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Basin inversion and fault reactivation in laboratory experiments
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Abstract

A series of analogue models have been performed to get insights into the relationships between the reactivation of pre-existing normal faults
and the orientation of a successive compressive stress field. The models were deformed in two phases: (1) a first extension phase (sh z s3)
generating a graben, and (2) a successive compressive phase with the orientation of the shortening direction (sh z s1) trending between
0� and 90� (obliquity angle a) to the faults bounding the graben. The deepening of this graben was accompanied by syn-tectonic sedimentation
that included a basal ductile layer (simulating salt in nature) overlain by a brittle sand pack.

The experimental results suggest that the development of compressive structures is strongly controlled by the pre-existing normal faults and
by the obliquity angle a. The experiments have invariably shown that the extensional faults were reactivated during shortening whatever the
value of the angle a. Whereas strike-slip reactivation of major normal faults is favoured by low obliquity angles a, mostly dip-slip reactivation
of pre-existing structures is instead promoted for high obliquity angles a. The analysis of model results highlights the important role played by
a ductile layer at the base of the basin fill, and the obliquity angle a in controlling both strain partitioning and brittleeductile decoupling.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction and aim of the work

The final deformation pattern of extensional basins inverted
during compression is strongly influenced by the geometry of
early normal faults, so that both deformation geometries and
the time-space evolution of structures markedly differ from
basins related to shortening only. Generally, the early normal
faults are zone of weakness with different mechanical proper-
ties (cohesion and internal friction) with respect to the
surrounding undeformed rocks (Mandl, 1988; Krantz, 1991;
Letouzey et al., 1995). Depending on the orientation of the
faults relative to the stress field, this variation of mechanical
properties along the fault plane may favour its reactivation,
since it requires lower differential stresses than those neces-
sary for the development of new structures. However, the
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complex final deformation pattern of the inverted extensional
basins obstacles the progressive restoration of their time-space
structural evolution and the recognition of the role of exten-
sional basement structures during fault reactivation. Basement
involvement is indeed often hidden by thin-skinned tectonics
decoupling the basin fill from the basement along a thick basal
layer of salt or other ductile layers.

Fault reactivation and inversion tectonics have been the
object of theoretic studies (e.g. Sibson, 1985; Ranalli
and Yin, 1990; Yin and Ranalli, 1992; Sandiford, 1999) as
well as of analogue and numerical models (Koopman
et al., 1987; McClay, 1989; Richard, 1989; Buchanam and
McClay, 1991; Richard and Krantz, 1991; McClay and
Buchanam, 1992; Sassi et al., 1993; Mitra and Islam, 1994;
Mandal and Chattopadhyay, 1995; Letouzey et al., 1995;
Nalpas et al., 1995; Brun and Nalpas, 1996; Higgins and
Harris, 1997; Dubois et al., 2002; Buiter and Pfiffner,
2003; Hansen and Nielsen, 2003; Panien et al., 2005; Gartrell
et al., 2005).
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The present work intends to examine, by means of an ana-
logue modelling study, the patterns of fault reactivation in
relation to the variation of the angle a between pre-existing
normal faults bounding a graben and a successive principal
compressive stress axis s1 (s1 y sh). The analogue modelling
technique has been proven to represent a useful tool, as it
allows studying the progressive deformation during basin
inversion, and may also provide indications about the role
of distinct factors controlling the final deformation pattern.
Only some previous works focused on fault reactivation asso-
ciated with oblique shortening (Nalpas and Brun, 1993;
Nalpas et al., 1995; Brun and Nalpas, 1996; Dubois et al.,
2002; Yamada and McClay, 2003a,b; Gartrell et al., 2005).
In particular, Brun and Nalpas (1996) highlighted that the
reactivation of border faults need the direction of compression
to be less than 45� to the pre-existing normal faults trend.
Dubois et al. (2002) instead explored the role of syn-tectonic
sedimentation in controlling fault reactivation.

In this work, we have examined in detail how a ductile
layer at the base of a syn-rift sequence deposited within a gra-
ben could affect the deformation pattern during basin inver-
sion, a stratigraphic setting characterising several examples
of inverted basins worldwide (e.g. North Sea, Morocco, among
the other). Particularly, we have focused our study on the
structural styles resulting from the shortening of a syn-rift
sequence produced by a principal stress s1 oblique to the gra-
ben axis, including graben-parallel and graben-orthogonal
shortening end-members.

2. Analogue modelling

The models simulated e at a first approximation e the
geological setting observed in some natural cases character-
ized by the reactivation of faults bounding a graben containing
a salt layer at the base of the syn-rift sequence. In our models
the salt layer is restricted to the base of the graben, and does
not extend over the graben shoulders as in previous models
(e.g. Nalpas and Brun, 1993; Brun and Nalpas, 1996; Gartrell
et al., 2005). For scaling of time and thickness of syn-tectonic
sedimentation we used the data of some Moroccan basins
(Meknes-Fes Basin and Essaouira Basin; Faugères,
1978,1981; Zizi, 1996a,b; Piqué et al., 1998; Hafid, 2000;
Hafid et al., 2000; Bouatmani et al., 2003).

