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Rollover anticlines are syn-sedimentary extensional structures, common in salt tectonics, that are classically
considered to result from layer bending during hangingwall displacement above a listric normal fault.
However, theoretical considerations and seismic images of natural examples put in question the validity of the
listric fault model from which rollover growth is steady state, by nature, and controlled by the relative
displacement of two blocks.

We used laboratory experiments of gravity driven deformation of brittle-ductile models simulating salt
tectonics processes to study in which circumstances rollovers are obtained both in time and space. It is argued
that rollover growth is a nonsteady process that results from a mechanical instability whose critical lifetime
can be divided in three characteristic stages: birth, growth, and decay.

In kinematic terms, the development of a synthetic or antithetic rollover requires a three-block system: an
upslope block and a downslope block that move downslope and that separate from each other on top of an
extending décollement layer lying above a basement block. Synthetic and antithetic rollovers developed with
upward concave shapes whatever the sense of shear in the salt layer and can pass laterally to each other
without transform fault. This points out that the concave shape of a rollover base is not an argument in favour
of listric faulting. The concave shape simply results from the connection between a steeply dipping normal

fault and a flat lying or gently dipping décollement.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Rollover anticlines are syn-sedimentary extensional structures
that commonly occur in basins undergoing gravity driven deformation
over a salt or shale décollement layer (Fig. 1) (e.g. Cloos, 1968;
Edwards, 1976; Rider, 1978; Bally, 1981; Bally et al., 1981; Shelton,
1984; Gibbs, 1985; Nelson, 1991; Kerr and White, 1992; Liro and Coen,
1995; Mohriak et al., 1995; Szatmari et al., 1996; Bhattacharya and
Davies, 2001; Imber et al., 2003). Their characteristic geometry is
classically interpreted as a direct consequence of layer bending during
hangingwall displacement above a listric normal fault (Fig. 2) that
continuously transforms a steeply plunging displacement vector at
the surface to a nearly horizontal one at depth (Bally et al., 1981;
Shelton, 1984). It is generally agreed that the listric shape results from
the connection between a newly formed steeply normal fault and a
pre-existing low angle décollement layer, where fluid pressure is
abnormally high (Bruce, 1973; Price, 1977; Mandl and Crans, 1981;
Bradshaw and Zoback, 1988) or which is made of weak materials
(Burollet, 1975; Bally et al., 1981; Gibbs, 1983, 1984, 1985; Vendeville
and Cobbold, 1987; Vendeville, 1991; Duval et al., 1992; Lundin, 1992).
The properties and predictions of this conceptual and theoretical
“listric fault model” have been largely explored through numerical
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modelling (see recent review by Poblet and Bulnes, 2005) and
analogue modelling (e.g. Vendeville and Cobbold, 1987; Ellis and
McClay, 1988; McClay et al., 1991; McClay, 1995, 1996; Mauduit and
Brun, 1998). It is also explicitly or implicitly involved in the various
computing procedures proposed to predict normal fault geometries
and depth of décollement from the geometry of hangingwall layers
(e.g. Davison, 1986; White et al., 1986; Wheeler, 1987; William and
Van, 1987; Xiao and Suppe, 1989; Braun et al., 1994; for critical reviews
of methods see Dula, 1991; Withjack and Peterson, 1993; Hauge and
Gray, 1996; Poblet and Bulnes, 2005).

In seismic images (Fig. 1), a rollover most often corresponds to an
asymmetrical anticline in which the thickness of sedimentary layers
increases with dip, toward the master fault. The external envelope of
the rollover has a bulk upward concave shape made, in its steep part,
of a normal fault affecting sedimentary layers (thick lines in sections of
Fig. 1) and, in its low dipping part, of a contact between the
sedimentary layers of the rollover and a weak layer made of salt or
other soft rocks (dotted lines in sections of Fig. 1). The basal weak layer
displays important thickness variations and defines a roller below the
steeply dipping normal fault (noted R in sections of Fig. 1). The steeply
dipping normal fault can reach the surface and even offset the seabed
indicating that it is still active (e.g. Fig. 1b). The normal fault can also
be sealed by overlying sedimentary layers indicating that it is no more
active (e.g. Fig. 1a and c). The outer-arc part of the rollover generally
displays series of normal faults dipping either toward (in the youngest
part of rollover in Fig. 1a) or parallel to (Fig. 1c) the master normal
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Fig. 1. Examples of rollovers from South Atlantic passive margins. All sections are oriented with the basal salt layer dipping to the right — i.e. toward the oceanic domain. a and b:
Synthetic rollovers; ¢, e and f: antithetic rollovers; d: turtle back-type anticline. Sources of seismic data used for the line drawings: a: Rouby et al. (2002); b: Faure and Chermette
(1989), ¢ and e: Mauduit and Brun (1998); d: Mauduit (1998); f: Demercian et al. (1993). R: Salt rollers.

