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Abstract. We synthesize available structural, seismotectonics
and microtectonics studies, mechanical modelling of the to-
pography as well as stratigraphic constraints on the timing of
Plio-Pleistocene folding and Zagros basin evolution in order
to examine which mechanical behaviour would explain the
development of the Zagros Folded Belt at both local and re-
gional scale.

At the local scale we focus on the mechanism of cover fold-
ing and internal deformation of cover rocks. At the regional
scale we focus on crustal rheology that led to the observed
regional topography. Recent mechanical constraints derived
from a critical wedge modelling of the regional topography
together with available structural studies and seismotectonic
studies confirm that the basement is necessarily involved in
the deformation. Additionally, crustal rheology should in-
volve a sufficiently strong lower crust to maintain the topo-
graphy.

Stratigraphic data on the basin scale suggests that the de-
formation in the Zagros Folded Belt initiated by inversion of
the inherited N-S and NW-SE-trending marginal structures in
the early Miocene. At 5-3 Ma, the intraplate stresses have in-
creased sufficiently in response to ongoing convergence to
exceed the brittle strength of the pre-fractured basement
and then to produce the initiation of the Zagros uplift. This
event occurred simultaneously with the rapid development
of cover folding until the Bakhtyari conglomerates were de-
posited unconformably on these structures as the fold growth
decreased. The Hormuz salts at the base of the pile allowed
the upper sedimentary cover to be decoupled from the base-
ment but there is no evidence of independent development
through time. This is confirmed by the kinematical consisten-
cy of the Mio-Pliocene small-scale faulting in the cover and
seismogenic faulting reflecting the internal deformation of
basement and cover, despite the occurrence of the thick Hor-
muz salt layer. Buckling of the cover rocks, rather than thin-
skinned propagation of the Zagros Folded Belt, is proposed
to be a more reliable mechanism to account for stratigraphic
data, field observations, structural studies, microtectonic
data and mechanical modelling.

We finally conclude that the overall thick-skinned defor-
mation that followed the initial margin inversion was proba-
bly coeval with cover folding (buckling). The way basement
and cover deform is thus remarkably different; the basement
is pre-fractured so it shortens preferentially by faulting. In

contrast, the folding (buckling) of the sedimentary cover de-
veloped with the assistance of plastic-viscous processes.

1 Introduction

The Zagros Mountains form a broad orogenic domain
in Iran, approximately 2000 km long and 100-200 km
wide in front of the Turkish-Iranian plateau (Fig. 1).
The mountain range results from the accommoda-
tion of the convergence between the rifted continental
margin of the Arabian plate and the Iranian continen-
tal block, which followed the closure of the neo-Tethys
ocean during the Tertiary [Stocklin, 1968; Berberian
and King, 1981; Koop and Stoneley, 1982]. The pres-
ent-day convergence between Arabia and Eurasia is ~3
cm/yr and about 7 mm/yr is currently accommodated
across the Zagros collision belt [Vernant et al., 2004].

The collision suture zone is outlined by the Main
Zagros Thrust that separates the Sanandaj-Sirjan do-
main to the North from the Imbricate Zone and the
Zagros Folded Belt (ZFB) to the South. The Sanandaj-
Sirjan belt is a broad tectono-metamorphic belt which
represents the former active margin of the Iranian
microplate (Fig. 2). To the South, the Imbricate Zone
and the Zagros Folded Belt, separated by the High Za-
gros Fault, form a large folded domain within the rift-
ed Arabian continental margin. The Imbricate Zone is
mainly composed of folded Mesozoic strata (Fig. 2) but
locally along the Main Zagros Thrust, ophiolitic rocks,
remnants of the obducted ocean or one of its deriva-
tives (e.g., back-arc or fore-arc oceans) are preserved
[Stoneley, 1990; Ziegler, 2001].

In this paper we focus on the Central Fars province
of the ZFB (Fig. 2). This area is located between the
Dezful-Izeh domain to the northwest recently docu-
mented by several studies [e.g. Blanc et al., 2003; Sher-
kati and Letouzey, 2004], and the Bandar-Abbas prov-
ince at the southeastern extremity of the Fars area
investigated by Molinaro et al. [2005]. The Central
Fars is a 200 km-wide arcuate folded belt, which re-
sults from folding of a thick pile of sedimentary rocks
up to 12 km in thickness [Stocklin, 1968] including
Paleozoic, Meso-Cenozoic strata and Neogene syno-
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rogenic deposits (Fig. 3). The deformation in the Fars
area is characterized by periodic folding with axial
lengths sometimes greater than 200 km (Fig. 2).

The exceptional geomorphic expression of folding
is linked to the presence, within the folded pile, of the
competent carbonates of the Asmari Formation, Oli-
go-Miocene in age, which is one of the main oil reser-
voirs in the Zagros. The Fars domain of the ZFB is lim-
ited to the West by a main structural, topographic and
paleogeographic boundary: the Kazerun fault [Motiei,
1993; Sepher and Cosgrove, 2005] (Fig 1). It is a major
N-S trending active right-lateral strike-slip fault in-
herited from the Late Proterozoic fault system of the
Pan-African basement [Talbot and Alavi, 1996].

Cover folding is generally thought to be explained
by the occurrence of a thick (up to 2 km) incompetent
layer of salt at the base of the cover within the Eo-Cam-
brian series of the Hormuz Formation (Fig. 3). This
basal décollement allows decoupling of the sedimenta-
ry cover from the underlying Precambrian series and
crystalline basement. In addition to this main décolle-
ment, second-order shallower detachment levels lying
in the sedimentary pile present in other parts of the
Zagros Folded Belt [Sherkati and Letouzey, 2004; Mo-
linaro et al., 2005a] may also have been potentially ac-
tive during folding in our study area. One of the major
issues that should be addressed is the mechanisms of
folding that produce such a large folded belt. Indeed,
no consensus exists so far on whether folding is simply
thrust-related folding accommodating shortening in a
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brittle cover [McQuarrie, 2004; Sherkati and Letouzey,
2004; Molinaro et al., 2005] or a consequence of buck-
ling of the sedimentary rocks [e.g. Schmalholz et al.,
2002; Mouthereau et al., 2006]. In the first type of
models, it is the accommodation of deformation as-
sociated with cover thrusting which produces folding.
In contrast, for the second type of models, folding is
caused by mechanical instabilities within the compe-
tent cover overlying an incompetent layer. In this case,
if faulting occurs it is not the cause but rather the con-
sequence of folding. It is obvious that the mechanical
implications of both models in terms of rocks rheolo-
gy and mechanics of the folded belt are very different.

