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a b s t r a c t

Sand-box experiments were designed to reproduce the effect of sedimentation during extensional basin
development and tectonic inversion. These experiments were motivated by growing evidence for tectonic
inversion in early Miocene times of an extensional basin (Abanico Basin) in the central Chilean Andes with
contemporaneous intense volcanic activity. The experiments perform an extension followed by
compression. The first series of experiments were performed without sedimentation in the developing
basin; the second series were performed with partial filling of the basin, and the third series with total
filling of the extensional basin. The effect of sedimentation on the sides of the basin was also controlled.
Compression experiments reproducing tectonic inversion of the previously developed extensional basin
were also performed with and without coeval sedimentation (series with null, partial or total fill, and also
external sedimentation). The analogue experiments show that high amounts of sediments accumulated
during the evolution of an extensional basin enhance subsidence and lead to the development of shortcuts
in the footwall of the basin bounding faults during tectonic inversion. During extension the earliest
appearance of normal faults occurs in the compartment with the greater sedimentary fill, and this causes
asymmetric basin development. The post-extension compressional models show that the greater burden
caused by a thicker accumulation of sediments within the basin inhibits tectonic inversion, causing the
development of thrust structures rooted in the basin bounding faults. The accumulated sedimentary load
affects both the extension and compression phases of the experiments, but has greater influence in the
case of sedimentation during extension. A higher burden on the outer edges of the basin compared to the
interior enhances the reactivation of normal faults and hampers the development of new thrust struc-
tures. The thrust fault(s) originating from the most loaded basin compartment develops as a footwall
shortcut from the reactivated fault. With increasing sedimentation the shortcut is developed more
superficially. The shortcut absorbs less deformation than the associated main fault.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of tectonic or structural inversion was generated
from the study of petroleum basins (Lamplugh, 1920; Stille, 1924;
Pruvost, 1930; Voigt, 1963). Positive tectonic inversion describes
those basins that have been initially controlled by extensional faults
and later reactivated with a reverse movement during a tectonic
compression. Conversely, negative inversion occurs when inverse
faults are reactivated with normal movement; however this case is
rare (Cooper and Williams, 1989). In this paper, we will refer to
positive inversion.

Analoguemodelling has been frequently used to understand the
mechanisms involved in the tectonic inversion of basins and the
origin of associated structures (e.g. Del Ventisette et al., 2005,
2006). This experimental method is a representation of the
All rights reserved.
natural systemwith materials similar to those existing on the Earth
but with a simplified scale. There are several studies that have used
analogue modelling to study tectonic inversion. Bally (1984)
modeled the inversion process using a hemigraben on a listric
fault. He differentiated between partial and total inversion
depending on whether there is partial or complete recovery of the
pre-graben situation. In the case of total inversion, the reactivation
of movement along normal fault(s) results in the recovery of the
stratigraphic situation as it was before extension and the extrusion
of the basin-fill deposited during extension. The first studies of
tectonic inversion used models where a rigid and a mobile block
induced the initial geometry of the normal faults (e.g. Bally, 1984;
Koopman et al., 1987; McClay, 1989; Buchanan and McClay, 1991,
1992; Mitra, 1993; McClay and White, 1995; Yamada and McClay,
2003a, b). In later models, the experiments were made with free
blocks in order to study the geometry and kinematic evolution
during extension and compression. Several authors have also
analyzed the experimental behavior of several analogue materials
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including sand, clay and silicone (Richard and Cobbold, 1990;
Nalpas and Brun, 1993; Nalpas et al., 1995; Brun and Nalpas,
1996; Keep and McClay, 1997; Dubois et al., 2002; Panien et al.,
2005). Furthermore, it has been also shown that to produce
inversion along high-angle normal structures in a brittle system
modeled by analogue experiments, a non-coaxial angle between
the compressive and extensive stresses is required (Brun and
Nalpas, 1996; Gartrell et al., 2005), with an optimum angle for
inversion close to 15� (Brun and Nalpas, 1996). Other studies have
shown that inversion can be generated with higher angles even
with orthogonal compression (Del Ventisette et al., 2006).
However, these systems have been modeled generally with large
ductile silicone basal layers, which creates an experimental device
more easily deformable that even produces rotation of blocks on
the dip direction of the faults (Brun et al., 1994; Corti et al., 2003;
Del Ventisette et al., 2006). An interesting geometry generated in
inverted systems results from the development of new thrust faults
in the footwall block, named “footwall shortcuts”, that absorb
further deformation in the inverted systems (Buchanan and
McClay, 1991, 1992); but there is little analysis of their evolution
and the specific factors that influence it.