fault. Where faults are conjugate they often define Y-shape patterns
that control the development of syn-sedimentary grabens (Fig. 1a, b, d
and f), often called keystone or crestal collapse graben. Fault sealing by
sedimentary layers indicate faulting sequences with youngest ages
toward the master normal fault (Fig. 1a, ¢, e and f). Finally, rollovers
can reach several tens of kilometres in width as exemplified on the
Brazilian margin (Demercian et al., 1993).

Rollovers that develop in passive margin-type salt tectonics fall
into two kinematic categories according to the sense of dip of the
master fault. They are “synthetic” when the fault dips in the same
sense than the basal slope (Fig. 1a and b) and “antithetic” when it dips
in the opposite sense (Fig. 1c, e and f). Instead of synthetic and
antithetic, more geographical terminologies are also used such as

“seaward” and “landward” or “regional” and “counter-regional”,
respectively. On a number of passive margins, antithetic rollovers
are coeval to synthetic ones, on their downslope side (e.g. Gabon
margin (Fig. 4, in Seranne et al.,, 1992), Angolan margin (Fig. 4, in
Broucke et al., 2004, and Fig. 2, in Fort et al., 2004a,b)). Antithetic
rollovers are also common and well developed in prograding deltas
(e.g. Doust and Omatsola, 1990). The narrow association of synthetic
and antithetic rollovers with facing normal faults gives turtle back-
type structures (Fig. 1d), in which detailed structural and stratigraphic
analysis in general reveals that synthetic and antithetic components
develop diachronously (Lundin, 1992; Mauduit et al., 1997a).

The basal envelope of rollovers is often irregular in particular in
antithetic examples (Fig. 1c, e and f). Small amplitude irregularities
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Fig. 2. The classical model of listric fault and rollover.
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Fig. 3. The accommodation of antithetic rollovers displacements. In the frame of two-block systems, the development of a synthetic rollover can be accommodated by thrusting
downslope (a) but the development of an antithetic rollover remains impossible either by thrusting (b) or extension (c). In the frame of three-block systems the development of
antithetic rollovers become possible between blocks moving at different rates on top of a basement, with an upslope block mobile (d) or fixed (e). In the later case the upslope block
cannot move downslope but is progressively rotated in parallelism with the basement as the downslope block moves.
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(e.g. Fig. 1f) could be due to seismic artefacts but larger ones (e.g.
Fig. 1c, d, and e) cannot be explained in this way and reflect significant
variations in the rollover growth process (Mauduit and Brun, 1998).
Such strongly distorted shapes of the rollover envelope are far from
the classical listric geometry.

The application of the implicit boundary conditions of the 2-block
listric fault model - i.e. an upward concave fault that separates a
hangingwall block from a footwall block (Fig. 2) - to the regional
setting of synthetic and antithetic rollovers at margin scale leads to
obvious kinematical and/or mechanical inadequacies (Fig. 3). The 2-
block listric fault model could satisfactorily explain synthetic rollovers,
especially if the involved extensional displacement is accommodated
downslope by thrusting (Kehle, 1970; Mandl and Crans, 1981) (Fig. 3a).
A direct natural example of this has been described in the Gulf of
Mexico (see Fig. 10 in Peel et al., 1995) or offshore Australia (see Fig. 15
in Krassay and Totterdell, 2003). Conversely, in this 2-block listric fault
model the development of antithetic rollovers is impossible for
obvious dynamic reason (Fig. 3b) or kinematic compatibility (Fig. 3c).
How could the upslope displacement of an antithetic rollover be
accommodated by thrusting working against gravity (Fig. 3b)? How
could synthetic and antithetic rollovers develop simultaneously in the
same hangingwall block (Fig. 3c) without shortening in between
them?