A second controversy concerns the recent uplift
of the ZFB. If the timing of the Zagros uplift is rel-
atively well constrained by a regional unconformity,
two different mechanisms have been proposed to ex-
plain it: crustal shortening [Mouthereau et al., 2006]
or thermal anomaly [Molinaro et al., 2005b]. Whatev-
er the uplift mechanism, seismotectonic studies [Ber-
berian, 1995; Talebian and Jackson, 2004; Tatar et al.,
2004] together with subsurface data and cross-section
balancing [Blanc et al., 2003; Sherkati and Letouzey,
2004] have suggested that basement-involved shorten-
ing may be essential to explain the anatomy of the Za-
gros folded belt.

Our objective in this paper is to examine which
type of mechanical behaviour would better explain
particular features observed in the Zagros folded belt
at both local and regional scales. On the local scale we
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Fig.2. Simplified geological
map of the Fars province of the
Zagros Folded Belt (based on
the National Iranian Oil
Company [1977]. The Imbricate
Zone to the North of the High
Zagros Fault is clearly
distinguished from the Zagros
Folded Belt to the South by the
lack of Oligo-Miocene deposits.
The heavy black solid line
displays the location of
geological section of Fig. 4
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focus on the mechanics of cover folding and how in-
ternal deformation is accommodated in cover rocks.
On the regional scale we focus on crustal rheology.
To this aim, we synthesize available structural studies
to constrain the first-order geometry of folds and the
location of major basement thrust faults. These data
are used to build a crustal-scale section of the Central
Fars. Recent modelling of critical wedges [Mouthereau
etal., 2006] as well as recently published seismotecton-
ics and microtectonics studies [Lacombe et al., 2006]
including recent results on calcite twinning [Amrouch
et al,, 2005] are combined together with new field ob-

servations to constrain the mechanics and the timing
of deformation that prevailed in both the sedimentary
cover and the basement.

2 From Rifting to Collision
of the Arabian Margin:
Stratigraphy of the Zagros Basin

We first introduce the Zagros collision belt in the
framework of the opening then the closure of the Neo-
Tethys. To this purpose, we summarize hereinafter the
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main tectonic events recorded on the Arabian conti-
nental margin in the ZFB since the Paleozoic.
Following the Hercynian orogeny, by the end of
the Paleozoic, the Arabian lithosphere was stretched
(Fig. 3). This episode is recorded in the Zagros basin by
a main unconformity at the base of mid-Permian car-
bonates together with the occurrence of Permian clas-
tics and volcanics in the High Zagros [Koop and Stone-
ley, 1982]. Extension affected the Zagros crystalline
basement and produced a series of NW-trending gra-
bens parallel to the current orientation of the Zagros
Belt [Sepher and Cosgrove, 2004]. This fracture pat-
tern is superimposed on an older Precambrian set of
fractures in the basement trending N-S oblique to the

Zagros main trend [Talbot and Alavi, 1996]. The Neo-
Tethyan rifting initiated at the Trias-Jurassic bound-
ary. A major unconformity at the base of the Jurassic
series records this transition. Since this time, the Ara-
bian continental passive margin developed with a dif-
ferent sedimentological pattern than in Central Iran
which has drifted away. During the Upper Cretaceous
(Campanian), isopachs reveal the presence of a narrow
trough located to the south of the present position of
the MZT [Koop and Stoneley, 1982]. From the Upper
Cretaceous-Paleocene limit until the Eocene the con-
ditions of deposition changed dramatically and sub-
sidence clearly increased to the NW, especially in the
Dezful-Izeh domain of the ZFB [Koop and Stoneley,
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1982; Sherkati and Letouzey, 2004]. The early Neogene
period is characterized by deposition of the carbonates
of the Asmari Formation on the Arabian continental
margin and of the Qom Formation on the Iranian pla-
teau. Biostratigraphic constraints yield an age rang-
ing from upper Oligocene to lower Miocene for both
formations (Chattian-Aquitanian boundary) [Schus-
ter and Wielandt, 1999]. Post-Asmari clastics, known
as the Fars Group including the Gashsaran, Mishan
and Agha Jari Formations (Early Miocene to Plio-
cene), have a total thickness of up to 3000 m in the
Fars area [Koop and Stoneley, 1982] indicating a rapid
tectonically-controlled subsidence. This Group forms
a progradational synorogenic sequence in the subsid-
ent Zagros foreland basin fed by the products of the
erosion of the hinterland that was thickening and up-
lifting. This stage is considered by several authors as
being controlled by the final closure of the Neo-tethy-
an ocean [Elmore and Farrand, 1981; McQuarrie et al.,
2003; Agard et al., 2005] leading to the development of
the Zagros orogeny.

The presence of local angular unconformities and
disconformities within the folded belt indicates that
the Arabian continental margin was probably de-
forming earlier than generally thought. For instance,
Hessami et al. [2001] suggested that folding in the
ZFB started at the end of the Eocene and then prop-
agated in-sequence southwards in thin-skinned style.
Sherkati and Letouzey [2004] suggested from isopach
maps in the NW Zagros that compressive deformation
might have been initiated in the upper Eocene-Oligo-
cene times.

Ahmadhadi et al. [this issue] also report an early
Miocene reactivation and inversion of NWtrending
inherited Tethyan normal faults in the Zagros fore-
land. This emphasizes that the Arabian continental
margin underwent compression, inversion and base-
ment-involved shortening during the early stage of the
collision.

The last period of sedimentation is character-
ized by the deposition of alluvial conglomerates of
the Bakhtyari Formation throughout the ZFB whose
base is dated at 3 Ma in the Northeastern part of the
ZFB [Homke et al., 2004]. As continental deposits, the
Bakhtyari Formation is probably diachronous both
along-strike and across-strike of the Zagros Folded
Belt. Regarding the Fars Group whose first-order sed-
imentary characteristics support ongoing foreland ba-
sin evolution, the unconformable deposition of con-
glomerates on top of previously folded strata suggests
that the main phase of shortening in the ZFB occurred
before 3 Ma. It is worth noting that such changes in
the type of deposition suggest modifications in the ef-
ficiency of erosion driven by global cooling well docu-
mented at that time [e.g., Molnar and England, 1990]
or/and by uplift related to Zagros collision.

