
Journal of Structural Geology 29 (2007) 59e72
www.elsevier.com/locate/jsg
Influence of early strike-slip deformation on subsequent perpendicular
shortening: An experimental approach

Ruth Soto a,*, Joseph Martinod b, Francis Odonne b
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Abstract

We used sandbox analogue models to study the influence of previous pure strike-slip and transpressional structures on subsequent perpen-
dicular compression. We performed also a brittleeviscous system in order to analyse the presence of a viscous basal level. Experimental results
show that a previous pattern generated under pure strike-slip and transpressive regime causes the reactivation of structures with favourable ori-
entation and the nucleation of oblique thrusts and non-rectilinear deformation fronts under compression perpendicular to the first fault system.
The presence of a viscous basal level with the imposed strain rate, which does not favour the coupling between the viscous layer and cover,
inhibits the reactivation of previous structures. Comparison with a sector of Northern Chile margin (24e25�S), located in the forearc trench-
parallel region supports the experimental results.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Inherited structural features represent a key factor in con-
trolling strain distribution and localisation of deformation
(e.g. Holdsworth et al., 2001), as surfaces of pre-existing faults
display lower cohesive strength and friction coefficient than
intact rocks (Anderson, 1951). Since the last decades, the im-
portance of reactivation processes to obtain deformation trends
oblique to the expected fault orientation is well known (e.g.
Ranalli and Yin, 1990; Tikoff and Teyssier, 1994; Casas-Sainz,
1993; De Paola et al., 2005). Numerous previous experimental
studies have been performed in order to analyse reactivation of
pre-existing structures or the influence of pre-existing faults on
the new created fault pattern, and most of them have dealt with
tectonic inversion (e.g. McClay, 1989; Brun and Nalpas, 1996;
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Keep and McClay, 1997; Dubois et al., 2002; Panien et al.,
2005). In the last years, a wide range of different reactivation
processes have been analysed in order to study different pro-
cesses, such as transpressional reactivation of normal faults
(Ustaszewski et al., 2005) or reverse faults (e.g. Viola et al.,
2004), or reactivation of normal faults in extension (Bellahsen
and Daniel, 2005).

When an area has experimented superimposed tectonic re-
gimes, one of the hardest task is to discriminate how previous
structures have contributed to the latest tectonic regime. In this
work, we study the effect of pure strike-slip and transpres-
sional faults in a final configuration with compression perpen-
dicular to the previous fault system. Strike-slip to reverse
reactivation can occur in nature under different scenarios:
(1) when s1 experiences a direction change because of varia-
tions in plate convergence and/or slab retreat (e.g. Betic chain,
SE Spain; Sanz de Galdeano and Buforn, 2005) and (2) if plate
convergence does not vary, in the forearc of oblique conver-
gence subduction margins due to changes in the strain parti-
tioning into parallel strike-slip faulting and orthogonal
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thrusting (e.g. Chilean forearc). In order to validate the exper-
imental results we have chosen a sector of Northern Chile mar-
gin (24e25�S) located in the forearc trench-parallel region
that has registered strike-slip movements during the Eoce-
neeOligocene and perpendicular compression during the Neo-
gene (Soto et al., 2005).

2. Experimental method

The experimental apparatus consisted of a large table
(1.1 m� 0.8 m) on top of which lies a thin metallic plate
linked to a computer-driven stepper motor (Fig. 1). Models
did not present side walls in order to avoid sideways friction
and were wide enough to allow a relatively large amount of
deformation without edge effects. The mobile basal plate cov-
ered only one half of the table and had a rectangular shape for
pure strike-slip deformation or forming a convergence angle
(a) of 5� or 10� for transpressive deformation regime (Fig. 1
and Table 1). The moving boundary of this plate induced an
asymmetric velocity discontinuity at the base of the models
(e.g. Malavieille, 1984; Allemand et al., 1989), which local-
ised the deformation in the covering sandpack (e.g. Richard,
1991b; Barrier et al., 2002). Models experimented two defor-
mation stages: (1) pure strike-slip or transpression regime de-
pending on the angle of the velocity discontinuity with respect
to the bulk shear direction (i.e. convergence angle) (a) and (2)
compression perpendicular to the previous velocity disconti-
nuity. Reference model PN-04 was performed with a viscous
décollement layer only in the central part of the experiment
and only compressional motion (perpendicular to the velocity
discontinuity) in order to compare how a previous fault system
influences the resulting fault pattern with and without viscous
décollement level. Two different setups have been used in an-
alogue modelling in order to analyse the influence of a previous
fault or fault network: (1) creating discontinuities by introduc-
ing a piece of cardboard or a metallic wire in the sandcake (Vi-
ola et al., 2004; Bellahsen and Daniel, 2005) or (2) subjecting
models to two consecutive and different stages of deformation
(e.g. Dubois et al., 2002; Ustaszewski et al., 2005). In this
work, we have chosen the second case (i.e. performing two
consecutive stages of deformation) due to the helicoidal geom-
etry of strike-slip faults (i.e. Riedel faults) (Naylor et al.,
1986), very difficult to simulate using a piece of cardboard
or a metallic wire.

