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1 INTRODUCTION

SUMMARY

The Late Miocene tectonics of the Zagros folded belt (Fars province) has for long been related
solely to folding of the cover controlled by a ductile décollement between basement and the
sedimentary cover. However, geological constraints, topography analysis and seismotectonic
studies reveal that basement thrusting may produce locally significant deformation in the cover.
To determine how the deep-seated deformation in the basement may contribute to the overall
topography we first examine the filtered large and short wavelengths of the topography. We
find that the short-wavelength component of the topography (20-25 km), including the Zagros
folds, is superimposed on the differential uplift at the regional scale. In other words, the regional
base level of folded marker horizons remains parallel to the regional topography of interest.
Modelling reveals that the salt-based wedge model, alone, is not able to reproduce the large-
wavelength component of the topography of the Zagros Folded Belt. This reveals that when a
thick (relatively to its overburden) layer of salt forms the basal décollement it is generally too
weak and cannot support the growth of significant topography. We then test an alternative thick-
skinned crustal wedge model involving the crust of the Arabian margin, which is decoupled
above a viscous lower crust. This model satisfactorily reproduces the observed topography
and is consistent with present-day basement thrusting, topography analyses and geological
constraints. We conclude that basement-involved thickening and shortening is mechanically
required to produce the shape of the Zagros Folded Belt since at least 10 Ma. Finally, the
involvement of the basement provides mechanical and kinematic constraints that should be
accounted for cross-sections balancing and further assessing the evolution of Zagros at crustal
or lithospheric scales.
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The Fars province is located to the southeast of the Zagros fold
belt (Fig. 1). The deformation in this part of the belt is charac-
terized by periodic folding with axial lengths sometimes greater

The Zagros fold-thrust belt (Fig. 1) results from the continent—
continent collision between the Arabian margin and the Eurasian
plate following the closure of the Neo-Tethys ocean during the
Tertiary (Stocklin 1968; Falcon 1974). Despite some ongoing con-
troversies about the timing of the onset of the collision (Hessami
et al. 2001), there is little doubt that the main episode of cover
shortening in the Zagros folded belt occurred since about 10 Ma as
suggested by the youngest folded strata of the Agha Jari red marls
(Fig. 2). Shortening of about 70 km derived from balanced sections
across the Zagros folded belt (McQuarrie 2004) yields shortening
rates of 7 km Ma~! consistent with the present-day rates of 0.7 cm
yr~! based on GPS studies (Vernant et al. 2004). A major unconfor-
mity between the Agha Jari formation and the Bakhtyari conglom-
erates (Fig. 2) indicates that cover shortening decreased or ceased
5 Ma ago. During or since the deposition of the Bakhtyari Forma-
tion, the Zagros fold belt underwent a regional uplift whose origin
still remains enigmatic.
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than 200 km (Fig. 3). This fold geometry is outlined by the lime-
stones beds of the Asmari Formation, which is one of the main
oil reservoirs in the Zagros. The folded Meso-Cenozoic sedimen-
tary cover is about 10 km thick and overlies a basal layer of salt
represented by the Cambrian Hormuz Formation, which is up to
1-2 km thick (Fig. 2). This salt-bearing formation is known to be
particularly mobile as it forms one of the largest province of salt
diapirs worldwide (Jackson et al. 1990; Talbot & Alavi 1996). The
Fars domain of the ZSFB is limited to the west by a main struc-
tural, topographic and palacogeographic boundary: the Kazerun
fault (KzF)(Motiei 1993) (Fig 3). It is a major N-S trending ac-
tive right-lateral strike-slip fault inherited from the Late Proterozoic
fault system of the Pan-African basement (Talbot & Alavi 1996).
The reactivation of such a set of inherited faulted basement blocks
probably controlled salt diapirism in the Persian Gulf area (Egdell
1996).
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Figure 1. Simplified geodynamic framework of the Zagros fold belt. Black arrows show the present-day convergence between the Arabian plate and stable
Eurasia deduced from current global plate motion Nuvel 1A (De Mets et al. 1994). The grey rectangle indicates the study area of the Fars province. The inset
shows the distribution of earthquakes (2.4 < m;, < 7.4) in the Zagros collision belt with focal depths lower than 35 km issued from ISC and CMT catalogues
(1965-2003). It shows that the Fars domain at the front of the MZT highlighted by seismicity, accommodates part of the Arabia—Eurasia convergence. Many
of the earthquakes in the Zagros correspond to events occurring in the basement. Inset: D. for Dezful and F. for Fars areas.

In an attempt to explain the geometry and kinematics of folding
in such a salt-based fold belt, Davis & Engelder (1985) noticed that
applying the theory of frictional wedges to the Zagros folded belt is
not straightforward because of the salt-based plastic décollement.
They consequently adapted the theory of thrust wedges based on a
plastic pressure-independent behaviour of the décollement level. In
parallel, sand-box experiments involving silicone putty as an ana-
logue to viscous properties of salt décollement provided important
results on the way the spatial distribution of salt controls the shape
of the folded belt and the sequence of deformation (Jackson et al.
1990; Weijermars et al. 1993; Costa & Vendeville 2002; Bahroudi
& Koyi 2003). In the Fars province, the low topography and the
lack of clear fold vergence were considered to be characteristic of
a thin-skinned fold-thrust belt controlled by the extreme weakness
of the salt at its base (Davis & Engelder 1985). Davis & Engelder
(1985) predict that such salt-based wedges have very narrow tapers
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<1° and are characterized by the absence of significant topogra-
phy Jaumé & Lillie (1988), applying the same analytical approach
to the case of the Potwar Plateau-Salt Ranges, showed that an in-
crease in the décollement dip B, for example, due to plate flexure,
would theoretically lead to negative or essentially flat topography.
Recently, Ford (2004), based on natural examples as well as ana-
logue and numerical modelling, suggested that the final topography
in salt-based wedges may be independent of the décollement dip that
is controlled by plate flexure. This is supported by recent sandbox
models of brittle—ductile wedges (Smit ez al. 2003) as changing B
has little effect on «. These recent studies reveal that the mecha-
nisms of deformation within such fold belts are not fully explained
by the current critical wedges theory. Thus, we would like to test in
the light of the recent data on the Zagros structure and constraints
on the rheology of salt if such theory can produce the observed
topography.
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Figure 2. Simplified chronostratigraphic chart and lithologies encountered
in the Fars fold belt after (Motiei 1993). Black arrows indicate the position
of weak evaporitic layers in the sedimentary pile that potentially act as a
décollement level. The main décollement lies within the Eo-Cambrian salts
of the Hormuz formations at the base of the Meso-Cenozoic sedimentary
cover. The Dashtak formation can also act as décollement but essentially in
the Coastal Fars.

- A

Seismotectonic studies over the last 20 yr have provided evi-
dence that the Precambrian basement is shortening and thickening
(Jackson 1980; Berberian & King 1981; Ni & Barazangi 1986;
Berberian 1995). For instance, Jackson (1980) first observed that
dips of nodal planes are typically in the range 30°—60°, suggesting
that shortening in the basement results from the inversion of normal
faults formed during the Palacozoic—Mesozoic Tethyan rifting of
the Arabian margin. Because the position of earthquake hypocen-
tres are not well constrained, basement deformation has not been
considered by some authors as critical for understanding the topog-
raphy, geometry and kinematics of the Fars folded belt (McQuarrie
2004). On the other hand, recent seismological studies based on the
relocation of earthquakes or new accurate estimates of the depths
of earthquakes from local seismological network have confirmed
that many of the hypocentres are effectively located below the sed-
imentary cover (Talebian & Jackson 2004; Tatar ez al. 2004). This
has renewed our interest in basement involvement and its possible
control on the geometry and kinematics of the Zagros fold belt.

The idea of shortening in the Precambrian basement below the
salt décollement is not recent. For instance, one can refer to a work
by Comby et al. (1977) republished in Egdell (1996) who proposed a
cross-section of the Fars in which the basement comprises two large
thrust slabs above which the sedimentary cover is folded indepen-
dently above the mobile Hormuz Salt Formation. Also, geophysical
modelling and interpretation of Bouguer gravity data have been in-
terpreted as showing a link between the deflection of the Arabian
plate below the Zagros and the response of crustal thickening at
different levels, within the Hormuz salts and the basement to about
25 km above a ductile lower crust (Snyder & Barazangi 1986).

More recently, balanced cross-sections (Blanc er al. 2003;
Sherkati & Letouzey 2004) suggest that basement thrusting is re-
quired to explain the present-day topography and the difference in
elevation of the Palaeozoic and Mesozoic Formations. Balanced
cross-sections in the southeastern Fars (Molinaro et al. 2004) also
suggest that the Precambrian basement is involved in tectonic thick-
ening. In an attempt to propose the timing of basement involvement
deformation, a recent model (Molinaro et al. 2005) suggests that
the development of the thick-skinned folded belt became prominent
5 Ma ago following an initial episode of thin-skinned folding in the
Zagros. These numerous hypotheses need to be tested in the light
of mechanical modelling.