The above arguments show that the development of an antithetic
rollover, rather common in salt tectonics, requires at least three
blocks: i) an upslope block and a downslope block that move
downslope at different rates above a basement block (Fig. 3d) or ii)
a fixed upslope block that does not displace downslope but that
simply rotates down the basement and a mobile downslope block
(Fig. 3e). In the first case (Fig. 3d) the sense of shear below the rollover
is opposite to the sense of shear along the master normal fault and in
the second one (Fig. 3e) there is no shear at rollover base.

In these two configurations, the listric fault model (Fig. 2) cannot
apply to the development of rollovers in terms of kinematic
compatibility - i.e. senses of shear - (Fig. 3d) or absence of shear
below the rollover (Fig. 3e). Consequently, the listric fault model
(Fig. 2) that has been found useful for many years to describe some
particular aspects of hangingwall deformation, does not properly
explain the mechanics of rollovers in salt tectonics. However, analogue
modelling experiments of gravity driven deformation of brittle-
ductile models carried out in the past two decades (Vendeville and
Cobbold, 1987; Vendeville et al., 1987; Cobbold and Szatmari, 1991;
Vendeville and Jackson 1992a,b; Gaullier et al., 1993; Ge et al., 1997,
Mauduit et al., 1997a,b; McClay et al., 1998; Mauduit, 1998; Mauduit
and Brun, 1998; Brun and Fort, 2004; Fort et al., 2004a,b) contain an
implicit but obvious solution to this problem.

On the basis of our analogue modelling results and their
comparison with natural examples, we argue that the development
of rollovers in salt tectonics is fundamentally nonsteady state and that
it results from the mechanical instability of the sedimentary layers
deposited on top a weak layer. From models, it is shown how synthetic
and antithetic rollovers combine, into time and space, patterns
directly comparable to natural examples. Finally, a simple 3-block
model is used to discuss the four possible kinematics patterns for
rollovers.

2. Modelling of rollovers

Two categories of analogue models are currently used in the
laboratory to simulate the development of rollovers. The first category
takes the listric shape of the fault as a boundary condition and studies
the resulting deformation of the hangingwall. The second category
defines, a brittle-ductile layered system subjected to gravity- and
differential-load-driven deformation and studies in which circum-
stances rollovers develop in time, and space. We attempt here, a
comparison of these two types of rollover modelling that differ not

only in technical aspects but also in their conceptual bases,
mechanical significance and practicable outcomes.

2.1. Steady state: the experimental listric fault model

The experimental setup is a direct laboratory application of the
listric fault model (Fig. 2). A deformable hangingwall, made of a
material able to fail under gravity forces - more generally sand or clay -
is placed above a rigid footwall shaped to mimic a listric fault (Fig. 4). A
“plastic sheet detachment” at the base of the hangingwall is pulled
away from the fixed end-wall to simulate fault displacement.
Synkinematic sedimentation is made at regular time intervals on top
of the deforming hangingwall. Various experiments have been carried
out to examine the effects of fault shape and dip on the hangingwall
deformation and interactions between deformation and sedimenta-
tion (e.g. McClay and Ellis, 1987; Ellis and McClay, 1988; McClay 19903,
b; Dula, 1991; McClay and Scott, 1991; McClay, 1995).

In these experiments, the footwall is not deformable and there is
no friction on the fault. As the fault shape does not change during
experiment and as the materials used are not strain rate dependant,
model deformation is steady state. Therefore, as long as displacement
and sedimentation are maintained, the deformation regime does not
change. Because there is no friction on the fault, deformation is only
due to the downward flexure that the hangingwall undergoes when
passing from the steep part to the flat part of the fault.

Most models produce spectacular rollover structures (Fig. 4b) with
a prominent outer-arc extension accommodated by systems of Y-
shape patterns of conjugate normal faults that define the so-called
“keystone - or crestal collapsed - grabens”. The synkinematic layers
display characteristic fan-like patterns with layer thickness increasing
toward the fault. The angle « of obliquity between layers and the
listric fault is constant as in the theoretical listric fault model (Fig. 2).
The layer geometry does not show any shear drag against the fault,
confirming the total lack of friction.