There are abundant worldwide examples of regions where
extension has been followed by tectonic inversion. There are classic
cases of inversion in marine environments in North America, and
other mountain chains (e.g. Hansen, 1986; Stone, 1989; Walker and
Cooper, 1986; Buchanan and Buchanan, 1995; Knott et al., 1995;
Lowell, 1995). In the Andean subduction margin, there are good
examples of extensional basins, i.e., the Jurassic and Early Creta-
ceous back arc basins, and the Late Cretaceous and Paleogene intra-
arc basins, which underwent tectonic inversion (e.g. Jordan et al.,
2001; Charrier et al., 2002, 2007). Inversion, in these cases,
occurred during major changes of plate dynamics that resulted in
modification of the stress regime affecting the continental margin
(e.g. Pardo-Casas and Molnar, 1987). A well studied case is the
Abanico Basin (e.g. Vergara and Drake, 1979; Nyström et al., 1993,
2003; Kay and Kurtz, 1995; Charrier et al., 2002; Muñoz et al.,
2006), developed between Middle Eocene and Late Oligocene
times in the Principal Cordillera of central Chile (e.g. Charrier et al.,
1994, 2002, 2005; Godoy and Lara, 1994; Burns and Jordan, 1999;
Godoy et al., 1999; Jordan et al., 2001; Fock 2005; Fock et al.,
2006a, b). In this basin, thick deposits of lava, volcaniclastics and
minor sediments were accumulated during extension. Deposition
was uninterrupted by the start of the inversion, and continued to
form a new and thick volcanic succession (e.g. Charrier et al., 2002,
2005, 2007; Fock 2005; Fock et al., 2006a, b). Therefore, it is
particularly interesting to understand howa partial inversion of the
basin was possible along with the coeval accumulation of thick
volcanic successions. Moreover, the volcanic rocks accumulated
during tectonic inversion host giant LateMiocene porphyry CueMo
deposits such as Los Pelambres, Río Blanco-Los Bronces and El
Teniente, whichwere emplaced along fault systems associatedwith
the extension and tectonic inversion of the Abanico Basin (Garrido
et al., 1994, 2002; Rivera and Cembrano, 2000; Rivera and Falcón,
2000; Charrier et al., 2002, 2005; Godoy, 2005). Deposition coeval
to tectonic inversion (i.e. volcanic activity during compression) has
not yet been considered by analogue models. In terms of mass
transfer, this situation does not correspond to the classic definition
of inversion (Voigt, 1963). Some analogue modelling experiments
have attempted to assess the influence of sedimentation on basin
development, depositing material in the basin at later stages in the
extension and pre-compression phases (Nalpas and Brun, 1993;
Nalpas et al., 1995; Brun and Nalpas, 1996; Dubois et al., 2002;
Panien et al., 2005). These studies show that if there is no sedi-
mentation all normal faults are reactivated to some extent, whereas
with sedimentation the reactivation of the structures is limited,
generating thrusts and backthrusts that cut and accommodate
shortening (Dubois et al., 2002; Panien et al., 2005). However, so far
no systematic attempt has been made to evaluate the influence of
sedimentationonextensional basindevelopmentor the evolutionof
basin inversion considering all possible cases of syntectonic sedi-
mentation. The inversion associated with deposition of volcanic
deposits, and the fact that there are no detailed studies on the
subject, has motivated the development of analogue models
experiments described here. The application of the results to the
Abanico Basin will be the focus of a future publication.

The aim of this study is to understand the effect of syntectonic
sedimentation on basin development during inversion, by the way
of analogue modelling. The key parameter is the location and
amount of sedimentation during both extension and compression.
The experiments are designed in order to simulate not only the
geological example presented (from the Andean system), but also
to simulate the general situation of inverted basins.

2. Analogue modelling

Modelling techniques used in these experiments are similar to
those used in the experiments of brittleeductile systems at the
Laboratory of Experimental Tectonics of the Department of Geo-
sciences, Université de Rennes I, described in detail in the literature
(e.g. Faugère and Brun, 1984; Vendeville et al., 1987; Davy and
Cobbold, 1991). Brittle behavior is represented by sand, with
a mean friction coefficient (4) of 0.58, a density (r) of 1400 kg/m3

and a medium sand average grain size between 297 and 425 mm.
Ductile behavior is represented by a mass of transparent silicone
with a viscosity (m) of 4�104 Pa/s at 20 �C and a density (r) of
960 kg/m3 (Davy and Cobbold, 1991). The scaling parameters for
extension and compression are included in Table 1.

The experimental device is similar to the one often used tomodel
grabens and graben inversion in analogue experiments (Allemand
et al., 1989; Allemand and Brun, 1991; Tron and Brun, 1991; Brun
and Nalpas, 1996). It consists of a fixed and rigid base, on which
a thin plate moving at a constant rate is pulled (extension) or
pressed (compression) (Fig.1). The limit of the mobile plate induces
an asymmetric velocity discontinuity (VD) in the base of the model
(Malavielle, 1984; Balé, 1986; Allemand et al., 1989; Ballard, 1989).
The angle of obliquity used in the compressive experiments is 30�

with respect to the VD (Fig. 1a) and is the best angle to produce
inversion in analogue experiments according to previous studies
(Letouzey, 1990; Brun and Nalpas, 1996; Panien et al., 2005; Del
Ventisette et al., 2006). However, it should be noted that there are
other parameters in nature that facilitate inversion, which in the
aim of simplicity have not been considered here, such as the pres-
ence of internal fluids and/or ductile minerals along the fault-plane.
For this reason, inversion in the presence of such factors might be
produced with greater angles. Therefore, the results obtained from
our experiments are not only applicable to oblique tectonic regimes,
but also to more orthogonal compressive systems.