2.1. Model construction and deformation

Analogue models were performed in a pure-shear/simple-
shear deformational apparatus (Fig. 1) settled at the Tectonic
Modelling Lab of CNR-IGG at the Department of Earth Sci-
ences in Florence. Models were geometrically and dynamically
scaled to nature (for model scaling, see Appendix A). Each
model was deformed through two successive deformation
phases, a first orthogonal extension followed by a phase of
shortening. The first extensional phase was identical in all
experiments in terms of bulk extension and velocity. This phase
also simulated the syn-rift sedimentation represented by a basal
ductile salt layer overlain by a brittle syn-rift sequence. During
the latter deformation phase, the models were shortened with
different angles a, the angle between the direction of the max-
imum horizontal stress axis (s1) and the trend of the main
normal faults related to the first-phase graben. This angle
a was varied between 0� and 90� (Fig. 2a; Table 1).

In previous analogue modelling studies, the models were
normally built above a rigid basal plate creating a basal velocity
discontinuity (VD) during the extension phase (e.g. Nalpas and
Brun, 1993; Fig. 2a). However, such a basal plate also produces
a strong localization of deformation during the phase of short-
ening, which may thus potentially influence the reactivation of
pre-existing faults. In order to minimize these effects, in our
experimental set-up the metal plate was replaced by an acetate
sheet, which was fixed to the moving wall in a way that it could
be easily deactivated during the second deformation phase. This
technical solution allowed to distribute shortening, and thus to
prevent the development of strain localization arising from
a rigid basal plate. During the extension phase, the basal VD
induced the nucleation of normal faults bounding a roughly
symmetric graben surfacing in the central part of the model,
as observed in several previous studies (e.g. Allemand et al.,
1989; Tron and Brun, 1991; Brun and Nalpas, 1996).

A 1 cm-thick layer of Mastic Rebondissante 29 silicone
putty was laid above the basal acetate sheet and this contrib-
uted to considerably reduce the control exerted by the VD
on the development of normal faults. In order to appreciate
the strike-slip reactivation of the earlier extensional basement
normal faults during the successive compressive phase,
3.5 cm-wide coloured sand bands were placed into the model
basement parallel to the extension direction (indicated as Col-
oured Marker Layer, CML in Fig. 2b, c). A change in colour in
the CML layer close to a reactivated basement fault thus
allowed the detection of strike-slip reactivation components.

The models were extended at a constant velocity of 10 mm/
h for 7 h up to a bulk extension (BE) of about 16.5%. After 2 h
30 0 of deformation (approximately 5.7% BE), the graben was

Electric control panel

a

b

Fig. 1. Experimental apparatus of pure-shear/simple-shear deformation con-

sisting of a fixed wall (a) and two moving walls (b) connected to electric mo-

tors. These latter are controlled by an electric control panel, which allows

imposing the velocities to the moving walls, and thus to obtain the requested

orientation of shortening.
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Fig. 2. Initial model set-up: (a) plan view of initial model set-up illustrating the position of the basal acetate plate and the basal silicone layer; VD¼ velocity

discontinuity. (b) The uppermost coloured layer (CML) consists of bands -approximately 3.5 cm wide- of differently coloured sand (see text for detail); (c)

cross-sections of the initial model set-up in different sectors of the model.
ca. 1 cm deep and 1 cm-thick layer of silicone and oleic acid
was placed at the base of the graben to simulate the deposition
of a basal syn-rift salt layer. The successive syn-tectonic sed-
imentation consisted of dry quartz-sand layers, with different
colours, sieved at regular time intervals. The final thickness
of sediments inside the graben was of the order of 3 cm, which
represent about 3 km in nature (Table 2). At the end of this
phase, a thin black layer of dry sand was sieved on the model
surface. A grid of passive markers was drawn onto the model
surface to evidence the faults offset, and to estimate the hori-
zontal displacement vectors during the following shortening
phase.