This type of model attempts only to explain the geometry and
internal deformation of rollovers and not their regional setting, at
whole basin scale, nor do they try to explain the origin of the rollover
system or the way they evolve dynamically through time. It has already
been shown that the application of the model to salt tectonics on
passive margins (Fig. 3) leads to kinematical and/or mechanical
inadequacies.

Displacement

Rigid
Foot wall

synkinematic
layer

Displacement

prekinematic block

Fig. 4. Experimental rig used to simulate the growth and deformation of a rollover
according to the listric fault model (a) and rollover model example (b). Modified after
McClay et al. (1991).
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2.2. Mechanical instability: the raft tectonics model

In this second category of rollover models, the sand-silicone technique
designed to simulate the deformation of brittle-ductile systems
(Faugére and Brun, 1984) is combined to synkinematic sedimentation
to simulate the processes of salt tectonics (Vendeville and Cobbold,
1987). It provides a convenient experimental method to simulate in the
laboratory the processes of “raft tectonics” that occur in basins deposited
on top of weak layers, like salt (Burollet, 1975; Duval et al., 1992).

In the experiments presented in this paper, a two-layer sand-silicone
model is placed on top of a rigid basal plate, where the upper brittle sand
layer and the lower viscous silicone putty layer simulate overburden and
salt, respectively. The basal plate is tilted allowing the model to spread
downslope under its own weight. The strain rate is dependant on the
viscosity of the silicone putty, the model thickness, the densities of sand
and silicone putty and the basal slope angle (Mauduit et al., 1997b;
Mauduit, 1998). As the model deforms, thin sand layers are deposited on
model surface at regular time intervals to simulate synkinematic
sedimentation. Because the downslope end of the model is a free
boundary, the whole model undergoes extension. Synthetic normal
faults dominate in the downslope domain. Both synthetic and antithetic
faults commonly coexist in the upslope domain (Mauduit et al., 1997b).
Deformation of the sand layer starts with small grabens, which generally
evolve asymmetrically giving tilted blocks and/or growth faults and
associated rollovers (Mauduit and Brun, 1998).

Fig. 5a and b illustrates two characteristic stages of development of
synthetic rollovers. Fig. 6 shows two neighbouring rollovers associated

with antithetic normal faults. In both synthetic and antithetic examples,
a series of normal faults dipping opposite to the main growth fault or, a
fan of conjugate normal faults, accommodates synkinematic layer
bending. Comparable synthetic and antithetic rollover structures were
obtained by other authors (e.g. see Fig. 4d in Vendeville and Cobbold,
1987; Fig. 3 in McClay et al,, 1998). In Figs. 5 and 6, the basal silicone layer
is made up of bars, square in section and perpendicular to the slope, of
two alternating colours giving passive shear markers. Below both
synthetic and antithetic rollovers, passive markers indicate a downslope
sense of shear (see white arrows on Figs. 5 and 6). Therefore, in the
antithetic case (Fig. 6), the senses of shear on the fault and in the ductile
layer below the rollover are opposite, as already pointed out, on the basis
of pure kinematic considerations (Fig. 3).

Such experiments produce a large variety of synthetic and
antithetic rollover geometries, according to their stage of develop-
ment that closely compares to the large variety of rollovers in nature
(Fig. 1) (Mauduit and Brun, 1998). As illustrated in Figs. 5 and 6, such
variety result from: i) irregular external rollover envelope, ii) various
patterns of small faults inside the rollover, iii) layers shear drag against
rollover external envelope and iv) different roller shapes.

Moreover, Mauduit and Brun (1998) (see in particular Figs. 5 and 6
and pp 18.123-18.124), have shown that a growth fault is mechanically
unstable and that the growth of a single rollover is accommodated by
successive transient active normal faults rather than by a single
permanent one. In addition, the dip of the active fault changes during
rollover growth leading to variations in the angle of obliquity «
between layers and the rollover external envelope.