3 Mechanical Modelling of the Topography:
a Critical Wedge Approach

3.1 Thin-Skinned versus Thick-Skinned Model:
a Short Review

The presence of a thick and weak salt-bearing forma-
tion (i.e., the Hormuz Formation) has led for years to
interpret the style of cover folding as resulting from
fault-related folding that developed in a thin-skinned
style, in agreement with the critical wedge model de-
scribed by Davis and Engelder [1985]. These authors
applied the theory of Coulomb wedges to thin-skinned
frictional wedges overlying a ductile decollement. Such
salt-based wedges are characterized by low topograph-
ic slopes and the absence of clear vergence of folding.
The lack of clear fold vergence (Fig. 4) and the obser-
vations of low topographic slopes < 0.5° (Fig. 5) seem
to support this model. Sand-box experiments involv-
ing silicone putty as analogous to viscous properties
of salt décollement provided additional constraints
on the way the spatial distribution of salt controls the
shape of the Zagros Folded Belt and the sequence of
deformation [Jackson et al., 1990; Weijermars et al.,
1993; Costa and Vendeville, 2002; Bahroudi and Koy,
2003]. Ongoing cover folding is further supported to-
day by GPS surveys across the ZFB [Walpersdorfetal.,
in press] and is consistent with quaternary folding at
the Mountain Front evidenced through dated tilted
marine terraces [Oveisi et al., this issue].

On the other hand, seismotectonic studies over the
last 20 years have provided several lines of evidence
that the Precambrian basement is shortening and
thickening [Jackson, 1980; Berberian and King, 1981;
Ni and Barazangi, 1986; Berberian, 1995]. Active base-
ment-involved shortening was confirmed by new ac-
curate estimates of the depths of earthquakes [Talebi-
an and Jackson, 2004; Tatar et al., 2004]. Furthermore,
balanced cross-sections have shown that different top-
ographic elevations of the base of the Paleozoic and
Mesozoic Formations required basement involvement
[Blanc et al., 2003; Sherkati and Letouzey, 2004; Mo-
linaro et al., 2005a].

It consequently appears that the Zagros Folded Belt
is actively deforming by superimposed thin-skinned
and thick-skinned styles. In order to examine the rel-
ative involvement of both thin-skinned and thick-
skinned deformation to explain the origin of the pres-
ent topographic slope, a critical wedge modelling has
been recently carried out [Mouthereau et al., 2006].
The main results are summarized hereafter. This work
aimed at comparing the observed topographic slopes
with that derived from modelling of 1) a shallow brit-
tle wedge of sedimentary cover detached above a salt
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Belt in the Central Fars. This section attempts at accounting for
1) faulting in the basement especially along the MFF and the
Surmeh Fault, 2) decoupling between cover folding and seismo-
genic basement-involved deformation, 3) lack of evidence for
fault-related folds features in the cover as well as 4) the varia-
tions in sedimentary rock thicknesses. Note the decrease of fold
wavelengths from the Imbricate Zone toward the Surmeh
Fault

décollement; 2) a thick brittle wedge of upper crystal-
line basement decoupled above a ductile lower crust.

3.2 Mechanical Modelling of the ZFB as
a Thin-Skinned Critical Wedge

In this model the strength of sedimentary rocks is lim-
ited by a Coulomb failure criterion. The convenience
of this simple model is that it can be directly compared
with structural constraints in existing cross-sections,
which assumes fault-related fold geometries, or with
other models of salt-based fold-thrust belts. When the
state of stress within the wedge attains a critical value,
a critical taper is achieved, which is defined by the sum
of the dip of its base j (taken positive toward the hin-
terland) and the dip o of its upper topographic slope
(taken positive toward the foreland). The equation that
provides the relationship between the wedge taper an-
gle o+ and the basal shear stress 7, and internal fric-
tion angle ¢ in the thrust wedge (after [Davis and En-
gelder], 1985]) is given by

vl
Psed gH

1+ (1—/1)[

a+ B =

©)

o)
[1/sin(¢)]-1

where o is the topographic slope of the wedge (pos-
itive toward the foreland), 8 is the slope of the base-
ment (positive toward the hinterland), 2 is the pore
fluid pressure ratio within the wedge, 7, is the yield
stress of the salt, ¢ is the angle of internal friction (be-
tween 30° and 40°), ps.q is the average volumetric mass
of the wedge and H is the thickness of the wedge.

The forces in the salt resisting the advancement of
the wedge are believed to be accommodated by simple
shear. To constrain the value of the décollement dip S
(basement top) we assumed that the top of the base-
ment is parallel to the Moho discontinuity. The dip of
the Moho ranges between 0.6° and 1° based on seismo-
logical constraints [Hatzfeld et al., 2003] and inversion
of gravity data [Snyder and Barazangi, 1986], respec-
tively. Taking into account the slope of the basement
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Fig.5. a Topography (SRTM a
data) and main structural

features and b topography
derived from SRTM data and
topographic slopes estimated
along sections 1,2 and 3
located in a. The folded
sedimentary cover is decoupled
from the basement above the
Hormuz Salt Formation. The
present-day and long-term
deformation within the
basement is attested along the
MFF and the Surmeh Fault in
agreement with the position of
the main basement faults
presented by several works
[Berberian, 1995; Talebian and
Jackson, 2004]. Focal mecha-
nisms reveal that the basement
is deforming and thickening
along distributed faults
probably inherited from
Permo-Triassic rifting. Fault
plane solutions (4.6 <Mw < 6.7)
[from Talebian and Jackson,
2004] are shown with focal
spheres in light gray. Focal
mechanisms of small earth-
quakes (1.7 < ML < 4.1)
determined from local network
[Tatar et al., 2004] are shown
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derived from restored sections [McQuarrie, 2004] we
finally adopted a value of 0.5°.

The “steepest” topography or the highest topo-
graphic slope (~ -0.33°) is obtained for the highest bas-
al shear stress (443 kPa) and the lowest angle of in-
ternal friction (30°) (Fig. 6a). The lowest topographic
slope (~ -0.39°) is obtained for a lower basal shear
stress (11 kPa) and a higher internal friction (40°). It is
clear, despite relatively important variations between
each model, that the predicted topography is essential-
ly flat. This result reveals that the sedimentary cover
and the underlying salts are both remarkably thick in
the Zagros. As a result, the ratio 7, / psqgH in Eqn (1)
is very small of the order of 103. This illustrates that

when a thick layer of salt (relatively to its overburden)
forms the basal décollement it is generally too weak
and cannot support the growth of significant topog-
raphy. We concluded that the observed topographic
slopes across the ZFB can not be reproduced by a salt-
based wedge model.