Simple sandpack models made of dry eolian quartz Fontai-
nebleau sand (small cohesion, density r¼ 1.493 g cm�3;
Krantz, 1991) were made to simulate the brittle behaviour of
the upper crust. Its deformation is considered as effectively
time independent (Hubbert, 1937). Only models PN-04 and
PN-05 presented a 30 cm long, 8 cm wide and 0.5 cm thick
and 40 cm long, 8 cm wide and 0.5 cm thick, respectively,
basal silicone putty layer. We used this layer, as in previous
studies, to simulate the behaviour of a viscous detachment
level (e.g. Vendeville, 1987; Cobbold et al., 1989; Richard,
1991b; Weijermars et al., 1993). The silicone putty used is
a nearly Newtonian fluid with a density of 0.97 g cm�3 and
a viscosity of 1� 104 Pa s at room temperature for the defor-
mation velocity of 4 cm h�1 used during the experiment.
Models were scaled in terms of gravitational forces, rheology,
and strain rates (Hubbert, 1937; Ramberg, 1981; Casas et al.,
2001). The model ratio for length is 10�5 (1 cm in the model
represents 1 km in nature); for stress, 10�5 (models are 105

times weaker than nature); for time 10�9 (1 h represents
100 000 years). All models run at 4 cm h�1. One-layer sand-
pack and two-layer (silicone-sand) models experimented
20 mm and 25 mm of dextral strike-slip component displace-
ment during the first stage of deformation, respectively, and
10 mm of shortening during the second stage of deformation.
In the reference model PN-04, we applied only 1 cm of short-
ening in compressional motion perpendicular to the velocity
discontinuity.

During experiments, in order to analyse the progressive
evolution of structures we took photographs of the surface
of models at regular intervals. At the end of the two deforma-
tional stages, serial cross-sections perpendicular to the basal
velocity discontinuity showed the three-dimensional geometry
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Fig. 1. Experimental apparatus. (a) Plan view of the apparatus during the first stage of deformation. Note the variation of the angle of convergence (a) from pure

strike-slip faulting (a¼ 0�) to moderate transpressive faulting (a¼ 5e10�). (b) Plan view of the apparatus during the second stage of deformation, compression,

which is perpendicular to the previous velocity discontinuity.
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Table 1

Initial configuration of experiments

Model Sandpack

thickness (cm)

Silicone

thickness (cm)

Displacement

rate (cm h�1)

Deformation stage 1

(displacement)

Convergence

angle, a (�)

Deformation stage 2

(displacement)

PN-01 3.5 e 4 Strike-slip (20 mm) 0 Compression (10 mm)

PN-02 3 e 4 Transpression (20 mm) 5 Compression (10 mm)

PN-03 3 e 4 Transpression (20 mm) 10 Compression (10 mm)

PN-04 2.5 0.5 4 e 0 Compression (10 mm)

PN-05 2.5 0.5 4 Strike-slip (25 mm) 0 Compression (10 mm)
of the internal structures. The total pre-kinematic thickness
was 3.5 cm for PN-01 and 3 cm for the rest of models. In order
to have a thorough understanding of the role of pre-existing
pure strike-slip and transpression structures on the geometry
and kinematics of posterior structures formed under compres-
sion, we prepared the sequence of models to study the effect of
two principal variables (Table 1): (1) the variation of the angle
of convergence (a) from the pure strike-slip system (a¼ 0�) to
moderate transpressive experiments (a¼ 5e10�) during the
first stage of deformation, and (2) the presence or absence of
a viscous detachment level at the base of the model. Models
are described using the following geodynamic framework:
the backside is the region located on the mobile plate and fore-
side is located on the fixed plate (Fig. 1).