Sequence of
growth faults

qulqur' :

<F=— downslope

=

Sequence of
growth faults

—e

.“
Roller

downslope

Fig. 5. Sections of synthetic rollovers obtained in gravity driven experiments on brittle-ductile models. The amount of displacement related to the rollover growth is smaller in (a)
than in (b). The brittle layers are made of Fontainebleau sand with a frictional angle of 30° and the basal ductile layer is a Newtonian silicone putty (Rhodorsil© Gum GS1R, Rhone
Poulenc) with a viscosity of 104 Pa s at room temperature. The thick “pre-kinematic” sand layer (from the silicone top to the white line) is deposited on top of the silicone layer before
deformation. The thin “synkinematic” sand layers are deposited at regular time intervals during deformation. The silicone layer contains initially vertical coloured bands whose
distortions indicate the sense of shear (white arrows). 1, 2 and 3 refer to the rafts of the pre-kinematic sand layer. The amount of displacement necessary to build the rollovers is 3 cm
in (a) and 5 cm in (b). Note that the distortion of initially passive markers demonstrates the downslope sense of shear. (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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Fig. 6. Sections of an antithetic rollover (a) and line drawing (b). Experimental procedure and material properties are similar to those of Fig. 5.1, 2 and 3 refer to the rafts of the pre-
kinematic sand layer. Note that the sense of shear in the viscous layer is in kinematic contradiction with the sense of shear on the active normal fault that controls the rollover growth
in the sand layer. The amount of displacement necessary to build the left hand rollover is 5.5 cm, and 3.5 cm for the right hand rollover. Note that the distortion of initially passive

markers demonstrates the downslope sense of shear.

The three above experiments show that the development of a
rollover in a brittle-ductile system is not a steady-state process. More
generally, as portrayed in Fig. 7, extensional deformation starts in the
brittle layer overlying the viscous layer, with initial grabens that
further evolve toward a rollover. More commonly, deformation ends
when the viscous layer almost disappears by thinning. Mauduit and
Brun, (1998) have described the different possible modes of birth,
growth and decays that can occur during the lifetime of growth fault
rollover system. In summary, in salt tectonics, the development of a
rollover is not a steady-state process but, on the contrary, results from a
mechanical instability with three main stages: birth, growth and decay
(Fig. 7). The ductile layer spreading corresponds to a layer-parallel
simple shear combined to a pure shear — i.e. layer-parallel stretching

—

Amplification

Growth

and layer perpendicular shortening. The layer-parallel stretching is
transmitted to the overlying brittle layer giving normal faulting and
the formation of grabens within which rollovers further develop. This
consists in the birth stage. On cross sections of largely extended
models, rollovers developed between pre-kinematic rafts that formed
initially graben shoulders (noted 1 and 3 in Figs. 5b and 6b). Rollovers
therefore, grow on top of the initial graben inner block (noted 2 in
Figs. 5b and 6b). The above features can be also identified in some
seismic lines (e.g. Fig. 1b). The growth stage starts as soon as the inner
block becomes tilted allowing the deposition of wedge shape
sedimentary layers. During this growth stage, the ductile layer
elongates with the rollover and therefore progressively thins. The
decay stage is reached when the ductile layer thinning forbids further

Decay -

Time

Fig. 7. Rollover evolution results from a mechanical instability with three main stages: birth, growth and decay (sketch modified after Mauduit and Brun, 1998, Fig. 9). The progressive
thinning of the ductile layer will ultimately lead to the rollover-basement welding and then be responsible for the decay of the instability.
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Dead rollover section

Active rollover section

Dead fault segment

Fig. 8. Anatomy of a growing rollover. The main only active part of the rollover - shown in plain grey tones - corresponds to the domain bounded by the active growth fault, and a

conjugate normal fault. See text for a full description.

rollover translation. The growth fault and the rollover are then
passively covered by subsequent sedimentation (Fig. 7), as illustrated
by the natural example of Fig. 1a.

