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1 INTRODUCTION

SUMMARY

Although the geology and structure of the Zagros fold-and-thrust belt (Iran) have been stud-
ied extensively, the distribution of active deformation across the belt and its seismotectonic
behaviour remain controversial. We have mapped deformed fluvial terraces along the Dalaki
and Mand rivers in the central Zagros, as well as marine terraces along the Persian Gulf, in
order to unravel the spatial pattern of vertical displacements and to analyse active deformation
and its implications for seismicity. Using appropriate fold models based on structural data
allows interpreting such vertical displacements in terms of horizontal shortening across the
fold structures. Obtaining well-constrained rates of deformation depends on reliably dating
deformed geomorphic markers; by combining different dating techniques and correlations to
sea level history, we propose an internally consistent set of ages, which allow the first geomor-
phic estimates of shortening rates absorbed by individual structures in the central Zagros. Our
results show that shortening on Late Pleistocene timescales is concentrated in the frontal part
of the belt, consistent with recent GPS data. Three or four frontal structures appear to absorb
practically all of the active shortening across the Zagros, broadly consistent with a normal
forward-propagating deformation sequence but with local out-of-sequence activation of struc-
tures behind the forward-most folds. The localization, rate and direction of surface shortening
across individual structures appear decoupled from basement deformation, as indicated by
structural cross-sections and the distribution of seismicity. Such independent behaviour sug-
gests that the sedimentary cover of the frontal Zagros is decoupled from the basement, most
probably at the level of the Hormuz Salt. This weak basal detachment level, together with
several intermediate décollement levels, appears to be responsible for the overwhelmingly
aseismic deformation of the Zagros sedimentary cover, and also to control the development
of a large panel of fold structures, from detachment to fault-propagation folds with varying
wavelength and rooting depth.

Key words: Geomorphology; Continental tectonics: compressional; Neotectonics; Folds and
folding.

understood, detailed data on the spatial and temporal distribution
of active deformation and seismotectonic behaviour across the belt

The Zagros (Fig. 1) is a young and active orogenic belt that results
from the collision, in an approximately N-S direction, between
the Arabian and Eurasian plates. Although the general features
of the geology and the structure of the Zagros belt are now well

*Now at: Centre de Recherches Pétrographiques et Géochimiques, 15 rue
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are still poorly constrained. The style of wedge propagation has not
been defined and neither is it clear what structures are currently
active.

According to seismicity (Berberian 1995; Talebian & Jackson
2004) and recent GPS (Tatar et al. 2002; Walpersdorf ez al. 2007)
data, present-day convergence across the Zagros is concentrated in
the Simply Folded Zone (SFZ), which constitutes the foreland fold-
and-thrust belt of the system. From a recent GPS survey, Tatar et al.
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(2002) proposed a shortening rate of 810 mm yr~! for the Zagros,
which would accommodate 40—50 per cent of the total present-day
~21 mm yr~! convergence between Arabia and Eurasia (Vernant
et al. 2004).

Geological and geophysical data are, however, much more am-
biguous on the distribution of the deformation within the crust. The
Zagros Mountains are well known for their spectacular folds, which
are commonly viewed as the expression of the deformation under
NS compression of the upper 10-km-thick Phanerozoic sedimen-
tary cover. Those folds develop above a basal décollement located
in the Lower Cambrian (e.g. Berberian 1995) incompetent Hormuz
evaporites that directly overlie the crystalline basement. In contrast,
seismological data indicate that large earthquakes in the Zagros
rather nucleate at depths of 8—15 km in the upper crust; that is, in
majority within the crystalline basement below this folded cover
(Jackson & McKenzie 1984; Ni & Barazangi 1986; Baker et al.
1993; Maggi et al. 2000; Talebian & Jackson 2004). A recent study
of micro-earthquakes in the central Zagros (Tatar et al. 2004) also
suggests that much of the seismicity is restricted to the upper part
of the basement between ~11 km (base of the sedimentary cover)
and ~15 km (base of the seismogenic layer).

Because seismic profiles for oil exploration can generally not im-
age the basal Hormuz layer and the crystalline basement at depths
of ~10 km, the structural and seismic data reflect similar ambigui-
ties. On one hand, large topographic steps have been interpreted as
the surface expression of major faults in the basement (Berberian
1995), whereas balanced cross-sections across the Zagros were
interpreted as similarly requiring several mid-crustal ramps with
kilometre-scale vertical offsets in the basement (Molinaro et al.
2005; Mouthereau et al. 2006; Sherkati et al. 2006). However, an
alternative structural model, which fills the voids left by the struc-
tural steps with large amounts of Hormuz salt, has been proposed to
build balanced cross-sections (McQuarrie 2004). Regardless of the
structural models presented, finite shortening in the basement is an
order of magnitude lower than that affecting the sedimentary cover
(e.g. Sherkati ef al. 2006). A major issue in the Zagros is, therefore,
the partitioning of deformation and the present coupling between
basement and sedimentary cover.

Studying the relative vertical displacement of geomorphic mark-
ers can help to unravel the present-day tectonic activity within the
basement. More generally, such studies can help to analyse ac-
tive deformation and its links with seismicity. To this purpose, we
have mapped both fluvial and marine terraces in the central part of
the Zagros SFZ in the western Fars province. In the following, we
first detail the tectonic and physiographic setting of our study area.
Then we present our approach to constrain uplift and shortening
rates, and present the different geomorphic markers associated
with actively deforming folds that we identified and mapped: mid-
Pleistocene ‘Bakhtyari’ surfaces, Late Pleistocene fluvial terraces
along the Dalaki and Mand Rivers, and Late Pleistocene marine ter-
races along the Persian Gulf coast. We discuss our results in terms
of fold type, deformation style, and the partitioning of deformation
between basement and sedimentary cover. Finally, inferred short-
ening rates are interpreted in terms of the spatial distribution of
horizontal deformation in the central Zagros SFZ.