3.3 Mechanical Modelling of the ZFB as
a Thick-Skinned Critical Wedge

An alternative is to consider that the Zagros topog-
raphy results from the thickening of the brittle base-
ment, in agreement with current seismogenic activity,
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that is decoupled above a viscous lower crust. Studies
of receiver functions revealed a crustal thickness of
45 km and a ~25 km-thick lower crust [Hatzfeld et al.,
2003]. This is consistent with the deepest small earth-
quakes, observed at 18 km by Tatar et al. [2004] and
the depth distribution of major and moderate earth-
quakes shown by Maggi et al. [2000]. At such depths,
temperature-activated ductile deformation in the
crust predominated and dislocation creep of miner-
als occurs. The deviatoric yielding stresses in the low-
er ductile crust thus follow a power law that is depen-
dent on temperature and strain rates. In order to cover
a wide range of viscosities, different rock types such
as quartzite for weak lower crust and mafic composi-
tion like diabase, quartz-diorite or granulite for stron-
ger lower crust were tested. A cold crustal geothermal
gradient of 10-15°C/km was assumed in agreement
with temperatures required, at Moho depth, to pro-
duce continental subduction.

Assuming a quartz-diorite rheology, a negative
value of -0.42° (taper angle of 0.08°) is obtained for
a (Fig. 6b). In this case, similarly with the salt-based
wedge hypothesis, the lower crust is too weak and can-
not maintain the observed topography. In contrast,
when stronger rheologies (diabase or granulite) are
used, positive topographic slopes of 0.4° and 0.86°, re-
spectively (equivalent to tapers of 0.9° and 1.36°), are
obtained in agreement with the observed topography.

In contrast to the thin-skinned hypothesis, we dem-
onstrate that the shortening of the basement above a
viscous lower crust is able to reproduce the observed
topography. We note that rock composition in the
lower crust should necessarily comprise sufficiently
strong (mafic) materials. We conclude that although
thin-skinned deformation obviously occurs, base-
ment-involved shortening is responsible for the pres-
ent-day topography.

After having demonstrated that basement-involved
shortening is the only viable mechanism to account

+ . e, e
. Upper Crust

0=-0.42° (Qz-Diorite)  al., 2006]

for the current regional topography, we now examine
both geological observations and constraints from the
topography, which support long-lived basement tec-
tonics.

4  Evidence for Long-Lived Faulting
in the Basement

4.1 Topographic Steps Related
to Basement Faulting

Despite the apparent continuity of structures, mor-
phology and surface geology, two locally important
topographic steps and structural features are recog-
nized: the Mountain Front Fault (MFF) and the Sur-
meh Fault, 100 km apart (Fig. 5). Using wavelengths
analysis of the topography, these faults clearly affect
the overall topography over distance comprised be-
tween 40 km and 100 km [Mouthereau et al., 2006].

In the following, we have used the nomenclature
defined by Berberian [1995] for major faults. The MFF
[Berberian, 1995] is also called the Mountain Front
Flexure by Falcon [1961] or the Zagros Frontal Fault
by Sepher and Cosgrove [2004]. These latter authors
named the Surmeh Fault, the Mountain Front Fault.

The Mountain Front Fault is not directly observ-
able in the field. Its topographic expression is howev-
er clearly depicted along the coastline of the Persian
Gulf as it is formed by a girdle of en-échelon folds over
more than 200 km (Fig. 7). Topographic profiles show
a clear topographic step, across the MFF, which is out-
lined by the uplift of the local base level up to 700 m
(e.g., Asaluyeh anticline, profile 1 of Fig. 7). The second
topographic offset is about 500 m and occurs across
the faulted Surmeh Anticline, one of the few folds of
the ZFB where Paleozoic strata are exposed.
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Fig.7. Top: Landsat 7 (TM)
image of the southern Central
Fars province. Large-scale folds
bordering the Persian Gulf and
related to the Mountain Front
Fault (including the Asaluyeh
anticline) are well depicted.
Topographic profiles across
these folds are shown below. All
topographic profiles are plotted
with a common reference
frame, i.e. their fold axes
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4.2 Current State of Stress in the Basement

Most of the thrust earthquakes in the Zagros Folded
Belt occur between the coast of the Persian Gulf and
the Surmeh thrust zone (Fig. 5). In this context, the
present-day activity of the Mountain Front and Sur-
meh faults has been demonstrated by extensive seis-
motectonic analyses by Berberian [1995]. For instance,
recent destructive earthquakes like the Ghir (1972,
M;s=6.9) and the Lar (1966, Ms=6.2) earthquakes [Ber-
berian, 1995] aligned along the trace of the Surmeh
topographic step and form the Surmeh-Ghir thrust

| I L B T
4 6 8 10 12 14 16 18 20

Distance (km)

zone. The Surmeh-Ghir thrust zone is connected with
the Karebass Fault, a major right-lateral transverse
fault rooted into the basement (Fig. 5). For the MFF,
Berberian [1995] has suggested that the location of the
Asaluyeh anticline coincides exactly with the trace of
a major seismic trend along which large-to-moderate
earthquakes occur on buried, high-angle basement re-
verse fault segments.

The present-day stress regimes in the Fars have been
recently derived from available focal mechanisms of
earthquakes [Lacombe et al., 2006]. The inversion pro-
cess applied to a set of moderate earthquakes [Tale-
bian and Jackson, 2004] and microearthquakes [Ta-
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tar et al.,, 2004] led to subhorizontal ol axis trending
N209°(£15) and N206°(+5) respectively. Noticeably,
the value of the ®=(02-03/01-03) ratio in both cases is
low (<0.3) suggesting 02/03 stress permutations. Such
a regime and the absence of clear structural relation-
ships between strike-slip/reverse mechanisms and ma-
jor strike-slip/reverse (Surmeh-Ghir) faults shows that
basement deformation depicted by microearthquakes
at the local scale is rather distributed and occurred
under both reverse faults and right-lateral strike-slip
faults.

The computed N020-030° compressional trend is
in good agreement with the pattern and kinematics
of active faults in the western Fars [Baker et al., 1993;
Berberian, 1995]. It is also consistent with current geo-
detic (cover) and seismic (basement) strain shortening
axes which are coaxial and oriented N010° on average
[Masson et al., 2005].

