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Turtle-back anticlines are common structures that develop between facing listric growth faults
rooted in a flat lying décollement. Seismic examples from the South Atlantic margins show
that whereas their external shape can by symmetric, their internal structure is more generally
asymmetric. Laboratory experiments on layered sand silicone models designed to study gravity
gliding are used to examine the mode of development of turtle-back anticlines. The results provide
information on the ways turtle-back asymmetry develops. The comparison between nature and
experiments leads to the following conclusions. The fact that turtie-back anticlines often start
symmetric and progressively become asymmetric is due to an increase in coupling between
overlying brittle sediments and ductile (sait) layers. The increase in coupling is also responsible
for the transition in time and space from dominant seaward faulting to landward faulting for the
turtle-back anticlines which never pass through a symmetric stage. The salt diapirs, which sep-
arate blocks of the sedimentary cover rafted above the basal décollement at early stages of gravity
gliding can play a significant role in the development of turtle-back anticlines. As suggested by
previous authors, the diapirs first rise and then fall. Our experiments confirm that diapir fall
favours the wrapping of rafted blocks by synkinematic layers. © 1998 Elsevier Science Ltd. All
rights reserved
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their internal structure is generally asymmetric. That indi-
cates a non-synchronous behaviour of the bounding lis-
tric faults.

We describe some natural examples of turtle-back anti-
clines with various degrees of asymmetry. Laboratory
experiments on analogue models are used to study the
progressive development of turtle-back anticlines and of
their asymmetry. The role of the coupling between brittle
and ductile layers and that of diapirism on the devel-
opment of asymmetric turtle-back anticline is discussed.

Introduction

In deltas or passive margins, the gravity gliding of sedi-
mentary cover above a décollement of weak rocks leads
to thin-skinned extensional systems (Vendeville and Jack-
son, 1992a.b) with a large variety of growth structures.
The most common are listric growth faults with associ-
ated rollover anticlines. In extensional systems on passive
margins, the sense of displacement of the sedimentary
cover, the so-called “rafting” of Burollet (1975) and
Duval er al. (1992), is usually toward the ocean.
Intriguingly listric growth faults can be either seaward or

landward (e.g. Szatmari er al., 1996; Liro and Coen,
1995) the latter being in kinematic opposition with the
sense of displacement at the scale of the whole extensional
system. When seaward and landward faults are close to
each other an mutually facing turtle-back anticlines are
produced. From a geometrical point of view, turtie-back
anticline is a double rollover structure with a mirror
symmetry plane. As noted by Duval es a/. (1992) and
Lundin (1992). however. although the external structure
of turtle-back anticlines is commonly roughly symmetric,
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Natural examples

In a very simplified manner, the structural history of the
South Atlantic margins starts with a rifting event during
the Late Jurassic to Early Cretaceous, followed by the
deposition of a post-rift marine sequence with an Aptian
salt layer at its base. The post-rift sequence is affected on
both margins by gravitational gliding above the Aptian
evaporites, which act as a regional scale décollement.
The various structures which resuits from gravitational
gliding and rafting of blocks above Aptian salt, were
previously described along the West African passive mar-
gin (Jackson and Cramez, 1989 ; Teisserenc and Villemin,
1989 ; Duval er al., 1992 ; Lundin, 1992 ; Liro and Coen,
1995 : Spathopoulos, 1995), and along the Brazil margin
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Figure 1 (a) Uninterpreted and (b) interpreted version of a seismic profile showing a turtle-back anticline from the Gabonese margin

(KS-G: Keystone Graben ; UA =Upper Albian)

(Cobbold and Szatmari, 1991 : Demercian et al.. 1993 ;
Mobhriak et al., 1995; Cobbold et al., 1995 ; Szatmari et
al., 1996).

The seismic profile presented in Figure I, shows a
roughly symmetrical 10 km wide Tertiary turtle anticline
from the Gabonese margin with a central keystone
graben. During the first stages of deformation. rotation
on the two boundary faults of the pre-raft series is roughly
synchronous. Later evolution displays diachronous fault
activity. with a landward-expanding growth sequence. A
late regional uplift and associated erosion are super-
imposed ; but the earlier extensional structures are not
very modified. This apparently simple example, showing
a roughly symmetrical turtle-back anticline, illustrates
the complex kinematic evolution of these structures.
Moreover, the earliest deposits already show thickness
variations, at very carly stages of rafting.