2 GEOLOGICAL SETTING

2.1 Tectonics and stratigraphy of the Zagros SFZ
The Zagros Fold-Thrust Belt is bordered to the southwest by the

Persian Gulf, which represents the present-day foredeep basin at the
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front of the orogen, and to the northeast by the Main Zagros Thrust
(MZT), considered by many as the suture of the Neo-Tethys Ocean
(Fig. 1). The Zagros Fold-Thrust Belt can be laterally subdivided
into three main regions of variable width, morphology and structural
style, which are, from NW to SE: the Lurestan Arc, the Dezful
Embayment and the Fars Arc. Our study area comprises the central
part of the Zagros in the Fars region, where two main structural zones
are classically distinguished on the basis of distinct topographies
and outcropping units (Fig. 1): the High Zagros Belt (HZB) to the
NE and the Zagros SFZ to the SW. The High Zagros Fault separates
these two structural domains. Most workers agree that deformation
in the HZB initiated before deformation in the SFZ and that the HZB
currently acts as a passive backstop for fold and thrust deformation
in the SFZ wedge (Bahroudi & Talbot 2003).

A 5-15-km-thick sedimentary sequence of passive margin to
flexural basin series has been deposited on the Arabian platform
since Precambrian times (Stocklin 1968; Falcon 1969; Colman-
Sadd 1978), interrupted by several sedimentary hiatuses (e.g. Alavi
2004; Fig. 2). Palaeozoic to Early Miocene series are composed
of mostly carbonates and clastic units with minor evaporitic levels,
overlying a thick basal evaporite (Hormuz Salt). Continental colli-
sion is considered to have began during early (Agard et al. 2005) to
middle/late (McQuarrie et al. 2003) Miocene times leading to incip-
ient Zagros deformation. Concomitantly, sediments accumulating
in the flexural basin, formed by loading of the Arabian plate by the
rising Zagros, display a progressive transition from Oligo-Miocene
shallow-marine limestones (Asmari Fm), which would predate con-
tinental collision, to mid-Miocene evaporites (Gachsaran Fm) and
marls (Mishan Fm), Mio-Pliocene sandstones (Agha Jari/Lahbari
Fms) and finally the Pliocene-Quaternary continental Upper Bakht-
yari conglomerates. The base of the Bakhtyari conglomerates cor-
responds in many localities to a major angular unconformity and for
that reason has been associated with renewed erosion and tectonic
activity of the Zagros fold-and-thrust belt. These conglomeratic
units are generally dated as Late Pliocene, but could be largely di-
achronous from NE to SW and would accompany the propagation
of the deformation front (Hessami et al. 2001). However, growth
strata within the Agha Jari formation indicate deformation of the
frontal folds in the Lurestan Arc as early as ~8 Myr ago (Homke
et al. 2004), seriously challenging the above simple scenario of
Plio-Pleistocene forward propagation of the wedge.

During Arabia—Eurasia collision, the Phanerozoic sedimentary
pile accumulated on the Arabian margin has been detached from its
Panafrican crystalline basement and folded. The deformation front
advanced into the foreland, generating a fold-thrust belt of 200—
250 km width, which accommodates between ~50 and ~70 km
of shortening (Blanc et al. 2003; McQuarrie 2004; Sherkati et al.
2006). The most striking manifestation of finite deformation in the
SFZ is the extensive succession of large-scale folds with typical
amplitudes and wavelengths of ~4-5 and ~15 km, respectively.
Due to the presence of a major and thick décollement level in the
Hormuz Salt, as well as their overall symmetry, many of these
folds are considered to be detachment folds (e.g. Colman-Sadd
1978; Sherkati et al. 2006). However, thrust faults, which bound
numerous anticlines, have contributed significantly to deformation
of the sedimentary cover of the SFZ in the Fars region.

2.2 Basement faults

As mentioned previously, several major blind faults are also in-
ferred to be seismically active beneath the sedimentary cover (e.g.
Berberian 1995). Focal mechanisms indicate that both thrust and
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Figure 2. Stratigraphy ofthe Simply Folded Zone of the Zagros belt. Arrows
indicate possible décollement levels within the sedimentary succession.

strike-slip faults are present in the basement and/or lowest part of
the sedimentary cover of the SFZ.

The Kazerun Fault, the Karebas Fault, the Sabz-Pushan Fault and
the Sarvestan Fault are a series of NS trending active strike slip
faults in the central Zagros (Fig. 1). All of them are right lateral
and they have been diversely interpreted (see proposed models by
McQuarrie 2004; Talebian & Jackson 2004; Yamini-Fard et al.
2006; Authemayou et al. 2006).

Major thrust faults suspected to involve basement (Berberian
1995) are, from NE to SW, the High Zagros (or Main Zagros) Thrust
(HZT), the Surmeh Fault and the Mountain Front Fault (MFF)
(Fig. 1). The extent of the studied geomorphic markers does not per-

mit to estimate the tectonic activity of the HZT in the present study.
However, according to GPS data (Hessami et al. 2006; Walpersdorf
et al. 2007), the absence of significant shortening in a region of at
least 50 km on both sides of the HZT suggest minor or no active
thrusting on the HZT. The moderate seismicity on the HZT, as com-
pared to the SFZ further south, suggests that the above conclusion
is valid for the basement root of the HZT as well as for its more
superficial expression.

The Surmeh Fault is classically interpreted as the SE termination
of the Karebas Fault (e.g. Berberian 1995; Fig. 1), and thrusting on
the former would be intimately linked to strike slip motion on the
latter. Basement-involved thrusting on the Surmeh Fault would have
permitted exhumation of the oldest sedimentary units (Palacozoic)
of the Fars arc in the core of the Surmeh anticline. The eastern
extension of the Surmeh Fault is poorly defined geomorphologically
(e.g. Mouthereau et al. 2006). However, a general NW-SE trend of
M, = 5.5-7.0 earthquakes with thrust focal mechanisms suggests
that this fault zone could extend as far as 55°E, up to the easternmost
Fars (Berberian 1995; Talebian & Jackson 2004; Fig. 1A).

