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ABSTRACT

In this work, we explore by means of analogue models howdi¡erent basin-bounding fault geometries
and thickness of a viscous layer within the otherwise brittle pre-rift sequence in£uence the
deformation and sedimentary patterns of basins related to extension.The experimental device
consists of a rigidwooden basement in the footwall to simulate a listric fault.The hangingwall consists
of a sequence of pre-rift deposits, including the shallow interlayered viscous layer, and a syn-rift
sequence deposited at constant intervals during extension.Two di¡erent geometries exist of listric
normal faults, dip at 30 and 601 at surface.This imposes di¡erent geometries in the hangingwall
anticlines and their associated sedimentary basins. A strong contrast exists between models with and
without a viscous layer.With a viscous de¤ collement, areas near the main basement fault show awide
normal drag and the hangingwall basin is gently synclinal, with dips in the fault side progressively
shallowing upwards. A secondary roll-over structure appears in some of the models. Other structures
are: (1) reverse faults dipping steeply towards the main fault, (2) antithetic faults in the footwall,
appearing only in models with the 301 dipping fault and silicone-level thicknesses of1and1.5 cm and
(3) listric normal faults linked to the termination of the detachment level opposite to the main fault,
with signi¢cant thickness changes in the syn-tectonic units.The experiments demonstrate the
importance of detachment level in conditioning the geometry of extensional sedimentary basins and
the possibility of syncline basin geometries associatedwith a main basement fault. Comparisonwith
several basins with half-graben geometries containing a mid-level de¤ collement supports the
experimental results and constrains their interpretation.

INTRODUCTION

The presence of ductile detachment layers (i.e. evaporites
and overpressured shales) within the pre-tectonic se-
quence is considered to be an important factor controlling
the geometry and kinematics of deformation on compres-
sional (e.g. Pyrenees, Betic Chain, Zagros, Jura) (Phillippe
et al., 1998; Sans & Koyi, 2001; Costa & Vendeville, 2002;
Luja¤ n et al., 2003; Bahroudi & Koyi, 2004), extensional
(e.g. Santos basin, Gulf of Mexico basin, Gulf of Suez,
North Sea Rift System, Danish Central Graben, Iberian
Chain) (Nalpas & Brun, 1993; Vendeville et al., 1995; Ge
et al., 1997; Withjack & Callaway, 2000; Cartwright et al.,
2001; Rank-Friend & Elders, 2004; Rodr|¤ guez-Lo¤ pez
et al., in press) and strike^slip regimes (e.g. Rhine^Bresse
transfer zone) (Richard, 1991; Ustaszewski et al., 2005).
Speci¢cally, in extensional scenarios, many works have ad-
dressed the role of salt in modifying the syn-rift ¢lls dur-
ing the main phase of rifting, as in the case of the
Zechstein salt on the Mesozoic North Sea rift system and

Central Graben (e.g. Coward & Stewart, 1995; Clark et al.,
1998; Rank-Friend & Elders, 2004).

The geometry of the sedimentary ¢lling of extensional
basins is conditioned by: (1) the geometry of the normal
faults limiting the basin (e.g.McClay&Ellis,1987a, b; Ellis
&McClay,1988), (2) the amount of extension and deforma-
tion rate (e.g.Withjack & Callaway, 2000) and (3) the thick-
ness and rheology of the viscous layer and cover sequence
(e.g.Vendeville etal., 1987; Nalpas &Brun,1993;Withjack &
Callaway, 2000). In thiswork, we use scaled analogue mod-
els to study the deformation pattern, the subsurface geo-
metry and the syn-sedimentary features linked to the
formation of half-grabens with an interlayered de¤ colle-
ment (i.e. viscous layer) within the pre-rift sequence.

The objectives of thiswork are to characterize the struc-
tures formed in extensional half-grabens and to give clues
(variations of bed thickness and dip changes along the ¢ll-
ing of the basin) to identify features related to graben
formation, even after processes of basin inversion. A com-
parison with natural examples supports the experimental
device. Furthermore, the results obtained provide new
tools to interpret the geometry of basins, as it is the case
of the Cameros basin (North Spain), a good example of an
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inverted sedimentary basin formed over a shallow detach-
ment level (UpperTriassic evaporites). The experimental
results indicate that a viscous layer in the pre-rift deposits
plays a major role in controlling the geometry and defor-
mation of sedimentary basins. Our work implies that in
the reconstruction of the extensional geometry of sedi-
mentary basins, it is fundamental to knowwhether viscous
layers are present in the sedimentary pile, and their thick-
ness relative to the pre- and syn-rift sequences. This is
especially important when no subsurface data (i.e. seismic
pro¢les) are available, or when the basin has been inverted.