In this paper, we test and validate mechanically different hypothe-
ses proposed for the present and long-term kinematics of the Zagros
folded belt:

(1) ashallow wedge of sedimentary cover detached above a salt-
based décollement;

(2) athick wedge of upper crystalline basement decoupled above
a ductile lower crust.

The input data are topography, seismicity and geological data. The
topography in such an active folded belt is believed to be a di-
rect response to the mechanics of the wedge. The topographic data
are analysed in order to identify large wavelengths that are related
to distributed deformation across the Fars and shorter wavelengths
reflecting the topographic signature of folding. Then we examine
whether the thin-skinned or thick-skinned style of deformation bet-
ter reproduces the observed topographic patterns. We adopt a critical
wedge approach (Davis et al. 1983; Dahlen 1990) to test both hy-
potheses. Our results suggest that if a tectonic wedge is required
to reproduce the observed pattern of seismicity, the geological data
and the first-order topography of the Zagros folded belt, it should
involve deformation of the crystalline basement.
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Figure 3. (a) Topography (SRTM data) and main structural features and (b) a simplified geological section across the Fars. Sections numbered 1, 2 and 3
correspond to the topographic profiles studied in Fig. 8. The folded sedimentary cover is decoupled from the basement above 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 & Jackson 2004). Focal mechanisms reveal that the basement is deforming and thickening along
distributed faults probably inherited from Permo-Triassic rifting. White dashed arrows are postulated high-angle reverse faults below the Imbricate Zone, which
are not associated with seismic activity. Fault plane solutions (4.6 < M, < 6.7) from (Talebian & Jackson 2004) are shown with focal spheres in light grey.
Focal mechanisms of small earthquakes (1.7 < My < 4.1) determined from local network (Tatar e al. 2004) are shown with black focal spheres. The size of
focal spheres is proportional to the magnitudes of earthquakes. MFF: Mountain Front Fault; MZT : Main Zagros Thrust; KzF: Kazerun Fault; KrF: Karebass
Fault; SPF: Sabz-Pushan Fault; SF: Sarvestan Fault and Pz—Mz: Palacozoic—Mesozoic sedimentary cover. All these faults are basement faults and affect the
sedimentary cover. The MFF that is depicted by a dashed line is probably a buried fault.

© 2006 The Authors, GJI, 165, 336-356
Journal compilation © 2006 RAS




340  F Mouthereau, O. Lacombe and B. Meyer

2 BASEMENT THRUSTING IN THE
FARS

2.1 Geological evidence indicating age of activity on the
Mountain Front Fault (MFF) and Surmeh fault

The Fars province is an arcuate folded area of 200 km wide show-
ing little evidence of major thrust faulting at the surface (Fig. 3).
The folded sedimentary cover is composed of a 10-12-km-thick
pile of Palacozoic and Mesozoic strata (Falcon 1974; Stocklin
1974; Colman-Sadd 1978). The lithology of rocks enables a di-
vision into a lower mobile group in the Eo-Cambrian salts of the
Hormuz formation and an upper competent group represented by
the thick Mesozoic—Cenozoic strata (Fig. 2). This differs from the
Dezful province where the Miocene salts of the Gashsaran For-
mation form an upper mobile group (O’Brien 1957). More specifi-
cally, the Dashtak Formation of Triassic age comprised of evaporitic
beds and may potentially act as an intermediate décollement within
the sedimentary cover in the NW of the Zagros basin and Coastal
Fars.

The famous ‘whaleback’ shape of folds outlines the periodic and
monoharmonic succession of folds across the Fars (Fig. 3). De-
spite the apparent continuity of structures, morphology and surface
geology, two relatively significant topographic and structural fea-
tures can be recognized: the MFF and the Surmeh Fault distant by
100 km (Figs 3 and 4). In the following, we have used the nomen-
clature defined by Berberian (1995) for major basement faults. The
MFF (Berberian 1995) is also called the Mountain Front Flexure
by McQuarrie (2004) or the Zagros Frontal Fault by Sepher &
Cosgrove (2004). The Surmeh Fault is called the MFF by Sepher &
Cosgrove (2004).

The topographic step outlined by the MFF is located at the front
of the Asaluyeh Anticline, a 200-km-long, 1500-m-high, coastal
fold that brings the Mesozoic strata up to the surface. Topographic
sections across the anticline show that the regional base level is
about 700 m higher to the north (Figs 4 and 5a). In the centre of the
Fars folded belt, a second topographic offset of 500 m occurs across
the faulted Surmeh Anticline (Fig. 5b), one of the few folds of the
ZFB where Palaeozoic strata are exposed.

Taking into account the regional importance of the topographic
steps, and considering a constant sedimentary cover thickness across
both anticlines, the top of the basement should be vertically offset
by nearly similar amounts. The contribution of viscous upward flow
and salt pinch-out of the Cambrian salt (McQuarrie 2004) to the
total elevation of the Asaluyeh anticline is difficult to quantify but
this mechanism cannot account for the large-scale topographic step.
If we assume a maximum dip of 60° for these basement faults con-
sistent with seismicity (e.g. Jackson 1980) the related slip should
be about 810 m and 570 m along the MFF and the Surmeh fault,
respectively.

2.2 Localized basement faulting and seismicity: evidence
from the Mountain Front and the Surmeh Faults

The depth distribution of crustal earthquakes suggests that many
of the hypocentres are deeper than 10 km, that is, located in the
Precambrian basement (Maggi et al. 2000). If this is reliable, the
distribution of epicentres issued from ISC and CMT catalogues in-
dicates pervasive seismogenic deformation in the basement (Figs 1
and 3). A local seismic network has provided the record of 416
small earthquakes (1.7 < M < 4.1) in the region of the Qir earth-

quake (Tatar ez al. 2004). The depth location of the hypocentres first
confirms that active faulting occurs below 11 km in the basement.
73 focal mechanisms were derived from this study. These mecha-
nisms confirm earlier work (Jackson 1980) in that they highlight
active high-angle reverse faulting in the basement. These basement
thrusts result from the reactivation of earlier normal faults inherited
from Tethyan rifting.

The present-day activity of the MFF and Surmeh faults is demon-
strated by extensive seismotectonic analyses performed by Berbe-
rian (1995). The southern limb of the Surmeh Anticline is bounded
by a major active basement fault: the so-called Surmeh Fault. This
major thrust fault is connected with the Karebass fault (KrF), a
major right-lateral transverse fault rooted into the basement. Re-
cent destructive earthquakes like the Qir (1972, Ms = 6.9) and the
Lar (1966, Ms = 6.2) earthquakes (Berberian 1995) are located a
few kilometres to the east of the Surmeh Anticline. Furthermore,
the present-day kinematics and geometry is revealed by some focal
mechanisms in the Lar area (Fig. 3). For the MFF, Berberian (1995)
suggested that the location of the Asaluyeh anticline coincides with
the trace of a major seismic trend along which large-to-moderate
earthquakes occur on buried high-angle basement reverse fault seg-
ments. Thus it is likely that the present-day topographic step of
700 m mentioned before is related to the cumulative displacement
along this deep-seated reverse fault.

2.3 Long-lived basement thrusting: constraints from
Miocene basin geometry

The subsidence history of the Precambrian basement in the Zagros
basin has received little attention in the literature. However, in an
attempt to constrain this history, overall subsidence curves in the
Zagros basin have suggested that the collision-related flexure oc-
curred about 30-20 Ma ago, during or soon after the deposition of
the Asmari Limestones (Sherkati & Letouzey 2004). It follows that
the later clastic deposits of the Fars Group (Gashsaran, Mishan and
Agha Jari Formations from bottom to top) are synrorogenic strata
deposited in the Neogene flexural basin of the Zagros.

Isopachs of the Mishan Formation (Motiei 1993) provide con-
straints on the palacotopography at the time of deposition, that is,
at Middle to Upper Miocene age (~16-11 Ma), in the Zagros basin
(Fig. 6). At the scale of the basin, these isopachs reveal that the
thickness of the Mishan formation increases from 0 to 300 m at the
Persian Gulf to 600 or 900 m towards the north. Then further to
the north the thickness of strata decreases again to only 300 m at
the boundary with the Imbricate Zone. This defines a central 70 km
wide depocentre in the northwestern part of the Mishan basin that
progressively widens towards the south to about 150-200 km. Near
the Imbricate Zone, a relatively uplifted domain bounding the basin
to the north may represent part of the uplifted Zagros fold belt at
that time. In the northern part of the Mishan basin, near the KrF,
the thickness of the Mishan Formation locally reaches more than
1200 m. Within a few tens of kilometres southwards the thickness
decreases to less than 300 m thus defining a local uplift. A set of
uplifted domains can be recognized that are bounded to the south,
with respect to the central depocentre, by the Surmeh Fault. These
data suggest that the filling of the Mishan basin occurred coevally
with folding and/or thrusting in the vicinity of the Surmeh Fault.
Isopachs further reveal that the area to the south of the Surmeh fault
was affected by significant subsidence. The contrast with the rela-
tive uplift observed in the hanging wall of the Surmeh Fault suggests
that the Surmeh Fault was active at that time and caused flexure of
the southernmost Fars by thrust loading.
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Figure 4. Topographic map of the Central Fars (90 m resolution STRM data). The uplift associated with the MFF and the Surmeh Fault is clearly outlined.