The Mountain Front Flexure (Falcon 1961) or Mountain Front
Fault (Berberian 1995) (MFF) constitutes an important but unex-
posed structural element, termed ‘blind master thrust’ by Berbe-
rian (1995), which delimits Cretaceous—Palaecogene outcrops in its
hanging-wall throughout the SW SFZ. Strong topographic contrasts
and abrupt structural terminations outline the regional trend of the
MFE. However, the fault does not display a continuous structure at
the surface, but rather a series of en-echelon structures involving
several asymmetric folds. In its northwestern part, the MFF strikes
roughly NS, in marked contrast with the N45°W trend of fold axes
and of the flexure further southeast (Fig. 1). Southeast of the N-S
trending fault segment, a zone of en-echelon faults branches paral-
lel to the MFF trajectory. Whereas GPS vectors, which are oriented
N-S and almost parallel to the trend of the oblique MFF segment
(Vernant et al. 2004; Walpersdorfez al. 2007), would suggest a strike
slip component on the fault, the orientations of reported earthquake
nodal planes (Harvard CMT solutions) indicate almost pure thrust
motion and their trends of N25°-45°W are parallel to the regional
orientation of the fault zone (¢f". Fig. 5). Further SE, the MFF is
drawn along the main topographic front, since the Zagros Foredeep
Fault (ZFF), associated with the most frontal folds, is clearly dis-
continuous and probably only related to local deformation of the
sedimentary cover (e.g. Berberian 1995).

2.3 Regional cross sections

In order to estimate the finite deformation of the sedimentary cover,
constrain the depth to basement, and provide a preliminary frame-
work to interpret terrace deformation, we have constructed several
cross sections across the frontal part of the central Zagros (see lo-
cations on Fig. 1). In the Mand region, Sherkati et al. (2006) have
recently proposed a regional cross-section based on both surface
data and unpublished seismic reflection and well data provided by
the National Iranian Oil Company (NIOC). Outcrop and borehole
data provided them with control on the thickness of Permian to re-
cent sedimentary units. In constructing the section A—A’ of Fig. 3,
we have used the Sherkati et al. (2006) section for its southwestern
part. To complement it to the northeast, and to construct the other
sections, we used surface structural data from our own field obser-
vations, as well as from geological maps published by NIOC. In
constructing the cross-sections and approximately balancing them,
we followed the sinuous bed method, which supposes constant bed
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thickness for the competent layers during shortening (Dahlstrom
1969). Balanced cross-sections rely on the assumption that no ma-
terial moves into, or out of, the plane of the section. In the study
area this assumption may not be valid, as there may be a significant
regional component of oblique slip relative to structural orientations
(e.g. Fig. 1). Consequently, the balancing solution is approximate
and non-unique.

Section A—A’ (Fig. 3) indicates different degrees of fold asym-
metry. In the NE and intermediate parts of the section, SW-vergent
fault-cored folds present a steeper dipping forelimb than backlimb.
The active Gisakan anticline and its lateral continuation in the Siah
anticline, for example, are asymmetric high-relief structures that
have been created by thrusting over a ramp in the MFF (Fig. 3).
At the Zagros front (between the MFF and the ZFF), in contrast,
the Mand and Kaki anticlines are open folds (Fig. 3), with limbs
dominated by gentle bedding dips. These two anticlines display the
characteristic features of detachment folds (Jamison 1987; Mitra
2003) and probably developed above the basal Hormuz Salt layer.
It is generally assumed that detachment folds evolve into tight lift-
off folds, or into more asymmetric folds in association with fault
propagation towards the surface (Mitra 2003). In the Zagros SFZ,
the second evolution is by far the most common, and symmetric
detachment folds with limbs steeper than 50° are uncommon.

For the entire section across the Western Fars, Sherkati et al.
(2006) estimate 49 km of shortening, 34 km of which in the SFZ,
based on line-length restoration of the competent units. As discussed
in the previous section, the progressive northeastward increase in
elevation of Phanerozoic units requires either northeastward thick-
ening of the Hormuz Salt layer (McQuarrie 2004 ), or large basement
faults that display vertical offsets of 1-2 km. Finite shortening of
the basement across the SFZ is estimated to be ~5-7 km, that is,
less than 20 per cent of the shortening absorbed in the sedimen-
tary cover. Several hypotheses have been developed to explain this
difference. In the first scenario, deformation in the basement and
cover are concomitant and the much larger deformation rates in
the sedimentary cover are accommodated by a major decoupling
level in the Hormuz Salt, implying continental subduction of the
basement under the High Zagros and southern Iranian plateau to
accomodate the northward convergence of the basement. In the sec-
ond scenario, present deformation rates in the sedimentary cover
are comparable to deformation rates in the basement, and as a con-
sequence, basement deformation needs to have initiated very late
in the orogen history (Molinaro et al. 2005). These two scenarios
are expected to produce distinct deformation at the surface, since
dominant basement implication would produce large-wavelength
vertical deformation profiles and maximum uplift would be located
at the structurally identified steps in the basement.

3 DEFORMED GEOMORPHIC
MARKERS, FOLD MODELS AND
SHORTENING: METHODOLOGY

3.1 Terrace mapping

In our study area, two main rivers, the Rud e Dalaki and Rud e Mand,
intersect several folds as well as hypothesized basement faults like
the MFF or the Surmeh fault (Fig. 1). Numerous Quaternary terraces
occur along both of these rivers. Fluvial terraces provide important
records of river incision, rock uplift, and climatic perturbations
(e.g. Merrits et al. 1994; Pazzaglia & Brandon 2001). Remnants
of fluvial terraces that are preserved along river reaches in active

orogenic belts reflect the long-term incision history of a river and
can be used as geomorphic markers to interpret active tectonics, if
it can be demonstrated that the river profile does not change through
time (e.g. Lavé & Avouac 2000). Marine terraces can also be used
to unravel vertical deformation. In contrast to fluvial terraces, their
initial elevation and geometry usually suffer less ambiguity and
provide a more accurate tectonic signal. However, their restricted
extension limits their use to the shorelines of coastal orogens. In
our study area, marine terraces occur along the Mand and Madar
anticlines on the Persian Gulf coast.

We mapped both fluvial and marine terraces using aerial pho-
tographs, and Corona and SPOT satellite imagery. The precise loca-
tions and elevations of the terraces were measured in the field using
digital altimeter, theodolite or kinematic GPS and, where access
was too difficult, with a laser distance metre from a GPS-referenced
point. Terrace elevations were measured with an accuracy of a few
centimetres for theodolite and GPS surveys, with an accuracy of
0.2-2 m for the laser distance metre, and with an accuracy of 3—4
m when using a digital altimeter. Where possible, we measured the
elevation of the top of the terrace gravels or fill material, and also of
the unconformity at the base of the terrace (strath level). Terraces
were tentatively correlated according to the thickness, grain size
and degree of weathering of the terrace fill. Nevertheless, because
of'the arid climate that prevents deep weathering, a useful pedogenic
proxy to classify terrace levels, the proposed correlations may suf-
fer large inaccuracies. This was particularly critical along the Rud e
Dalaki, where the different terrace levels present relatively uniform
thickness and grain size of alluvial cover.