3. Compression perpendicular to pure
strike-slip structures

In order to investigate the effects of basement fault reacti-
vation on the deformation of a brittle sedimentary cover with/
without a basal viscous décollement layer, we built sand and
sand-silicone models. In the laboratory we applied two succes-
sive deformation stages: an initial phase of pure strike-slip mo-
tion and a subsequent phase of compression perpendicular to
the velocity discontinuity (Fig. 1).

3.1. First stage: pure strike-slip deformation

Deformation during the first stage in pure strike-slip model
without viscous detachment level (model PN-01; sand only)
follows the evolution of similar sandbox model experiments
(e.g. Naylor et al., 1986; Viola et al., 2004; Le Guerroué
and Cobbold, 2006) (Fig. 2): (i) the deformed area is located
above the basal velocity discontinuity (Fig. 2a), (ii) en échelon
synthetic Riedel shears appear ranged between 27� and 28�

with respect to the bulk shear direction during early stages
of deformation (Fig. 2a). Riedel shears first develop in the ex-
ternal part of the model, probably due to edge effects, and with
increasing displacement, also nucleate in the middle part, and
(iii) with increasing offset, Y-type faults subparallel to the bulk
shear direction develop. As a result, anastomosing shear zones
develop isolating lenses (Fig. 2b). Riedel faults in cross-
section are straight or convex-upward describing a flower
shape and their three-dimensional geometry displays a helicoi-
dal shape (see also Naylor et al., 1986); they have steep dips
coinciding with the velocity discontinuity, where the strikes
form around 30� to the basement discontinuity and with
increasing the distance to the velocity discontinuity their
dips diminish and their trends turn parallel to the basement
discontinuity direction (Fig. 2).

Model underlain a silicone layer (model PN-05; sand-
silicone) experiments a similar evolution with some differ-
ences with respect to one-layer-sandpack model (Fig. 3): (i)
the range of en échelon synthetic Riedel faults needs higher
amount of sinistral displacement to nucleate because higher
bulk shearing of the overburden accommodates deformation
during the early stages of deformation. This causes higher
vertical axis rotation in the deformed area (see marker lines
on the surface of the model in Fig. 3a) comparing with model
without basal viscous décollement. Consequently, in pure
strike-slip regimes and under basal frictional conditions, the
deformed area shows smaller vertical axis rotations when
compared with basal viscous detachment scenarios, and (ii)
the size and spacing of single Riedel faults are smaller com-
pared to model without viscous detachment level (Fig. 3a).

3.2. Second stage: compression deformation

The evolution of structures accreted from horizontal one-
layer and two-layer silicone-sand cakes and pure convergence
perpendicular to the velocity discontinuity without any previ-
ous fault pattern (as the reference model PN-04; Fig. 4) is well
described in the literature (e.g. Tondji Biyo, 1995; Storti,
1997; Barrier et al., 2002). Without an underlain viscous layer
(i.e. in the external parts of model PN-04), the first-order
growth progressed by a homogeneous layer-parallel shortening
in the region close to the velocity discontinuity, followed by
the formation of two conjugate reverse faults that define
a pop-up structure asymmetric forelandwards (i.e. towards
the foreside) (Fig. 4). The dip angles of these faults in the fore-
side and backside are 25.5� and 34.5�, respectively (Fig. 4c).
With basal viscous décollement (i.e. in the central part of
model PN-04), deformation migrates forelandwards towards
the end of the viscous layer where a symmetric pop-up struc-
ture develops (Fig. 4). In plan view, the main geometric feature
is that deformation fronts show almost rectilinear traces, strik-
ing perpendicular to the direction of compression (i.e. parallel
to the velocity discontinuity).

However, under basal frictional conditions, if pre-existing
structures resulted from a previous pure strike-slip regime
are present, the subsequent fault pattern varies considerably
(Fig. 2d). Segments of the Riedel faults located on the mobile
plate are reactivated as oblique thrusts. They progress laterally,
first as oblique thrusts and then as thrusts. Simultaneously,
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Fig. 2. Map view photographs of sequential evolutionary stages of experiment PN-01 after 10 mm (a) and 20 mm (b) of pure strike-slip displacement (Stage I) and