4.3 Long-Lived Basement Thrusting:
Constraints from Middle Miocene
Basin Geometry

The Mishan Fm is a well-defined transgressive inter-
val within the Fars Group outlined by the deposition
of limestones, silts and bioclastics throughout the Za-
gros foreland basin. In the Zagros basin, the isopachs
of the Mishan Formation provide further constraints
on the paleo-topography at the time of deposition, i.e.
in Middle to Upper Miocene times (Fig. 8).

The base of the Mishan Fm varies from about 600 m
depth at the latitude of Firuz Abad and attains about
900 m southward. A large depocenter developed in
the Coastal Fars area between the MFF and the Sur-
meh Fault and a large portion of the northern Fars
domain, roughly limited by the Sabz-Pushan and the
Karebass strike-slip faults, is uplifted. Since the sub-
sidence is more pronounced in the depression located
in the hangingwall of the Karebass-Surmeh fault, we
infer the possibility that basement-involved deforma-
tion locally affected the Zagros basin during the Mid-
dle Miocene. On average, the isopachs south of Shi-
raz suggest that the overall subsidence in the basin
was controlled regionally by plate flexure and locally
by basement thrust loading.

At the southern border of the Zagros basin, in
the forelimb of the Asaluyeh anticline, the Gashsa-
ran Formation and the base of the Mishan Formation
are missing above the Asmari Limestones [Mouthere-
au et al., 2006]. This field observation is correlated
with isopach maps of the Neogene strata showing at
larger scale that the Mishan are continuously thin-
ning toward the MFE. Furthermore, it is also across
this anticline that the morphological step is the larg-
est suggesting long-lived basement thrusting along the

— 28°N

MISHAN FM.

Fig.8. Isopach maps of the Mishan Formation. Equidistance is
300 m. Main depocenters are shown by converging arrows.
F: Firuz Abad. Black dashed lines correspond to major active
transverse structures, e.g., the one passing close to Firuz Abad
depicts the position of the Karebass-Surmeh Fault

MFF (Fig. 7). We suggest that this stratigraphic hiatus
was locally uplifted above sea-level during the upper
Miocene. This might be a consequence of basement in-
volvement along the buried MFF, but alternative pos-
sibilities such as forebulge uplift or local amplification
due to cover folding should be also envisaged.

Whatever the style of deformation, this would sug-
gest that the deformation had already reached the cur-
rent location of the Mountain Front Fault by Middle-
Miocene times.

In summary, it appears that basement-involved de-
formation occurs mainly by faulting and initiated at
least in the Middle Miocene during an early phase of
margin inversion.

5 The Main Phase of Cover Folding:
Evidence from Unconformities within
the Agha Jari and Bakhtyari Formations

We have seen that basement-involved shortening along
the Surmeh-Karebass faults segment or the MFF initi-
ated in the Middle Miocene prior to the main phase of
cover folding.

On the other hand, GPS studies [Walpersdorf et al.,
in press] and dated tilted marine terraces [Oveisi et al.,
this issue] indicate that cover folding is currently ac-
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tive with a significant accommodation of shortening
across the MFF. According to field observations, the
existence of intraformational unconformities with-
in the Agha Jari Formation has been recognized for
years in the Dezful or Lorestan areas [e.g. Hessami et
al., 2001; Homke et al., 2004]. This places strong con-
straints on the timing of the initiation of folding in
the cover and the rate at which these folds developed.
However, no evidence of such unconformities has been
described in the Central Fars so far.

During our field investigations in the Central Fars,
numerous unconformities or disconformities have
been reported within the Agha Jari Fm. However,
many of them are not progressive unconformities but
rather correspond to unconformities of limited exten-
sion, typically of several tens of meters, probably not
related to tectonics (Fig. 9). On the other hand, when
synclinal sections were available, several progressive
intraformational unconformities were observed that
are clearly correlated with fold growth.

The first example of folds that clearly display pro-
gressive intraformational unconformities within the
Upper Agha Jari Formation is found to the North of
Shiraz in the vicinity of the Qalat anticline (Fig. 10).

The total thickness of the Agha Jari Formation and
Bakhtyari Formation reaches 700 m and form cliffs
on both limbs of the Qalat fold. The older strata, i.e.
the Upper Agha Jari Fm, show progressive unconfor-
mities revealing coeval fold activity to the north. The
Bakhtyari strata do not display progressive unconfor-
mities but are rather onlapping the underlying fold-
ed strata of the Upper Agha Jari Fm toward the crest
of the fold.

Another observation of progressive unconformities
is found in association with the growth of the Karba-
si anticline about 200 km southeast (Fig. 11). Despite
the large distance between both folds several similar-
ities are found. For instance, the cliff formed by the
Bakhtyari conglomerates displays no evidence of in-
traformational unconformity. In contrast, the lower
and older strata belonging to the Agha Jari Fm show
progressive unconformities that can be related to the
development of the Karbasi anticline.

Though more observations and stratigraphic con-
straints are required to draw an accurate image of
the sequence of folding, we suggest that the upper
Agha Jari strata are synfolding whereas the overly-
ing Bakhtyari conglomerates are mainly post-folding.

Fig. 9. Examples of intraformational unconformities within the Agha Jari Formation of two fold limbs located in the Southern
Central Fars (see Fig. 7 for location). These unconformities are not progressive and of local extent. They are probably not related to
fold activity but rather to sedimentary processes in the ancient alluvial plain
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Fig. 10. Intraformational
unconformities within the
upper Agha Jari strata North of
the Qalat anticline (see Fig. 2
for location). The upper alluvial
conglomeratic beds of the
Bakhtyari Fm onlap the older
strata of the Agha Jari thus
suggesting a slowing down of
fold uplift relatively to
sedimentation rates

N Looking East Kuh-e-Qalat

—— Qalat Bakhtyari Fm.

Fig. 11. Intraformational
unconformities within the
upper Agha Jari strata to the
South of the Karbasi anticline
(see Fig. 2 for location). The cliff
shows the upper alluvial
conglomeratic beds of the
Bakhtyari Fm. They clearly
onlap the older strata of the
Agha Jari again suggesting a
slowing down of fold uplift
relatively to the sedimentation
rates

S N

Bakhtyari Fm.