3.2 Terrace dating

We determined the age of the surveyed terraces using different meth-
ods. Where possible, we collected organic-carbon rich material in
the terraces for '4C dating. Along the Persian Gulf, it is easy to find
shells, and locally corals, in marine or fluvio-marine terraces (e.g.
Vita Finzi 1979). However, in most of the Zagros belt, organic ma-
terial (i.e. shells, wood fragments or charcoal) is rare because of the
arid environment and the rare occurrence of silty overbank deposits
that typically host it. We only found and dated gastropods from a
single terrace along the Dalaki River close to the MFF.

Minimum exposure ages determined from in situ produced cos-
mogenic radionuclides (‘*Be, **Cl) on pebbles and clasts from the
terrace surfaces provide an alternative approach (e.g. Lal 1991;
Cerling & Craig 1994; Gosse & Phillips 2001). Terrace exposure
ages correspond to the time since terrace abandonment, when flu-
vial incision resumed. Fluvial terraces in the central Zagros are
characterized by a quasi-absence of fine sandy or silty deposits at
the top of the alluvial cover, allowing, in principle, to reliably date
terrace abandonment from clast samples. However, a crucial bias
in dating alluvial surfaces with cosmogenic nuclides in clasts stems
from inheritance acquired during erosion and fluvial transport (e.g.
Anderson et al. 1996), as well as possible erosional lowering of
the terrace surface (e.g. Cerling & Craig 1994). To circumvent this
problem and to account for clast-specific exposure histories, we
gathered 3—4 sandstone pebbles (10-20 cm in diameter) from each
terrace surface, and also collected where possible samples from up
to several metres deep profiles (e.g. Anderson et al. 1996; Brocard
et al. 2003; Siame et al. 2004). Unfortunately, many of the pebbles,
even those originating from Agha Jari sandstones, turned out to be
poor in quartz in the coarse sand fraction (>200 wm). Moreover,
due to the presence of uncommon mineral phases like strontianite or
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Table 1. '°Be ages of sandstone pebbles sampled on terraces.

Sample Terrace Alt. (m) Lat. (°N)  Long. (°E)  Depth (cm) ["Be] (10°atg ~')  Pgur(atg='yr~!)  Topo.corr.  Age (kyr)
KAZ-11¢ Bk-surf. 863 29.28 51.96 0 243 +2.7 8.22 1.00 318 £49
ZA2-11/3 Ta10 257 29.46 51.32 0 7.73 £1.81 5.04 1.00 152 + 40
ZA2-19/2  Tgs 130 29.48 51.28 170 0.33 +£0.16 4.81 0.99 44.0 +22.7
ZAS5-26 Tms 195 28.19 52.09 0 4.51 +0.54 4.93 1.00 93.3 £ 14.3
ZA5-27¢ Tma 178 28.18 52.09 0 1.36 +0.28 4.87 1.00 28.0 6.4
ZA5-36 Tma 318 28.27 52.38 0 2.33 £0.46 541 0.99 43.5+9.6
ZA5-37TA Tms 300 28.27 52.38 0 0.81 +£0.19 5.33 0.99 152 +3.8
ZA5-38B Tps 369 28.32 52.36 110 1.70 £ 0.35 5.66 0.99 109 £ 25

Note: Pgyt: production rate at surface; Topo. corr.: Topographic mask correction.
“Several pebbles were amalgamated and crushed together to provide a sufficient amount of quartz.

of crypto-crystalline quartz (agate, chert) in the sandstones, as well
as to boron-10 pollution, more than 50 per cent of our samples anal-
ysed for 1°Be produce inconsistent results. The final set of available
results was insufficient to properly estimate the inheritance prob-
lem, and improvements in sampling and treatment strategies will be
required in the future to deal with quartz-poor sandstones such as
those encountered here.

In contrast to sandstones, limestone pebbles are abundant within
all surveyed terraces. During one of our field seasons, we therefore
collected limestone pebbles with the aim to date their exposure
using the cosmogenic nuclide 3*Cl. In addition, limestone bedrock
is particularly susceptible to preserve lateral fluvial erosion marks
such as potholes; we collected two samples (KAZ-9, KAZ-20) from
fluvially sculpted limestones.

The cosmogenic ''Be and **Cl samples were processed follow-
ing standard procedures described by Brown ez al. (1991) and Stone
et al. (1996), respectively (see details of the method in Appendix
A.1). We used a modern '°Be production rate in quartz of 4.94 4
0.45 atoms g~' yr~! at sea level and high latitude (Balco et al.
2008), and 3°Cl production rates were calculated from calcium
and chlorine concentration according to Stone ef al.’s (1996, 1998)
calibration. The surface exposure ages were estimated to our site
latitude and altitude using scaling functions of Stone (2000) (see
details of the calculation in Appendix A.l). The minimum !°Be
and *°Cl exposure ages presented in Tables 1 and 2, respectively,
include analysis and processing errors, as well as the uncertainties
in production rates and scaling schemes (i.e. we report the ‘external
uncertainty’).

3.3 Terrace deformation, fold kinematics and absorbed
shortening

Available geological and geophysical data for the study area (e.g.
Sherkati e al. 2006) usually constrain the present-day fold geome-

Table 2. 3°Cl ages of limestone pebbles sampled on terraces.

tries but do not always permit a clear determination of the fold
evolution and kinematics. Additional kinematic information can
be gained, however, by mapping deformed geomorphic markers,
in particular if several markers document different increments of
deformation. As schematically presented in Fig. 4, different end-
member fold models produce distinct surface deformation patterns.
Fault-bend and fault-propagation folds will lead to uniform uplift
above fault segments of constant dip. Geomorphic markers will
record some short wavelength tilting where crossing axial surfaces;
these dipping panels will be parallel, irrespective of marker age
(Figs 4A and B). The above models are based on the assumptions of
plane strain, constant area, constant bed-length and parallel kink-
style folding.