5 mm (c) and 10 mm (d) of shortening perpendicular to the velocity discontinuity (Stage II). White arrows are drawn over the mobile plate and show its sense and

direction of motion. (e, f) Cross-sections of model PN-01 perpendicular to velocity discontinuity after the two stages of deformation.
at the foreside of the model, Riedel faults experiment
minor reactivation and a frontal thrust parallel to the velocity
discontinuity accommodates almost all the deformation
(Fig. 2).
In order to analyze the 3D geometry of structures of model
PN-01 (sand only), we measured the dip angle of the Riedel
shears from cross-sections perpendicular to the velocity dis-
continuity after the two stages of deformation (i.e. pure-strike
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tinuity after the two stages of deformation.
slip and compression). As they are oblique structures, the mea-
sured value of the dip angle is slightly lower than the real
value (i.e. apparent dip angle). Fig. 5a shows that the dip angle
of the Riedel faults diminishes with the distance from the ve-
locity discontinuity, following an almost linear relationship.
Segments of the Riedel faults located in the foreside sector
of the model display higher dip angles because they experi-
ment a horizontal-axis tilting related to the frontal fore-thrust
advance (see cross-sections on Fig. 2). Fig. 5b shows that ob-
lique thrusts nucleated from Riedel faults at the backside of
model PN-01 present lower dip angles than Riedel faults but
higher dip angles with respect to thrust dips. As for Riedel
faults, the dip angle of these oblique faults also diminishes
with the distance from the velocity discontinuity (Fig. 5b).
Riedel faults generally display convex-upward shape from
cross-sections (Fig. 6). However, the geometry of faults nucle-
ated from Riedel faults during the compressional stage varies
along-strike from convex-upward shape coinciding with obli-
que thrusts to concave-upward or straight shapes when they
become thrust segments parallel to the velocity discontinuity
(Fig. 6). To conclude, experimental results show that a previous
fault pattern generated under pure strike-slip conditions
strongly influences the geometry of new formed thrusts,
generated in compressional scenarios and under frictional
basal conditions; Riedel faults are reactivated and the new
thrusts nucleated from their terminations are oblique ramps
with high dip angles.

In the model underlain a silicone layer (PN-05), the situa-
tion during the second stage of compressional deformation is
completely different from model under frictional basal condi-
tions. No structure is reactivated and two new thrusts appear,
parallel to the velocity discontinuity in the foreside and back-
side (Fig. 3). The thrust-system position, however, is influ-
enced by the pre-existing faults. Its base nucleates close to
Riedel faults (Fig. 3d) and not at the viscous layer boundary
as in experiment PN-04 (reference model) (Fig. 4d). The back-
side thrust nucleates closer to the Riedel faults generated in the
first stage of deformation than the frontal thrust in the foreside.
Both deformational fronts are not rectilinear describing vari-
ous small salients and recesses. The thrust in the backside dis-
plays a more sinuous geometry and three segments appear
parallel to the Riedel faults trend. This configuration is differ-
ent from model PN-04, also with a basal viscous layer in its
central part, but without any previous strike-slip deformation,
since in model PN-04 deformation propagates towards the end
of the viscous layer in the foreside and the structures that form
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the pop-up are rectilinear. This indicates that despite any pre-
vious structure reactivated, the pre-existing fault network
influenced the fault pattern formed during shortening.

4. Compression perpendicular to
transpressional structures

In this case, only sandpack models were performed apply-
ing also two successive deformation stages: an initial phase of
transpression varying the angle of convergence (a) between 5�

and 10� and a posterior phase of compression perpendicular to
the velocity discontinuity (Fig. 1).

4.1. First stage: transpressional deformation

We achieved transpression imposing the shear motion obli-
que with respect to the velocity discontinuity following the
configuration performed by Viola et al. (2004). The angle of
convergence is 5� and 10� for PN-02 and PN-03, respectively,
values responding to wrench-dominated transpression versus
thrust-dominated transpression models (Fossen et al., 1994;
Tikoff and Teyssier, 1994; Casas et al., 2001). As can be
seen from Figs. 7 and 8, both experiments follow a similar
evolution. Before 0.8 cm and 1 cm of shortening for PN-02
and PN-03, respectively, models experiment only a bulk shear-
ing and a fold appears, parallel to the velocity discontinuity
trend. Then, an oblique-slip reverse thrust with sinistral
component nucleates in the backside of models and a series
of en échelon Riedel faults appear. In the central sector of
models, Riedel faults nucleate at 26� and 29� with respect to
the velocity discontinuity trend for PN-02 and PN-03, respec-
tively. At the foreside of models, Riedel faults progress as
thrusts with lateral component parallel to the basement discon-
tinuity direction.