The structural and kinematic relationships between the basement strike-slip fault of Karebass and the Surmeh Fault are also clearly shown. Subsurface data

show that the central depression corresponds to a depocentre of the Mishan Formation (Middle Miocene). The quadrangle close to the MFF corresponds to the
location of Fig. 7(a). For cross-sections 1-5 and 611 see Figs 5(a) and (b), respectively.
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Figure 5. Local topographic sections across: a) the MFF (Asaluyeh Anticline) and b) the Surmeh Fault (see location in Fig. 4). Numbers on the left side of
the drawing correspond to number of the sections located in Fig. 4. For both the MFF and the Surmeh Fault, a major topographic step is observed. Independent
geological data (see Figs 6-8) and seismotectonic studies (Berberian 1995) suggest that this step is related to the uplift on buried basement reverse faults.
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Figure 6. Isopach map of the Mishan Formation (16—11 Ma) from (Motiei
1993). The central depocentre is bounded by two moderate-scale uplifted
areas (plus sign). These highs coincide with the position of the Surmeh Fault
to the north and the buried MFF to the south.

At the southern border of the Mishan basin, field investigations
close to the MFF in the Darang Anticline reveal that the Mishan
Formation is present (Fig. 7). A more detailed study in the forelimb
of the Asaluyeh anticline suggests that the Gashsaran Formation

and the base of the Mishan Formation are missing above the Asmari
Limestones (Fig. 7). This remarkable stratigraphic hiatus suggests
that the southern part of the Zagros basin was uplifted above sea
level and folded during the Upper Miocene. This field observation
indicates that folding was active early and far to the south of the Fars.
Note that the location of the unconformity is located surprisingly
close to the vicinity of the current position of the MFFE. Unfortu-
nately, these data are not sufficient to unequivocally demonstrate
basement involvement. We note, however, that the cover folding
might be directly or indirectly related to the activity of the buried
MEFF at that time. Further studies are required to solve this point.
In terms of the sequence of deformation, if the activity of cover
folding or the activity of the MFF during Middle Miocene is con-
firmed, this would suggest that deformation had already reached the
current position of the MFF as early as 16—11 Ma. This is not con-
sistent with a progressive migration of the deformation towards the
foreland during the Tertiary.

3 WAVELENGTH ANALYSIS OF THE
TOPOGRAPHY: CONSTRAINTS ON
STRUCTURAL STYLES

3.1 Introduction and scope

The style of deformation in the Fars area is characterized by sym-
metrical regularly spaced folds of similar amplitude (Figs 3 and
4) and the noticeable lack of macroscopic reverse faults except
where basement faults have been recognized. The nearly sinu-
soidal shape of folding allows the topography to be considered as
a periodic signal whose wavelength is related to shortening at a
given crustal level. This local signal is superimposed on a much
larger scale signal that results from distributed shortening at the
same crustal level or deeper. For instance, if no differential topo-
graphic elevation is found across a set of folds of wavelength A

© 2006 The Authors, GJI, 165, 336-356
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Asaluyeh Anticline

Figure 7. Geological section across the Darang and Asaluyeh Anticlines. A hiatus in the Mishan Formation (16—11 Ma) and the older Gashsaran Formation
is observed above the Asmari Limestones. The local reverse fault that cuts the Tertiary sediments in the hinge of the Asaluyeh Anticline is probably related to
folds kinematics and indirectly related to the kinematics of the buried MFF. Gr: Guri Member (upper part of the Mishan formation); Mn: Mishan Formation;
Gs: Gashsaran Formation; As: Asmari Formation and Mz: undifferenciated Mesozoic strata.

the residual topographic slope observed after the removal of this
wavelength should be zero. Otherwise, the residual topography ob-
served may be caused by distributed shortening in the cover or in
the basement. We will examine the different possibilities in a next
section.

Our approach consists of applying high-pass and low-pass fil-
ters performed using a 2-D fast Fourier transform algorithm pro-
vided by the Generic Mapping Tools software (Wessel & Smith
1998) to the topographic data in order to identify and study the
different wavelengths of the topography. To test whether the to-
pography results from superimposed signatures of deformation at
different crustal levels we examine which wavelengths reflect the re-
gional and local topography and how the different levels of crustal
deformation interact together. As we neglect the contribution of
mantle dynamics to the topography observed such an approach
requires that the studied topography be related simply to crustal
deformation.

© 2006 The Authors, GJI, 165, 336-356
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3.2 Short and large wavelength components of the
topography

(a) Wavelengths A < 40 km: ‘whaleback’ geometry of Zagros
folding

Over the 200 km width of the Zagros folded belt, between the Per-
sian Gulf and the MZT, the distance between two successive folds
(i.e. the wavelength of folding), is constant A = 20-25 km (Figs 3
and 4). The shape of folds through the Zagros belt is outlined by the
geometry of the Asmari carbonates. This suggests that folding is ac-
commodated homogeneously and above a single basal décollement
level in the sedimentary cover. Similar conclusions are obtained by
the balanced cross-sections in which folding is interpreted as the re-
sult of loosely spaced thrusting accommodating little displacement
and rooting at depth in the Cambrian décollement (McQuarrie 2004;
Sherkati 2004).
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We first extract the local topographic signal from the overall data
(3-arc sec SRTM topography with resolution of 90 m) by filtering
wavelengths shorter than 40 km (twice the wavelength of the folds).
The 2-D along-strike variations are studied along three topographic
sections (Figs 8a, b and c).

The short wavelength topography coincides with the ‘whaleback’
folds (Fig. 8a). At such short wavelengths the largest amplitude
amounts to 1000 m, close to major active basement fault zones. For
instance, the sharp increase of the elevation near the Gulf corre-
sponds to the position of the MFF (Sections 2 and 3). Northwards,
some noticeable topographic highs (500-1000 m) are correlated
with the position of active transpressive strike-slip faults such as
KzF, KrF, Sabz-Pushan (SPF) or Sarvestan (SF) faults. Section 3
is characterized by small amplitudes of 500 m maximum, expected
close to the Imbricate Zone and the Main Zagros Thrust (MZT).

(b) Wavelengths » > 40 km: the Zagros thrust wedge

Now, short wavelengths are removed from the total topographic
signal using a low-pass filter (Fig. 8a). The residual topography
contains only wavelengths larger than 40 km (Fig. 8b). The results
are shown along three profiles (Fig. 8c).

The short-wavelength component of the topography is essentially
superimposed on the differential uplift at the regional scale. This
outlines that the intensity of deformation associated with folding
is remarkably homogeneous in amplitudes and wavelengths defin-
ing a quasi-perfect sinusoidal topographic signal across the region.
In other words, the regional base level of folded marker horizons
remains constant and parallel to the regional topography of interest.

Some large-scale trends are clear. There is an overall increase of
elevation from 0 to 2500 m across the Zagros folded belt (Fig. 8c).
One can also observe the decrease of the elevation from the NW
of the belt to the SE. This regional trend appears closely related to
topographic elevation in the vicinity of active transpressive strike-
slip faults. This is particularly clear for KrF, SPF or KzF. A more
refined analysis, not shown for brevity, indicates that the MFF, KzF
and KrF are associated with intermediate wavelengths comprised
between 40 and 100 km and steps of about 600 m for the MFF and
more than 1200 m for the Karebass—Kazerun Fault Zone. The larger
wavelengths (A > 100 km) correspond to the topography of interest
related to differential regional uplift. It is interesting to note that after
the removal of the wavelengths associated with the basement faults
such as the KzF/MFF and KrF/Surmeh Fault a regional topographic
slope remains.

The major role played by the transpressive basement faults in
the location of topographic steps suggests that they have accommo-
dated significant vertical offsets. The observation of reverse focal
mechanisms in the vicinity of the faults (KrF and KzF) accounts for
their current reverse motion at least along some segments (Fig. 3a).
These N-S trending faults have been reactivated many times since
the Precambrian. Isopach maps of the Jurassic and Cretaceous re-
veal that the KzF was activated as transfer faults during the Tethyan
tectonics (Sepher & Cosgrove 2004). A comparison of the thickness
of strata accumulated during the Upper Cretaceous/Early Tertiary
(Motiei 1993; Sepher & Cosgrove 2004) also indicate that the KzF
was a major faulted boundary that accommodated the differential
vertical displacement between the Dezful area in which 4-5 km of
Pliocene strata were deposited and the Fars which remains a relative
uplifted domain. Moreover, the kinematics of the KzF and KrF is
today closely related to the thrust movement along the MFF and the
Surmeh Fault, respectively.