Kuh-e-Karbasi
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The same chronology has been proposed in the Dez-
ful area [e.g. Homke et al., 2004]. In the Coastal Fars,
this inference is supported by the observation that the
youngest conglomerates usually unconformably over-
lie folded strata. The duration of synfolding unconfor-
mities ca. 2-2.5 Ma. is approximated by the age of the
top of the folded strata, i.e. Upper Agha Jari Fm, and
the age of the base of the Bakhtyari Fm provided by
Homke et al. [2004] in the Dezful-Izeh area.

This indicates that the folds growth was initially
rapid in association with limb rotation. The lack of ev-
idence for diachronous folding further suggests that
folding rather occurred coevally across the strike of the
belt. Moreover, the geometry (onlaps) of the Bakhtyari
conglomerates with respect to underlying folded Agha
Jari Formation reveals that the rate of fold uplift de-
creased with respect to the rate of deposition of the
Bakhtyari conglomerates in the Zagros foreland. This
provides constraints on the overall mechanism which
produced rapid fold development coevally across the
Zagros Folded Belt.

6 Long-Term Rheology of Folded Cover Rocks:
Insights from Folding Geometry and
Mesoscale to Microscale Tectonic Studies

Figure 4 shows a schematic 300-km-long cross-sec-
tion of the Zagros Fold Belt including the Imbricate
Zone. This section has been constructed using struc-
tural constraints from NIOC geological maps [Na-
tional Iranian Oil Company, 1977], structural dips
at surface, variations in layers thickness within the
Meso-Cenozoic strata based on well data [Motiei,
1993]. The lack of faults at the surface except where ac-
tive basement thrusts are reported (e.g. MFF, Surmeh,
Karebass, Sabz-Pushan fault zone) makes dubious a
systematic involvement of thrusting to explain folds
in the sedimentary cover. We do not exclude howev-
er, when shortening increased and fold limbs rotated,
that faulting occurred due to deformation in the fold
hinges, but this is not supported by any field observa-
tions in our study area.

6.1 Distribution of Fold Wavelengths
and Topographic Signature of Folding

Figure 12 shows the distribution of fold wavelengths
for 149 folds measured between two successive syn-
clines, in the Eastern and Western Fars areas. A mono-
modal distribution of the fold widths clearly appears
on the graph showing a dominant wavelength of cov-
er folding between 10 and 20 km representing 70% of
the measured folds. One important parameter that
mechanically controls the observed dominant wave-

length of folding is the thickness of the deformed
competent units. Despite some scatter, the Gaussian
distribution of fold widths would suggest that a sin-
gle main competent level is involved. It is worth not-
ing that the presence of intermediate detachment lay-
ers described in the Dezful and Bandar-Abbas areas
[Sherkati and Letouzey, 2004; Molinaro et al., 2005]
is weakly supported by field observations in the Cen-
tral Fars. Though probably not exhaustive, field obser-
vations carried out in the Central Fars only reported
the possible involvement of intermediate detachments
close to the MFF (Figure 13). Inversely, when well-
known incompetent layers such as the Gashsaran Fm
can be observed at the surface, they are not involved
in the compressional deformation (Figure 14). If other
potential detachment like the evaporitic Dashtak Fm
(Trias) present only in the Coastal Fars accommodates
folding it would lead to lower dominant wavelengths
of folds, which are not observed. It thus comes that in-
termediate detachment layers are of second-order im-
portance to explain the wavelength of folding. Indeed,
they only affect the superficial folding style at a scale
lower than the dominant wavelength of folding.

As a consequence this would not change our main
conclusion that folding is mechanically explained to a
first-order by one single detachment level.

A simple relation might exist between the depth to
which crustal deformation occurs and the wavelength
of its topographic expression; the thicker the deformed
unit the larger the wavelengths of deformation. The
analysis of wavelengths in the topography can be also
qualitatively used as a proxy to distinguish different
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Fig. 12. Distribution of fold widths measured for 149 anticlines
in the Fars (see text for explanation). Fold widths have been es-
timated as the distance between two adjacent synclines inde-
pendently from the stratigraphy of the folded strata. 101 folds
(70% of the measured folds) have wavelengths between 10 and
20 km



260

F. Mouthereau - 0. Lacombe - J. Tensi - N. Bellahsen - S. Kargar - K. Amrouch

levels of deformation [Mouthereau et al., 2006]. Fig-
ure 15 shows 2-D analysis of topographic wavelengths
along the strike of the Fars folded belt along three top-
ographic sections. High-pass and low-pass filters were
applied to the 3’ x 3’ gridded SRTM topography.

For example, when wavelengths larger than 40 km,
i.e. the maximum wavelength of cover folding (Fig. 15),
are removed, the remaining topography of folds shows
amplitude reaching 1000 m. These are found 1) close
to major active basement fault zones, e.g., the sharp
increase of the elevation near the Gulf corresponds to
the position of the MFF (Sects 2 and 3), 500 to 1000
m are correlated with the position of active transpres-
sive strike-slip faults such as Kazerun (KzF), Karebass
(KrF), Sabz-Pushan (SPF) or Sarvestan (SF) faults; 2)
for folds flanked by more deeply incised synclinal val-
leys or 3) for folds whose development is perturbed by
the ascent of salt diapirs, especially in the southern-
eastern part of the ZFB (Sect 3). Despite such local per-
turbations, the deformation associated with folding is
remarkably homogeneous in amplitudes and wave-
lengths and is consequently not visible on the residual
topography. This topographic pattern again suggests,
in addition to the distribution of fold widths, that the
mechanism of folding is primarily controlled by the
thickness of the competent cover. Independently from
mechanical assumptions, similar conclusions are also

Fig. 13. Example of smaller
scale folding in the southern
limb of one of the larger scale
folds in relation to the
Mountain Front Fault (see
location on Fig. 7). Such
features are atypical in the
Central Fars domain and
mostly observed along the
Mountain Front

Fig. 14. Northern limb of the
Zalemi anticline (see location
on Fig. 7). Note the normal
stratigraphic succession in the
Fars Group (Mishan Fm is not
visible on this photograph)
above the Asmari carbonates.
Like many other examples over
the Central Fars, the incompe-
tent layers of the Gashsaran Fm
(mainly gypsum with marls) do
not act as an intermediate
detachment

supported by balanced cross-sections [McQuarrie,
2004; Sherkati and Letouzey, 2004]. The quasi-sinusoi-
dal shape of the short-wavelength component of the
topography related to folding appears simply superim-
posed onto larger wavelengths, i.e. larger than 40 km,
which reflects basement-involved thickening (Fig. 16).