The second-phase lateral shortening was applied pushing
the ‘‘L’’ shape moving wall, at the constant velocity of
10 mm/h for 7 h, producing a shortening of 7 cm along short-
ening vector (Fig. 2a). During model deformation, top view
photographs were taken at regular time intervals for studying
the time-space evolution of structures. At the end of the exper-
iments, dry sand was sieved on the model surface to preserve
the final topography. Then, models were wetted with water and
serial cross-sections were cut perpendicular to the graben axis
approximately every 2 cm for reconstructing the three-
dimensional final deformation pattern.
2.2. Analogue materials

The models had initial dimensions of 45.5 cm� 42 cm
� 7 cm and consisted of a multi-layered system representing

Table 1

Analogue models performed

Models EV

(mm h�1)

Amount of

extension (h)

(a)

(degrees)

SV

(mm h�1)

Amount of

shortening (h)

Mor-00 10 7 e e e

Mor-01a 10 7 0 10 7

Mor-02 10 7 10 10 7

Mor-03 10 7 30 10 7

Mor-04b 10 7 50 10 7

Mor-05 10 7 20 10 7

Mor-06 10 7 70 10 7

Mor-07 10 7 90 10 7

Mor-08 10 7 10 10 7

Mor-09a 10 7 0 10 7

Mor-10b 10 7 50 10 7

a Models deformed whit same boundary condition but whit and without the

silicone layer on VD.
b Models deformed with same boundary condition but whit and without the

silicone layer at the base of sin-rift sequence. EV¼extension velocity;

SV¼ shortening velocity.
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the crystalline basement of a natural prototype (e.g. Nalpas
and Brun, 1993; Fig. 2). The brittle behaviour of rocks (base-
ment and upper syn-rift sequence) was simulated by Fontaine-
bleau dry quartz-sand, with grain dimension lower than
250 mm. Our laboratory measurements indicate a cohesion
c z 66 Pa and coefficient of friction m z 0.84 (f z 40�; for
materials properties, see also Table 2), which is in agreement
with the m value of natural rocks (0.6e0.85; Byerlee, 1978;
Brace and Kohlmmstedt, 1980). The Mastic Rebondissante
29 silicone putty (produced by CRC Industry, France) placed
at the base of the model has density (r) of kg/m3 and a New-
tonian behaviour with dynamic viscosity Pa s (Table 2). The
ductile behaviour of the salt-simulating décollement at the
base of the graben was instead simulated by a mixture of sil-
icone Mastic Rebondissante 29 and oleic acid with proportions
4:1 (in weight). This mixture has a density (r) of 1060 kg/m3

and exhibits a Newtonian behaviour with dynamic viscosity
z103 Pa s (see Table 2).

3. Results of modelling

The experimental results are discussed below starting from
the extensional phase, and then it continues showing the vari-
ation in deformation pattern resulting from the successive
compressive phase. For comparison, a model without the sili-
cone layer at the base of syn-rift sequences is also shown to
evidence the role of ductile layers on basin inversion.

3.1. The extension phase

To compare the effect of shortening on previous structures,
a test model (model Mor-00) was deformed only in extension

Table 2

Analogue modelling parametersa

Parameter Model Nature Model/

nature ratio

BL density, rbsk(kg m�3) 1300 2600 0.5

BL friction

coefficient, mbsk

z0.8

DL (Salt) density,

rdsk (kg m�3)

1060 2200 z0.5

DL (Salt) viscosity,

hdsk (Pa s)

103 5� 1017 2� 10�15

Scaling parameters

Strain rate, 3 (s�1) 3*¼ s*/h* 3.4� 109

Gravity acceleration, g (m s�2) 9.81 9.81 1

Length, l (m) 0.01 1000 1� 10�5

Stress, s (Pa) s*¼ r*g*l* 4.8� 10�6

Time, t (s) t*¼ 1/3* 3600 1.3� 1013

(z0.4 Ma)

z2.8� 10�10

Rate of displacement,

n (m s�1) v*¼ 3*l*

2.7� 10�6 7.9� 10�11

(2.5 mm y�1)

3.4� 104

Syn-tectonic sedimentation

rate, (m s�1)

5.5� 10�7 1.6� 10�11

(0.58 mm y�1)

3.4� 104

a The asterisk indicates the ratio between the model and the natural proto-

type. Abbreviation are as follows: BL, brittle layer; DL, ductile layer. For

scaling detail and rheology of materials see the text.
with bulk extension (BE) and strain rate equal to those applied
to the other two-phase models. Top view photographs (Fig. 3a)
evidence the development of extensional structures similar to
those observed at the end of the extensional phase in the other
models. The deformation pattern of model Mor-00 is charac-
terized by a single graben delimited by two transtensional
shear bands acting as transfer zones that developed in corre-
spondence of the upper and lower transversal boundaries of
the basal acetate plate (Figs. 2 and 3a).

Although in top view the graben is characterized by a quite
symmetric geometry, in cross-sections it shows a substantial
internal asymmetry. The syn-rift sequence inside the graben
shows two opposed wedge trends due to the different activa-
tion in time of the normal faults (for a detailed discussion,
see Del Ventisette et al., 2005). The graben attains a maxi-
mum depth of ca. 4 cm, and is composed of six main faults,
two of them dipping towards the right-hand side and four
dipping towards the left-hand side (Fig. 3b). The upper
segment of the faults is characterized by a minor dip angle,
probably because of the local and progressive back stepping
of sand due to gravity sliding (Mandl, 1988; Faccenna et al.,
1995).