4 STRUCTURAL STYLES AND
TECTONIC WEDGING

In this part, we examine qualitatively, on the basis of mechanical,
lithological and geometric assumptions, which type of structural
style can best explain the regional-scale topographic slope.

Since the work of Chapple (1978) and further development by
Davis et al. (1983) it is accepted that the regional topography in
most foreland fold-thrust belts results from the tectonic wedging of
crustal rocks. The wedge shape of fold-thrust belts is induced by the
frictional resistance above a basal décollement, which is balanced
by gravitational forces arising from the topography. This model is
theoretically scale independent so the basal décollement level can be
located within the sedimentary cover or deeper in the mechanically
weakened lower crust.

Because of the number of structural possibilities to fit the regional
topography, we examine here three end-members (Fig. 9). The first
structural model assumes that the regional topographic elevation
may result from the tectonic thickening at the base of the folded sedi-
mentary cover in response to ductile thickening within the evaporites
of the Hormuz Formation (Fig. 9a). The second case assumes that
the observed topography results from the tectonic thickening due to
folding and thrusting within the brittle cover that is detached above
the Hormuz salts (Fig. 9b). Finally, the third and last hypothesis ac-
counts for a regional topography that is related to the thickening of
the basement along steep deep-seated reverse faults (Fig. 9c). For
all models we assume that changes in the pre-orogenic sedimentary
cover have negligible effects.

4.1 Ductile thickening in the Hormuz Salts

In this first case, we assume that the sedimentary cover is deforming
by periodic folding and small-scale faulting that are superimposed
on the regional topography. In order to reproduce the differential
regional uplift of interest it is necessary to tectonically thicken the
Cambrian salts by almost ~2-2.5 km, which is the maximum topo-
graphic elevation (Fig. 9a). Considering that the uplift was achieved
mostly after the deposition of the Agha Jari formation ~5-10 Ma
ago (see Introduction), the corresponding uplift rate should be at
least ~0.2-0.5 mm yr~!.

For each increment of deformation, the body forces arising from
the overburden tends to reduce topography. The rate at which the
2-2.5 km elevation should diminish can be approached by assuming
that salt will flow as a Newtonian viscous fluid. The lateral pressure
gradient created by the differences in altitude between the elevated
regions of the inner folded belt and the lower adjacent regions will
produce a forelandward flow of salt. The rate of the viscous flow /' in
the centre of a channel of salt of height # = 2 km (maximum thick-
ness of the undeformed salts) can be calculated using a Poiseuille
flow formulation (Turcotte & Schubert 1982):

V= 2]7;“ . % . %), where % = "Sal‘L—gAh is the pressure gradient;
P is the density of salt 2200 kg m™3, which is the density of
anhydrite-bearing rocks according to Weijermars ef al. (1993), g is
the acceleration of gravity equal to 9.81 m s™2, Ak is the lateral
difference in salt thicknesses that is 2.5 km over the length of the
channel that is assumed to be equal to the width of the folded belt,
L, which is of ~200 km.

For reasonable viscosities of salts 1 = 10'7-10'8 Pa's (Costa &
Vendeville 2002) the rate at which the salt escapes towards the front
falls between 3 and 50 mm yr~!. These values are consistent with
flow rates calculated by McQuarrie (2004). The flow of salt towards
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Figure 8. Wavelength analysis of the topography. (a) The short-wavelength components of the topography (A < 40 km) shown in map view clearly depicted
the succession of local folds in the Fars. (b) The large-wavelength components of the topography (A > 40 km) highlight the regional trends, especially that
related to the Surmeh/Karebass fault system. (c) Topographic sections along transects 1, 2 and 3 (whose location is also presented in Fig. 3). The profiles show
the observed topography (solid lines) and the filtered topography for both large- and short-wavelength components of the topography (dashed and dotted lines,
respectively). The main fault zones are well depicted and named. These 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.
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Figure 9. Conceptual structural models involving different crustal levels of deformation and mechanical assumptions that are examined in this study to fit
the observed topography. (a) The differential regional topography is assumed to result from the ductile thickening and wedging of the Hormuz Salt. (b) The
regional topography is related to brittle deformation in the all sedimentary cover or in the lower part of the competent cover that is detached above the Hormuz
Salt in agreement with a thin-skinned style of deformation. (c¢) This model hypothesizes that the regional topography is created by the brittle deformation of
the basement.
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the foreland appears to be 10-100 times faster than the average uplift
rates. This suggests that the salt cannot maintain the topography but
rather will flow towards regions of lower topography, thus rapidly
reducing the topography. In other words, such a hypothesis would
require that the Hormuz salts thicken 10—100 times faster than the
surface topography grows, requiring very rapid rates of shortening
compared to the estimates given in introduction. Although such a
process may have been efficient in the development of salt accu-
mulation to the southernmost Fars where numerous salt domes are
observed, or to explain the Mountain Front Flexure (Bahroudi &
Koyi 2003; McQuarrie 2004) the regional topography cannot be
satisfactorily reproduced by such a mechanism alone.

4.2 Brittle deformation and imbricate thrusting in the
sedimentary cover

We assume in this part that the main mechanism responsible for the
growth of the regional topography is the thickening of the cover by
brittle deformation above the Hormuz salt (Fig. 9b). This hypothe-
sis of a thin-skinned thrust wedge made of brittle sedimentary rocks
detached over the Eo-Cambrian salts will be mechanically tested in
Section 5. First, we note that the ratio of the sedimentary layer thick-
ness (~10 km) to the wavelength of folds (i.e the distance between
two successive imbricate thrust slices) is 2-2.5, which is roughly
consistent with the ratio of ~3 observed in sand-box experiments
for low basal friction wedges (Gutscher e al. 1998). A limitation of
this model is the lack of fault-ramps at the surface or backthrusts that
could explain the symmetry of folds. But these faults may be buried.
An alternative explanation is to hypothesize that folding observed
at the surface is decoupled from a deeper brittle deformation at an
intermediate weak layer in the cover. The local topography can be
produced by buckling and eventually symmetrical thrusts and back-
thrusts (‘pop-up’ structures typical of low-friction wedges) whereas
the deeper part of the sedimentary cover is deformed by sliding along
thrust ramps (Fig. 9b). This hypothesis requires a second interme-
diate décollement that decouples an upper and a lower competent
group. If such a layer exists, it should lie between the Cretaceous
strata, which are exposed in numerous anticlines of the Zagros,
and the Cambrian Hormuz salt. Based on lithologies of Jurassic or
Triassic rocks in the Fars, the Dashtak evaporitic Formation is prob-
ably a good candidate (Fig. 2).

4.3 Basement thrusting

The last hypothesis considers that shortening in the sedimentary
cover is not at the origin of the large-scale topography. Instead, it
is the brittle thrusting within the Precambrian crystalline basement
that creates the regional topographic slope (Fig. 9¢). This hypothesis
is supported by both localized and long-lived deformation along
several basement fault segments (e.g. Surmeh Fault and MFF) and
the distribution of seismogenic activity within the upper brittle crust
(Figs 1 and 3). In this interpretation, the cover is completely detached
from the basement by sliding plastically along the décollement of
the Hormuz formation or by buckling (Fig. 1). The main difference
from the previous hypotheses is that the sedimentary cover is not
necessarily tectonically thickened.

5 CRITICAL WEDGE MODELLING

The critical wedge theory as it was defined in reference papers (Davis
et al. 1983; Dahlen 1984; Dahlen et al. 1984; Dahlen 1990) assumes
that the overall shape of a fold-and-thrust belt can be reproduced by
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a wedge of rocks having a brittle behaviour. This brittle wedge is
translated above a décollement horizon whose friction is necessarily
lower than the internal friction of the wedge. For Coulomb critical
wedge models, the strength of rocks within the wedge is limited by a
Coulomb failure criterion. When the state of stress within the wedge
attains a critical value, defined by its internal friction, a critical taper
is achieved. The critical wedge taper is defined as the sum of the
dip of its base § that is taken positive towards the hinterland and the
dip « of its upper topographic slope, which is positive towards the
foreland.

Hereafter, we adopt a critical wedge approach to compare the the-
oretical shape of the Zagros tectonic wedge with the observed to-
pographic slope. Taking into account the previous discussion on the
relation between topography and possible structural styles at depth
we examine two end-member possibilities. The first model refers to
a wedge of brittle sedimentary material having pressure-dependent
frictional behaviour that is detached above a viscous décollement
represented by the Hormuz Salt. The second model aims at fitting
the observed regional topography to a thick-skinned wedge involv-
ing the whole upper crust (Meso-Cenozoic sediments and Precam-
brian basement) that is mechanically decoupled above a thermally
weakened lower crust. In this latter model we implicitly neglect the
decoupling between the cover and the basement in contributing to
the regional-scale topography. This approximation will be justified
in the following.

