being also located below the polymer detach-
ment (Fig. 14e). The last inline also shows the stacking of thrust #1,
#4 and #6 displaying repetitions of pre-rift on top of pre-rift and pre-
rift on top of syn-rift. These sections also show the lateral terminations
of thrusts sheets and related hanging-wall anticlines (Fig. 14f). Polymer
welds have also been revealed above the half-graben basin (Fig. 14a, d),
on top of the anticline associated with the hanging-wall by-pass thrust
(Figs. 13e and 14e), and at the frontal culmination of the hinterland
thrust stack (Figs. 13e and 14f).

5. Discussions

5.1. Extension on segmented half-graben basins

Extension above a segmented velocity discontinuity developed a
through-going, segmented border fault along the whole width of the
models. On the onset of extension, a fault scarp was formed above the
15° and 90° fault segments to the extension direction; conversely, a
Fig. 15. Conceptual summary of the modelling results expressed as a function of the vertical lo
strength profile. DF: deformation front. LPC: layer-parallel compaction. σ1-σ3 = differential st
monocline was formed in between, over the fault segment striking at
45° to the extension direction. The initial development of secondary an-
tithetic and synthetic extensional faults consisted on short and isolated
arrays. As extension continued, antithetic faults lengthened by tip-prop-
agation, forming relay ramps that were eventually breached and linked
to form longer strike, through-going faults. Cross sections have shown
different spacing and number of antithetic faults (i.e., fault densities)
in the hanging-wall layers of the segmented half-graben (Figs. 6 and
7). A larger number of narrowly-spaced antithetic faults were devel-
oped at the 90° and 15° segments to the extension direction, whereas
a lower number of steeper and widely-spaced faults developed at the
central 45° segment. As shown by time-lapse photography, the exten-
sional displacement along the border faults was continuously concen-
trated within dilatant but discrete deformation zones. Within these
zones, sand grains underwent reorganisation and disaggregation,
through rolling and translation by sliding along their contacts. This de-
formation mechanism is comparable to a particulate or granular flow
(e.g., Fossen, 2010) and may have accounted for localised strain-soften-
ing. A similar deformation mechanism should be expected for the sec-
ond order antithetic and synthetic faults.

5.2. Reactivation and inversion of segmented sub-thrust basins

The experimental set up provided a good comparison with natural
collisional foredeep settings as it effectively simulated the steepening
of fault systems in foreland plates as fold-and-thrust belts propagate.
According to theoretical and field studies, the steepening of these faults
should significantly impact their easiness for frictional reactivation,
ad gradient of the wedge's minimum vertical compressive stress (σ3) and the integrated
ress. h: wedge's thickness. FW: Footwall. HW: Hanging-wall.



Fig. 16.Comparison between theHöflein high and results fromModel 6. a) NW-SE striking
seismic profile (i.e., approximately parallel to the direction of early Miocene shortening
and perpendicular to the basement fault trend). See Fig. 3a for location of the profile.
Wells are projected. KB: Korneuburg Basin. b) Cross-section along Model 6. FW SC:
Footwall shortcut.
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particularly in a dip slip reactivation mode (e.g., Jaeger and Cook, 1979;
Etheridge, 1986; Gillcrist et al., 1987). In this study, time-lapse photog-
raphy has shown that, with the exception ofModel 4, reactivation of the
extensional fault system was mild but affected all models equally along
strike, independently of their steep dips. In fact, no substantial
differences on the easiness of reactivation regarding of the obliquity
between the pre-existing faults (i.e., the 15°, 45° and 90° segments)
and the direction of shortening have been found. The obtained model-
ling results are in disagreement with those reported by Brun and
Nalpas (1996) stating the fundamental role of obliquity in the easiness
for reactivation.

In all the shortening models, slip along the basal detachment pro-
duced different degrees of sand compaction before the onset of thrust-
ing and in between pulses of thrust propagation. For granular
analoguematerials, Koyi et al. (2004) referred to layer-parallel compac-
tion as the main modality of layer-parallel shortening. The shortening
models carried out for this study have shown that the reactivation of
the extensional fault system was associated with such layer-parallel
compaction, also taking place before the onset of thrusting and in be-
tween thrust propagation pulses. The reactivation of the segmented ex-
tensional fault systemmay have been favoured by the dilatant nature of
the inherited, strain-softened extensional fault zones. In this sense,
Eisenstadt and Sims (2005) reported mild reactivation of a half-graben
border fault in relation with the preservation of fault zone dilatancy. A
localised loss in the frictional strength (i.e., strain-softening) associated
with these discrete fault zones is the most reasonable way to explain
how these were reactivated independently of their steep dips and
their obliquity with the direction of shortening. In the models carried
out, the footwall shortcut thrusts developed broadly parallel to themas-
ter border fault (see depth-slices in Figs. 12 and 14), and thus indicate a
certain degree of control in the development of thrust systems imposed
by the inherited fault zones.