In contrast to the above fold models, detachment folds do not
develop at the tip of a propagating ramp, but above the tip of a
sub-horizontal detachment at depth. For detachment folds, limb
rotation will produce progressive surface tilting, long and gently
dipping panels and maximum uplift at the anticlinal crest (Figs 4C
and D). Finally, adding synclinal flexure to the detachment model
(Mitra 2003) will be recorded at the surface by progressive tilting
of markers, but also a transition from uplift to subsidence some-
where between the anticlinal and synclinal axes (Fig. 4D). These
two different detachment fold solutions imply distinct amounts of
finite shortening (see for instance, Oveisi ef al. 2007).

The manner in which vertical deformation can be interpreted in
terms of shortening across a given structure depends on fold kine-
matics but also on the length and quality of the deformation profile
recorded by a passive geomorphic marker. A simple and robust way
to deduce horizontal shortening from the uplift profile across a fold
is to consider conservation of mass. As long as there is no major
porosity change in the fold material and there is no material transfer
across the considered plane, mass conservation is equivalent to area
conservation: d = A/h, where d is mean horizontal displacement, 4
is area below the uplift profile recorded by a geomorphic marker,

Sample  Terrace Alt. (m) Lat. °N) Long. (°E) [Cal/frock [CI] (ppm) [*°CI](10° atg ~!) Pgyr (atg~' yr=') Topo.corr. age (kyr)
KAZ-2A Tg6 620 29.40 51.68 0.356 133.8 6.78 £0.17 312+38 0.99 225445
KAZ-2B Tgs 620 29.40 51.69 0.374 333 14.98 £ 0.31 26.5+3.8 0.99 61 £11
KAZ-7A Bk surf. 820 29.30 51.80 0.363 136.0 122.79 £ 2.60 36.5+3.8 1.00 647 + 128
KAZ-7B Bk surf. 820 29.30 51.80 0.352 97.3 111.74 £ 1.71 334+£38 1.00 639 + 113
KAZ-9  Taip 550 29.40 51.73 0.366 101.3 0.71 £ 0.07 28.1 £3.8 0.83 3.1+£0.7
KAZ-18 Tygs 350 29.43 51.56 0.372 108.9 3.05+0.07 24.6 3.8 0.99 127+£25
KAZ-20 lateral incision mark 820 29.25 52.12 0.358 108.0 20.95 £ 0.44 344+£38 0.83 80 £ 11
KAZ-5  Un-exposed pebble  900¢ 29.30 52.80 0.216 3339 1.61 £0.08 54+4 1.00 13%

Note: Abbreviations as in Table 1.

“Average elevation of the watershed draining to the Rud e Dalaki, upstream of the sampling point.
b Apparent age at the moment of deposition (assuming an age of 650 ka for this Bakthyari terrace).
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Vertical deformation
of a continuous geo-
maorphic marker

[ g tion]

Depth

Distance perpendicular to fold axis

Fault bend fold
fold created as a consequence of movement on a fault
{i.e. Suppe, 1983)

Fault propagation fold
bed length and layer thickness are conserved throughout
the fold due to migrating hinges  (i.e. Suppe & Medwedeff, 1990)

C

Vertical deformation
(x4 exaggeration)

Depth

Distance perpendicular to fold axis

Detachment fold
with fixed-hinge, limb rotation and
internal deformation (ie. Rockwell et al, 1984)

Distance perpendicular to fold axis

Detachment fold
with limb rotation, lenth conservation, outer hinge
migration and syncline deformation  (i.e. Mitra, 2003)

Vertical deformation
(x4 exaggeration)

Fixed hinge

Distance perpendicular to fold axis

Distance perpendicular to fold axis

Figure 4. Different fold models and associated incremental surface deformation: (A) fault-bend fold (Suppe 1983), (B) fault-propagation fold (Suppe &
Medwedeff 1990), (C) detachment fold with limb rotation and internal deformation (Rockwell ef al. 1984), (D) detachment fold with limb rotation, length
conservation, migration of outer hinges and syncline deformation (Mitra 2003). Fixed and migrating hinges are presented by solid and dashed white lines,

respectively.

and / is sediment thickness above the detachment (Fig. 4). This
approach requires, however, a terrace tread or other marker that can
be reconstructed across the entire growing fold.

If treads are only partially preserved, the above methods cannot
be applied to terrace remnants. Local measurements of incision can,
however, be related to shortening by assuming fold kinematics, if
river incision can be equated to tectonic uplift (Lavé & Avouac
2000). For mature folds, for example, fault bend-folds with the
ramp reaching the surface and internal deformation accommodated
by flexural slip, local shortening d is related to the dip 6 of the fault
at depth (which is equal to the bedding dip on the back limb for

a fault-bend fold): d = U/sin(f), with U the marker uplift. As a
first approximation, this method can be used for any deformation
associated to a fault ramp at depth. If terraces are preserved only
on the frontal limb of a fault-propagation fold, shortening can be
deduced from local uplift through more complex analytical models
but solutions may be non-unique. Finally, for detachment folds,
the geometry of surface deformation can be approximated by a
simple geometric function like a triangle (Rockwell et al. 1984)
or a cosine (Oveisi et al. 2007), and the limb-tilting rate can be
converted into a shortening rate assuming length conservation and
wavelength reduction during shortening. For the cosine model, such
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a conversion will strongly depend on the location of the terrace along
the fold limb.

4 INCISION AND DEFORMATION
RECORDED BY QUATERNARY FLUVIAL
AND MARINE TERRACES IN WESTERN
FARS

4.1 Deformation of mid-Pleistocene Bakhtyari surfaces

4.1.1 Sedimentology and age of the Bakhtyari Formation

The Bakhtyari conglomerates represent the youngest lithostrati-
graphic unit of the Zagros sedimentary sequence. They usually fill
the axial parts of most of the synclinal depressions as a syn-orogenic
molasse. The Bakhtyari Formation lies mostly unconformably on
the underlying Agha Jari Formation or older formations (Mishan,
Guri, Gachsaran and Asmari Formations). In the study area, this
formation is mostly uneroded but can be locally covered by more
recent alluvium. Because of this preservation, the upper units of the
Bakhtyari Formation, which we will call here ‘Bakhtyari surface’
represents a unique geomorphic marker, comparable to fluvial ter-
races, that documents Late Neogene finite deformation in the inner
Zagros SFZ.