5.1 Shallow brittle-ductile wedge of sedimentary rocks

Critical wedge theory has been successfully applied to many
fold-and-thrust belts such as the Taiwan Western Foothills or the
Himalayas (Davis et al. 1983) and we can consider that most ge-
ometric and kinematic characteristics of foreland fold-thrust belts
having significant basal friction can be reproduced to a first or-
der by this theory. However, for fold-and-thrust belts whose basal
décollement is in a ductile horizon, like the Zagros folded belt, the
extreme weakness of salt has important effects on the shape and
behaviour of the fold-and-thrust belts. For instance, they have very
narrow tapers <1° and are characterized by the absence of preferred
vergence of folding or thrusting.

A discrepancy is usually found between the very low taper de-
picted in such salt-based wedges and the predicted taper using
Coulomb critical wedge. This has led Davis & Engelder (1985)
to redefine the ‘criticality’ of brittle wedges on the basis of a plas-
tic pressure-independent behaviour of the décollement instead of
a frictional pressure-dependent criterion, that more reliably repro-
duces the behaviour of salts. Some analogue models dealing with
the geometry and propagation of fold-and-thrust belts overlying a
weak ductile décollement have successfully reproduced such very
low tapers, symmetrical folding as well as local diapirs that char-
acterized such thrust belts (Costa & Vendeville 2002) in agreement
with taper defined by Davis & Engelder (1985).

5.1.1 Model parameters: friction of sedimentary rocks and salt
viscosity

In this model, stresses within the sedimentary cover, in the upper
10 km of the crust, is limited by brittle fracture represented by a
Coulomb criterion (Fig. 10). As the deformation of rocks takes place
at shallow crustal depths (<10 km) the averaged internal friction
coefficient p gs generally high of 0.85 (i.e. angle of internal friction
of 40°) in agreement with Byerlee’s law (Brace & Kohlstedt 1980).
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Figure 10. Model of a brittle—ductile thin-skinned critical wedge. A brittle frictional behaviour is assumed for folded sedimentary cover that is translated
above a viscous (Newtonian) décollement. This model is consistent with structural style proposed in Fig. 9(b). See text for the description of parameters and

material constants.

But in order to test a wider range of friction we extent to angle of
internal friction to 30°. The cohesion is set to zero.

In contrast, even for low crustal depths, an evaporitic décollement
such as the Hormuz salts formation has almost no strength and
will flow (Dahlen 1990). As noticed by Jackson ef al. (1990) and
Weijermars et al. (1993) at low stresses and in the presence of a very
small amounts of water (0.05 per cent is sufficient) diffusional creep
prevails and salt behaves as a Newtonian fluid with a viscosity inde-
pendent of stress or strain rates but dependent on temperature. This
behaviour has been successfully used in modelling gravitational in-
stability of salts as fluid instability to explain the formation of ‘salt
domes’ (Jackson et al. 1990) or in analogue modelling of fold-thrust
belts overlying extremely weak décollement (Cotton & Koyi 2000;
Costa & Vendeville 2002). Based on observed diapiric instabilities
of the Eocene salt layer studied in the Great Kavir desert, some val-
ues for salt viscosities in the Zagros have been indirectly proposed
(Jackson et al. 1990). Those values are very low of the order of 10'3
Pa s for the Hormuz salt mostly because it deformed at depths below
5 km. In contrast, values of salt viscosity used in analogue modelling
to reproduce the shape of fold-thrust belts are generally higher as
they are limited to available analogue materials such as silicone
putty that assumes high effective viscosities up to 10'® Pa s (Cotton
& Koyi 2000; Costa & Vendeville 2002). Numerical approaches use
consistent viscosities of about 10'7—10'® Pa s (Turcotte & Schubert
1982). Accordingly, we chose viscosities of salts comprised be-
tween 10'7 and 10'® Pa s. Those values are probably upper bounds
if we consider that the Hormuz salt is deforming at depths below
8-10 km.

5.1.2 Analytical model

We adopt equations and approximations that predict the critical ta-
per for salt-based wedges (Davis & Engelder 1985). These authors
extended the model of Davis et al. (1983) for thrust wedge that
include pressure-independent plastic décollement at the base. The

modified critical taper for such fold-thrust belt is

T
B+ (ﬂsedgH )

“rp= 1+0-0 (g - 1)

where « is the topographic slope of the wedge, B is the slope of the
basement, A is the pore fluid pressure ratio within the wedge, 7 is
the yield stress of the salt, ¢ is the angle of internal friction (between
30° and 40°), pseq 1s the average volumetric mass of the wedge and
H is the thickness of the wedge. Due to the lack of information about
pore fluid pressure ratios in the Zagros we tested different values of
A for 0 (dry sediments), 0.4 (hypothesizing that the sediments are
wet) and 0.9 (lithostatic pore pressure). The pore fluid pressure for
salts is set to zero.

In the case of ideal frictional behaviour (Coulomb criterion) the
shear stress resisting the sliding of the sedimentary cover is pressure
dependent but is independent of the strain rate. For low viscosity of
the basal décollement the strength is independent of the thickness
of the brittle cover but depends on the thickness of the viscous
layer and shear-strain rate (Weijermars et al. 1993). The forces in
the salt resisting the advancement of the wedge are believed to be
accommodated by simple shear (Fig. 10) of the whole viscous layer
similar to a Couette flow (Turcotte & Schubert 1982). The basal
shear stress 7, in the basal décollement is thus given by:

vV

Tp = Nsalt 77~
T’

o

@

where 74, is the (Newtonian) viscosity of the Hormuz salts, 7} is
the thickness of the viscous layer and V' is the displacement rate
imposed at the rear of the folded belt. The present-day displacement
field based on GPS studies gives a shortening rate of 0.7 cm yr™!
(Vernant et al. 2004). For geological rates, amounts of shortening
derived from restored sections yield a long-term shortening com-
prised between 70 km (McQuarrie 2004) and 34 km (Sherkati &
Letouzey 2004). Assuming that the phase of maximum shortening
occurred between 5 and 10 Ma (i.e. Upper Agha Jari) we estimate
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Figure 11. Topography derived from SRTM data and estimated topographic slopes along sections presented in Fig. 3.

slightly lower rates of shortening for the Fars area in the range from
0.3 to 1.4 cm yr—!. An average value of 0.7 cm yr~! for the shorten-
ing rates is reasonable and was set for all models. The shear stresses
in the salt layer is tested for different values of the thickness of
the Hormuz formation (0.5, 1 and 2 km) usually considered in the
Zagros (Jackson et al. 1990).

To constrain the value of the décollement dip B (basement top) we
assume that its geometry mimics that of the Moho. The deepening
of the Moho beneath the Fars is inferred from seismological con-
straints on the crustal structure and inversion of gravity data. Those
data show that the Arabian plate dips at 1° (Snyder & Barazangi
1986) and perhaps less ~0.6° (Hatzfeld ef al. 2003). This gently de-
flected Moho is consistent with the fact that the Arabian continental
margin is relatively strong as suggested by its elastic thickness of
50 km (Snyder & Barazangi 1986). The slope of the basement
derived from restored sections (McQuarrie 2004) gives a consistent
estimates of 0.5°. Consequently, a value of 0.5° has been set for the
basement dip B. Finally, using eq. (1) we compute the mean surface
slope angle « that we compare to the observed topographic slopes
(Figs 11-13).

5.1.3 Model results

The average surface slopes across the Zagros folded belt have been
estimated within the actively deforming portion of the Fars (Fig. 11).
As the Imbricate Zone is remarkably aseismic and topographically
flat (Figs 3 and 11) this part was not considered. Along the strike of
the belt, the best-fitting topographic slopes obtained decrease from
0.5° to 0.3° towards the south (Fig. 11). The shear stresses at the
base of the wedge, derived from eq. (2), vary between 11 and 443
kPa. These values are consistent with typical values of the yield
strength of salts estimated in other fold-thrust belts, for example,
the Salt Range—Potwar Plateau, or based on laboratory experiments
(e.g. Jaumé. & Lillie 1988). The lowest shear stress is obtained for a
salt décollement having a low viscosity of 10!7 Pa s and a thickness
of 2 km. The highest value is for a higher viscosity of 10'® Pa s and
thin salt layer of 0.5 km.