The models were built primarily with sand to represent the
basement and brittle cover. In addition, a fine layer of silicone was
added (1 cm thick) on top of the VD to distribute the strain on it and
create a wider zone of deformation. In these experiments the sili-
cone does not simulate any character of the crust and has exclu-
sively a geometrical use (Brun and Nalpas, 1996). The dimensions of
the experimental device are shown in Fig. 1. The basal plate used to
generate the VD is glued to the mobile wall and is 0.5 mm thick and
22 cm long. The dimensions of the silicone layer are 5 cm wide,
1 cm thick and 60 cm long. Over the silicone a 5 cm thick layer of
sand was placed (Fig. 1a).

Two groups of experiments were performed during this study.
Thefirst group consisted ofmodelswith extension orthogonal to the



Table 1
Definition of fixed parameters used in the experiments.

General parameters of experiments

Angle with respect to VD Velocity (cm/h) Time (min) Quantity (cm)

Extension 90� 2 45 1.5
Compression 30� dextral 2 90 1.5

Parameters of scaling

L (m) g (m/s2) r (kg/m3) m (Pa/s) V (m/s) t (s)

Nature 3000 (3 km) 9.81 2700 6� 1020 6.3� 10�11 (0.2 cm/y) 9.5� 1013 (3 My)
Model 0.01 (1 cm) 9.81 1400 4� 104 5.5� 10�6 (2 cm/h) 3.7� 103 (1 h)
Model/nature ratio 3.3� 10�6 1 0.52 6.7� 10�17 8.6�104 3.9� 10�11

Particular experimental conditions for each model carried out

Experimental run Codea Sedimentation during extension Sedimentation during compression

Processes involved Internal and partial Internal and complete Internal and partial Internal and complete External

ITACES 23 a e e e e e e

ITACES 15 b e x e e e e

ITACES 7 c e e x - e e

ITACES 6 d eec e e - e e

ITACES 11 e eec x e - e e

ITACES 8 f eec e x - e e

ITACES 22 g eec e e x e e

ITACES 12 h eec x e x e e

ITACES 14 i eec e e e x e

ITACES 10 j eec e x e - x
ITACES 20 k eec e e e x x
ITACES 21 l eec x e e x x
ITACES 9 m eec e x e x x

VD, velocity discontinuity; L, length; g, gravity; r, density; m, viscosity; V, Velocity; t, time; e, experiment someted to extension; c, experiment someted to compression.
a Code refers to the correspondent experiment shown in Figs. 2 and 5.
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VD to create a basin parallel to it. In the second set an oblique
compression after the extension was applied over the sandboxes,
with an amount of ‘orthogonal shortening’ equal to the previously
obtained extension (1.5 cm), to promote the maximum reactivation
of normal faults to reverse (Fig. 1). To obtain this orthogonal short-
ening we applied an angle of 30� of the mobile wall with respect to
α

Ve

Basal mobile plate

60 cm

30° x

60°

y

30°

    First phase  α = 90° 
Direction of extension

    Second phase  α = 30° 
Direction of compression

mobile walla

b Extension
(First phase)

Compression
(Second phase)

Fig. 1. (a) Sketch of the experimental device, assembly and fixed dimensions for all mod
(b) Sketch of top-view model showing the relation between the slide in the compressive d
the VD and to the basin (Fig. 1b). The orthogonal shortening was
calculated fromaprojectionof the compressivemovementvectoron
the perpendicular line to the mobile wall (Fig. 1). For simplicity in
this paper ‘shortening’ refers to ‘orthogonal shortening’. In all
experiments the parameters used to define the extension and
compression remained fixed and are summarized in Table 1.
Silicone (1 cm)
locity discontinuity (VD) Basal plate

5 cm

44 cm

fixed wall

VD

els. The angle used during the extensional and compressive phase, ‘a’, is indicated.
irection (‘x’) and the shortening orthogonal to VD (‘y’).
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Wenote that 100% extensionwas reached after 45 min (a total of
1.5 cm lengthening), and on this basis we estimated the temporary
development of the structures. In compression, 100% of shortening
was reached after 90 min (a total of 1.5 cm orthogonal shortening)
starting immediately after the extension. In both types of models,
the contemporary sedimentationwasmade by continuously adding
thin layers of alternating colors of sand at different rates depending
on the analyzed model in and/or outside the basin. The deposition
was hand-made with a sieve, therefore we did not have high
precision on the deposition thickness or rate of sedimentation; the
quantity of deposition depended on the accumulation space for
each case. For both groups of models only the most likely combi-
nations observed in nature were carried out. For the extensional
series, three models were made (Fig. 2aec): (1) Without sedi-
mentation, (2) with partial sedimentation and (3) with complete
sedimentation or complete filling of the developed basin (Table 2).
The compressive models were based on the same extensional
series, and we developed three compressive series (Fig. 2dem): (1)
without sedimentation, (2) with partial sedimentation and (3) with
complete sedimentation (Table 3). Experiments with complete
sedimentation in extension, and complete or partial sedimentation
in compression, were not carried out as this is a situation that does
not exist in nature; the basin is infilled and had no more accom-
modation space. Similarly, the models with partial sedimentation
in extension and in compression were not made because of tech-
nical difficulties recreating them.

The analysis of the development of structures on the surfacewas
hampered by sedimentation in various cases. Top-view photo-
graphs were taken at regular intervals to study the timeespace
evolution of the structures (Tables 2 and 3). The time of occurrence
of faults was measured during the experiments by simple obser-
vation of the surface of the model, and therefore this time does not
represent the real commencement of structure formation as they
could have started earlier and deeper than recorded. Despite this,
we could determine their progressive evolution with the observed
timings. The analysis of the final internal deformation of the
experiments was performed by cutting profiles at the center of the
model, perpendicular to the VD, in order to obtain a more general
view of the region least affected by edge conditions associated with
the experimental device. The timing of fault development and
reactivation was determined on the basis of cross-cutting relations
of the faults.