3.2. The shortening phase

Seven analogue models investigated various angles a rang-
ing from 0� to 90� (a¼ 0�, 10�, 20�, 30�, 50�, 70� and 90�;
Table 1). Fig. 4 shows the models results, particularly the dif-
ferent deformation patterns (in map view) in the various
models at different times of deformation (after 2, 4, 6 and
7 h of deformation, respectively). Fig. 5 illustrates some
close-up of model cross-sections representative of the most
relevant deformation features.

3.2.1. Shortening perpendicular to the graben axis (Model
Mor-07, a¼ 90�)

The comparison between the top view photographs at the
end of the first deformation phase with those at the end of
shortening shows that deformation is almost exclusively
localized along the pre-existing structures. The final deforma-
tion pattern is characterized by reverse faults typically devel-
oped perpendicularly to the direction of shortening (Fig. 6a).
No evidence of strike-slip movements along the early normal
faults are observed from the passive grid, whereas inversion
with horizontal throw of few millimetres characterizes
instead the early shear zones oriented nearly 30� to the direc-
tion of compression (faults drawn in halftone in Fig. 6a). The
central part of the graben is characterized by a 20 cm long
thrust anticline showing a minor crestal graben (Figs. 5g
and 6a).

Important dip-slip reactivations along pre-existing faults
are clearly illustrated by the deformation of the top view
grid (Fig. 6) and model cross-sections (Figs. 5g and 6b).
Deformation appears to be concentrated within the model
‘‘basement’’, whereas deformation in the graben fill is mainly
accommodated by thrust décollement with top-to-the-left
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Fig. 3. (a) Top view photograph and line drawing of model Mor-00, deformed only in extension, at the end of deformation; (b) cross-sections photos (left) and line

drawings (right) of the model Mor-00 at the end of deformation (location of cross-section in (a)). Basal and syn-kinematic silicone putty layers are indicated in

halftone patterns.
movement that is clearly controlled by the silicone layer
(Fig. 6b). This structure exhibits a flat-ramp geometry in
which the flat is localized at the basementeductile layer inter-
face, while the ramp reactivates the upper portion of a pre-
existing normal fault. Moreover, to the anticline structure is
associated with a well-developed ‘‘intrusive diapir’’ (Fig. 6b;
section AeA 0) developed during shortening because of the
strong dip-slip reactivation underwent by the underlain early
normal fault (Del Ventisette et al., 2005).

In cross-sections, the CML in the basement did not
evidence any variation in colour across basement faults, dem-
onstrating the lack of any relevant strike-slip reactivation of
pre-existing normal faults. In essence, when the graben is
shortened perpendicularly to its longer axis, deformation is
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Fig. 6. (a) Top view photograph and line drawing of model Mor-07 (a¼ 90�) at the end of the shortening phase; (b) longitudinal cross-sections and line drawing of

model Mor-07 (a¼ 90�). The silicone layers are marked with halftone patterns. Location of cross-sections is indicated in Fig. 6.
mainly accommodated by the dip-slip reactivation of pre-
existing extensional structures, both in the basement and in
the basin fill without the development of relevant newly-
formed structures.

3.2.2. Shortening parallel to the graben axis
(Model Mor-09, a¼ 0�)

The surficial fault pattern is characterized by two main thrust-
décollements, trending orthogonal to the graben axis and devel-
oped at the lateral termination of the graben (Fig. 7a). These
structures accommodate the marked decoupling of the basin
fill from the basement. A major newly-formed thrust fault, strik-
ing orthogonal to the direction of compression, cuts across the
whole model. This structure is well-developed on the graben
shoulders, while its propagation into the basin is more complex,
as it interferes with both pre-existing normal faults reactivated
as tear-faults and with newly-formed structures emanating
from the syn-rift ductile layer at the base of the graben fill. In
cross-section, the pre-existing normal faults are generally reac-
tivated prevalently with strike-slip components, as displayed by
the change in colour of the CML across the basement fault
planes (Fig. 7b; section AeA 0) and, at surface, by the passive
grid deformation.

Despite the graben was shortened parallel to its axis, some
sectors of the border faults display a minor dip-slip component
of reactivation (Fig. 7a). This fault reactivation can be proba-
bly related to a local stress reorientation in correspondence of
the fault plane or, alternatively, to the rotation of the faults or
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Fig. 7. (a) Top view photo and line drawing at the end of the second (shortening) deformational phase of the model Mor-09 (a¼ 0�); (b) longitudinal cross-sections

and line drawings (location in a). Note the change in colour of CML in section AeA 0 marked by halftone arrows.
some of their portion relative to the stress field. The basement
faults show also a dip-slip component of reactivation at least
for the uppermost segment of the fault bounding the syn-
tectonic basin fill (Fig. 7a, b). Thin-skinned tectonics in the
graben lead to the doubling of the basin fill along the syn-
tectonic ductile layer (Fig. 5c).