EXPERIMENTAL METHOD

The experiments were carried out in a glass-walled defor-
mation rig 80 cm long� 30 cmwide� 30 cm high. A rigid
footwall blockwith a normal fault, listric geometry was at-
tached to the ¢xed endwall (Fig.1). A mylar sheet attached
to the outside of the other (moving) endwall initially ended
at the tip of the listric fault (i.e. footwall cut-o¡ during the
experiments) (Fig.1), and pulled apart with a constant dis-
placement rate (seeTable1).This arrangement produced ex-
tensional displacement on the hangingwall, consisting of a
sand-silicone strati¢ed system.The footwall was also cov-
ered with a mylar sheet to ensure identical frictional prop-
erties during extension. Pre-rift and syn-rift sediments
were deposited both over the hangingwall and footwall, ex-
cept for model 60A, where sand simulating the syn-rift se-
quence was only deposited on the hangingwall. Pre-rift
layers of alternating white and coloured sand (100^300mm
in size andj5 33.51 internal friction angle measured in the
laboratory) were sieved and arranged into a horizontal se-
quence 125mm thick. In the brittle^ductile models, an in-
terlayered level of silicone within the pre-rift sediments,
overlying both the hangingwall and the rigid footwall, acted
as a shallow viscous detachment level. The silicone putty
used is Rhodorsil Gomme FB of Rhodia silicones. It is a
nearly Newtonian £uid with a density of 0.97 g cm� 3 and a
viscosity of 1� 104Pa � s at room temperature for the dis-
placement rate used during the experiments (1.5^
6 cmh�1). The viscosity was measured with a concentric-
cylinder viscometer (seeWeijermars,1986) in theUniversity
of Zaragoza. Finally, a thin cover of sand, simulating the top
of the pre-rift, was deposited on top of the silicone level.

During extension, white and coloured sand layers, repre-
senting the syn-rift sedimentary sequence were added after
every 15mm of displacement of the moving wall. Total ex-
tensionwas125mm for most of the models. Once the mod-
els were ¢nished, they were impregnated with water and
serially sectioned andphotographed to analyse their geome-
trical features. Only the central sections were used to de¢ne
their geometry to avoid boundary e¡ects. Because the evo-
lution of models cannot be determined from observation of
the walls, a series of models with di¡erent displacement
rates were constructed to record the deformation history.

Models simulated the e¡ect of two principal variables
(Table 1): (1) the geometry of the listric fault and (2) the

thickness of the shallow interlayered de¤ collement. Listric
normal faults dipped at the surface at 301 (gently curved)
and 601 (sharply curved).The initial thickness of the duc-
tile level was 0, 5,10 and15mm in the di¡erent experimen-
tal series.

RESULTS

The evolution of models analysing the hangingwall exten-
sional geometry above major listric faults and linked to the
formation of half-grabens has been widely described (e.g.
McClay & Ellis, 1987a, b; Ellis & McClay, 1988; McClay,
1989; Buchanan & McClay, 1991). Speci¢cally, Ellis &
McClay (1988) studied in detail the in£uence of the geo-
metry of the listric extensional faults on the hangingwall
deformation.Withjack & Callaway (2000) studied in detail
the in£uence of a shallow de¤ collement associatedwith slip
of a single fault. However, the in£uence of shallow viscous
de¤ collements within the pre-rift deposits on the hanging-
wall deformation above listric faults at the basin scale has
not yet been studied. Two experiments (models 30A and
60A) were performed without a viscous layer as reference
models.

Mylar sheet

BASAL TABLE

PRE-RIFT depositsPRE-RIFT deposits

PRE-RIFT deposits

SYN-RIFT (deposited every 15 mm of extension)
Interlayered

ductile
décollement

Interlayered
ductile

décollement

10 cm

PRE-RIFT deposits

Fig.1. Experimental apparatus used in this work.