3. Results

3.1. The extensional phase

The main deformation generated in the extensional phase
comprised four parallel faults, forming two parallel grabens
organised in a subsidence zone or “basin” along the VD (Figs. 2aec
and 3), sediments were accumulated in these grabens. These
grabens, G1 and G2, each one defined by two conjugate normal
faults: G1 was defined by N1 and n1, and G2 was defined by n2
and N2 (Fig. 3). The properties of both the faults (angle, time of
onset and amount of extension) and the basin defined by them
(depth, width, subsidence area) are presented in Table 2. The
width of the generated basin was similar in all experiments, with
an average of 11.3 cm (Fig. 4c and Table 2), but the depth of basin
is different in each model and depends on the amount of sedi-
mentation (see below). All the developed faults were high-angle,
varying in dip from 62� to 76�. The fault surfaces are approxi-
mately planar with only slight curvatures and/or branches
(Fig. 5aec). There are different points of nucleation for normal
faults, however this is random and does not bear relation to the
sedimentation (Fig. 5aec).
In all experiments the order of appearance of the normal fault
was as follows: N1, N2, n1 and n2 (N1 and N2, being the faults
bounding the grabens externally, and n1 and n2, being the
faults bounding the grabens internally) (Figs. 2aec, 3 and 5aec, and
Table 2). However, as sedimentation increased, the second appear-
ance of the external normal fault (N2)was gradually delayed (Fig. 4a
and Table 2), for example without sedimentation fault N2 appeared
when the extension was at 24.4% (11 min/45 min), whereas in the
case of complete sedimentation this fault appeared when the
extensionwas at 33.3% (15 min/45 min). In contrast, the emergence
of internal faults (n1 and n2) was gradually advanced (Fig. 4a and
Table 2), for example in the case without sedimentation fault n1
appeared with a 55% (25 min) of extension, while in the case of
complete sedimentation it appeared when the extension was 33%
(15 min/45 min). In models where sedimentation was partial and
complete, sedimentation began in the escarpment N1. This can be
clearly displayed, representing the time of formation of grabens by
the difference of time between the formation of faults N1 and n1
and faults n2 and N2, which became progressively smaller (Fig. 4b).

In general, the external normal faults, N1 and N2, developed
a lower dip angle (62�e67�) than the internal ones, n1 and n2
(63�e76�) (Table 3 and Fig. 4f). With this lower angle, N1 and N2
accommodated most of the extensional deformation, measured as
horizontal displacement (Fig. 5aec). On the other hand, the normal
internal faults, n1 and n2, primarily accommodated the vertical
movement with a smaller horizontal displacement because of their
higher angle (Fig. 5aec).

Increasing the sediment load (from without sedimentation, to
partial sedimentation and then complete sedimentation) increases
the depocenter depth of the basin (Figs. 4d and 5aec), from 0.8 cm
in the case without sedimentation to 1.4 cm in the case of complete
sedimentation. Therefore, because G1 was generally the first
graben to be formed the increasing sedimentary load meant that
this graben was progressively deeper (Fig. 4e), and consequently
the faults N1 and n1 developed more movement than faults N2 and
n2. The later faults showed a slight decrease in vertical throw in the
experiments with increased sedimentation. The increase of defor-
mation in one major graben (G1) related to sedimentation favored
the decrease of movement in theminor graben (G2) and its delay in
formation time.

3.2. The shortening phase

For this series of experiments, the extensional basin had the
same size and configuration as in previous reference experiments
depending on the sediment load (see Section 3.1). The main
structures obtained during the shortening phase, compression after
extension, are the reactivated older normal faults (R1, R2, r1, r2) and
the creation of two new thrust faults (I1 and I2) of low angle and
located on the outer edges of the inverted grabens (Figs. 2dem,
5dem and 6). In some experiments, a new thrust fault within the
grabens was generated (i1, Figs. 5d, e, h and 6). In addition, dextral
strike-slip faults approximately parallel to the compressive direc-
tionwere formed on the border of the sandbox related to boundary
conditions (Fig. 6). The geometric and temporal characters (time of
onset, angle and horizontal shortening) of the structures generated
during the compression, both the ones seen on the surface and
those seen in sections, are summarized in Table 3. In addition, the
newly formed thrust faults show a slight curve in their superficial
trace (Fig. 5dem).

To determine the amount of tectonic inversion associated with
each experiment, we calculated a percentage of inversion (Table 3).
This amount of inversion is associated with shortening orthogonal
to the VD and refers to reverse fault reactivation in the previously
formed normal faults (Fig. 1b). The amount of reactivation in the



Fig. 2. Photographic summary of top-view final state of experiments in extension and compression. Legend: Lines with filled boxes (red lines in digital version) indicate normal
faults developed during extension (N1, N2, n1 and n2); lines with empty boxes and filled triangles (green in digital version) indicate reactivated normal faults (R1, R2, r1 and r2);
lines with filled triangles (blue in digital version) indicate the new reverse faults (I1, I2, i1); lines with arrows on both sides (yellow in digital version) are strike-slip faults produced
by boundary conditions associated with the experimental device. The numbers ‘1’ and ‘2’ indicates the order of occurrence for each kind of faults. Segmented lines indicate inferred
faults. Label of experiments is the same used in Fig. 5 and in the tables. Abbreviations: W.S., without sedimentation; P.Si., partial internal sedimentation; C.Si., complete internal
sedimentation; Sie., internal and external sedimentation; Se., external sedimentation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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Table 2
Results of extensional experiments. The timing of structures is based on a total time of 45 min with a total experimental lengthening of 1.5 cm.