The anatomy of a growing rollover presented in Fig. 8 summarises
the above modelling results and their comparison with natural
examples. The active part of the rollover is bounded by the main
growth fault, on one side, and the conjugate small normal faults that
accommodate layer bending, on the other side. The outer envelope of
the rollover, despite its concave upward shape, cannot be considered
as a listric fault. It is partly made of a frictional fault, in its steeply
dipping upper part. Deeper, it corresponds to the hangingwall fault
trace brought down into contact with the underlying décollement

__ Prekinematic : : "N
£ layer a}“"’\ )

displacement

initial length of

the prekinematic layer

layer. The roller top represents the critical point at which the fault
becomes inactive. The fault hangingwall made of the synkinematic
layers undergo a downward rotation to become nearly horizontal. The
amount of rotation of both the hangingwall block and synkinematic
layers is therefore equal to the fault dip. The base of the rollover is then
passively transported on top of the viscous layer. If the rollover is
synthetic, the sense of transport is similar to the sense of shear on the
frictional fault. On the contrary, if the rollover is antithetic the sense of
transport is opposite. The base of the rollover acquires an upward
concave shape whatever the sense of shear in the décollement layer.
This points out that the concave shape of a rollover base does not
demonstrate that the corresponding growth fault has a listric shape. It

downslope ——— 2cm

Fig. 9. Serial cross sections across the same model revealing complex 3D patterns of growth faults and associated rollovers (a to g), and structural interpretation (h to n). The 7 sections
are cut parallel to the slope direction, and are 5 cm apart, i.e. the spacing between sections is roughly equal to the section height. The pre-kinematic sand layer as well as the viscous
layer had a constant thickness of 2 cm. See text for description. The initial length of the undeformed section was 8.5 cm, and therefore the amount of displacement is 12 cm.
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simply reflects the fact that a steeply dipping normal fault is
connected to a flat lying décollement layer.

To summarise what precedes a growing rollover can be divided in two
parts (Fig. 8): (1) an “active rollover section” bounded by the main growth
normal fault, on one side, and a conjugate normal fault, on the other side,
and (2) a “dead rollover section” not anymore submitted to deformation
that is transported passively on top of the underlying ductile layer.
Similarly, the external lower envelope of the rollover can be also divided
in two parts: (1) an “active fault segment reaching the surface” that puts 2
sedimentary blocks into frictional contact and (2) a “dead fault segment”
where the hangingwall block has been carried into contact with the
underlying viscous décollement layer. It must be noted that a part of the
dead fault segment is seated below the active rollover section.

3. Lateral variations of rollover asymmetry

Seismic surveys in domains of extensional salt tectonics often reveal
complex 3D patterns of growth faults and associated rollovers. Such
complexities are also commonly observed in laboratory experiments of
gravity spreading-gliding on brittle-ductile models as exemplified by
the serial sections shown in Fig. 9. In the central part of rollover domain
(Fig. 9d-k and e-1) the pre-kinematic layer is cut into two main rafts,
numbered 1-2 and 3, between which both synthetic (Fig. 9, d-k) and
antithetic (Fig. 9, e-1) rollovers are located. Laterally, toward the lateral
boundaries of the model, the raft 1-2 divides into sub-rafts 1 and 2.

The space between rafts 2 and 3 is dominantly occupied by a
synthetic rollover from section a-h to section d-k, by an antithetic
rollover in section e-1, by a nearly symmetrical graben in section f-m
and finally, by a synthetic rollover in section g-n. Section d-k shows
that an antithetic rollover has developed in the upslope block of the
large synthetic rollover, at an early stage of deformation. Therefore,
the transition between the synthetic and antithetic rollovers of
sections d-k and e-1 is not only a transition in space but also in time.
The transition in space, from section d-k to section e-l, is progressive
and does not involve any transform fault. Such progressive lateral
transition between synthetic and antithetic rollovers excludes that
both of them could be related to listric faults with opposite dips.

From sections e-I to f-m, the ductile layer has undergone a constant
amount of stretching and a uniform sense of shear top to the left - i.e.
downslope direction - between the pre-kinematic rafts 2 and 3. In
contrast, this homogeneous pattern of ductile deformation in the
décollement layer is accommodated by a variety of overlying synkine-
matic structures, including synthetic and antithetic rollovers. This
demonstrates: i) that there is no simple kinematic relationship between
the asymmetry of rollovers and the sense of shear in the underlying
décollement and ii) that rollovers primarily represent the asymmetrical
sedimentary infilling of opening grabens or separating rafts.

4. Discussion: rollover kinematics in salt tectonics

Based on the above theoretical considerations and experimental
results, it appears that any kinematic model of rollovers, in salt
tectonics, requires to consider three blocks. In the four kinematic
configurations that can occur (Fig. 10), deformation in the upper brittle
layer starts with the initiation of a graben that separates an upslope
block from a downslope block in the upper brittle layer. The two
blocks separate by rafting on top of the ductile décollement above the
basement. In other words, this layer must be considered as a
displacement zone between the 2 rafted blocks and the basement.