The comparison of model cross-sections with top view
photographs shows that the reactivation of structures on
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model surface is not necessarily directly related to movement
of basement faults. Particularly, it is worth noting that the
passive grid dislocation in correspondence of the most exter-
nal reactivated normal faults indicates a left lateral move-
ment (Fig. 7a), while the CML across a basement fault
indicate a right-lateral movement (Fig. 7b, section AeA 0).
These opposite directions of movement are likely controlled
by the silicone layer at the base of basin fill that e at the
model strain rate e strongly decouples the basin fill from
the basement.

3.2.3. Shortening oblique to the graben axis
(a¼ 10�, 20�, 30�, 50�, 70�)

The models with shortening oblique to the graben axis exhibit
a gradual transition of the deformation pattern between the two
previously described end-members (a¼ 0� and a¼ 90�). The
transition (highlighted in Fig. 4) may be, however, sub-divided
into two main groups characterized by the common features
(low obliquity angles vs. high obliquity angles).

For low obliquity angles (a¼ 10�, 20� and 30�) the final
deformation patterns are characterized by the strong strike-
slip reactivation of the graben border faults and by the pres-
ence of main thrust faults with variable strikes in relation to
the obliquity angle. In these models, the graben faults gener-
ally act as tear-faults. Cross-sections demonstrate that the
strike-slip reactivation of the early normal faults affects also
the basement sequence, as demonstrated by the CML colour
change observed, for instance, in model Mor-03 (a¼ 30�;
Fig. 5f) and in model Mor-05 (a¼ 20�; Fig. 5d).

The intermediate top views of these models show that
minor thrusts- and back-thrusts are emanated from the
syn-rift ductile layer in correspondence of rheological
discontinuities at the upper and lower margins of the graben.
This results in a typical along-axis ‘‘pseudo-extrusion’’ of the
graben fill, which is accommodated by lateral ramps reacti-
vating in strike-slip mode the upper part of the graben border
faults.

With increasing a, the model Mor-04 (shortened at
a¼ 50�) shows that deformation is characterized by thrusting
mostly developed obliquely to the maximum stress axis
(Figs. 4 and 8). As in the previous models, the lower part of
the basin appears ‘‘extruded’’ and the early normal faults are
reactivated. Comparing final top view and cross-sections, the
strike-slip reactivation appears less developed in sedimentary
cover than in the basement. Whereas the passive grid on top
of the model shows a very little dislocation, the juxtaposition
of the different colours of the CLM level (testifying strike-slip
reactivation) are clearly evident in cross-sections (Fig. 8). An
example of the very complex structural pattern is illustrated by
a 3D reconstruction (Fig. 9). The central part of the graben is
characterized by a doubly-vergent structure with a pop-up-like
geometry, in which silicone rises at its core (Figs. 5 and 9).
This geometry of deformation may be related either to
a change of the vergence of this structure during deformation,
or to the reactivation of a pre-existing (first-phase) discontinu-
ity with synchronous development of the double-vergence.
For a¼ 70� (Model Mor-06), the final deformation pattern
is characterized by a localization of deformation in correspon-
dence of the graben border faults (Fig. 4). Away from these
reactivated normal faults, no evident deformation is recogniz-
able. The early normal faults are characterized by a prevalent
dip-slip reactivation, as clearly shown by the transversal cross-
sections (Fig. 5i).

Notably, the reactivation of the internal graben fault in the
models with high obliquity angles (a¼ 50� and 70�; model
Mor-04 and Mor-06, respectively) led to the formation of
a ‘‘salt’’ wall similarly to what observed in model Mor-07
(a¼ 90�), where shortening was applied perpendicularly to
the graben axis (Fig. 6a and b).

3.2.4. Model without ductile layer at the base of graben fill
(Model Mor-10, a¼ 50�)

The final surface deformation pattern of model Mor-10 was
strongly different from the correspondent model performed
with the silicone putty layer (i.e. model Mor-04; cf. Fig. 8
with Fig. 10). The comparison of cross-sections of model
Mor-10 with those of modes built with silicone at the base
of the graben fill evidences the very different deformation pat-
terns exhibited by the sedimentary cover (compare Figs. 8 and
9 with Fig. 10). The most important difference is that the
structures related to the ‘‘pseudo-extrusion’’ along the graben
observed in the model with syn-rift silicone layer are instead,
as expected, lacking in model Mor-10. Rather, top view
photographs reveal that model Mor-10 is affected by major
oblique thrusts roughly orthogonal to the maximum stress
axis. This model emphasizes once more the importance of
ductile layer in decoupling large section of the sedimentary
cover, as well as in localising and controlling the deformation
patterns.