Table1. Initial con¢guration of experiments

Model

Master fault
(dip angle at
surface) (1)

Displacement
rate (cm h�1)

Viscous layer
thickness (mm)

Time
(h)

30A 30 6 0 3.25
30B 30 1.5 5 10
30C 30 1.5 10 10
30D 30 1.5 15 10
60A 60 6 0 3.25
60B 60 1.5 5 10
60C 60 1.5 10 10
60D 60 1.5 15 10
60E 60 1.5 10 2
60F 60 1.5 10 4
60G 60 1.5 10 6
60H 60 1.5 10 8
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Brittle models. Influence of listric
fault geometry

In modelswithout an interlayeredviscous layer, a roll-over
anticline formed in the pre-rift hangingwall, its width in-
creasing with decreasing curvature of the listric fault (Fig.
2). Synchronous crestal-collapse faults (synthetic and an-
tithetic with respect to the master fault) formed on the
roll-over anticline.This fault system is much more impor-
tant in the model with higher curvature of the basal listric
fault (model 60A) (Fig. 2).The crestal-collapse faults pro-
pagated upward through the syn-rift sequence during ex-
tension.This propagation was also more important in the
model with the more highly curved listric fault (Fig. 2).

Syn-rift geometry also depended strongly on the curva-
ture of the listric fault. In both the 30A and 60A models,
the extensional basin was a half-graben with strong thick-
ness variations of the syn-rift deposits near the listric nor-
mal fault, where deformation also concentrated (Fig. 2). In
the two models, the syn-rift layers were rotated around
horizontal axes to accommodate extension in the hanging-
wall, this rotation being higher in model 60A (Fig. 2).The
upward-propagating crestal-collapse faults from the roll-
over pre-rift deposits were the only faults in model 60A.
Close to the major listric fault, the syn-rift layers reached
maximum thickness (Fig. 2). In model 30A, an array of
subparallel and synthetic listric faults developed with 651
of dip angle in the syn-rift deposits close to the major lis-
tric fault.These normal faults nucleated at the hangingwall
cut-o¡ of the pre-rift layers. Whereas the pre-rift se-

quence accommodated extension by means of a roll-over
anticline, in the syn-rift deposits these normal faults nu-
cleated following a hangingwall sequence and propagating
towards the basin centre during deformation. A single, an-
tithetic 601 -dip normal fault associated with them at the
opposite margin of the fault system also migrated inward.
The conjugate normal fault system conditioned the posi-
tion of the depocentre of the basin that consequently also
migrates towards the basin centre during extension (Fig.
2). Our results con¢rm that the geometry of the basin and
the location of the depocentre are strongly conditioned by
the geometry of the marginal major listric fault.

Brittle^ductile models. Influence of a shallow
interlayered de¤ collement

The pre-rift sequence in brittle^ductile experiments de-
¢ned a roll-over anticline whose geometry depended on
the shape of the listric normal fault (narrower anticline
with a higher dip angle at the surface of the listric fault),
as in the brittle models. However, the geometry of the
pre-rift sequence below the detachment level was not
in£uenced by the presence of the viscous detachment
(Fig. 3).

The ¢rst di¡erence in the brittle^ductile models was
that the viscous layer inhibited the upward propagation of
the crestal-collapse faults through the syn-rift sequence
and the pre-rift layer located above the detachment level
(Figs 3 and 4). The syn-rift deposits of all brittle^ductile
models described a growth syncline (Fig. 3).The syn-rift

5 cm30A-9 cm

5 cm30A-12 cm

5 cm60A-9 cm

5 cm60A-12 cm

5 cm60A-12 cm5 cm30A-12 cm

5 cm30A-6 cm 5 cm60A-6 cm

(a) (e)

(f)(b)

(g)(c)

(h)(d)

Fig. 2. Line drawings (from cross-section photographs) illustrating the evolution of models 30A and 60A after (a, e) 6 cm, (b, f) 9 cm and
(c, g) 12 cm of extension. (d, h) Cross-section photographs of models 30A and 60A after12 cm of extension.
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layers near the major fault showed increasing dips as the
major fault surface steepened (Fig. 3). Experiments with a
thinner ductile level (models 30B and 60B) and model 60C
displayed a secondary roll-over anticline near the bound-

ing fault that produced thickness variations of the syn-rift
deposits (Figs 3 and 5). This structure was narrower in
models with steeper listric fault surface, where also asso-
ciated reverse faults developed in the back £ank of this

5 cm
Model 30B

Model 30C

Model 30D

5 cm

Model 60B

Model 60C

Model 60D

5 cm

5 cm

5 cm

5 cm

Pre-rift
deposits

Viscous
layer 10 mm

Viscous
layer thickness

Displacement rate=1.5 cm/h

Master fault=60°-dip angle 

Master fault=30°-dip angle 

Displacement rate=1.5 cm/h

5 mm

15 mm

Syn-rift
deposits

5 mm

15 mm

10 mm

(a)

(b)

(c)

(d)

(e)

(f)
Fig. 3. Line drawings (from
cross-section photographs)
illustrating the ¢nal stage of
models (a, b and c) 30B, 30C and
30D, and (d, e and f) 60B, 60C
and 60D.