6.2 Mechanical Behaviour of the Cover Sequence:
Constraints from Mesoscale Faulting
and Microscale Calcite Twinning

Field observation of folding has revealed that meso-
scale faulting is often associated with shear calcite fi-
bers in the few carbonaceous beds of the Fars Group
or in the Asmari Formation and gypsum fibers in lo-
cal evaporite facies from Gachsaran Formation and
Agha Jari Formation. In addition, pervasive pressure
solution accompanied faulting as evidenced by wide-
spread stylolitization. Hydraulic breccia in some sites
indicates that local high fluid pressures assisted fault-
ing. Moreover, analysis of calcite twin strain (Fig. 17)
has been carriedout for limestones of the Pabdeh-Gur-
pi, Asmari-Jahrom, Gachsaran and Mishan Forma-
tions [Dissez, 2004; Amrouch, 2005]. The twin shapes
reveal that the deformation occurred at temperature
lower than 150-200°C and that internal strain did not
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Fig. 15. Wavelength analysis of the topography along transects 1, 2 and 3 (whose location is also presented in Fig. 5). The profiles
show the observed topography (solid lines) and the filtered topography for both large- and short-wavelength components of the to-
pography (dashed and dotted lines, respectively). The main fault zones are the MFF (Mountain Front Fault), SPF (Sabz-Pushan
Fault), KzF (Kazerun Fault), KrF (Karebass Fault), SF (Sarvestan fault) and Surmeh (Surmeh Fault). In the northern part of the
Fars, the MZT (Main Zagros Thrust) and the Imbricate Zone are also shown

exceed 3-4%. This suggests that even at low depths,
viscous-plastic processes were active in cover rocks
and has assisted the fold growth.

The reconstructed paleostress orientations from the
inversion of calcite twins show a homogeneous mean
N020° compression throughout the folded belt and the
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Fig. 16. Schematic representation of the way the different wave-
lengths of deformation including basement-involved shorten-
ing and cover folding interact

Distributed and localized
basement faulting

southern part of the Iranian plateau [Amrouch et al.,
2005]. This result is consistent with the compressional
stress orientations obtained from the inversion of fault
slip data and present-day compression derived from
the inversion of focal mechanisms of earthquakes [La-
combe et al., 2006].

Noticeably, all computed stress tensors show a low
®=(02-03/01-03) ratio suggesting that 02 and 03 are
comparable, accounting for the coeval occurrence of
reverse and strike-slip faulting in the cover and the
basement. These results suggest that the Hormuz lay-
er, although acting as a major cover-basement décol-
lement and as a mechanical boundary for the upward
propagation of most earthquakes, poorly decouples
the states of stress within the cover and the basement.

In addition, due to the existence of a constant crit-
ical resolved shear stress (CRSS) for twinning, differ-
ential stress magnitudes related to a given stress ten-
sor can further be estimated. For a given palaeostress
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orientation, the (61-03) values correspond to the peak
differential stresses attained during the tectonic histo-
ry of the rock mass.

To a first-order, differential stress values corre-
sponding to the post-folding N020° compression are
low and lie within a nearly similar range (45 + 15
MPa) in the southern Iranian plateau and across the
ZFB [Amrouch et al., 2005]. These differential stress
values across the ZFB unexpectedly differ from pre-
viously reported stress values in fold belts, which are
much higher (e.g., 90-150 MPa in the Idaho-Wyoming
thrust belt [Craddock and Van der Pluijm, 1999]) and
show a strong decay across both the fold belt and the
undeformed foreland (e.g., from 100 to 20 MPa in the
Sevier-Appalachian forelands: [Van der Pluijm et al.
1997]).

These low and homogeneous stress values highlight
major differences in the mechanics of the ZFB com-
pared to other fold belts. The fact that the sedimenta-
ry cover sequence is currently aseismic would support
that a significant part of the convergence is accom-
modated by internal ductile mechanisms in the rocks’
mass including pression-solution or plastic strain.

The relatively narrow range of variation of differ-
ential stress magnitudes across the ZFB agrees with
the homogeneously distributed shortening in the fold-
ed cover, where no deformation gradient toward the
backstop is observed (Fig. 4).

6.3 Mechanical Implications of Cover Buckling

Large-scale critical wedge modelling together with
consistency of internal cover plastic (calcite veins) de-
formation with seismogenic basement stress regime

Fig.17. Photograph illustrating
examples of calcite twins
formed in vesicles of this
shallow-water bioclastic
carbonate within the Gashsa-
ran Formation (Meymand fold,
northern Central Fars)

suggest that the cover rocks in the Zagros Folded Belt
do not simply behave to first-order as a brittle medi-
um.

Moreover, the sequence of folding has suggested a
rapid development of folding coevally across the strike
of the belt with no clear evidence of southward prop-
agation. Hereafter, we focus on the possibility that
most characteristics of cover folding in the ZFB be ex-
plained by buckling.

Several analytical and numerical models have al-
ready considered folding in the Zagros Folded Belt
as a case example for studying mechanisms of buck-
ling [Biot, 1961; Schmalholz et al., 2002; Turcotte and
Schubert, 2002]. The theory of buckling predicts that
a single competent layer with random perturbations
overlying a weaker matrix will develop into a regular
fold train when subjected to layer-parallel shortening
[e.g, Biot, 1961; Zhang et al., 1996]. The fold train re-
sults from the process of selection and amplification of
initial perturbations that is dependent on the compe-
tency contrasts between matrix and layer.

Practically, only the perturbations with maximum
growth rates will transform into finite folds.

Moreover, the initiation of fold growth is exponen-
tial when the dominant wavelength is selected and
then gradually slows down. At least three observations
may support such development in the Zagros Folded
Belt:

1. The rapid growth of folds in probably less than 3
Ma while the collision-related compressive defor-
mation on the Arabian continental margin likely
started in Middle Miocene times (ca. 20 Ma);

2. Tolds probably initiated coevally across the ZFB;
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3. Progressive onlaps of Bakhtyari conglomerates
onto older growth strata suggest a slowing down of
fold growth (relatively to the rate of deposition).