3.3. Analysis of model results

3.3.1. Fault dip and rotation during graben inversion
At the end of deformation, dip angles of the major faults

have been measured on cross-sections taken in the central
part of the models to avoid border effects. The upper part of
the faults was not considered because of the local back step-
ping due to the sand dilatancy coming near surface and to little
gravity motions (e.g. Mandl, 1988; Faccenna et al., 1995). To
better constrain the dip value, we have averaged these data on
four cross-sections. Fig. 11b shows the dip angles for the con-
sidered faults depending on angles a. Since the extensional
phase is the same for each model, the variations in the amount
of rotation for each model has been assumed to be directly
related to the obliquity angle a of the second deformation
phase. The variation of the dip angle illustrated in Fig. 11c
was calculated in relation to the mean dip value of the faults
measured at the end of the extensional phase in model
Mor-00 (see Section 4). The faults invariably underwent a
clock-wise rotation. In particular, faults f1 and f2 (Fig. 11a, c)
show an increase of dip angle with increasing angle a (with
a maximum rotation of about 7.5� for f1 and 4.5� for f2, respec-
tively), while the most external faults f5 and f6 show a decrease
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Fig. 8. (a) Top view photo and line drawing at the end of the shortening phase of model Mor-04 (a¼ 50�); (b) longitudinal cross-sections and line drawing (location

in (a)).
of the dip angle with increasing the obliquity angle a (about 3�

and 2� for f5 and f6, respectively, at a¼ 90�). Best fitting indi-
cates that the dip rotation is illustrated by a linear relation pro-
portional to a and inversely proportional to the distance from
the moving wall (Fig. 11). The most internal faults f1 and f2
exhibit indeed rotational values comparatively higher with
respect to the most external faults ( f5 and f6; Fig. 11c). To
explain the different dip rotation, we may consider two
hypotheses. In the first, the dip rotation could be the result
of differential horizontal sand compaction during shortening.
In the second hypothesis, rotation can occur because of the re-
orientation of fault planes before or during their reactivation.
Given that rotations have been observed also during experi-
ments performed with two oblique extensional phases (e.g.
without shortening; Dubois et al., 2002), it is possible to argue
that the compaction of sand during shortening cannot be
invoked as the only cause responsible for the rotation of fault
planes.

3.3.2. Graben width vs. angle a

Variation of graben width in relation to angle a is plotted in
Fig. 12a. For each model, the graben width has been calculated
as the average value of the base of the syn-rift silicone
measured in four cross-sections (Fig. 12b). The best fit-curve
better approximating the graben width variations is a binomial
curve (Fig. 12a). This curve outlines two different linear trends
intercepting at a z 40�. This subdivision evidences that
a¼ 40� represents a critical value separating two distinct
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behaviours for high and low obliquity angles. For a< 40�, the
reduction of graben width with a is clear but not pronounced,
whereas for a� 40� graben width markedly decreases with
a (Fig. 12a). As expected, the graben width decreases with in-
creasing the component of shortening orthogonal to the graben
axis. The critical value a¼ 40� broadly corresponds to the up-
per limit for fault reactivation observed in previous analogue
models (e.g. Brun and Nalpas, 1996).

3.3.3. Horizontal displacement vectors and velocity field
Horizontal displacement vectors have been reconstructed

for models with a¼ 0�, 50� and 70� to study the control
that pre-existing structures and associated rheological discon-
tinuities may exert on strain field trajectories (Fig. 13).
Displacement vectors have been estimated considering the dis-
placement of the passive grid marker nodes in three main
steps: (1) the initial position (at the beginning of shortening),
(2) after 4 h, and (3) at the end of deformation. Displacement
vectors represent the average horizontal velocity of different
points onto the model surface and reflect the time-space activ-
ity of structures. Surface displacement vectors show how,
depending upon the strong decoupling between basin fill and
model basement, surface deformation is partitioned in relation
to the obliquity angle a.

For model Mor-09 (a¼ 0�), after 4 h of shortening the
strain field is characterized by a quite regular pattern with dis-
placement vectors trending mostly parallel to the direction of
compression (vm z 0.5e0.8 cm h�1, Fig. 13a). Whereas in the
proximal part of the model displacement vectors are higher on
the shoulders than within the graben, in the distal part the dis-
placement vectors in the graben are higher (vm z 0.37 cm h�1)
than on the shoulders (vm z 0.15 cm h�1; Fig. 13a). This be-
haviour can be related to a transfer of deformation towards
the external sectors via the silicone at the base of the graben
fill. At the end of deformation, the horizontal displacement
vectors along the border faults trend about 15e20� to the
direction of the maximum stress axis, probably due to the
reactivation of these faults as tear-faults by the activation of
the main thrust (Fig. 13b). In the most external sector, the dif-
ference in velocity between the graben and the shoulders
(vm¼ 0.22 cm h�1 vs. vm¼ 0.03 cm h�1) is even more pro-
nounced, still evidencing the great decoupling provided by
the syn-rift silicone.