In Fig. 12 we show the topographic slopes computed using eq. (1)
and plotted against a range of angles of internal friction. The role of
the basal shear stress and pore fluid ratio is also taken into account.
The ‘steepest’ topography (~0.002°) is observed of course for the
highest basal shear stress ~443 kPa and the lowest angle of internal
friction of 30° considered in these tests. The lowest topographic
slope (—0.11°) is obtained for a basal shear stress of 11 kPa and
an angle of 40°. It is clear, despite relatively important variations
between each model, that the topography predicted is essentially
flat (Figs 12 and 13). Modelling reveals that the wedge shape is
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Figure 12. Topographic slopes for brittle wedges overlying a plastic
décollement (salt-based wedges) calculated for different values of the in-
ternal friction of rocks. The slopes are given for maximum/minimum values
of the basal shear stresses (7) in the salt décollement. Even for lithostatic
conditions in the wedge (A = 0.9) the topographic slopes remain slightly neg-
atives (hinterlandward dips). Only for some internal friction angles (<31°)
very low positive topographic slopes are predicted. Note that increasing the
pore fluid ratio extends the domain of positive topographic slopes for greater
internal friction. Based on this graph it is clear that such types of wedges
are essentially topographically flat and are consequently not able to fit the
observed topographic slopes of 0.3°-0.5° (see Fig. 11).

weakly sensitive to salt viscosities. In contrast, it is more dependent
on internal frictions of rocks and pore fluid pressure ratios. The best
solutions we obtain by varying all these parameters are still unable
to reproduce the observed topographic slopes of 0.3°-0.5°. In fact,
in order to reproduce the required topographic slopes of 0.3°-0.5°
there are two extreme cases:

(1) the basal shear stress in the salt should be at least 100 MPa
and/or
(2) the internal friction angles should be less than 18°.

The first hypothesis is unrealistic as it would require viscosities of
the order of 10?° Pa s for salt at depths of 8~10 km. The second
hypothesis requires rocks with extremely low friction angles that
are not consistent with the brittle strength of most rocks in com-
pressional regime.

In the example of the Zagros, the sedimentary cover and the
underlying salts are both remarkably thick. As a result the ratio
T4/ psea gH is very small of the order of 1073, This reveals that
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Figure 13. Plot in cross-section of the maximum (positive) and minimum (negative) topographic slopes obtained for different pore fluid pressure, viscosities
and thickness of salts (see Fig. 12). The topographic slopes predicted are approximately zero. Comparison with the observed topography indicates that the
hypothesis of salt-based critical wedges (Davis & Engelder 1985) is not able to reproduce the observed topography. The salt is too weak to build the observed

topography.

when a thick (relatively to its overburden) layer of salt forms the
basal décollement it is generally too weak and cannot support the
growth of significant topography.
Other natural examples of salt-based fold-thrust belts whose topo-
graphic slope is currently zero (or was approximately zero based on
restored cross-sections) are the Salt Range—Potwar Plateau (Jaumé
& Lillie 1988), the south central Pyrenean belt (Meigs & Burbank
1997) and the North Apennines (Ford 2004). However, at least
one natural example exists for which this statement is not valid:
the Mediterranean Ridge, a marine accretionary wedge that devel-
oped in close relation with a décollement in evaporitic sediments
(Messinian salt). It currently shows a surface angle that is low 0.2°—
0.3° but not zero for a décollement that dips 1° on average (e.g.
Kukowski ef al. 2002). This case may be tentatively explained by
the less important cover thickness above the salt with respect to the
Zagros. So theratio 7,/ psq gH ineq. (1) may become not negligible
thus allowing the support of a significant topography.

Ford (2004) recently examined the relation between the topo-
graphic slopes and the angle of the décollement in a number of
salt-based wedges. She concluded in suggesting that the topogra-

phy is representative of the strength of the basal décollement but
the dip of the basement is likely to be related to flexure of the lower
plate. Indeed, 8 can be controlled by different factors such as sub-
crustal loads, additional in-plane forces or variations of the flexural
rigidity (Burov & Diament 1995). The eq. (1) (see also Fig. 12) sug-
gests that in order to maintain their topography as g increases (other
parameters kept constants), salt-based wedges should increase, for
instance, their averaged pore fluid pressure ratio.

5.2 Thick brittle-ductile crustal wedge

The last solution is to consider a critically tapered wedge involving
the basement consistent with structural model of Fig. 9(c). In this
model, the Zagros folded belt mainly results from the thickening
of the crystalline basement that is accreted at the front of the MZT
above a viscous lower crust (Fig. 14). There is no theoretical limi-
tation in applying the critical wedge taper model to the whole crust.
However, some modifications are required to extend the theory to
critical wedges extending down to the ductile lower crust whose
viscosity is dependent on temperature and pressure. As proposed by

er Crust .
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Figure 14. Model of thick brittle—ductile critical wedge. A frictional behaviour is assumed for the upper crustal rocks (see text for parameters). The upper
crust is accreted at the front of the MZT above a lower crust with a non-Newtonian viscous behaviour. BDT: brittle—ductile transition; 7 pi c: thickness of the
ductile lower crust, Hy: the depth at which the upper brittle crust is effectively detached from the mantle. This model reproduces the structural style proposed

in Fig. 10(c).
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Chapple (1978) or Williams et al. (1994) we model the wedge taper
as being approximately equal to the ratio of the applied basal shear
stress to the strength of the material at the base of the wedge.

5.2.1 Yield stress profiles in the Arabian continental margin

A homogeneous brittle property of rocks is assumed in the wedge,
so that the role of the viscous Hormuz salts at the base of the cover
is neglected. The conditions for brittle failure in the lithosphere are
mostly independent of rock type and temperature but are strongly
controlled by pressure (Byerlee 1978). The brittle strength for a
compressional regime is given by:

Ohe(2) =2 [C + Perungz(1 — 1) (%)] : 3)
where o e 1s the brittle deviatoric yielding stress, z the depth,
Perust the average density of the overburden, which is 2700 kg m~3,
g the acceleration of gravity, C = §( lcfssif 5) is the uniaxial com-
pressive strength (Jaeger & Cook 1979), S is the cohesion, ¢ is the
angle of internal friction and A the pore fluid ratio. Even though this
formulation constitutes a lower bound for the failure of most rocks,
in situ stress measurements in deep boreholes have indicated that
the strength of continental crust is essentially limited by the friction
on favourably oriented pre-existing fractures with nearly hydrostatic
pore-pressure gradient (Zoback & Healy 1992; Brudy et al. 1996).
Consequently, we adopt more reliable hydrostatic conditions (A =
0.4) for the brittle profile. Below a depth of 10 km, we chose an
averaged internal friction coefficient 1 of 0.6 (i.e. angle of internal
friction ¢ = 30°) and the cohesion is 60 MPa in agreement with
Byerlee’s law.

The main question concerns the mechanical behaviour to adopt
for the lower crust. According to the deepest earthquakes observed
by Tatar et al. (2004) at 18 km and the depth distribution of earth-
quakes shown by Maggi et al. (2000) the aseismic part of the crust is
probably deeper than 20 km. At such depths, crustal brittle deforma-
tion is probably no longer active and dislocation creep predominates
in the lower crust. The behaviour of the lower crust is thus better
approximate by a non-Newtonian fluid with a viscosity varying with
depths and dependent on strain rate and temperature. Laboratories
experiments indicate that flow for most rocks and minerals of the
lithosphere results from a thermally activated dislocation creep pro-
cess (Brace & Kohlstedt 1980). The deviatoric yielding stresses for
dislocation creep follow a power law given by:

) - é 1/n L 4
O'ductile(z) - A xp (ﬂRT(Z)) ’ ( )

where n, 4 and H are experimentally determined material constants
(Table 1). In order to cover a wide range of viscosities in the lower
crust we test different rock types such as quartzite for weak lower
crust and more mafic composition like diabase, quartz-diorite or
granulite for stronger lower crust. The choice of mafic rheologies
for the lower crust of the continental lithosphere of Arabia requires
some explanation. The growth of the continental lithosphere is often
modified by thermal and metamorphic events that alter the lithology
of the lower crust. For instance, Dévercheére et al. (2001) suggested
a change in the composition of the lower crust into diabase (gab-
broic composition) or granulite beneath the Baikal rift system as a
consequence of the emplacement of calc-alkaline bodies during the
Palacozoic. Intraplate volcanics events and underplating have been
also described at young continental margin like the Chinese conti-
nental margin justifying the choice of a mafic lower crust to maintain
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Table 1. Parameters of dislocation creep for lithospheric rocks and minerals
adopted for computation of yield stress envelopes (Goetze 1978; Hansen &
Carter 1982; Wilks & Carter 1990).

Rheology APa"s7h H (kJ mol™") n
Quartzite 5% 10712 190 3
Quartz-diorite 1.2 x 10710 212 2.4
Diabase 6.31 x 10720 276 3.05
Mafic granulite 8.8 x 10722 445 42

a substantial strength of the Eurasian plate at Taiwan (Mouthereau
& Petit 2003). In the case of the Arabian lithosphere such litholo-
gies are suggested by the presence of Proterozoic calc-alkaline lavas
described in the Central Arabian shield (Roobol ef al. 1983) justi-
fying the test of our model with diabase (gabbroic composition) or
granulite lithologies.