Increasing the angle of convergence from 5� (model PN-02)
to 10� (model PN-03) diminishes wrenching conditions, re-
sulting in a smaller number of Riedel faults. After 1.5 cm of
shortening, while the deformation front in the backside is
well defined in both models, it is characterised in the foreside
by individual segments of reverse thrusts linked to the termi-
nation of Riedel faults. Only in model PN-03, after 1.8 cm
of displacement, they merge along-strike to form a well-
defined reverse fault with lateral component in the foreside.
Deformational fronts at the foreside and backside of models
are parallel to the velocity discontinuity but they are not rec-
tilinear. They display a sinuous shape formed by small salients
influenced by the Riedel faults location.

4.2. Second stage; compression deformation

Following the first stage of transpression, models PN-02
and PN-03 are deformed by compression. We choose compres-
sion perpendicular to the velocity discontinuity in order to
have the simplest scenario (i.e. without wrenching conditions)
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for studying reactivation processes. In the early stages of
shortening, a new frontal thrust generated in the foreside of
both models parallel to the preceding deformation front. In
the backside sector, in contrast, no new structure formed and
the previous transpressional deformation front reactivated
(Figs. 7 and 8) resulting in an asymmetric fault pattern. In
both models, the new frontal thrust is not rectilinear, adopting
a sinuous geometry in plan view similar to that of the backside
reactivated deformation front. Cross-sections on Figs. 7 and 8
show that the Riedel faults had a limited reverse component
above the basement discontinuity in both models versus the si-
nistral strike-slip offset deduced from plan view.

5. Comparing pure strike-slip and transpressive models
with posterior compression

Regarding the first stage of deformation, pure strike-slip
and transpressive models display some differences already de-
scribed by Casas et al. (2001). The main features that differen-
tiate pure strike-slip from transpression scenarios are the
following (Figs. 2, 7 and 8): (1) the number of Riedel faults
and the deformation they accommodate diminish as the con-
vergence angle (a) of the mobile plate increases; (2) only in
transpressional conditions, the deformation zone shows
a pop-up geometry bounded by two conjugate reverse thrusts
parallel to the velocity discontinuity and slightly asymmetric
towards the mobile plate. These differences determine strongly
the fault pattern generated during the subsequent compres-
sional stage. Thus, only in the experiment with previous
pure strike-slip structures, Riedel faults are reactivated and ob-
lique thrusts form on the mobile plate during compression. As
cross-sections show, the presence of pure strike-slip structures
results in a more symmetric deformation zone as compared
with transpressive models (Figs. 2, 7 and 8). A common fea-
ture in all models, either with previous pure strike-slip or
transpressive structures, is the reactivation of structures lo-
cated on the mobile plate (i.e. backside) in contrast with minor
or no reactivation on the fixed plate (i.e. foreside). This differ-
ential behaviour, reactivation only in the backside, implies the
nucleation at the foreside of all models of a frontal thrust that
accommodates the deformation (Figs. 2, 7 and 8).

6. Discussion

6.1. Reverse reactivation of pre-existing pure strike-slip
or transpressional structures

From previous analytical and experimental works, it is
known that reactivation depends on the dip and strike of the
pre-existing faults (e.g. Ranalli and Yin, 1990; Yin and
Ranalli, 1992; Dubois et al., 2002; Viola et al., 2004) and
also on the pre-existing fault network (Bellahsen and Daniel,
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2005). Our results confirm that the geometry of new formed
thrusts during compression is strongly influenced by the geom-
etry of the pre-existing structures and also by the existence of
a basal viscous layer. Thus, favourably oriented strike-slip
structures reactivate in the form of curved and/or oblique
thrusts and non-rectilinear deformation fronts under perpen-
dicular compression.

In our models, two kinds of pre-existing discontinuities
influence their final configuration: the discontinuity formed
by the edge of the mobile plate and the fault planes formed
during the first deformation stage. The first one is basal,
whereas the other discontinuities are located in the cover.
The basal discontinuity controls all the shear strain localisa-
tion, therefore the location of structures during the first tec-
tonic regime (e.g. Richard, 1991a), whereas during the
second phase of shortening, both kinds of discontinuities influ-
ence; the basal one localises the deformation at the basement
level, and the fault planes control its upward propagation.