5 cm

Model 30D
Crestal-collapse faults

5 cm

Model 60D

Fig.4. Photographs of models 30D and 60D (i.e. similar viscous layer thickness) showing the crestal-collapse faults associatedwith the
roll-over anticline of the pre-rift sequence. Note that the viscous layer inhibited the upward propagation of these faults through the
syn-rift sequence.
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anticline (Fig. 5). Conversely, in model 30B, a series of nor-
mal faults cut across this secondary roll-over (Fig. 5). In all
experiments, except model 30B, reactive salt walls (Vende-
ville & Jackson, 1992) appeared in the overburden near the
footwall cut-o¡ of the listric normal fault (Figs 3 and 6).
The size of the salt walls depended on the thickness of
the viscous layer (higher with thicker viscous layer) and
the geometry of the major listric fault (higher with 301 -
dipping fault) (Figs 3 and 6). In 601 -dipping fault models,
the salt walls were smaller due to a faster and higher thin-
ning of the viscous layer on the steeper fault plane. In
models with a shallower dip angle of the master fault
(models 30B and 30C), an antithetic normal fault appeared
in the footwall of the master fault, associated with the salt
walls (Figs 3 and 6). In the rest of the models, a normal
fault, synthetic with the main basement fault, nucleated
in an equivalent position.

The viscous detachment thinned considerably over the
master fault and thickened at the hangingwall cut-o¡ of
the pre-rift sequence in all models (Figs 3 and 6). Con-
trasting with the brittle models, in brittle-ductile models

listric faults formed in the syn-rift sequence, at the end of
the model opposite to the main fault and linked to the ter-
mination of the detachment level (Figs 3 and 7). Most
faults of this system were antithetic with respect to the
main fault. They were associated with reactive diapirs
(mostly salt rollers) and overlying syn-rift half-grabens
and grabens (Figs 3 and 7). The characteristic viscous
structures related to this fault systemwere salt rollers and
salt walls, associated with the new-formed listric faults
and salt welds at the base, linked to the migration of the
viscous layer (Fig. 7).

These fault systems near the end of the detachment le-
vel accommodated large horizontal extension in some
models (Fig. 8). This strongly contrasts with the brittle
models, where deformation was concentrated near the
main fault.The extension of this fault system is related to
the thickness of the detachment level: a thicker viscous
layer allowed more extension (Fig. 8).

Our experimental results, described above, indicate
that the introduction of a viscous interlayered level largely
in£uences the geometry of the basin. Thickness varia-
tions of the viscous layer also control its sedimentary
architecture.

5 cm

5 cm
Model 60B

Model 30B

Fig. 5. Photographs of models 30B and 60B (i.e. similar viscous
layer thickness) illustrating the secondary roll-over anticline of
the syn-rift deposits. Normal faults cross this structure in model
30B, whereas associated reverse faults characterize model 60B.

5 cm
5 cm

Model 30C
Model 60C

Salt walls

Fig. 6. Photographs of models 30C and 60C (i.e. similar viscous layer thickness) showing the saltwalls formed at the footwall cut-o¡ and
associated antithetic and normal fault, respectively. Note the strong thinning over the master fault and thickening at the hangingwall
cut-o¡ of the pre-rift sequence of the viscous layer.

5 cm

Model 30C

5 cm

Model 60C

Fig.7. Photographs of models 30C and 60C (i.e. similar viscous
layer thickness) showing the fault system linked to the
termination of the viscous layer at the opposite margin of
the basin.
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Sedimentary features

In all models, thickness variations in the syn-rift sequence
are linked to slip of the main-bounding normal fault.The
depocentre, elongated parallel to the main listric fault, is

located over the hangingwall cut-o¡ of the pre-rift sedi-
ments (Figs 2 and 3).The position and width of the depo-
centre vary with the dip of the master fault (Fig. 9). The
depocentre is narrower and closer to the basin margin in
models with a 601 -dipping fault. In all brittle^ductile
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models, thickness variations are gradual in the growth syn-
cline over the master fault.The thickness of the syn-rift de-
posits changes more abruptly near the pinch-out of the
viscous layer in the opposite side of the model (Fig.9).