The profile presented on Figure 2 illustrates a 10 km
wide symmetrical turtle-back anticline from the K wanza
basin (Angola) which developed from Oligocene to
Miocene times. It separates two rafts constituted by the
Upper Cretaceous sequence. Though the external shape
is roughly symmetric with keystone grabens on both
sides, the internal shape is obviously asymmetric. The
two listric growth faults appear to have initiated
synchronously, but the right hand fault was moving faster
as attested by the wedging of the two first layers. Then the
two faults have apparently accommodated synchronous
deformation up to layer 5 before displacement was
entirely localised on the left hand fault.

The section presented in Figure 3 modified after Dem-
ercian ef al. (1993). shows a 25 km-wide Upper Cre-
taceous turtle-back anticline coming from the deep off-
shore of the Campos Basin (Brazil). During the depo-
sition of Cretaceous sequences, displacement occurred
only on the seaward listric fault with the deposition of a
thick sedimentary wedge. This fault corresponds today
to the present upslope limits of the pre-raft series. After
the deposition of the last Upper Cretaceous sequence (5
on Figure 3). a landward fault started to develop along
the upslope flank of a salt diapir which controlled the
deposition of the early Tertiary. This evolution is here
entirely diachronous.

Modelling principles and techniques

The experiments simulate extension due to the downslope
gravitational gliding of sediments with prograding depo-
sitional sequences. The modelling techniques are similar
to those conventionally used for experiments on brittle-
ductile systems at the Laboratory of Experimental Tec-
tonics of the Géosciences Department, Rennes Univer-
sity. Brittle sedimentary cover is represented by sand with
a mean friction coeflicient ® of 0.58. Salt has a ductile
behaviour which is represented by Newtonian silicone
putty with a viscosity g of 9 x 10* Pas and a density of
1.2 g/em® at 30 C (see Nalpas and Brun. 1993, Appendix
b.
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Figure 2 (a) Uninterpreted and (b) interpreted version of a seismic profile showing a turtle-back anticline from the Kwanza Basin,
Angola {KS-G 1 and 2: Keystone Graben). The seismic section comes from a non exclusive proprietary survey owned by Geco-Prakla
(U.K. Limited). Permission to use these data is gratefully acknowledged. (KS-G: Keystone Graben; UA = Upper Albian)

The linear dimensions of models are scaled down by a
factor of 10° (1 cm representing 1 km), with a density
ratio equal to 1, i.e. densities equivalent in models and
rocks. The stress ratio is equal to 10°. For a viscosity of
natural salt of the order of 10" Pas (Van Keken et al.,
1993), viscosities are scaled down by a factor of 10",
strain rates by a factor of 10° and time by 10° (1 h
represents about 10° years).

Models were built in a 50 cm x 100 cm box, with a rigid
removable endwall and a planar rigid base, and consisted
of a 1 cm thick silicone layer to represent the décollement
layer overlain by a sand overburden to represent the
sedimentary rocks. The brittle overburden is composed
of prekinematic layer which corresponds to sediments
deposed over the basal silicone layer before the onset of
extension. The box is then inclined with a basal slope
angle constantly at 2° and the down-slope endwall of the
box is removed to allow free gliding. Successive syn-
kinematic sand layers of alternating colours are then
deposed at regular time intervals [12 h for model 1 (Figure
4), 1 h 30 for model 2 (Figure 6), and 1 h for model 3

(Figures 6 and 7)]. Each new deposit simulates a pro-
gradation with simultaneous aggradation above the pre-
vious deposits. Top views were photographed at regular
time intervals, before deposition of each new layer. The
experiments are performed at a temperature of 30°C
allowing a better control of silicone viscosity and shorter
durations of experiments.

Experimental results

Wrapping of horizontal rafts

Figure 4a shows the final section of an experimental
model where the prekinematic cover and ductile layer
had opposite wedge shapes. Sedimentation was achieved
by steps of 4 mm every 12 h. The section displays four
rafted blocks of the prekinematic layer separated by
diapirs whose width and height increase downslope. Syn-
kinematic layers are wrapped around the prekinematic
blocks. Figures 4b—e present a layer-to-layer restoration
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Figure 3 {(a) Uninterpreted and (b) interpreted version of a seismic profile showing a turtle-back anticline from the Campos Basin, Brazi!
(modified after Demercian et al., 1993). (1 and 2: chronology of faulting)

using the final section and top views taken before each
new layer deposit. Figure 4e presents the end of diapir
rising between the rafted blocks before the first layer
deposition. Note that the diapir width increases
downslope from the very early stages of deformation.
During later stages (Figure 4d-b), the deformation of
synkinematic layers shows that the amplitude of diapirs
tends to decrease as their width increases. In other terms,
the diapirs fall (Vendeville and Jackson, 1992b). The
upslope diapir has the smallest amplitude and the sedi-
mentary depo-centre seated on its top is the thickest.
Faults that accommodate diapir fall start first upslope
(Figure 4c¢) and develop later downslope (Figure 4d).
These observations indicate that diapir fall is faster
upslope than downslope. This is in agreement with the
dynamics of gravity gliding (Brun and Merle, 1985;
Merle, 1986) which involves a component of vertical thin-
ning stronger in the upslope domain of gliding slabs than
in the downslope domain. The wrapping of the pre-
kinematic layer blocks by synkinematic layers dem-
onstrated by this experiment is one of the basic processes
associated with turtle-back anticlines.