In the experiments performed in this work, only faults
located on the mobile plate (i.e. backside) reactivated in
absence of viscous detachment layer. The reason lies in the
orientation of the principal stress axes following the Coulomb
failure criterion: toward the foreland, verging plane dips are
shallower than does backwards (Hafner, 1951; see also
Fig. 4c). This explains why only backside faults are reactivated
during compression in our models. They present a more
favourable orientation (i.e. higher dip angle closer to the dip
of the potential steeper backthrusts). However, strike-slip
structures formed previously in the foreside are too steep to
be reactivated with the nucleation of potential less steep
forethrusts.

6.2. Influence of an underlain viscous layer

When a viscous detachment level is present, no structure is
reactivated in our experimental configuration despite the fact
that the thrust-system location is influenced by the position
of pre-existing faults. The capacity of viscous layers to prop-
agate and accommodate shortening by ductile, i.e. not local-
ised, deformation must probably inhibit the reactivation of
previous structures. Ustaszewski et al. (2005) have also re-
vealed minor reactivation processes in low displacement rate
brittleeviscous experiments.

Our work does not imply that reactivation does not occur in
presence of a viscous detachment layer in other situations. In
fact, previous authors have studied this phenomenon and fault
reactivation in strike-slip mode may occur at depth (Richard,
1991; Richard 1991b) or reactivation of normal faults during
coaxial or oblique deformation takes place (Dubois et al.,
2002) in presence of a viscous layer. Recently, Ustaszewski
et al. (2005) have analysed this phenomenon for transtensional
systems reactivated by transpressional wrench faulting.
They suggest that under basal viscous conditions, the reactiva-
tion of pre-existing structures is strongly dependent on the
coupling between viscous horizons and cover. This coupling
depends on the strain rate (e.g. Ustaszewski et al., 2005) and
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Fig. 7. Map view photographs of sequential evolutionary stages of experiment PN-02 after 20 mm (a) of transpression displacement (convergence angle, a¼ 5�)
(Stage I) and 10 mm (b) of shortening perpendicular to the velocity discontinuity (Stage II). White arrows are drawn over the mobile plate and show its sense and

direction of motion. (c) Cross-section of model PN-02 perpendicular to velocity discontinuity after the two stages of deformation.
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Fig. 8. Map view photographs of sequential evolutionary stages of experiment PN-03 after 20 mm (a) of transpression displacement (convergence angle, a¼ 10�)
(Stage I) and 10 mm (b) of shortening perpendicular to the velocity discontinuity (Stage II). White arrows are drawn over the mobile plate and show its sense and
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the relationship between the thickness of the viscous material
and the frictional overburden (e.g. Chapple, 1978; Davy and
Cobbold, 1991). Thus, higher displacement rates and/or thin-
ner viscous layers facilitate this coupling and reactivation of
previous structures.

6.3. Comparison with previous works

Reactivation is a common process in nature, but it is many
times a neglected factor in analogue and numerical studies.
Many authors have performed laboratory experiments isolat-
ing tectonic regimes as pure strike-slip deformation (e.g.
Naylor et al., 1986; Richard and Cobbold, 1989; Schöpfer
and Steyrer, 2001), transpressive systems (e.g. Fossen and
Tikoff, 1998; Schreurs and Colletta, 1998; Casas et al.,
2001) or pure compressional deformation (e.g. Storti, 1997;
Nalpas et al., 1999; Barrier et al., 2002). During the last de-
cades, numerous analogue experiments have studied the effect
of two successive tectonic regimes in order to analyse the in-
fluence of a previous fault set in the geometry and kinematics
of the secondly formed structures and/or reactivation proc-
ceses. Most of them have dealt with tectonic inversion result-
ing from coaxial (e.g. McClay, 1989; Eisenstadt and Withjack,
1995; Faccenna et al., 1995) or oblique deformation (e.g. Brun
and Nalpas, 1996; Keep and McClay, 1997; Dubois et al.,
2002; Ustaszewski et al., 2005). Also fault reactivation of re-
verse faults in posterior strike-slip regimes has been simulated
(Richard 1991b; Viola et al., 2004). Bellahsen and Daniel
(2005) have analysed that reactivation depends not only on
dip and strike of the pre-existing faults but also on the spatial
organization on the structural heterogeneities. In this work, we
study the effect of pure strike-slip and transpressional faults in
a final configuration with compression perpendicular to the
previous fault system trend.