To compare all models in detail, we measured the thick-
ness of an intermediate syn-rift layer (layer 5) with respect
to the distance to the main fault (Fig.10a and b).The curves
from brittle models show a saw-tooth shape, stronger in
model 30A. In brittle^ductile models, these curves are
smoother with increasing thickness of the ductile level
(Fig. 10a and b). Similar to Fig. 9, the curves for models
with a 601 dip angle of the master fault present a narrower
and slightly higher maximum.

A quantitative analysis to study the sedimentary evolu-
tion of model 30C was undertaken by plotting the thick-
ness of every layer against the distance to the main fault
(Fig. 10c).This graph shows that the depocentre migrated
progressively towards the basin centre.The older syn-rift
layers show four minima at the opposite margin of the
master fault (layers 0, 1 and 2) and a minimum at the foot-
wall-margin of the basin (layers 0, 1, 2 and 3), coinciding

with the relative maxima of the shallower layers.Three of
the minima represent null sedimentation of the older syn-
rift layers and all of them are associated with the occur-
rence of salt walls, grabens and half-grabens (Fig. 3).

The sedimentary architecture of the basin varies de-
pending on the geometry of the master fault and thickness
changes of the viscous layer (Figs 2 and 3).The 3D graphs
of Appendix A represent a quantitative approach to
describe the sedimentary architecture of all models. We
divided models into ¢ve sectors and calculated the average
dip angle of beds (on the abscise axis) and area (on the
ordinate axis) for each sector (see Appendix A). Sand pack
models (30A and 60A) show a di¡erent behaviour, whereas
the general trend of brittle^ductile models is similar.

DISCUSSION

Comparisonwith previousworks

In the last decades, extensional fault systems in the brittle
crust have been intensively studied using analogue model-
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ling. In general, three di¡erent model con¢gurations have
been used: (i)Type1.Brittle models analysing the hanging-
wall deformation over a major sole listric fault with di¡er-
ent geometries using a rigid footwall block (e.g. McClay &
Ellis,1987a, b; Ellis&McClay,1988;McClay,1990), (ii)Type
2. Brittle^ductile models to analyse the overburden defor-
mation above an active master normal fault or basal dis-
continuity (e.g. Withjack et al., 1990; Koyi et al., 1993;
Nalpas & Brun, 1993; Withjack & Callaway, 2000) and (iii)
Type 3. Brittle^ductile models with uniform extension
using a rubber sheet as a basal detachment (e.g. Brun &
Choukroune, 1983; Vendeville et al., 1987; McClay, 1990).
The interplay of syn-rift sedimentation and deformation
has been studied in the three types of experiments. How-
ever, only Types 2 and 3 have dealt with brittle^ductile
models (i.e. sand^silicone) to analyse the in£uence of a
viscous layer, a common feature in many sedimentary
basins. In the present work, simple brittle^ductile models
have an interlayered deco¤ llement and a main-bounding
listric fault (Type1).The experimental results con¢rm that
the occurrence of a viscous layer within the pre-rift
sequence substantially modi¢es the sedimentary architec-
ture of basins.

In experiment 30A, a brittle modelwhere the master lis-
tric fault dips 301, the geometry of the syn-rift deposits
di¡ers largely from model 60A or models presented by El-
lis&McClay (1988), where the less steep experiment shows
a 451 dip angle of the master fault.This is probably related
to the friction angle of sand, which induces the formation
of new normal faults with steeper dips than the shallow-
dipping main normal fault to accommodate extension in
the hangingwall of our model.This suggests that a thresh-
old controls the geometry of sedimentary basins without
interlayered de¤ collements, whose value is directly con-
trolled by the strength of the deposits and the dip of the
master listric fault.Thus, the value of the internal friction
angle of the sand in purely brittle models must be this
threshold for the dip of the master listric fault.

Sedimentary differences related to an
interlayered deco¤ llement

The most common hangingwall structure formed during
crustal extension is the roll-over anticline (e.g. Shelton,
1984; Poblet & Bulnes, 2005).The pre-rift sequence in all
experiments de¢nes a roll-over anticline, whereas syn-
sedimentary roll-over anticlines only appear in some
models when an interlayered deco¤ llement is present.The
syn-rift deposits of all brittle^ductile models de¢ned a
growth syncline, with dips progressively shallowing from
the bottom to the top of the pre-rift sequence.Without a
viscous layer, a complex listric fault, with a ramp- £at-type
geometry, is required for hangingwall synclines (see Ellis &
McClay, 1988).