Bending of prekinematic rafts

Figure 5u shows an example of a turtle-back anticline
constructed around a central raft which has undergone a
progressive bending during deformation and sedi-
mentation. Sedimentation was achieved by steps of 4 mm
every 1 h 30. The total amount of sedimentation reaches

three times the thickness of the prekinematic layer. Exten-
sion was strong enough for the base of the sand layer to
come into contact with the box basement. As a conse-
quence, the silicone is present within rollers on each side
of the turtle-back anticline and below its arched base.
The layer-to-layer restoration of Figure 5h—f shows the
progressive development of the structure.

The turtle-back anticline has a nearly symmetrical
external shape. The bending of layers is accommodated
by 4 symmetrical system of conjugate normal faults
defining a central graben. Such a graben is called by many
authors keystone graben (e.g. McClay and Ellis, 1987 ;
Vendeville and Jackson, 1992b). This fault system starts
to develop at an early stage and had remained active
throughout the experiment (Figure 5b d).

At the earliest stage (Figure 5f) the central raft is
bounded by two emerging diapirs on which the first layer
is deposited. Then the layer is stretched, allowing the
diapir to emerge again and a new layer is deposited (Fig-
ure 5e). During the following steps of layer deposition,
the earlier layers are rotated downward on both limbs of
the diapirs (Figure 5d-b). As in the previous experiment,
the amplitude of the diapirs is lower upslope than
downslope indicating a fall starting after the deposition
of the layer 3 (Figure 5d). Diapir fall is accompanied by
the development of a seaward listric fault at diapir top.
the turtle-back anticline has developed almost sym-
metrically until stage (d) when the process became asym-
metric.
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Figure 4 {a) Model cross section of a turtle-back anticline obtained with a low sedimentation rate. (b-e} layer to layer palinspastic

restoration of this section

Diachronism of facing listric faults

The two previous experimental models exemplify the role
of early diapirs and their rise and fall dynamics on the
development of turtle-back anticlines. Figures 6 and 7
present an example of a turtle-back anticline which
developed in a totally different way. Sedimentation was
achieved by steps of 4 mm every hour.

The sequence of top views (Figure 6) shows the devel-
opment of a seaward listric growth fault labelled 1 on
photographs. This fault was extremely active from layer
4 (Figure 6a) to layer 7 (Figure 6d). Its activity then
strongly decreased (Figure 6e and f) to finally stop (Fig-
ure 6g). A second listric growth fault labelled 2 on photo-
graphs is landward and facing the previous one. This fault
started slowly during deposition of layer 5 and layer 6
(Figure 6b and ¢) to become strongly active at later
stages (Figure 6d-h). Both faults were not initiated at
the same time and therefore are partially diachronous.
Moreover during their common lifetime they were active
at different displacement rates. The seaward fault domi-
nated in the first part of the deformation history and the
landward during the later part. The transition is clearly
seen on Figure 6d and e.

The resulting structure (Figure 7a and b) is an asym-
metric turtle-back anticline. The restoration of early
stages (Figure 7g and h) together with corresponding top
views (Figure 6a and b) suggest that the landward fault
could be due to the bending of the seaward fault hang-
ingwall. During rapid displacement along the seaward
fault, a graben accommodated the bending of the hanging
wall. When displacement rate along the seaward listric
fault started to decrease, the landward fault of the graben
became the landward listric fault 2.

Discussion and Conclusion

Asymmeltry of turtle-back anticlines

Seismic sections (Figures I and 2) show examples of tur-
tle-back structures that initiate around a raft made of
prekinematic layers and bounded by salt diapirs. In Fig-
ure I, both faults were acting at almost the same rate
during the deformation-sedimentation history. It is only
at a later stage that the rate of displacement became faster
on the landward fault. In Figure 2 both faults were acting
at the same time but the seaward fault dominated at an
early stage (layer 1)} and the landward fault at a later
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Figure 5 {(a) Model cross section of a turtle-back anticline
obtained with a medium sedimentation rate. (b~f) layer to layer
palinspastic restoration

stage. These two examples illustrate the fact that turtle-
back anticlines could result from various types of inter-
action between two facing listric growth faults. Other
examples (Duval er a/.. 1992 ; Worrall and Snelson, 1989 ;
Lundin, 1992) support this conclusion, and in addition
to the examples described here. show that turtle-back
anticlines are more generally asymmetric.