Faults Characteristics Ext. without sedim.
(ITACES 23) e a*

Ext. with partial sedim.
(ITACES 15) e b

Ext. with complete
sedim. (ITACES 7) e c

Normal faults N1 Toc (min) 10 10 10
Angle (�) 67 64 63
QExt (mm) 4.0 4.5 6.5

n1 Toc (min) 25 20 15
Angle (�) 68 63 76
QExt (mm) 3.0 2.5 3.5

N2 Toc (min) 11 13 15
Angle (�) 66 63 62
QExt (mm) 5.5 6.0 3.5

n2 Toc (min) 27 23 20
Angle (�) 71 73 68
QExt (mm) 2.5 2.0 1.5

Grabens and Basin G1 Width (cm) 5.5 5.6 4.7
Depth (cm) 0.5 0.8 1.4

G2 Width (cm) 5.0 4.9 5.1
Depth (cm) 0.80 0.95 0.50
Grabens distance (cm) 1.5 0.5 1.2

Basin Overall width (cm) 12 11 11
Max. depth (cm) 0.80 0.95 1.4
Ratio (depth/width) 0.067 0.086 0.127
Subsidence area 7.90 7.76 7.70

Ext., extension; Sedim., sedimentation; Toc, time of occurrence; QExt, amount of extension absorbed by the fault; N,n, normal faults; G, Grabens; 1, 2, order of occurrence.
*‘ITACES’ refers to experimental run and letters a, b and c refer to the correspondent experiment in Figs. 2 and 5.
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strike component could bemeasured directly in the top-view of the
experiments. However, we could not determine clearly the reverse
reactivation, sincewe had nomarker for it. Therefore, the estimated
% Inversion ¼ 100� Applied orthogonal shortening� Orthogonal shortening associated to reverse structures
Applied orthogonal shortening

(1)
proportion of inversion is calculated indirectly considering our
knowledge of the total amount of compression orthogonal to the
VD, equal to 1.5 cm, and quantity of shortening of the new reverse
faults (Fig. 1b). Thus, reactivation would equal the total amount of
Table 3
Results of compressive experiments. The timing of structures is based on a total time of

Structures Experiment Ext. without
sedim.
(ITACES 6)a

Ext. with
partial
sedim.
(ITACES 11)

Ext. with
complete
sedim.
(ITACES 8)

Ext. without
sedim.
(ITACES 22)

Ext. with
partial se
(ITACES

Compression
without sedimentation

Compression with
partial sedimentation

db e f g h

I1 Toc (min) 60 75 45 70 70
Angle(�) 40 39 34 37 40
Short. (mm) 2.0 3.0 7.0 3.5 2.0

i1 Toc (min) 70 e e e e

Angle (�) 45 40 e e 40
Short. (mm) 1.0 1.0 e e 0.5

I2 Toc (min) e 80 50 70 70
Angle (�) e 40 40 35e40c 40
Short. (mm) e 4.0 1.0 3.5 2.0

SSF Toc (min) 45 60 30 20 60

Highest point (mm) 2.0 3.0 6.5 5.0 2.0
Inversion percentage

(%)
80 73 47 77 70

Ext., extension; Sedim., sedimentation; Compr., Compression; I,i, New Reverse Faults; 1,2,
the fault; N,n, normal faults; G, Grabens; 1, 2, order of occurrence.

a ‘ITACES’ refers to experimental run.
b We show the associated letter of the experiment in Figs. 2 and 5.
c Faults are courved and its dip is variable.
orthogonal shortening minus the amount absorbed by the new
reverse faults. Then the percentage of inversion would be repre-
sented as follows:
The shortening associated with the reverse structures was
measured directly on the profiles perpendicular to the mobile wall,
where we could see displacement over these structures. In the case
of curved faults, the largest shortening was measured in the
90 min with a total experimental shortening of 1.5 cm (orthogonal to the VD).

dim.
12)

Ext. without
sedim.
(ITACES 14)

Ext. with
complete sedim.
(ITACES 10)

Ext. without
sedim.
(ITACES 20)

Ext. with
partial sedim.
(ITACES 21)

Ext. with
complete
sedim.
(ITACES 9)

Compr. with
complete sedim.

Compr. with
external sedim.