In model Mor-04 (a¼ 50�), after 4 h of shortening, the hor-
izontal displacement vectors deflect towards the central sector
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Fig. 10. (a) Top view photo and line drawing at the end of the shortening phase of model Mor-10 (a¼ 50�) performed without syn.-rift silicone layer; (b) lon-

gitudinal cross-sections and line drawing (location in a).
of the model of about 30�, showing in the central part of the gra-
ben an orientation at high angle to the direction of compression
(Fig. 13c). The average velocity vectors decrease quite linearly
up to the new-forming structures within the graben fill, where
there is a strong reduction in magnitude (vm is less than
0.1 cm h�1). At the end of deformation the horizontal displace-
ment vectors in the inner part of the model are mostly aligned
along with the direction of compression, while in the central
and external parts they show a strong deflection (sometime
higher than 30�), reflecting a tendency to parallel the graben
axis (Fig. 13d). This deflection may be due to a local reorienta-
tion of the stress field, which gives rise to strain partitioning
partly accommodated by the strike-slip reactivation of base-
ment faults highlighted by the change in CLM colours (Fig. 5).

The velocity field of model Mor-06 (a¼ 70�), after 4 h of
deformation, can be sub-divided into two main sectors
(Fig. 13e). The first corresponds to the most internal and the
upper part of the model, where the horizontal displacement
vectors are oriented about 20� to the direction of compression
and their magnitude roughly diminishes broadly linearly away
from the moving wall. The second sector corresponds to the
distal part of the model and it is characterized by a strong de-
crease in vectors magnitude (vm changes from z0.4 cm h�1 to
z0.1 cm h�1). The boundary between these two sectors can
be identified in correspondence of a new-forming diapiric
structure, which is in turn triggered by the dip-slip reactivation
of an underlain basement faults (Del Ventisette et al., 2005).
At the end of shortening (Fig. 13f), the development of the di-
apiric structure in the central part of the model is highlighted
by the lowest horizontal displacement vectors, which probably
reflect the prevalent vertical uplift localized on this structure.

The horizontal displacement vectors of model Mor-10 (de-
formed with a¼ 50� but without the silicone layer at the base
of the graben fill), gives useful hints about the role of décolle-
ment layers on strain propagation (Fig. 13geh). After 4 h of
shortening as well as at the end of deformation, the mean dis-
placement vectors display orientation quite aligned along with
the direction of shortening in all sectors of the model, whereas
the intensity of the horizontal displacement vectors decrease
broadly linearly with increasing distance from the moving
wall. This indicates that the early normal faults do not seem
to play here any important role on local stress reorientation
(at least at surface) as happens instead in the correspondent
model incorporating the syn-rift ductile layer (compare
Fig. 13ced with Fig. 13geh). This different trend in the hor-
izontal displacement vectors indicates not only that the syn-rift
ductile layer creates a strongly decoupling between the base-
ment and the sedimentary cover, but also suggests that the
lateral rheological discontinuities (ductile vs. brittle rheology)
along the graben boundaries are responsible for the local stress
reorientations.

4. Conclusive remarks

Analogue modelling has been used to investigate the mo-
dalities of graben inversion with particular attention to the
role played by the angle (a) between the horizontal direction
of shortening and the strike of pre-existing extensional
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structures bounding a graben. Despite some parameters have
not been taken into account, such as erosion, the influence
of fluid pressure on faulting and temperature variation during
the deformation as well as minor rheological discontinuities in
ductile and brittle layers, the results of this experimental study
provided useful indication about tectonic processes character-
ising basin inversion and fault reactivation. These results are
expected to provide useful hints for deciphering the complex
evolution of structures characterising many natural cases.
The experiments described in this paper suggest the following
main conclusions:

(1) deformation during shortening is strongly influenced by
previous extensional structures and by the associated rhe-
ological discontinuities. The compressive strain is initially
accommodated by the reactivation of pre-existing struc-
tures and the major rheological discontinuities, and only
successively newly-formed structures develop sub-perpen-
dicular to the direction of shortening.

(2) in all the models, the major extensional faults were invari-
ably reactivated during the compressive phase whatever
the angle a. This behaviour partly differs from previous
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analogue studies in which normal faults were generally
reactivated up to a� 45�. Reactivation of faults under
any angle a in the current series of models probably de-
pends upon the model set-up, which did not include any
rigid basal VD. On this basis, we argue that the stress
components on the fault planes influence fault reactivation
and fault rotation in relation to a.