The thick Paleozoic and Mesozoic carbonates can be
treated as a single competent layer overlying a homo-
geneous and finite viscous matrix lying in the Cam-
brian salts. It has been noticed for years that the pure
elastic solution for buckling dominant wavelengths
given by

Ay =2nHVE/o

often requires unrealistic high layer-parallel stress o
to fit observed buckling wavelengths. However, it has
been proposed that folding wavelengths averaged to
values of ~20 km in the ZFB may be roughly approxi-
mated by a brittle-elastic solution [Mouthereau et al.,
2006]. Indeed, the observed wavelengths can be repro-
duced assuming a layer-parallel stress that must be at
least 300 MPa and a low value of Young’s modulus E of
10° Pa as suggested by recent mechanical experiments
on Miocene carbonates [Amrouch, 2005]. The result
is however largely dependent on the effective elastic
thickness H we chose for the competent layer. A val-
ue of less than 2 km, i.e., representing only a quarter of
the value of the unfolded layer, i.e. the thickness of the
sedimentary cover, is compatible with fold curvature-
1 (> 10> m) and brittle yielding in a brittle/elastic lay-
er. If this mechanism may account for the failure of the
thin-skinned critical wedge model and the sequence of
folding, it however fails to reproduce the internal pres-
sion-solution processes observed and supported by the
poor seismogenic potential of the cover sequence.

On the other hand, a pure viscous solution for buck-
ling dominant wavelengths given by

Ap = 2nHe6™ 3 3\J /M

is limited by viscosity contrasts between layer and ma-
trix of less than two orders of magnitudes [Schmalholz
et al., 2002]. The viscosity of the Hormuz evaporites
has typical viscosities (Newtonian) of salts between
107 and 108 Pa s. In that case, fold wavelengths may
be reproduced using a viscous layer of H=2 km with
viscosity n; of 10% Pas.

There are several limitations to both models. First
they assume infinitesimal deformation which is only
applicable at the initial stages of folding. Second, they
are small-scale models that neglect the effects of grav-
ity. Finally, they implicitly consider that the weak vis-
cous matrix is infinitely thicker than the competent
layer, which is obviously not the case in the Zagros;
e.g. Fig. 4 shows average ratios of the matrix thick-
ness to layer thickness between 0.1 (1:8) and 0.3 (2:7)
maximum. A better fit of the observed wavelengths of

folding in the Zagros has been obtained for a more re-
alistic solution involving buckling of a viscous (non-
Newtonian)-elastic layer resting on a homogeneous
Newtonian matrix with finite thickness [Schmalholz
etal., 2002].

Figure 4 shows that from the Imbricate Zone to-
ward the Surmeh Fault, fold wavelengths progressive-
ly decrease from 35 km to 11 km as fold amplitudes in-
crease (e.g., Dalu and Sim anticlines in Fig. 2). Then
toward the MFF, fold wavelengths increase again from
11 km close to the Surmeh Fault up to 17 km on av-
erage. We suggest that folding might have initial-
ly developed with homogeneous and relatively low-
er amplitude/wavelength ratio. Such wavelengths are
currently preserved in the Imbricate Zone or close to
the MFF. A possible control by basement-involved de-
formation cannot be excluded. Then as shortening in-
creased, wavelength of folds reduced, limbs rotated, as
exemplified by intraformational unconformities, and
fold amplitude increased leading to higher amplitude/
wavelength ratios. This is especially the case where the
southward propagation is limited by the presence of
topographic high like the Surmeh Fault.

Conclusions

The aim of the paper was to discuss which type of me-
chanical behaviour better explains the development of
the Zagros folded belt in terms of cover folding, in-
ternal deformation of cover rocks and on the regional
scale the crustal rheology that led to the observed re-
gional topography.

The available structural studies combined with seis-
motectonic constraints demonstrate that the base-
ment is necessarily currently involved in collisional
deformation. Additional mechanical constraints de-
rived from a critical wedge modelling of the regional
topography confirm this result. The basic assumptions
in Coulomb critical wedge models and the present
day stress regimes together suggest that the state of
stress within the upper crust of the Arabian continen-
tal margin has everywhere reached the brittle strength
of the crust in agreement with Byerlee’s law. However,
the lack of seismogenic strain derived from the sum-
mation of seismic tensors [Jackson et al., 1995] sug-
gests that aseismic deformation is likely to occur in the
(lower ?) crust.

In agreement with the failure of a thin-skinned
critical wedge model for the Fars, the distribution of
deformation in the cover rocks does not display a gra-
dient of deformation increasing rearward (i.e., toward
the MZT) as it is usually observed for typical thin-
skinned thrust wedges.

The thickness distribution of the Mishan Forma-
tion suggests that the Arabian continental margin was
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inverted as early as the Middle Miocene in response
to continent-continent collision. Margin inversion oc-
curred by the reactivation of NW-SE-trending Tethy-
an normal faults (e.g., Surmeh Fault, Mountain Front
Fault) and Panafrican inherited N-S fault trend (Kare-
bass, Sabz-Pushan, Sarvestan transcurrent faults).
During this episode, the sedimentary cover suffered
little shortening near active basement faults and de-
formation was localized along the main basement
faults, i.e., the Surmeh Fault and the MFE. This epi-
sode is probably a consequence of the intraplate stress
build up in the margin following the initiation of the
collision.

By the Pliocene-Pleistocene period, cover fold-
ing developed rapidly in a few million years all over
the ZFB in agreement with the field observations
of growth strata associated with folds uplift. At this
point, the foreland basin transformed into an orogen-
ic belt controlled by the propagation of a brittle upper
crustal wedge. Reverse movements along already in-
verted basement structures (MFF and Surmeh Fault)
increased and faulting was generalized within the up-
per brittle crust, leading to the current seismic activity
in the ZFB. At the same time, the growth of folds rap-
idly diminished as suggested by the observations that
youngest syn-orogenic strata (Bakhtyari Fm) often on-
lap older synfolding strata (upper Agha Jari Fm).

Observations in the field of the internal deformation
of rocks reveal that the rheology of the sedimentary
cover during folding was dominated by viscous-plastic
and local brittle behaviours. Numerous characteristics
of cover folding suggest that folds developed mainly as
buckle folds. A mechanical model involving a viscous
(non-Newtonian)-elastic layer representing the thick
cover (~10 km) resting on a homogeneous Newtonian
matrix represented by the Hormuz salt satisfactory re-
produces the observed distribution of folds widths.

We conclude that the distributed thick-skinned
deformation that followed the initial margin inver-
sion occurred coevally with the main phase of cov-
er folding. The way they deform however is different;
the basement is pre-fractured so it shortens preferen-
tially by faulting. In contrast, the folding of the thick
sedimentary cover developed by buckling over an in-
competent layer of salt with the assistance of plastic-
viscous processes.
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