Where we studied the deformation recorded by the Bakhtyari
Formation in detail, the thickness of the unit reaches up to 60 m.
The unit consists of proximal, polymict and coarse-grained fluvial
conglomerates, which are locally cemented and strongly indurated
by pedogenic calcrete carbonate. Gravels in these deposits mostly
contain fragments of Palaeogene limestone and Neogene sandstone,
as well as clasts and pebbles of Mesozoic black dolomite. The latter

540000 560000

lithology is only found in the upstream part of the Dalaki watershed;
close to a diapir associated to the Karebas Fault. This indicates that
a palaeo-Dalaki river, the course of which probably had a similar
E-W direction as today, deposited most of the sediments that now
compose the Bakhtyari Formation in this region.

The Bakhtyari conglomerates are not well dated because they
contain no diagnostic fossils; the unit is generally considered to be
Late Pliocene (James & Wynd 1965) or younger in age because it
overlies the Agha Jari Formation of Late Miocene—Pliocene age.
The Bakhtyari Formation is, however, considered as diachronous
across the Zagros fold belt (James & Wynd 1965; Falcon 1974;
Hessami et al. 2001). In order to date the end of Bakhtyari deposi-
tion in the region southeast of Kazerun, several sandstone or lime-
stone pebbles were sampled at the top of large Bakhtyari surfaces
exposed along the Dalaki River (Fig. 5). Two limestone boulders,
which measured ~50 cm in diameter and were protruding from the
soil surface at a distance of a few tens of metres from one another,
were sampled from a wide and flat depression of a Bakhtyari surface
(Kuh e Pahn surface; Fig. 5, samples KAZ-7). They displayed clear
evidence for several centimetres of dissolution on their upper faces.
Sandstone pebbles were also sampled from an indurated calcrete
at the flat top of a deformed Bakhtyari surface (Baladeh surface;
Fig. 5, sample KAZ-11) and also display significant dissolution fea-
tures, with initially round pebbles reduced to strongly oblate forms.
Cosmogenic dating of such samples (several pebbles were crushed
together to provide a sufficient amount of quartz) consequently pro-
vides only a minimum age for the end of Bakhtyari deposition in this
area, as ages will be lowered by erosional loss. The two limestone
pebbles on top of the Kuh e Pahn surface yield concordant apparent
36Cl exposure ages of 640 & 120 ka (Table 2). In contrast, the sand-
stone pebbles give a younger minimum '°Be age of 320 + 50 ka
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Figure 5. (A) Geomorphological map of the fluvial terraces and Bakhtyari surfaces (Bk Fm) along the Dalaki valley (note that Bakhtyari deposits outside
the valley are not indicated), also showing sample locations for '°Be, 36Cl and '#C dating. Terraces are numbered from lowest (Tq1) to highest (T gz0).
The Bakhtyari surfaces correspond to the upper units of Bakhtyari conglomeratic deposits that have been mostly preserved from erosion since their fluvial
deposition. Locations of cross-sections B-B" and M—M" (Figs 7 and 11, respectively) are indicated by dashed lines; P: knickpoint in Asmari limestone and
upstream limit of significant incision as recorded by fluvial terraces (cf. Fig. 9). Inset (B) shows a detail of the valley where it crosses the MFE.
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(Table 1). Such a difference could, in principle, be ascribed to a
diachronic end of sedimentation between the Baladeh and Kuh e
Pahn surfaces, but the similarity of their spectral response on Land-
sat images and of sediment thickness suggest that deposition of the
Bakhtyari gravels in this large depositional basin ended roughly
synchronously in the two areas. Given the above sample descrip-
tion and discussion on probable erosional losses, we expect that the
minimum age of Bakhtyari formation in this area is at least 500 ka.

In order to better constrain the onset of Bakhtyari deposition, we
also sampled an oriented block in a 30-cm-thick sandy/silty unit
at the base of the Bakhtyari Formation in Baladeh for palacomag-
netic analysis (see Fig. 6 for sample location and Appendix A.2 for
analysis details). The major palacomagnetic component indicates a
normal polarity. At least two potential scenarios can be considered:
either rapid deposition of >50 m of sediments at the beginning
of the Bruhnes normal chron, that is, between 780 and ~500 ka
(Lourens et al. 2004), or much slower sedimentation between the
Gilsa/Jaramillo or Gauss normal chrons at ~1.7 and ~2.5 Ma, re-
spectively, and ~500 ka. The first hypothesis yields a sedimentation
rate comparable with the Late Neogene foredeep aggradation rate
of 0.2 mm yr~! (Homke et al. 2004), and is supported by the in-
ferred burial age of an additional sample of calcareous conglomerate
(KAZ-5) taken from within the Bakhtyari fill (see Appendix A.2
for details). In the absence of further constraints, we will therefore
assume that the Bakhtyari conglomerates were deposited between
800 and ~500 ka in the area SE of Kazerun.

4.1.2 Baladeh monocline

A case example of deformed Bakhtyari units can be observed across
the Baladeh monocline in the northern part of our study area. The
Baladeh monocline (Fig. 6) involves Agha Jari and Mishan for-
mations and constitutes the southwestern flank of a wide syncline.
It has been activated above a décollement level in the Neogene
gypsum and marls of the Gachsaran Formation. The Bakhtyari For-
mation displays a broad fold form across the Baladeh monocline,
with steep frontal and backlimbs and a 2-km wide flat top 80 m
above the present-day river level, on which a thin layer of Bakhtyari
conglomerate uncomformably overlies a strath level beveled into the
dipping Neogene units (Fig. 6C). Growth strata on the back limb of
the fold indicate active folding of the monocline during Bakhtyari
deposition. These growth strata preserve two axial surfaces with a
cumulated dip change of 15° (Fig. 6D). The maximum vertical dis-
placement of Bakhtyari conglomerates relative to the present-day
river (~80 m) is encountered near the southwestern front of the
structure (Fig. 6C). The Bakhtyari layers are sub-vertical to slightly
overturned (dipping up to 70—80° NE) at the base of the front limb.
The flat ~2-km wide top of the Bakhtyari surface suggests uni-
form vertical displacement of the conglomerates, implying that the
Baladeh monocline developed by a mechanism of fault-bend (or
fault-propagation) folding above a ramp. According to the syncline
geometry and location of the axial surface preserved within the
Bakhtyari conglomerates on the backlimb, such a ramp probably
flattens on a shallow décollement level below the active Dalaki
floodplain. Assuming that Mishan layers (dipping at ~45-50° NE)
are parallel to this ramp (zone) below the Baladeh monocline, the
décollement depth is estimated to reach 1.8—1.9 km.