(3) the results of the current experimental series indicate that
the main differences among the models concern the timing
of deformation and the relative components of reactivation
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(strike-slip or dip-slip). For low obliquity angles
(a< 40�), pre-existing structures act prevalently as dislo-
cation zones and tear-faults for newly-formed thrusts.
For high obliquity angles (a� 40�), the strain is instead
mostly accommodated by reactivation of pre-existing
structures. Obviously, the principal component of inver-
sion is proportional to the obliquity angles a, so that the
qualitative ratio between strike-slip to dip-slip components
decreases with increasing a. Minor strike-slip components
affect basement faults for very high obliquity angles (for
example a¼ 70�, but not for a¼ 90�) probably because
of the local reorientation of the stress field nearby these
structures.

(4) model deformation is invariably accompanied by dip rota-
tion of major fault planes (except for a¼ 0�), showing
a linear relation with the obliquity angle a. This may indi-
cate a reorientation of the pre-existing structures before
their reactivation. Similarly, a reduction in graben width
accompanied basin shortening. Such a variation in graben
exhibits two distinct behaviours for high- and low obliq-
uity angles, with a critical value around a¼ 40�.

(5) the horizontal displacement vectors give quantitative indi-
cations on the influence of pre-existing structures and
rheological discontinuities on strain partitioning and final
deformational patterns. Particularly, the presence of a shal-
low décollement at the base of the graben strongly modifies
the deformational pattern in the sedimentary cover by creat-
ing a strong decoupling between the basement and the
syn-rift succession. Displacement vectors highlight that
the lateral rheological discontinuities between the ductile
base of the graben fill and the brittle basement are able to
create relevant local reorientations in the stress field.

(6) for high obliquity angles (a¼ 50�, 70� and 90�), a diapiric
structure formed above a major fault in the graben axial
zone. Such a structure would be mostly due to the high
dip-slip component of reactivation along this fault, inject-
ing the silicone putty along the fault plane and then into
the core of the diapiric structure (for details, see Del Ven-
tisette et al., 2005).
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Appendix A. Scaling of the models

Scaling of analogue models to the natural prototype require
the geometrical, rheological, kinematical and dynamical
similarities to be satisfied (e.g. Hubbert, 1937; Ramberg,
1981; Weijermars and Schmeling, 1986; Table 2). To investi-
gate in detail the models deformation patterns the models
were suitably scaled such that 1 cm in the model represents
1 km in nature, involving a geometrical length ratio l� ¼
lmod=lnat ¼ 10�5.

Following Hubbert (1937) and Ramberg (1981), the stress
s* acting on the model is given by the relation:

s� ¼ smod

snat

¼ r�g�l� ¼ rmod

rnat

gmod

gnat

lmod

lnat

: ð1Þ

Considering the length ratio l*¼ 10�5, g*¼ 1 and
r*¼ 0.48 (using a natural salt density of 2200 kg/m3), the
stress ratio s* z 4.8� 10�6 Pa (see Table 2).

The brittle behaviour of rocks can be expressed by the
MohreCoulomb criterion of failure:

tb ¼ msNð1� lÞ þ c; ð2Þ

where tb and sN are the shear and normal stress on the fault
plane, l is the HubberteRubey coefficient of fluid pressure,
c is the cohesion and m is the internal friction coefficient
expressed as:

m¼ tan f; ð3Þ

where f is the angle of internal friction. Because of in our
models l¼ 0 the MohreCoulomb criterion of failure can be
rewriting as:

tb ¼ sNtan fþ c: ð4Þ
Since cohesion has stress dimension, it must share a similar

scaling ratio:

c� ¼ cmod=cnat ¼ s�: ð5Þ
In the same way the internal friction coefficient e

expressed by Eq. (4) e must have similar values both in
models and in nature. The Newtonian behaviour is expressed
by the linear relationship between stress and strain of the
Newton equation:

td ¼ h

�
y

Hd

�
¼ hgd; ð6Þ

where td is the deviatoric shear stress on the viscous layer, h is
the dynamic viscosity, and gd is the engineering shear strain.
The time ratio can be then computed from equation:

t� ¼ tmod

tnat

¼ 1

3�
¼ Hd3nat

vmod

; ð7aÞ

where Hd is the thickness of the ductile layer. Rewriting this
equation as a function of time:

tnat ¼
tmodvmod

Hd3nat

: ð7bÞ

The rate of syn-tectonic sedimentation can be calculated con-
sidering the length and the time ratios (Table 2). From relation
(7b), shortening and sedimentation rates scale to 2.5 mm/y�1
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and 0.58 mm/y�1, respectively (Table 2), which are in good
agreement with values normally observed in nature.
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