4.1. Synthetic rollovers

If the upslope block is not moving downslope - i.e. pinned to the
basement - (Fig. 10a), displacement on the master normal fault is
entirely transformed into ductile shear along the décollement layer
below the downslope block and the growing rollover. Once deposited,

new layers undergo friction along the fault until they come into
contact with the ductile layer. Then, the fault trace is rotated to nearly
horizontal and passively translated, parallel to the basement. Rotation
of the hangingwall block and subsequent layer bending are accom-
modated by transient normal faults within the rollover. Progressive
capping by synkinematic layer indicates a sequential development of
these faults toward the main growth fault. The ductile material of the
décollement layer can be extruded from below the upslope block into
the roller to compensate thinning below the rollover.

If the upslope block is moving downslope (Fig. 10b), but at a rate
lower than the downslope block, the amount of layer-parallel shear
below the rollover results from the addition of the displacement
accumulated on the master normal fault and of the one of the upslope
block.

4.2. Antithetic rollovers

If the upslope block is pinned to the basement (Fig. 10c), the fault trace
and the synkinematic layers are rotated downward on top of the ductile
layer but not displaced downslope (see Fig. 3e). Therefore, contrary to the
synthetic rollovers (Fig. 10a and b), the displacement on the master
normal fault is not transformed into ductile shear along the décollement
layer below the growing rollover. It is only below the downslope block
that the décollement layer undergoes layer-parallel shear. Ductile
material of the décollement layer is extruded downward from below
the upslope block and the growing rollover. This model where the
rollover does not move with respect to the basement partially meets the
experimental models of prograding delta (Ge et al., 1997; McClay et al.,
1998). It could possibly apply to the large-scale antithetic rollover of the
Brazilian margin (Fig. 1f) (Demercian et al., 1993) if it can be proven that
no extension occurs in the upslope part of the margin. If the upslope block
is not pinned, (Fig. 10d) the rollover moves downslope and the underlying
ductile layer is sheared in a sense opposite to the sense of shear on the
master fault. This is observed in many experimental models of antithetic
rollover (e.g. Fig. 6), and more likely applies to natural examples such as
those of Fig. 1c and e. It would also apply to the example of the Brazilian
margin (Fig. 1f), if extension exists in the upslope part of the margin.

4.3. The role of the ductile layer

Two decades of laboratory experiments on brittle-ductile models
(Vendeville and Cobbold, 1987; Vendeville et al., 1987; Mauduit et al.,
1997b; Mauduit and Brun, 1998; Fort et al., 2004a,b; Brun and Fort,
2004) have greatly contributed to the understanding of the mechanics
and kinematics ruling the most widespread structures encountered in
gravity driven deformation. It is because ductile layers react to even
minor differential stresses, like those created by basement tilting and/
or differential sedimentary loading, that salt tectonics gives birth to a
large variety of syn-sedimentary structures, both in extensional and
contractional regimes. The brittle-ductile models presented in the
current contribution (Figs. 5, 6 and 9), and the geometrical and
kinematical rules deduced from their study (Fig. 10), emphasise the
paramount role of ductile layers, in particular salt layers, in the
development of rollovers as a mechanical instability (Fig. 7).

At the onset of gravity driven deformation, a thick ductile layer
strongly decouples the sedimentary cover from the basement and leads
to the development of grabens. A thinner ductile layer increases the
coupling between the cover and the basement and tilted blocks develop
instead of grabens (see Mauduit et al.,, 1997b; Fort et al.,, 2004a for a
detailed analysis). With increasing extension and rollover growth the
ductile layer is submitted to a combination of simple shear and pure
shear (Mauduit et al., 1997b). The simple shear component results from
layer-parallel displacement due to sliding-spreading on top of the
basement. The pure shear component results from a ductile layer
thinning proportional to the rollover lengthening. Ultimately, the ductile
layer thickness can undergo extreme thinning leading to a rollover-
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basement welding (Fig. 1a). This is likely the most common reason for master normal fault and the amount of upslope block

rollover decay (Fig. 7) (Mauduit and Brun, 1998). displacement (Fig. 10a and b). Below antithetic rollovers, the

ductile layer is extruded downslope under the upslope block

4.4. Kinematic rules and the rollover and is sheared top downslope below the
downslope block (Fig. 10c and d).

In all configurations, except the antithetic rollover with a fixed (3) The thinning of the décollement layer below a rollover directly

upslope block, kinematics has the following characters (Fig. 10a, b and d): depends on the amount of separation between the upslope and

downslope blocks. In other words, the thinning of the

(1) The sense of layer-parallel shear, below both synthetic and décollement layer is a direct function of the rollover size.