Without the viscous layer,most deformation in the syn-
rift sequence is close to the master normal fault, whereas
with a viscous layer, deformation is more widely distribu-
ted because the viscous layer partlydecouples deformation

above and below it (Fig. 4).Withjack&Callaway (2000) also
described this feature in brittle^ductile experiments ana-
lysing deformation in the cover deposits above an active
normal fault. In our brittle^ductile models, a fault system
at the opposite margin of the sedimentary basin develops
(Figs 3 and 7). The origin of this fault system lies on the
concentration of extensional stress at the termination of
the ductile level. Distal grabens were also described by
Withjack & Callaway (2000) in their models with a thick
viscous layer. This phenomenon also occurs in compres-
sional scenarios, where a rapid localization of the defor-
mation front takes place along the outer boundary of the
viscous de¤ collement material (see Storti et al., 2007).

Experimental limitations

Our analogue models include some oversimpli¢cations
with respect to natural sedimentary basins related to half-
graben scenarios. (1) Rarely the boundary in half-grabens
coincides with a sole main fault as in our models, instead
of a system of faults. (2) In the experiments, the footwall
block is rigid and non-deformable and the contrast of dif-
ferent rheologies between the hangingwall and footwall
blocks is constant with extension. Also, the sand/silicone
density ratio is higher than in nature, assuming a siliciclas-
tic overburden above halite. (3) Variations in both the
thickness of the viscous detachment level and the presence
of secondary detachment levels, which were not included
in our experiments, are, in fact, common in nature.
(4) Syn-tectonic sedimentation at regular intervals, with-
out erosion in the footwall block, is an ideal situation
simulated in the laboratory; in nature, interruptions of
sedimentation and even periods of erosion are common.
(5) Our experimental programme consists of a two-
dimensional (2D) analysis at a constant displacement rate,
as we did not introduce along-strike variations or changes
in the displacement rate. However, despite these experi-
mental limitations our experimental set-ups are well sui-
ted to compare the di¡erent geometries obtainedwith and
without detachment levels, and the qualitative variations
occurring with di¡erent thickness of the detachment level
and basin-bounding fault geometries.

APPLICATION TO NATURAL EXAMPLES

Partly and non-inverted extensional basins

Of the many well-studied extensional basins, especially
within the Atlantic continental margins, the geometry of
some of them can be explained by our experiments.Exten-
sional basins with growth syncline geometry are linked
either to shallowdetachmentswithin the pre-rift sequence
or to systems of normal faults de¢ning a graben instead of a
single fault at the basin margin. One of the best case stu-
dies is the Jeanne d’Arc basin in theTerra Nova o¡shore,
where evaporitic deposition occurred between the Late
Triassic and Early Jurassic (Holser et al., 1988) (Fig. 11a).
Its syncline geometry has been interpreted as the result of
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ramp- £at basement fault geometry (Tankard et al., 1989;
McClay, 1990). However, our experimental results indicate
that growth synclines can also develop linked to half-
grabens containing a mid-level viscous de¤ collement.
Other features characterizing the Jeanne d’Arc basin that
match well with our experimental results are (Fig. 11a):
(1) the formation of a secondary roll-over anticline within
the syn-rift sequence near the master fault.The origin of
this structure linked to salt tectonics was also proposed by
Withjack&Callaway (2000), and (2) the presence of subsalt
faults a¡ecting the pre-rift series that do not propagate
upward.

The Mesozoic North Sea rift system also represents a
good example with numerous 2D seismic sections pub-
lished in the literature. In this case, the Upper Permian
Zechstein salt constitutes the mid-level viscous de¤ colle-
ment located in the upper part of the pre-rift series. Nu-
merous works have dealtwith salt tectonics evolving to this
level (e.g. Coward & Stewart, 1995; Remmelts, 1995; With-
jack&Callaway, 2000). In theTerschelling basin, in South-
ern North Sea, fault-related salt tectonics have been
described by Remmelts (1995) and numerous features re-
lated to its extensional stage coincide with those described
in our analogue models (Fig. 11b): (1) the syn-rift deposits
described a growth syncline that has been tightened later
during the Tertiary compressive phase as the Cenozoic
post-rift sediments indicate, (2) a salt wall appeared in
the cover deposits near the footwall cut-o¡ of the listric
fault.This salt wall, as in most brittle^ductile models (see
Figs 5 and 6), was associated with a synthetic normal fault
with the master fault detached within the Zechstein level
(i.e. viscous layer) and (3) thickening and thinning of the
salt layer took place as in our experiments, con¢rming the
occurrence of salt £ow.