Transition in time fronm SYMmetry to dsypnumetry

Both seismic lines and experiments exemplify that during
synchronous deformation and sedimentation, a tran-
sition often occurs from symmetrical to asymmetrical
structural and kinematic settings. The sand-silicone mod-
els help understand the mechanical reason for this. Sili-
cone puttics in experiments, or salt in nature, are ductile
materials which couple or decouple the sedimentary cover
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-

Downslope

Ed: 12h30
Top Layer 11

Ed: 12h00
Top Layer 10

Ed: 11h30
Top Layer 9

Ed: 10h30
Top Layer 8

Ed: 10h
Top Layer 7

Ed: 9h00
Top Layer 6

Ed: 8h30
Top Layer 5

Ed: 8h
Top Layer 4

Figure 6 Sequential top views of a model with a high sedi-
mentation rate showing the diachronous development of two
facing listric faults seaward (labelled 1) and landward (labelled
2j. lltumination from the right

to or from the basement. For a constant displacement
rate of the gliding slab. the mean shear strain rate in the
ductile layer is inversely proportional to the thickness of
the brittle layer. Because the strength of the ductile layer
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Figure 7 (a) Cross section of the turtle-back anticline obtained in the experiment shown in Figure 6b-h layer to layer palinspastic

restoration

is the product of the viscosity and the shear strain rate,
when the ductile layer thins, the strength increases (i.e.
the coupling between sedimentary cover and basement
increases). At constant strain rate, because the thickness
of the ductile layer constantly decreases during gliding,
the coupling constantly increases. From previous exper-
iments where the structural effects of brittle-ductile coup-
ling were analysed in detail (Allemand, 1990) we know
that low coupling allows the development of symmetrical
or nearly symmetrical structures and conversely that high
coupling favours the development of asymmetrical ones
(e.g. block tilting). For further details on the effect of
brittle-ductile coupling on the development of listric
growth fault, the reader could refer to Mauduit and Brun
(1997). The observation of a transition from symmetrical
to asymmetrical mode of deformation in both seismic
lines and experiments is in agreement with this.

The role of diapirs
Our experiments (Figures 4 and 5) with palinspastic res-
torations, confirm that between-raft diapirs can play a
significant role in the development of turtle-back anti-
clines [see also Vendeville and Jackson, (1992b) and Jack-
son et al. (1994)]. Our experiments show that the
wrapping of rafts is achieved by a divergent rotation of
synkinematic layers along diapirs limbs (Figure 8a).
Despite our efforts, we never succeed obtaining exper-
imentally the so-called “Mock-turtle structures™ (Ven-
deville and Jackson, 1992b): building of a turtle-back
type depocentre which replaces a diapir between two
rafts. Such structures were however observed on seismic
sections (Duval et a/., 1992). It is interesting to note that,
by opposition to raft wrapping (Figure 4), they would
correspond to convergent rotations—by reference to the
centre of the diapir—of synkinematic layers (Figure 8b).
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Figure 8 (a) Comparison of diapir fall induced layer rotations in
the wrapping of rafts and (b) in the formation of a mock-turtle
anticline

Whereas divergent rotations do not necessitate faulting
(early stages on Figure 5) convergent rotations require
two facing faults to work simultaneously (Figure 8b).

Transition in time from seaward to landward faulting

Both nature and experiments also provide evidences of
turtle-back anticlines which develop in a purely asym-
metric and/or diachronic way. In the examples quoted
above, a seaward listric fault develops first, followed by a
landward listric fault which can be partially synchronous
(Figures 6 and 7) or entirely diachronous (Figure 3). Such
turtle-back anticlines never passed through a symmetrical
stage. Their asymmetry is initial. These examples also
demonstrate that turtle-back anticlines do not necessarily
need a diapir fall effect to initiate. An anticline can grow
as soon as it is flanked by two facing listric growth faults
working simultaneously or successively.

The transition in time from dominant seaward faulting
to dominant landward faulting is also a consequence of
brittle ductile coupling (as mentioned previously).
Because the ductile layer thins faster upslope than
downslope. coupling is stronger upslope than downslope.
Consequently the seaward fault which is located on the
upslope side of the anticline is slowed down and the
landward fault which is located on the downslope side
can move faster.
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