Upon shortening, the models underwent different amounts of
layer-parallel compaction, fault-reactivation, thrust propagation
and thrust-related folding strictly as a function of the pre-shortening
configuration of the tectonic wedge (Fig. 5). The distinctly tapered
wedges (i.e., α and β angles) affected the reactivation and the incor-
poration of the sub-thrust basin by imposing a vertical-load gradient
on the buried half-graben basins and by their integrated strength
profile, which included the strain-softened extensional fault zones
and the presence or absence of a shallow viscous detachment. More
specifically, the post-rift equivalent ‘stratigraphic’ position of the
viscous layer allowed for the decoupling of deformation between
the segmented half-graben and its cover. When the half-graben
basin was close to the surface (i.e., Models 2 and 3), inversion of
the extensional fault system took place early in the deformation se-
quence (Figs. 8 and 9). In these two models, the absence of any sub-
stantial vertical load (Model 2) or a large vertical load gradient
(Model 3) under a dominantly compressional stress field, favoured
the reactivation of the extensional fault system during layer-parallel
compaction and the earliest onset of thrust propagation, respectively
(Fig. 15a, b). When the half-graben basin was covered by a thick
wedge (i.e., Model 4, Fig. 10), only the border antithetic fault
underwent very limited reactivation by back-thrusting (Fig. 15c). Al-
though the layer-parallel shortening propagated ahead of the half-
graben basin, it seems that the large vertical load imposed by the
thick wedge hampered or avoided the reactivation the extensional
fault array. On the other hand, when the half-graben basin was cov-
ered by a thin wedge (i.e., Model 5; Fig. 11), reactivation of the ex-
tensional faults took place late in the deformation sequence,
following the breaking-forward propagation of thrusting (Fig. 15d).
When the half-graben basin was covered by a thin wedge involving
a viscous detachment (i.e., Model 6; Fig. 13), the propagation of
thrusting was quickly transferred along a thrust flat towards the
foreland overriding the half-graben basin (Fig. 15e). In Model 6,
fault reactivation and basin inversion only took place after the
propagation of deformation along the viscous polymer, and hence,
later than in the other models.

5.3. Comparison to the Höflein high

A comparison between Model 6 and the Höflein high from the sub-
thrust of the Alpine-Carpathian fold-and-belt (Fig. 16) has been carried
out. Basin inversion in the Alpine-Carpathian fold-and-thrust belt took
place in the latest stages of shortening, following the emplacement of
a cover thin-skinned thrust system. In Austria, the shallow units of the
strongly imbricated Rhenodanubian Flysch are folded into a broad
open synclinewhereas the AlpineBasal Thrust is folded into anopen an-
ticline over the Höflein high (Fig. 16a). These features indicate that the
compressional reactivation of the faults in the crystalline basement
took place after the emplacement of the shallow, thin-skinned thrust
system.Model 6 showed a similar evolution as shown by a fast propaga-
tion of slip in the cover that overrode the half-graben along the viscous
detachment. This was followed by basin inversion and thrust propaga-
tion in the layers beneath the viscous detachment, folding the cover
thrust-related folds. In this model, the sequence of basement-involved
deformation startedwith themild inversion of the extensional fault sys-
tem in relation with slip along the frictional basal detachment and the
associated layer-parallel compaction. In a similar fashion to the natural
prototype, reactivation of the inherited extensional fault system was
mild, and much of the shortening was accomplished afterwards by the
formation and propagation of a new thrust system in the form of foot-
wall shortcut thrusts.

5.4. Inheritance in natural systems

The reactivation of inherited fault systems is inherent to the concept
of basin inversion. In natural systems though, a series of competing geo-
logical processes may impact positively or negatively (i.e., enhance or
decrease) the role of inheritance. In shallow crustal levels, reactivation
is controlled by frictional processes which depend upon the cohesion,
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the coefficient of friction, fault orientation (i.e., amount of dip and direc-
tion of dip), as well as the pore-fluid pressure (Jaeger and Cook, 1979).
Fault-weakening process involving chemical reactions between circu-
lating fluids and the host fault-rocks can induce the formation of low-
friction phyllosilicate-rich mineral assemblages (e.g., Gueydan et al.,
2003). Therefore, fault-weakening may allow faults to sustain signifi-
cant slip under theoretically anomalous orientations in respect to the
active stress field (e.g., Colletini et al., 2009). These processes may seal
faults but otherwise reinforce the role of inheritance, favouring their
frictional reactivation. Alternatively, precipitation of hydrothermal
fluids, quenching of melts, or widespread brecciation and fracturing
within fault zones may favour their frictional lock-up by increasing
the coefficient of friction and cohesion (e.g., Etheridge, 1986; Cox et
al., 2001). These strain-hardeningmechanismsmay delocalise deforma-
tion and therefore reduce the role of inheritance in natural systems.

6. Conclusions

The experimental results indicate that the key parameters control-
ling the inversion of sub-thrust extensional basins are the wedges' ver-
tical load and its pre-shortening integrated strength profile (Fig. 15).
Large vertical loads hamper the inversion of deeply buried basins,
whereas lower vertical loads or high vertical load gradients may favour
the inversion of sub-thrust basins by fault reactivation and thrust prop-
agation. Integrated strength profiles included the presence of discrete,
strain-softened fault zones inherited from the extensional phases, as
well as the presence/absence of viscous layers. The obliquity between
the shortening direction and the orientation of pre-existing faults
seemed less important than the vertical load distribution and the fault
zone strength for the inversion of sub-thrust basins. Natural processes
that modify the regional slope of tectonic wedges (i.e., such as erosion
and sedimentation) should therefore have strong impacts on the likeli-
hood and timing of sub-thrust basin inversion.

Fault reactivation occurred during layer-parallel compaction before
and in between thrust propagation pulses associated with slip along
the basal detachment of the system. Widespread, laterally extensive
(i.e., post-rift) viscous layers may favour an early decoupling between
cover and basement during shortening, with basin inversion taking
place after the imbrication of cover units. A certain control imposed by
the inherited extensional architecture in the formation of shortcut
thrusts is also suggested by the results. Sandbox analogue modelling
coupled with time-lapse photography, white-light topography scans,
and serial sections from imaged-based 3D voxels have revealed as
great tools for the better understanding of basin inversion in tectonic
wedges.
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