Compression with internal and
external sedimentation

i j k l m

70 50 75 e 50
39 36 30e50c 25e50c 42
1.5 4.0 4.0 5.0 6.0
e e e e e

e e e e e

e e e e e

75 50 75 e 50
41 40 30e50c 25e50c 43
3.0 3.0 4.0 5.0 1.0
65 20 45 e 20

2.5 4.0 2.0 3.5 5.0
70 53 73 67 53

order of occurrence; Toc, time of occurrence; QExt, amount of extension absorbed by



a b

Fig. 3. Schematic illustration of the final state of the main structures formed in the extension experiments, showing the extreme case as an example. (a) View from above of the
experiment. The boxes indicate the dip direction of the normal faults. The labeling of faults is as follow: N, n, normal fault; G, Graben; 1 and 2, order of occurrence. (b) Section AeB
through the central part of the experiment, where ‘A’ corresponds to the mobile wall side (where the piston is located) and ‘B’ to the fixed wall side. Arrows indicate the movement
direction of the normal faults. The syn-extensional area shows the possible place for the sedimentary filling.
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horizontal direction, associated with the smaller angle. It can be
seen in several models that some previous faults are not reactivated
inversely, but we assume that part of the total orthogonal short-
ening must be absorbed by normal faults reactivated in reverse
since not all the shortening is absorbed into the new reverse faults
(Table 3). Moreover, it is probable that the amount of inversion is
slightly overestimated because we do not consider the compaction
of the sand. However, given the same compression settings and the
same materials, the compaction should be the same for all exper-
iments and, therefore, should not be significantly different allowing
comparison between models.

The compressive experiments showed that the beginning of the
inversion of the normal faults (R1, r1), was delayed by the amount
of sediment previously accumulated in the grabens (Fig. 4g). For
example, in the case of extension and compression without sedi-
mentation, these faults were reactivated when shortening was 17%
(15 min/90 min), whereas in the case of extension with partial
sedimentation followed by a compression without sedimentation,
reactivation of the faults started at 33% shortening (30 min/90 min)
(Fig. 4g).

In nearly all the models two new reverse faults were formed (I1
and I2) (Figs. 2 and 5dem). For these faults dip-slip aswell as strike-
slip occurred. In some of the presented sections these faults do not
appear coevally, because they were not developed enough (e.g.
Fig. 5e, g, k and l). The I1 and I2 faults began to develop on both sides
of the model at about the same time, depending on the type of
experiment (Table 3). Inmostmodelswith increased sedimentation,
both faults appeared earlier, at ca. 55% of shortening (45e50 min),
with respect to the experiments with less sedimentation (ca. 81% of
shortening, and at 70e80 min) (Table 3). This coincided inversely
with the delay in the initiation of the inversion with increased
sedimentation mentioned above, without deformation on the
surface of the sand-box during this period (Fig. 4g). It is possible that
thrust faults were generated earlier and deeper than recorded and
that they absorbed compressive deformation in this period, but we
did not have access to this information because we did not scan the
interior of the sandbox during the evolution of the experiment.

It is worth noting that surface analyses of the evolution of the
experiments showed that the fault I2 was not developed only in
models without sedimentation in both extension and compression.
In this case, two thrust faults verging towards the piston were
developed, an internal (i1) and an external fault (I1) (Fig. 5d). The
internal fault i1 was developed shallowly in other experiments
with low sedimentation and did not emerge at the surface (Fig. 5e
and h). This is explained by the slight or complete absence of
sedimentary load in the grabens and, therefore, the freedom to
develop an internal fault. In the case of complete internal sedi-
mentation in the grabens, in extension or compression, this struc-
ture did not develop (Fig. 5f, j, k, l and m).

In all cases, one of the new faults, I1 or I2, was rooted at the base
of the silicone (Fig. 5dem), and in some cases absorbed large
amounts of shortening (Table 3 and Fig. 5f and j). It should be noted
that these faults absorbed more shortening than the reactivated
faults due to their lower dip-angle (30�e40� versus 63�e76�,
respectively). In the case of increased sedimentation in one of the
grabens, either G1 or G2, the new thrust fault associated with that
side, I1 and I2, was developed as a footwall shortcut (Huyghe,1992;
McClay,1995) from the graben bounding reactivated fault (Fig. 5f, h,
i, j and m). This structure was developed on the opposite side of the
fault rooted in the silicone (Fig. 5dem). However, it was not
possible to define precisely the critical load in grabens at which the
shortcuts were developed. Furthermore, the experiment with the
greatest burden, with full internal sedimentation in the extensional
phase and internaleexternal sedimentation in the compressive
phase, the shortcuts were developed at very shallow levels
(Fig. 5m). This is explained by the greater loadwithin the associated
graben (G1) that prevented the development of the short-cuts at
deeper levels. The shortcut faults absorbed only ca. 7% of the total
shortening (1 mm/15 mm), and the bulk of the shortening in this
experiment, ca. 40% (6 mm/15 mm), was absorbed by I1 on the
opposite side (Table 3).

We observed that a gradual increase of sedimentation also
involved a gradual decrease in the percentage of inversion on the
previous normal faults (see percentages obtained from Eq. (1)
recorded in Fig. 5dem and Table 3). In the models performed
without sedimentation in compression, the percentage of inversion
varied from 80% in the case without sedimentation during the
previous extension to only 47%with full sedimentation in extension
(Fig. 5def and Table 3). In turn, in compression models performed
without sedimentation during the extensional phase therewas also
a decrease in the percentage of inversion. Inversion varied from 80%
in the case without sedimentation during compression to 70% in
the case of full sedimentation during compression (Fig. 5d, g and i).
We note here that the influence of sedimentation during the
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Fig. 4. Graphs representing the timing and the dimentions of the structural features formed during the experiments depending on the amount of sediment accumulated in the
basin. In extension: (a) time of occurrence of normal structures; (b) time difference between internal and external structures; (c) width of the basin; (d) maximum depth or
depocentre of the basin; (e) depth of graben G1; (f) maximum angle of internal faults. In compression: (g) time at which the reactivation of normal faults occurred (only the
experiments where this parameter is observable on the surface of the sand-box are considered). N, n, normal faults; T, timing; R, r, reactivated faults; Sedim., sedimentation; Compr.,
compression; 1 and 2, order of occurrence. In the legend, ‘ITACES’ refers to experimental run.
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extensional phase prior to compressive phase is particularly
significant for the amount of inversion in the system. In the case of
full internal and external sedimentation during compression
(Fig. 5j), we obtained a higher percentage of inversion (53%) than
when only internal sedimentation occurred in the compressive
phase (47%) (Fig. 5f).