antithetic rollovers, is always directed top to downslope.
(2) The intensity of layer-parallel shear, shown in Fig. 10 by the This three-block kinematic model implies that an isolated rollover
distortion of the initially vertical markers, is controlled below has no general kinematic significance with respect to the underlying
synthetic rollovers by the displacement accumulated on the basement. It is noteworthy that, for antithetic growth faults, the

Upslope Block Mobile

Synthetic
Rollover

ﬁ——?——

Antithetic
Rollover

[ ] Prekinematic layers B Viscous layer [ 7| Master faults
Synkinematic layers [ | Basement [”] Second order faults

Fig. 10. Four kinematics configuration possible for rollovers development. a and b, Synthetic rollovers, ¢ and d antithetic rollovers. Note that the sense of shear in the viscous layer is
always directed top downslope. The intensity of layer-parallel shear, shown by the distortion of the initially vertical markers, is controlled below synthetic rollovers (a and b) by the
displacement accumulated on the master normal fault and the amount of upslope block displacement. In the case of antithetic rollovers (c and d), the ductile layers is extruded
downslope under the upslope block and the rollover and is sheared top downslope below the downslope block. Compare with the distortion of the initially passive markers in the
silicone layers of experiment shown in Figs. 5 and 6.
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sense of shear along the flat lying base of the rollover can be opposite
to the sense of shear along the fault. A rollover structure only records
the separation between two neighbouring blocks moving above a
low angle décollement. A given isolated rollover may correspond to
four kinematic configurations (Fig. 10). Only an analysis on the scale
of the whole thin-skin extensional system can discriminate between
them.

5. Conclusions

Examination of numerous seismic examples, theoretical consid-
erations and analogue modelling leads us to conclude that the “listric
fault model” is inadequate to explain the origin of rollovers in salt
tectonics. According to this model, a rollover growth is steady state, by
nature, and related to the relative displacement of two blocks.

In contrast, the development of a rollover in salt tectonics is not
steady state and requires a three-block system:

(1) Rollover growth results from a mechanical instability defining a
critical lifetime with three characteristic stages: birth, growth,
and decay.

(2) The rollover is located between an upslope block and a
downslope block that separate from each other on top of a
décollement layer above an underlying basement block.

(3) The rollover can be either synthetic or antithetic with reference
to the large-scale kinematics of the extensional system.

The characteristic anatomy of a growing rollover is defined by:

(4) A fan-like pattern of synkinematic layers that result from the
interaction between a steeply dipping normal fault and an
extending ductile layer, underneath.

(5) A concave upward external envelope made of a steeply dipping
active normal fault, in the upper part, and of the hangingwall
fault trace brought down into contact with the underlying
décollement layer. This upward concave shape is acquired
whatsoever the sense of shear in the salt layer. This points out
that the concave shape of the rollover base is not an argument
in favour of listric faulting.

(6) Small normal faults dipping parallel to and/or toward the
master normal fault that accommodate the bending of
synkinematic layers inside the rollover and that develop in
sequence toward the master normal fault.

(7) The presence of a ductile roller at the base of the active master
normal fault.

From a kinematic point of view, except in the case of antithetic
rollovers whose upslope block is fixed, synthetic rollovers as well as
antithetic rollovers move downslope above the underlying décolle-
ment layer. This explains that synthetic and antithetic rollovers can
pass laterally to each other without transform fault or can follow each
other in the direction of displacement to give turtle back-type
structures. If it can be stated that the listric shape of a fault is
responsible for the rollover folding of the hangingwall, the reverse is
not true. As argued in details, in this paper, in salt tectonics, a rollover
does not imply the existence of a listric fault.
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