6.4. Experimental limitations

The experiments performed include some oversimplifica-
tions of the pretectonic fabrics and syntectonic behaviour of
natural scenarios. (1) Rheological and lithological changes
due to palaeogeographic variations commonly occur in nature,
despite the fact that our models were homogeneous sandpacks.
(2) Interlayered detachment layers plays an important role in
the deformational style (e.g. Davis and Engelder, 1985;
Corrado et al., 1998; Ravaglia et al., 2004), whereas we im-
posed a single basal detachment in our models. (3) Syntectonic
sedimentation and erosion take place in nature and influence
the development of structures (e.g. Storti and McClay, 1995;
Barrier et al., 2002; Casas et al., 2001; Gestain et al., 2004),
but our models did not include the role of surface processes.
(4) Our experiments did not take into account the circulation
of synorogenic fluids within the growing structures, which is
a first-order factor controlling the frictional behaviour of faults
(Vannucchi, 1999).

However, although these experimental limitations mean
that our models are not perfectly scaled analogues for natural
situations as most analogue models, their results are still
applicable to the first-order geodynamics of natural scenarios
as observed in previous works (e.g. Naylor et al., 1986;
Schreurs and Colletta, 1998; Casas et al., 2001; Viola et al.,
2004).

7. Application to natural example: The Precordillera of
Northern Chile (24e25�S), Central Andes

7.1. Geological setting

Orogens accreted in obliquely converging margins may
cause the strain partitioning of deformation into strike-slip
faulting and orthogonal thrusting (e.g. McCaffrey, 1992;
Tikoff and Teyssier, 1994; Allerton, 1998; Lallemand et al.,
1999), although this process is still poorly understood (e.g.
Chemenda et al., 2000). Along the western Chilean margin,
forearc deformation varies with time and along-strike (Hoff-
mann-Rothe et al., 2004). Factors controlling the strain parti-
tioning along the Chilean plate boundary are space and time
dependent and probably linked to the variability of many influ-
ential factors such as the geometry of the subduction slab,
subduction erosion at trench, subcrustal accretion or forces
coming from inner zones. This phenomenon has carried the
occurrence in the same area, as the Precordillera of North
Chile, of different deformation events with the possible impli-
cation of reactivation processes along preexisting fault zones.

The Precordillera in the Northern Chile forearc represents
a NeS thick-skinned basement range bounded by a system
of reverse faults and blind thrusts with alternating vergence
along-strike (Mpodozis and Ramos, 1989; Fig. 9a, b). It results
from the inversion since the end of Early Cretaceous of a pre-
vious Mesozoic back-arc basin (Mpodozis and Ramos, 1989;
Amilibia et al., 2000). A main episode of transpression is de-
scribed during the EoceneeOligocene linked to oblique con-
vergence (e.g. Maksaev and Zentilli, 1988; Mpodozis et al.,
1993). The Neogene tectonic deformation of the Precordillera
in Northern Chile, between 20 and 28�S, is essentially charac-
terised by the reactivation of major structures that formed dur-
ing previous tectonic episodes, in particular during the Eocene
(Reutter et al., 1993; Tomlinson et al., 1994; Kuhn, 2002;
Audin et al., 2003). It varies significantly with latitude and re-
mains small everywhere.

At the Salar de Punta Negra latitude (24e25�S; Fig. 9b),
aerial photographs, satellite images and fieldwork data indi-
cate the existence of surfaces formed after the deposition of
a Lower Miocene ignimbrite (Rı́o Frı́o ignimbrite, K-Ar dates
range from 23 to 17 Ma; Naranjo and Cornejo, 1992) that are
affected by numerous lineaments linked to fault scarps. The
plan-view fault pattern geometry in the studied area displays
an approximately NeS trend (173�N). Overall, the deforma-
tion zone is arranged parallel to the Precordillera range that
can be considered a zone of mechanical weakness and pre-
existing faults within the forearc of Northern Chile due to its
variable and episodic deformation history (extensional stage,
tectonic inversion, strike-slip deformation). Faults are slightly
curved in plan view and describe an intermediate lens. The rest
of lineaments show a complex arrangement en échelon mostly
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located on the eastern flank of the Precordillera, resulting in an
asymmetric deformation zone (Fig. 9d). Two families of faults
can be distinguished concerning their surface strike with re-
spect to the principal fault trends in the eastern flank of the
Precordillera: fault segments ranging between 12� and 15�

that correspond to the majority and fault segments ranging be-
tween 30� and 45�. This plan-view geometry is analogous to
the pattern of strike-slip faults in sinistral transpression scenar-
ios (Mpodozis et al., 1993), in which secondary lineaments
could correspond to R and P faults, respectively. Geomorpho-
logical evidences of tectonic activity show that the latest
deformation episode in the study area rules out strike-slip mo-
tions (Soto et al., 2005), despite the fact that the plan-view ge-
ometry of these lineaments suggests a sinistral transpression
scenario (Mpodozis et al., 1993) (Fig. 9). Geomorphological
markers suggest Neogene EeW compressional tectonics
(Soto et al., 2005) as other authors have proposed for equiva-
lent areas north and southwards (e.g. Jordan et al., 2002;
Audin et al., 2003).