In two series of experiments there is an inverse relationship
between uplift, which is quantified from the maximum vertical
displacement associated with the new thrust-faults, and the
percentage of inversion, which represents the amount of reac-
tivation along the former normal faults (Table 3). The cases include
series without sedimentation in the compressive phase (Fig. 5def)
and the series with internaleexternal sedimentation (Fig. 5kem),
for which we obtained values of 80%, 73% and 47% of inversion and
an altitudepeak of 2, 3 and6.5 mm, respectively (Table 3). Therefore,
for these series with an increased sedimentation, a progressively
smaller inversion of the previously normal structures and a higher
uplift of the system is associated with the new thrust faults.
3.3. Analysis of experimental results

3.3.1. Extensional phase
The locations of the external-bounding normal faults (N1 and

N2) of the grabens were determined from the silicone strip beneath
the sand layers along the model; the faults were generated at the
edges of the strip. The results of the extensional experiments
clearly indicate that there is a change in the depth of the basin
directly related to the amount and timing of sedimentation. On one
hand, as the basin is composed of two sub-grabens, the region
where sedimentation begins supports a greater sedimentary load is
the deepest sub-graben. With continuous sedimentation the
vertical stress on the hanging wall does not decrease during
deformation, in relation to the movement on the fault, and the
displacement is easier here compared to the region without sedi-
mentation. For models with partial and complete sedimentation,
N1 was the first fault generated. Therefore, in its associated block
a higher burden is produced, it subsides faster and generates



Fig. 5. (aec) Figure summarizing the final features observed in the central sections of the extensional experiments with varying degrees of sedimentation (W.S., without sedi-
mentation; P.Si., partial internal sedimentation; C.Si., complete internal sedimentation; Sie., internal and external sedimentation; Se., external sedimentation). The degraded top
triangle (brown in color version) indicates the direction of subsidence of the basin in relation to the amount of sedimentation. (dem) Summary of experiments in compression
superimposed on extension. The horizontal direction indicates increase of sedimentation during the extension and the vertical direction indicates the increase of sedimentation
during the compression. Each reactivated normal fault has a strike-slip component, which is not indicated for simplicity. The empty rectangles indicate ‘not existing’ cases (see the
text for explanation). The grey horizontal degraded top triangle (red in digital version) indicates the progression rate of the inversion, the thicker and more intense color indicates
a higher value, and the thin and low-intensity color indicates lower values. The small grey triangle on the top of some models indicates the location where the shortcut merges in
the surface of the experiment. Reactivated faults are indicated with two arrowheads (green in digital version), and the new reverse faults are shown with one arrowhead (blue in
digital version). The piston is located on the left side of the figure and the velocity discontinuity (VD) is indicated at the bottom. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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a depositional space where sediment is accumulated increasing the
sedimentary load, i.e. G1 is generated. The descent of the block
creates a larger local extension, which favors the formation of
internal normal faults (n1 and n2), which are closer to N1. A higher
sedimentary burden in G1 instigates the earlier development of the
normal faults N1 and N2, accommodating the deformation associ-
ated with the subsident basin. Therefore, at a higher burden, N2
appears later and has a smaller displacement, probably because it is
away from the area were the highest load is concentrated. This
sequence of strain causes the basin to become asymmetrical. In this
way, the highermovement observed from the faults N1 and n1with
respect to N2 and n2 is explained by an increased sedimentation.
G1 is generated progressively earlier, supports the highest
load, concentrates the deformation, and subsides faster in relation
to G2.

Additionally, the gradual increase in dip-angle of the internal
faults (n1, n2) in relation to the increased sedimentary load can be
explained by the accommodation of a higher vertical displace-
ment associated with the deepening of the basin with
sedimentation.
3.3.2. Shortening phase
During the compressive phase the load caused by the sediments

accumulated in the basin affects both the reactivation of normal
faults and the generation of new reverse faults in such a way that
with increased sedimentation within the basin there is a progres-
sive decrease in the percentage of inversion. This is because the
higher load of the sediments increases the vertical stress on the
normal faults and makes their reactivation difficult. Also, the delay
in the reactivation of normal faults to form reverse strike-slip faults,
which depends on the increase of internal sedimentation in
extension (Fig. 4g), is due to the increased difficulty of their reac-
tivation due to the gradually increasing load.