In order to constrain the horizontal shortening associated with the
structure, we consider area conservation rules. Total uplift of the
Baladeh structure since the end of deposition of Bakhtyari unit is
~80 m, corresponding to ~100 m of shortening. Assuming an age
of 0.5 Ma for the end of Bakhtyari Formation in the Baladeh/Kuh-

e-Pahn region, as discussed previously, and roughly continuous de-
formation since, we estimate that the mean relative uplift and short-
ening rates associated with the Baladeh monoclinal structure have
been 0.16 and 0.2 mm yr~!, respectively. It is not possible, however,
to determine whether the shortening rate has been constant since the
end of Bakhtyari deposition, even if a folded fluvial terrace tread,
which is probably much younger than the Bakhtyari surface, sug-
gests recent active deformation of the Baladeh monocline (Oveisi
2007).

4.1.3 General incision and deformation profile of the Bakhtyari
surfaces

To the southwest of the Baladeh monocline, another syncline struc-
ture has been reactivated and has produced uplift of the Bakhtyari
surfaces (Pahn syncline on Fig. 5). The initial geometry of the
Bakhtyari surface is less intuitive here than across the Baladeh
monocline: did the palaeco-Dalaki drain the entire internal basin be-
tween the Neyzar and Dashtak anticlines (Fig. 5) or was deposition
in the southern part of this basin controlled by northward draining
tributaries (Fig. 7)? In any case, we suppose that the Dalaki River
and its tributaries deposited sediments in a large and relatively flat
basin with gradients comparable to the ~1 per cent of the present-
day Dalaki River in the Baladeh region. We thus estimate maximum
uplift to range between 150 and 250 m in the Kuh e Pahn region
(Fig. 7), decreasing to the southeast. Assuming a minimum age
of 0.5 Ma for the end of Bakhtyari deposition in the whole
Baladeh/Kuh e Phan internal basin yields a maximum local up-
lift rate of ~0.5 mm yr~'. Assuming a shallow detachment level
close to 2 km within the Gachsaran Formation, the shortening rate
absorbed by the Kuh e Pahn structure is <1 mm yr~!; this rate
decreases southeastward. The NW extension of these Bakhtyari de-
posits crosses the Dalaki valley <100 m above the present channel
in front of the Sarbalesh anticline (Fig. 7), and limits the average
Late Quaternary incision of the Dalaki River to <0.2 mm yr~! in
that area.

As observed in Baladeh or Kuh e Pahn, the synclinal structures
are re-activated but the anticlines, in contrast, do not display uplift
and are affected by active sedimentation (recent gravels deposited
on top of the Bakhtyari formation). This observation implies that
the Sarbaleh anticline is currently inactive. More generally, the
entire Kuh-e-Neyzar/Dashtak region is affected by sedimentation;
we thus consider that uplift is very limited in this region and that the
different structures do not absorb major shortening. Although it is
not clear from available structural data how the shortening observed
at the surface across the Baladeh and Kuh e Pahn synclines is
transferred from the deeper part of the sedimentary pile (i.e. below
the Gascharan fm.) towards the surface (Fig. 6), active deformation
is expected to take place either further NE on more internal folds
or SW on more frontal structures.

4.2 Late Pleistocene fluvial terraces along the Dalaki River

4.2.1 General terrace description

Between its source west of Shiraz and its delta on the Persian Gulf,
the Dalaki River (Rud e Dalaki) intersects several possibly active
structures, including the MFF (e.g. Figs 1 and 5). Upstream of the
Baladeh area, the Dalaki River drains a region affected by the Kare-
bas Fault (Fig. 5) and associated diapirism. Between this upstream
area and the Baladeh region, the river crosses the Dashtak anticline,
incising narrow gorges into Asmari limestones. In the Baladeh-Kuh
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Figure 6. (A) Geomorphological map and general topographic pattern of the Baladeh monocline (location on Fig. 5) . The bedding dip values are related to
the bedrock and not the Bakhtyari surface; (B) Schematic cross-section; (C) Photo mosaic of the uplifted Bakhtyari surface along the left bank of the Dalaki
River; (D) Elevation of the Bakhtyari surface projected onto profile X—X’, perpendicular to the Baladeh monocline along the Dalaki River (location in A);
(E) detail of growth strata in Bakhtyari conglomerate within back limb of the fold; the coloured symbols correspond to different stratas mapped with a laser
distance metre. Note two clear axial surfaces delineated by these strata. White circle correspond to the palacomagnetic sample site within a fine-grained unit;
(F) Field photo of back limb of the fold along the right bank of the river, with location of growth strata mapped in (E) and palacomagnetic sampling site (white

star).

e Pahn region, the river is mostly characterized by a wide braided
channel draining a large open valley, and extensive Bakhtyari to
recent deposits cover both synclines and anticlines. West of this
region, the Dalaki River valley narrows and is entrenched several
hundred metres into mostly Mishan and Agha Jari marls, silts and
sandstones. Locally, where the river crosses more indurated lay-
ers of limestone or sandstone, it displays short and narrow gorges.
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Upon crossing the MFE, the Dalaki adopts a wider course, the fault
marking a clear change in relief between a rugged topography in
the hanging wall and a flat flood plain in the footwall (¢f. Fig. 8A)
where the river adopts a very gentle gradient.

Along the Dalaki River, up to ten levels of Quaternary terraces can
be distinguished, which extend ~100 km upstream from the MFF
(Figs 5, 8A, 9 and 10A). Except for the uppermost and widespread
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tributaries.

al

ZA2001-16
[31£1.5 kal

Figure 8. (A) View towards the WSW of the Dalaki River where it crosses the MFF, and associated terrace system. (B) Field photo and interpretational line

drawing of surface rupture associated with the MFF (location in A).