7.2. Comparison with the experimental results

Although the comparison of experimental results with nat-
ural examples is not straightforward, partly because of the lim-
itations of experimental analogues and partly because of the
numerous factors involved in natural examples, some well-de-
fined features corroborate the applicability of the analogue
models presented to the north Chilean Precordillera example.
The geometry and kinematic evolution of analogue models
show some similarities with the main features characterizing
the style of deformation of the Precordillera at the Salar de
Punta Negra latitude (24e25�S). (1) Both in the Precordillera
and experimental models, the deformation zone appears paral-
lel to pre-existing faults. (2) The accommodation of shortening
by ductile and not localised deformation due to the presence of
a viscous layer in the stratigraphic series (i.e. salt, shales or
clay levels), as the experiments show, did not occur in the nat-
ural example, where a regional viscous detachment level is ab-
sent in the upper crust (e.g. Mpodozis et al., 1993). (3)
Overall, the deformation zone is not symmetric. In the studied
area, a higher number of faults appear in the eastern flank of
the Precordillera with respect to the western flank (Fig. 9). If
we compare the nature example and the physical models, the
fault pattern of model PN-01 (i.e. pure strike-slip deformation
followed by compression, sand only) matches with the defor-
mation style showed in this sector of the Precordillera; both
show an asymmetric pattern with an array of oblique reverse
faults only on one side (i.e. on the mobile plate in the model
and on the eastern flank of the Precordillera) (Figs. 2 and 9).

One limitation related with the Chilean forearc deformation
is to solve what is the origin of the Neogene tectonic activity
in the Precordillera. Two opposite forces proceeding from both
sides of the forearc could have influenced its tectonic evolu-
tion during Neogene times: (a) the subduction of the Nazca
plate beneath the South America continent (e.g. Pardo-Casas
and Molnar, 1987; Hartley et al., 2000) and (b) the uplift of
the Altiplano-Puna (located to the east of the Precordillera)
and crustal thickening since Middle Oligocene (Victor et al.,
2004; Farı́as et al., 2005; Tassara, 2005). Experiment PN-01
shows that a higher number of structures forms on the mobile
plate. Thus, taking into account the experimental results, we
can support that the main contributor to deformation in the
studied sector of the Precordillera during the Neogene comes
from the east, i.e. as a result of the uplift of the Altiplano-
Puna. Therefore, the Precordillera in the study area could ac-
commodate deformation during the Neogene, as Victor et al.
(2004) and Farı́as et al. (2005) have documented northwards,
by a west-vergent reverse fault system. In the study area, the
presence of the Salar de Punta Negra basin to the east could
reflect that the Precordillera acts as a doubly vergent range
at this latitude more than like a large monocline as model
PN-01 shows (Fig. 2).

To conclude, our models validate the assumption that
the Neogene tectonic activity in the Salar de Punta area may re-
sult from moderate shortening perpendicular to the trench that
reactivates and is influenced by previous strike-slip structures.

8. Conclusions

Experimental results show the influence of the previous pat-
tern generated under pure strike-slip and transpressive condi-
tions on the geometry of new formed thrusts generated
under compression perpendicular to the first fault system.
Structures are reactivated only at the backside sector of the
models in absence of a viscous detachment level. In pure
strike-slip conditions even the Riedel faults are reactivated
and new thrusts nucleate from these Riedel faults by oblique
ramps with high dip angles.

A comparison with a sector of Northern Chile margin (24e
25�S), located in the forearc trench-parallel region supports the
experimental results. This sector registered strike-slip move-
ments related to the strain partitioning due to the oblique con-
vergence of the Nazca plate during the EoceneeOligocene that
has influenced the fault pattern resulting from moderate mar-
gin-normal shortening during the Neogene. The asymmetry
of the fault pattern on both sides of the Precordillera suggests
that surface deformation in that part of the Precordillera could
accommodate the Neogene Altiplano-Puna plateau uplift.
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