Related to the opening of theNorth Atlantic Ocean, the
Lusitanian Basin, o¡shore Portugal, represents a series of
Late Triassic^Early Cretaceous rift-related basins (e.g.
Rasmussen etal.,1998) containing amid-level de¤ collement
in the lower part of the syn-rift deposits (Fig.11c).The lat-
est Triassic^Hettangian evaporites (Dagorda Formation)
constitute this de¤ collement, which largely conditioned
the syn-rift sedimentary evolution and geometry of the
basin (e.g. Alves etal., 2002).The bowl-shaped basins given
by growth synclines, the formation of salt walls over the
footwall block near the main basin-margin faults and salt
withdrawals in the hangingwall areas described by Alves
et al. (2002) (see Fig.11c) validate our experimental results.
Alves et al. (2002) also point out that the thickness of the
salt layer played a major role in the tectono-sedimentary
evolution of the Northern Lusitanian basin as our analo-
gue models indicate.

The Southwestern Barents Sea, in the north-west of
Eurasia, also represents a well-known region with numer-
ous works based on seismic re£ection data and where salt
structures have been described as related to large evaporite
accumulations deposited during the Late Carboniferous^
Early Permian (e.g. Koyi et al., 1995). Several basins formed
during late Palaeozoic rifting in the southwestern Barents

Sea that were in£uenced later by several deformational
stages during the Mesozoic and Cenozoic (e.g. Ziegler,
1988). One of these basins is the Nordkapp basin (Fig.
11d), characterized by a half-graben geometry, numerous
diapirs and marginal salt pillows (e.g. Koyi et al., 1995;
Gudlaugsson et al., 1998). As Fig. 11d shows, the syncline
shape of the basin and the accumulation of salt on the
footwall block suggest a major in£uence of the salt layer
on its evolution and geometry similar to our brittle^
ductile experiments.

The last example is a partly inverted basin, where the
experimental results can help to provide clues about its
previous extensional geometry.The Essaouira basin, wes-
ternAtlas system (Morocco), consists of several LateTrias-
sic^Early Liassic half-grabens, with continued minor
tectonic activity during Jurassic and Cretaceous and later
compressed from the end of Late Cretaceous onwards
(e.g. Ha¢d, 2000). Salt diapirism and salt withdrawal pro-
cesses have been described to be linked to the occurrence
of Lower Jurassic evaporites that consist mostly of halite
(Ha¢d, 2000).Thus, the Necnafa syncline has been inter-
preted as Jurassic to lower Cretaceous salt withdrawal (see
Ha¢d, 2000) (Fig.11e). According to our experiments, this
syncline basin geometry could represent a growth struc-
ture associatedwith the activity of a major basement listric
fault in a half-graben scenario and the presence of a mid-
level viscous de¤ collement. All these features are compati-
ble with the characteristics found in the Essaouira basin
(Fig. 11e), validating our experimental results and testing
the in£uence of interlayered salt deposits on the syn-rift
sedimentary evolution there.

Strongly inverted extensional basins: the
Cameros basin (North Spain)

The potential application of the experiments shown in
this paper can be extended to completely inverted basins
when it is possible to infer their pre-inverted geometry.
Also, this work can help to constrain the extensional geo-
metry of an inverted basin and to understand salt tectonics
related to their extensional stage when it is di⁄cult to de-
duce its pre-inverted geometry.

The Cameros basin is a well-knownMesozoic basin ex-
tensively studied in the past decades (e.g. Casas Sainz,
1992; Guimera' et al., 1995; Casas-Sainz & Gil-Imaz, 1998;
Mata et al., 2001). It is located in the north-west termina-
tion of the Iberian Chain, an intraplate mountain range in
northern Spain (Fig. 12). Exceptionally well-preserved
syn-extensional sediments in the hangingwall of the main
thrust, geophysical data revealing its sedimentary Meso-
zoic geometry and the presence of the UpperTriassic eva-
porites at the upper part of the pre-rift sequence make the
Cameros basin ideal for comparing and validating our ex-
perimental results and to make inferences on the imprint
of a shallow interlayered de¤ collement on the geometry of
completely inverted sedimentary basins.TheCameros ba-
sin formed extensionally during the Late Jurassic^Early
Cretaceous andwas inverted during theTertiary (e.g. Salas
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&Casas,1993;Guimera' etal., 1995). Its principal structures
are located on its northern margin following the shape of
its northern pre-inversion margin (e.g. Tischer, 1966;
Guiraud, 1983; Guimera' et al., 1995; Casas-Sainz & Gil-
Imaz, 1998). Palaeozoic rocks and Triassic and Early Juras-
sic deposits constitute the pre-rift sequence in the Ca-