A ductile yield profile is calculated for each type of rocks using eq.
(4). Ata given depth, the way the crust deforms (brittle or ductile) is
controlled by the lower differential stress for yielding (Fig. 15). The
lack of heat flow data does not allow an accurate estimation of the
crustal geotherm. So we adopt an average cold gradient of 10-15°C
km~!, which neglect the contribution of radiogenic heating in the
upper crust but which is consistent with a temperature at the Moho
0f 450-675°C. Such a low gradient is consistent with a 500-Ma-old
continental margin (Burov & Diament 1995) and is also consistent
with Moho temperature required to allow continental subduction
(Toussaint et al. 2004). The Moho depth in the Zagros folded belt
has been obtained from receiver function analysis (Hatzfeld et al.
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Figure 15. Yield stress envelopes in the Arabian crust calculated for a
geotherm of 15°C km~! and different rocks whose rheological parameters
are presented in Table 1. The brittle strength is calculated for hydrostatic state
(pore fluid ratio of 0.4). For comparison we also mentioned the strength of
the salt.
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Figure 16. Velocity profiles in the lower crust for different rock type. The
velocity in the lower crust is controlled by the non-Newtonian behaviour of
rocks. The depth at which the upper brittle crust is effectively detached from
the mantle is H,. Above this depth, the crust is ductile, but its velocity is
similar to that in the brittle upper crust. For depths greater than H,; the upper
crust is considered as detached from the mantle.

2003). It shows a crustal thickness of 45 km and a thickness of the
lower crust, which is approximately 25 km.

Yield stress envelopes first show that the use of quartzite would
imply that the upper crust flows at depth of 7 km, which disagrees
with deeper earthquakes down to 18 km (Tatar e al. 2004). By con-
trast, for other rheologies a good consistency is found between depth
distribution of earthquakes and the brittle strength of the crust. The
depths of the brittle—ductile transition (BDT) are 18, 25 and 31 km
for quartz-diorite, diabase or granulite, respectively. Hence, we con-
sider that these rocks can satisfactorily reproduce the deformation
pattern of interest.

5.2.2 Velocity and shear stress at the wedge base

In order to estimate the shear stress at the wedge base, we assume
that the resisting forces in the lower crust are represented by simple
shear of the lower crust consistent with a Couette flow (Turcotte &
Schubert 1982). Because the viscosity obeys a power law, the ve-
locity profile within the ductile lower crust does not vary linearly
with depth. This implies that the upper portion of the viscous lower
crust of higher strength is kinematically coupled to the upper brittle
crust. A solution for Couette flow governed by a power law has been
proposed by Turcotte & Schubert (1982). We compute the velocity
profile for Couette flow in the different rock type (Fig. 16). The
boundary conditions involve a strain rate of zero at the bottom of
the viscous channel, that is, at the Moho depth whereas the veloc-
ity at the upper boundary, that is, in the upper brittle crust is fixed
to 0.7 cm yr~!, which is equal to the strain rate in the upper crust
g9 of 9 x 10715 57!, To determine the depth location of the in-

tracrustal decoupling between the upper competent brittle—viscous
layer and the lower viscous crust we define the depth H,. It corre-
sponds to the depth above which the crustal velocity is about 99 per
cent that imposed at the rear. This depth H; is different for each
type of rocks. Above H, the displacement of rocks is mainly depen-
dent on the strength of rocks (brittle or viscous) close to the BDT.
Below H,, the viscous flow is mainly dependent on low viscous
strengths. The thickness of the wedge corresponds to H,, which is
the depth at which the upper crust is effectively detached from the
mantle.

The effective viscosity at depth H,; can be derived from the fol-
lowing relation

d
O ductile (Z )

. (5)
2e(z)

neff(z) =

in which the strain rates (z) within the ductile channel have been
calculated using velocities for non-Newtonian rheologies shown
in Fig. 15. Then because the shear stresses at the wedge base Hy
(Table 2) is

Ty = Ner £(2), (6)
the basal shear stresses at the depth /4, can be simply obtained using

d
ol .
7, = dchtl]e . (7)

Assuming that the critical taper of a brittle—ductile wedge is the
ratio of the basal shear to the brittle strength of the material at the
wedge base, the critical wedge taper « + g for a brittle wedge
overlying a ductile base can be approached by:

pcrustng,B + 1
pcrustng + Ugrm]c '

adapted from (Williams e al. 1994).

a+p= ®)

5.2.3 Model results

Based on depths H, derived from the velocity profiles presented
in Fig. 16, we obtain effective viscosities of 3 x 10%°, 5 x 10%,
10?2 Pa s for quartz-diorite, diabase or mafic granulite, respectively
(Table 2). We then derive basal shear stresses of about 1.8, 24.5 and
48 MPa on the intracrustal décollement.

Taking into account the values of the maximum brittle strengths
attained at the BDT and the geological constraints on the gentle dip
of the Moho, we compute three different wedge tapers for each com-
position of the lower crust (Fig. 16 and Table 2). Assuming a quartz-
diorite rheology, we obtain a negative value of « of —0.42° (taper
angle of 0.08°), the lower crust is too weak and cannot maintain
the observed topography (Fig. 17). In contrast, when using stronger
rheologies like diabase and granulite we are able to produce posi-
tive topographic slopes of 0.4° and 0.86°, respectively (equivalent

Table 2. Results of thick-skinned brittle—ductile wedge modelling. BDT is the depth of the brittle—
ductile transition. Hy is the depth of effective crust-mantle decoupling, 7. is the effective viscosity
of the lower crust at depth Hy, 7 is the corresponding basal shear stress in the viscous lower crust,
7p/A is the ratio of the basal shear stress to the brittle strength in the upper crust, « + 8 is the

wedge taper and « the topographic slope.

Rheology BDT (km) Hy (km) neg(Pas) t,(MPa)  15/A o+ B o
Quartz-diorite 18 29 3 x 1020 1.8 0.003  0.08°  —0.42°
Diabase 25 33 5 x 102! 24.5 0.04 0.9° 0.4°
Mafic granulite 31 39 48 0.05 1.36° 0.86°
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Figure 17. Model results. Topographic slopes obtained for different compositions of the lower crust (granulite, diabase or quartz-diorite). The values of the
effective viscosities and shear stresses for granulite and diabase are sufficient to reproduce the observed topographic slopes in the Fars.

to tapers of 0.9° and 1.36°) consistent with the observed topography
(Fig. 17). Although not shown for clarity, it is possible to obtain a
better fit by modifying, for instance, the pore fluid pressure or the
internal friction in the brittle portion of the crust.

As a result, we suggest that a thick brittle—ductile wedge that
involves the crystalline basement is able, to a first approximation,
to reproduce the observed topography. We are aware that these re-
sults are based on a very simple analytical modelling that is not
able to account for more complex interactions that likely arise from
a more realistic elastic—brittle—viscous rheology more sensitive to
variations of strain rates or viscosities. We note that rock composi-
tion in the lower crust is important and should necessarily comprise
sufficiently viscous materials whose rheology is analogous to that
of diabase or granulite (5 x 102!, 10?2 Pas, respectively), otherwise
the topography would not be supported.

6 DISCUSSION AND CONCLUSIONS

6.1 Basement-involved shortening, topography of the
Fars and distribution of deformation

The basement involvement in deformation of the Zagros and es-
pecially in the Fars is a controversial point. This possibility was
suggested by several authors based on structural/sedimentation re-
lationships (e.g. Egdell 1996) or based on seismotectonics studies
(Jackson 1980; Berberian 1995; Talebian & Jackson 2004; Tatar
et al. 2004). On the other hand, the effect of the spatial distribution
of the Hormuz salt has been alternatively proposed to explain parti-
tioning and changes in deformation styles along the strike of the belt
(Bahroudi & Koyi 2003). For instance, the MFF has been explained
by the reactivation of an inherited basement normal fault (e.g. Falcon
1974; Comby et al. 1977; Berberian 1995) or by the abrupt decrease
of the salt thickness (e.g. Bahroudi & Koyi 2003; McQuarrie 2004).
There is no doubt that both salt tectonics and basement tectonics
explained part of its present configuration and deformation styles.
But at a larger scale how is the deformation in the cover and the
basement partitioned and what mechanisms explain the observed
topography?

In this study, we have chosen to examine the observed topography
as a starting point to test both hypotheses. In the Fars, the topographic
slopes are low (0.5°—0.3°) and decrease regularly towards the south-
cast. First, we show based on critical wedge theory applied to non
frictional salt-based critical wedges (Davis & Engelder 1985) that
the assumption of a thin-skinned fold belt detached above a viscous
layer of salt is unable to produce the observed topographic slopes.
We note that low internal strength of rocks and/or very high yield of
salt would be required in the wedge to produce the observed topog-
raphy. The first hypothesis disagrees with the friction of most rocks
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in compressional settings and the second possibility is inconsistent
with the rheology of salt at such depths (8§—10 km).