Once the new faults are generated they begin to absorb most of
the shortening, cushioning the process of tectonic inversion. A
progressive increase in sedimentation allows the new inverse
structures to appear earlier, which is mainly expressed in the larger
displacement of I1 and/or I2 (e.g. Fig. 5f, j and m, see Table 3). The
smaller amounts of inversion calculated for models with increased
sedimentation are explained by the increased internal sedimenta-
tion in the grabens and thus by the great sediment load on the
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fault-plane of the basin bounding faults making their reactivation
more difficult. In contrast, in the model with internaleexternal
deposition (compare Fig. 5f vs. Fig. 5j and m) the additional burden
on the outer edges tended to facilitate tectonic inversion despite
the high internal load. Apparently, in this case, the relative differ-
ence of load has more affect than an absolute load within the basin.
In addition, the external load occurs on the surface area where the
trace of the thrust-fault should merge, therefore it is deduced that
the burden represents an obstacle in the path of the fault that
reduced its slip.

In areas with a lower load, the associated faults were rooted at
the base of the silicone (Fig. 5dem). This is may be because in this
case the faults were able to uplift the entire sand column. In areas
with higher burden it is more difficult for the faults to uplift the
entire column. Therefore, it appears easier to produce displacement
along only the lower part of the fault until a certain point, where it
is possible to develop a shortcut (Fig. 5dem). We defined distance
“d” as the one between the top of the silicone and the lowest point
of the footwall shortcut. In the experiments distance “d” increased
with a higher sedimentary load (e.g. Fig. 5m), i.e. the shortcut
became progressively more superficial.

The inverse relationship between uplift and the tectonic inver-
sion in the two series of experiments is explained by the tectonic
activity of the faults. Models with greater inversion are thosewhere
the movement along the fault-planes was greater, and thus the
shortening absorbed by the new faults was smaller (Fig. 5dem and
Table 3). Therefore, the shortening is distributed in more faults and
generates less uplift. In contrast, in experiments where the
reactivation of faults is low (e.g. Fig. 5f and m) activity along the
new faults is greater and shortening is concentrated in the two new
faults that rise higher the entire system, with uplifts between 5.0
and 6.5 mm (Table 3). Similarly, with an increased internal load the
inversion process along the previously formed normal faults is
abandoned, new thrust faults are generated and have a greater total
slip. This is reflected in an increase in the amount of absorbed
shortening, as well as an increase in global uplift of the system.
Therefore, a higher burden causes the new faults to absorb most of
the contraccional deformation.

3.3.3. Global results
From the presented results it can be deduced that the inhibition

of the inversion tectonic process caused by the sediment infill in the
grabens is similar whether the load is applied during the extension
phase or during the subsequent compressional phase. However, if
the deposition occurs during the extensional phase the effect of
load is more significant, because in that case compression starts
with an extra weight within the grabens, and this weight increases
during the rest of compressive phase. This decline in tectonic
inversion depending on the increasing of sedimentation inside the
basin is similar to what has been described in previous works
(Nalpas and Brun, 1993; Nalpas, 1996; Brun and Nalpas, 1996;
Dubois et al., 2002; Panien et al., 2005; Del Ventisette et al.,
2006), where deposition was made contemporary to extension or
between the period ending the extension and before the
compression begins. These models have shown that in the absence
of sedimentation in extensional-compressive models inversion
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occurs along all normal faults, whereas with the addition of sedi-
ment the reactivation of the structures is limited (Dubois et al.,
2002; Panien et al., 2005). Our results are consistent with these
studies, but additionally show that there is a progression in the
deformation style and amount of inversion with load addition, and
also at which stage and location the load is applied.

One of the most interesting results derived from the performed
experiments is the development of footwall shortcuts. These are
generated in the region of higher load independently of the location
of the silicone strip and the construction of the model. These are
formed in the following manner: when the asymmetry of the basin
exists, expressed as an increased sedimentation into one of the
grabens, the new fault is developed as a shortcut rooted in the
external reactivated fault. Apparently, this occurs because at
a certain point along the inverted fault it is easier to transmit
deformation to the sides developing a thrust fault. In general, the
development of shortcuts occurs in cases where the sedimentation
inside the grabens is complete, either during the extensional or the
compressive phase. However, it was observed that for increasing
sedimentation, for a same series of models, the newly formed
thrust fault is generated more superficially. We propose that the
increased sedimentation on a normal fault causes a greater
displacement along the fault in the extensional phase. A greater slip
will potentially be associated with a more curved fault-plane at the
bottom of the device. This would help initiating the inversion in the
bottom of the basin until shortcuts are generated.

4. Conclusive remarks

The results of our analogue experiments confirm the hypothesis
that the sediment load is a major factor controlling the geometric
evolution of an inverted extensional basin system:

- Furthermore, we showed that the load mainly controls the
extent and timing of inverted faults. An increased sediment
load causes a decrease in the tectonic inversion and the further
development of thrust faults outside the basin.

- The reduction in tectonic inversion is relatively independent of
whether the sedimentation occurs contemporaneously with
the extension or compression. However, if sedimentation
occurs during the first extensional phase the effect on the
decline in tectonic inversion is more prominent.

- The new thrust faults can be developed in a region that has not
been previously deformed, but if there is an asymmetry and
increased sedimentation on the deeper side of the basin the
new faults in that region can develop as shortcuts that are
increasingly shallow with higher loads.

- Also, an accumulation of sediment on the outer edges of the
basin facilitates the reactivation of normal faults and hampers
the propagation of new thrust faults, as in this case the external
load is applied in the region where the faults could emerge.
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