meros basin. Among these, the Late Triassic Keuper
evaporites form a well-known regional de¤ collement (e.g.
Guimera' & AŁ lvaro, 1990). The syn-extensional deposits
reach a preserved thickness of about 7000m, thinning
gently towards the South and more abruptly towards the
North (e.g. Mata et al., 2001). They consist of continental
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rocks sedimented between the Kimmeridgian and the Al-
bian (Mun� oz et al., 1997).The syn-sedimentary structures
of the basin have been reconstructed by means of thermal
modelling (using £uid inclusions) (Mata et al., 2001) and
palaeomagnetic analysis (Villala|¤ n et al., 2003). According
to these reconstructions, the main syn-extensional struc-
ture is a 100 km long, continuous basement-involved
growth syncline linked to the movement of a major south-
ward-dipping normal fault limiting the basin to the
North. Large outcrops of Triassic gypsum in the northern
basin margin (at present a north-directed thrust) point to
an initially thick detachment.The southern part of the ba-
sin is characterized by listric normal faults with sharp
changes in the thickness of the syn-rift deposits (Guimera'
et al., 1995). Although many of these faults have been inter-
preted to be basement-involved faults (Guimera' et al.,
1995), the vicinity of the pinch-out for the detachment
level (Casas-Sainz et al., 2000) suggests that they can be
detached within the Middle-UpperTriassic de¤ collement,
according to our experimental results.

In summary, many of the tectonic and sedimentary fea-
tures converging in the Cameros basin are consistent with
an extensional basin formed over a shallow de¤ collement
overlying a basement fault, and overlain by a thin section
(between 500 and 800m thick, Casas Sainz, 1992) of pre-
rift rocks. Basinward dips of the syn-rift sequence (Villa-
la|¤ n et al., 2003) indicate a basement fault with intermedi-
ate dips between the end-members described in our
experiments. Secondary structures described in the
northern border of theCameros basin, as roll-over anticli-
nes (Casas-Sainz & Gil-Imaz, 1998), also ¢t with some of
the features of the described models. Moreover, the ex-
perimental models presented can help to solve one of the
main controversial topics about the formation of the basin:
the presence of the pre-rift sequence throughout the
northern basin border can be explained by di¡use exten-
sion by means of minor normal faults. The geometry of
the younger syn-rift deposits (Urbio¤ n, Enciso and Oliva¤ n
Groups) agrees with the half-graben geometry of our brit-
tle^ductile models (Fig.12). For the older syn-rift deposits
(Tera and Oncala Groups), however, the depocentre of the
Cameros basin was located southwards of the depocentre
for the younger units.This suggests that di¡erent master
faults have acted through time in the Cameros basin from
South to North, contrasting with our experiments where
only one major fault acts continuously.

CONCLUSIONS

Our experimental results of extension above a listric nor-
mal fault with a shallow viscous detachment layer within
the pre-rift sequence indicate that the main structure
formedwithin the syn-rift sediments is a growth syncline.
As the basin evolved, the depocentre for each sedimentary
unit migrates basinwards, as the hangingwall translates
away from the master fault. An important shallow exten-
sional system, with listric normal faults causing sharp

thickness changes in the syn-rift sequence, forms near
the pinch-out of the ductile level in the basin margin op-
posite to the main basement fault. This secondary fault
system is more important with shallow dips of the main
fault and with thicker viscous layers. Secondary struc-
tures, as small roll-over anticlines described by the syn-
rift deposits near the bounding fault and salt walls near
the footwall cut-o¡ of the listric fault, appear linked to
the movement of the main basement fault.The results in-
dicate that growth synclines may be common in exten-
sional environments, provided that a shallow de¤ collement
occurs within the pre-rift stratigraphic sequence and
partly decouples strain above and below it. The compari-
son with several basin examples containing a mid-level
de¤ collement validates the experimental results and
constrains their interpretations.
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APPENDIX A

3Dgraphs representing the average dip angle of beds (ony)
and area (on z) for ¢ve sectors of all models (in the cross-
section photograph).

°°
°

° ° ° °

°°°

° ° ° °

r 2007 The Authors. Journal compilation r 2007 Blackwell Publishing Ltd,Basin Research, 19, 437^450450

R. Soto et al.