In a second part we have tested a model of critically tapered
brittle—viscous wedge involving the crystalline basement. This
model reproduces the observed topographic slopes across the Fars
province, better than a shallower sedimentary brittle—ductile wedge
alone does. In this model, the lower crust was deformed by simple
shear and behaved as an intracrustal decoupling level allowing the
accretion of the crystalline basement at the front of the MZT. An
average cold crustal geotherm of 10-15°C km™! consistent with
Moho temperature of 450-675°C is able to thermally weakened
sufficiently the lower crust that flows at depth deeper than 20 km
in agreement with the depth distribution of seismicity derived from
recent studies (Maggi et al. 2000). This study suggests that the short-
ening and thickening of the Precambrian basement may be a major
mechanism controlling the growth of the topography in the Fars.
This model further supports predictions from the most recent cross-
sections balancing (Molinaro et al. 2004; Sherkati 2004), gravity
modelling (Snyder & Barazangi 1986) or other studies based on
seismotectonic studies (Berberian 1995). So the deformation in the
cover seems to have little effect on the growth of the topography even
though it may strongly control the deformation styles observed at
the surface.

GPS studies have shown that the Zagros accounts for 30-50 per
cent of the total convergence between Eurasia and Arabia (Talebian
& Jackson 2004). In contrast, only 10 per cent of the convergence
is accounted for by the deformation released during earthquakes
in the Zagros (Jackson & McKenzie 1988; Jackson et al. 1995).
This suggests that a significant part of the present deformation in
the Zagros is accommodated by aseismic processes in the Arabian
crust. If we hypothesize that the current amount of deformation
associated with earthquakes was valid in the past it is possible to
relate to first order the observed active brittle deformation in the
basement with the basement shortening that is required to produce
the Zagros topography. If this is confirmed it would imply that the
topography of the Zagros is the result of 10 per cent of shortening.
This is far from the estimates based on GPS studies or balanced
cross-sections. There may be several explanations to this apparent
contradiction.

First, as Jackson et al. (1995) mentioned the magnitudes of earth-
quakes (M > 6) used to compute the seismic deformation account
for only 60 per cent of the total deformation released by earth-
quakes, so 10 per cent is probably a lower bound. Second, our thick-
skinned model has been designed for crustal rocks having a fric-
tional behaviour but a more realistic brittle—viscous model should
be envisaged. Thirdly, the possibility that the ductile lower crust
was thickened aseismically should be considered. In our model this
mechanism was not required to produce the topography. But we
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note that the ductile thickening of the lower crust has been proposed
early by Snyder & Barazangi (1986) based on flexure modelling.
We consider the thick-skinned model, able to produce alone the re-
gional topography, as an additional hint for basement thrusting in
the Zagros.

6.2 Structural styles in the cover of the Fars: buckling
versus faulting

In contrast with the thick crustal wedge model, a model of imbri-
cate thrust sheets in the cover (Figs 9b, 11—13), that are translated
above the Eo-Cambrian salts of the Hormuz Formation, reveals that
salt strata have viscosities that are too low to support the regional
load arising from the overlying cover and consequently to form the
topography of the Zagros folded belt. Note that if this is correct, a
thick salt layer will not survive as it is squeezed out in less than 1
Ma. We may expect that below some synclines the base of the sedi-
mentary cover directly overlies the basement. The local topography
related to monoharmonic folding in the cover appears essentially
superimposed on the regional topographic slope that is created by
the thickening of the basement. Two different mechanisms can be
proposed to explain the wavelength of surface folding.

The first one considers that folding results from the accommo-
dation of deformation along regularly spaced thrust faults rooted
to depth in the weak salt décollement. This hypothesis follows the
classical description of the Fars folded belt as a thrust wedge slid-
ing above an extremely weak décollement. For such folded belts
the compressional stress is much less inclined than in the case
of fold belts involving stronger décollements (e.g. Taiwan). The
absence of mechanically preferred vergence of thrusts results in
symmetrical anticlines and a very narrow taper <1° (e.g. Davis &
Engelder 1985). If the compressional stress o ; is nearly parallel
to the décollement the width of a fold can be easily calculated.
The wavelength of the fold at the surface is given by the distance
between the thrust and the backthrust that produce folding ~20-
25 km in our case. We found that very low internal friction angles of
12°-24° (v = 0.2-0.4) are required to produce such wavelengths,
which disagree with the friction of most rocks in compressional set-
tings. These estimates would not be conclusive of course if rotation
of thrust faults has occurred. But in that case, all thrust faults would
have been rotated by the same amount across the whole Fars. This is
not consistent with analogue modelling of thrust above a ductile sub-
strate showing that the wavelengths of folding regularly decreases
as the thrust dips increase towards the backstop (e.g. Bahroudi &
Koyi 2003).

The second hypothesis assumes that the sedimentary cover be-
haves as a brittle—elastic medium that may buckle above a layer with
very low viscosity and density like that of salt. This solution has the
advantage of neither requiring the macroscopic failure of the sedi-
mentary rocks nor producing any regional topographic slope. Under
sufficient differential stresses, the sedimentary rocks will bend peri-
odically above viscous salt. The wavelength X for buckling an elastic
layer of thickness H as a function of the fiber stresses o (or hori-

Z2EIL (Turcotte & Schubert 1982), where
the elastic properties of the competent medium are described by a
Young’s modulus E of 10° Pa and a Poisson coefficient v of 0.25.
Because the sedimentary layer is brittle—elastic, the effective elas-
tic thickness of the sedimentary layer can dramatically reduce to
roughly H/2 (e.g. Burov & Diament 1995). Given a sedimentary
cover thickness H above the décollement of about 8 km, we ob-
tain buckling wavelengths of 23—-29 km, which are in the range of

zontal forces) is A =

observations for acceptable stresses of the order of 200-300 MPa
and for friction coefficients that are consistent with Byerlee’s law.
This suggests that a model of buckling of the sedimentary cover fits
the wavelength of folding better than a fault-related folding model
does. We conclude that bulking is a reliable mechanism to explain
the observed folding.

6.3 Implications for the migration of deformation

Few data are available across the Zagros fold belt concerning the
timing and kinematics of its long-term propagation. Some regional
studies based on the recognition of local syn-folding unconformities
(Hessami et al. 2001) have proposed that folding started at the end
of the Eocene and migrated progressively in-sequence southwards.
However, sand-box experiments have shown that the sequence of
deformation in salt-based wedges usually does not follow a simple
in-sequence scheme (Costa & Vendeville 2002; Bahroudi & Koyi
2003; Smit ez al. 2003). Isopachs and field observations presented
in this study have allowed us to reach this general conclusion. For
instance, the local lack of the Mishan and Gashsaran Formations
suggests uplift in the vicinity of the MFF that may be tentatively re-
lated to the direct or indirect activity in this buried basement reverse
fault. Additionally, isopachs reveal that the Mishan depocentre is
located in the footwall of the Surmeh Fault. This may suggest that
the Surmeh Fault might have been active at that time and produced
flexure of the southernmost Fars by thrust loading. Because the MFF
and the Surmeh fault are both major active basement reverse faults,
tectonic inversion of the rifted continental margin in the Zagros
foredeep might have occurred as soon as the Langhian-Serravalian
at 16-11 Ma. Such an early stage of compression controlled by the
reactivation of pre-existing faults in the foreland has already been
described in other forelands, such as in Taiwan (e.g. Lacombe &
Mouthereau 2002; Mouthereau & Petit 2003). This early episode of
basement-involved deformation probably did not result in the devel-
opment of regional-scale relief across the Zagros fold belt. It is the
consequence of the attenuation of orogenic stresses into the foreland
along favourably oriented inherited features. So this early stage of
basement involvement in the Zagros foredeep does not directly cor-
respond to the propagation of the thick-skinned thrust wedge which
should be active northwards (e.g. in the Imbricate Zone) at that time.

The folded synorogenic deposits of the Agha Jari Formation re-
veal that the construction of the Fars was achieved after a second
more important episode of shortening 10 Ma ago (see Introduction).
If buckling was the main mode of deformation in the cover we ex-
pect that folds grew simultaneously as soon as the required critical
stresses was attained throughout the folded belt. This is supported by
the numerous intraformational unconformities observed in the Agha
Jari formation (e.g. Homke et al. 2004). No important differential
regional topography is required at that time. Hence no important
changes in the conditions of deposition are required across the belt.
The unconformity between the Pleistocene fluvial deposits of the
Bakhtyari Formation and the folded Meso-Cenozoic layers finally
indicates that deep-seated thick-skinned deformation occurred af-
ter the main episode of deformation in the cover thus giving birth
to the present-day topography in agreement with a model recently
proposed by Molinaro et al. (2005). It is important to note that the
faulting in the basement has resulted in the folding of the upper
décollement in the Hormuz salt. However, the decoupling in the salt
is so efficient that basement faults did not cut the salt décollement
completely except for some very active basement faults like the
Surmeh Fault, otherwise the shortening would not be possible in the
cover.
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Finally, the involvement of the basement provides mechanical and
kinematic constraints that should be accounted for cross-sections
balancing and further assessing the evolution of Zagros at crustal or
lithospheric scales.
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