Bakhtyari surfaces, most of the levels are strath terraces with a
relatively thin veneer of gravels. Here, we concentrate on four of
the surveyed levels: Ty, Tgs, Tgs and Tgpo. The most elevated
terrace level, Ty, lies up to ~160 m above the present river. The
Tg1o terrace consists of up to 20-m thick gravel, sand and clay
deposits. Gravels in these deposits contain fragments of Palaecogene
limestone, Neogene sandstone and occasional dark cherts, derived
from salt-plugs that occur in the Dalaki catchment further east.
The deposits of Tgs and Ty terraces consist mainly of 3—5-m-

thick alluvial gravels and pebbles of Palaeogene and Neogene sandy
limestone and limestone fragments. T4, is the lowest preserved
prominent level; this paired terrace level is generally well exposed.

The relative elevation profile of these terraces above the present
channel indicates significant incision up to a distance of 70 km
upstream of the MFF along the river, which corresponds to a dis-
tance orthogonal to the fold strike of ~35 km. Incision increases
in amplitude towards the MFF. Further upstream, in the Kuh-e-
Pahn/Sarbaleh area, the river drains parallel to the structures and
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Figure 9. Longitudinal profile of the Dalaki River and Late Pleistocene fluvial strath surfaces (terraces are projected onto the valley axis of the river). Upstream
of the point P, the river drains parallel to the structures and the relative elevation of terraces drops to close to zero.

Figure 10. (A) Northeastward view of three strath terraces along the Dalaki River, 45 km upstream from the MFF (viewpoint location indicated on Fig. 5).
(B) Lateral fluvial abrasion figures sculpted in Asmari limestone along the right bank of the upper Dalaki River (KAZ-20 sampling site, cf. Fig. 5 for location).

the relative elevation of the terraces drops to close to zero, indi-
cating more subdued incision further east. This suggests low rates
of tectonic activity in the Baladeh region, as already concluded
in the former section from the finite deformation recorded by the
Bakhtyari surface. Such subdued incision extends at least up to
the Dashtak anticline. There, a particularly well preserved lateral
surface of fluvial abrasion carved into Asmari limestones occurs
~20 m above the present channel (Fig. 10B). A limestone sample
(KAZ-20) was extracted from this potholed surface and dated by
cosmogenic 3°Cl. The age of this surface, 80 4+ 11 ka (Table 2),
constrains the Late Pleistocene incision rate to 0.25 £ 0.04 mm
yr~! across this anticline.

© 2008 The Authors, GJI, 176, 627654
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4.2.2 Dalaki River terraces in the hangingwall of the MFF

Where the Dalaki crosses the MFF, the fault is oriented ~N155°E, in
marked contrast with the fold axes and the N125°E trend of folds and
faults further southeast (c¢f. Fig. 1). This fault segment is associated
with a complex fault-propagation fold, the Gisakan fold; an active
high-relief structure that has been created by thrusting over the
oblique footwall ramp of the MFF (Fig. 11). Reported earthquake
nodal planes (Harvard CMT solutions) indicate almost pure thrust
motion and their trends of N135°—155°E are parallel to the regional
orientation of the fault zone (Figs 1 and 5). These two earthquakes
of 1990 December 16 (M, = 5.7) and 1994 March 29 (M, =
5.1) occurred at depths of 15 and 7 km, respectively (Talebian &
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Figure 11. (A) Structural cross-section B-B’ across the Gisakan Fold and MFF (location on Fig. 5). Focal mechanism of 1994 March 20 My, = 5.1 event
(Talebian & Jackson 2004) is plotted onto section. (B) Topography and inferred incision rates projected onto the cross-section. Note that the region of high

incision rates extends further from the MFF than the frontal Gisakan fold.

Jackson 2004). The M, = 5.1 seismic event would therefore be
located above the basal detachment level, within the lower part of
the Phanerozoic cover, and would reflect seismogenic deformation
in the lower part of the sedimentary cover, at least close to the MFF.
Its projection at the surface is located close to the topographic front
of the Gisakan fold. The focal mechanism solution of the M, = 5.1
event presents a nodal plane dipping 40° NE with a strike N154°E,
compatible with the orientation of the MFF and its structurally
inferred dip. The cross-section as well as the depth of the M, =
5.7 event indicate that basement imbrication is probably involved
to partly fill a large void between folded strata and the basement in
the hangingwall. Movement along the MFF has brought Cretaceous
limestone to the surface in the hangingwall, implying ~6000 m
of vertical displacement in the sedimentary cover, whereas vertical
offset in the basement is less than 1.5 km (Figs 3 and 11). Although
potential out-of-plane movements, presence of incompetent and
deformable units in the sedimentary cover, and uncertainties on
the initial thickness of the basal Hormuz Salt or on the existence
of a duplex make the cross section (Fig. 11) poorly constrained,
focal mechanisms help to estimate a consistent MFF ramp dip of
39 + 3¢,

Just upstream of the MFF, the Dalaki has abandoned numerous
fluvial terraces. At the surface trace of the MFE, a 20—50-m-high tec-
tonic scarp bounds the lowermost Ty; and Ty terraces, with locally
verticalized alluvial terrace material. Along this scarp, we observed
a surface rupture with >1 m of offset (Fig. 8B). The presence of sur-
face ruptures indicates that seismic rupture can propagate along the
MEFF up to the surface and therefore that in certain conditions even

the upper part of the Zagros sedimentary cover can be seismogenic
in this area (see also Bachmanov et al. 2004). This surface faulting,
combined with the deformation pattern of the terraces that displays
uniform tilting of the hanging wall of the MFF, demonstrates that
Gisakan fold deformation is intimately associated to the MFF.
Further upstream, most of the fluvial terraces are unpaired but
sufficiently continuous to allow unambiguous correlation up to ~5
km east of the MFF (Figs 5B and 9). In the area immediately
upstream of the MFF, terraces display parallel treads that suggest
relatively uniform uplift along the frontal hanging wall of the MFE.
We have attempted to date three different terrace levels in this region.
Small gastropods were found in silty material deposited on top of
the fluvial gravels of terrace T4 close to the MFF and one sample
(ZA-2001-16) was '*C dated by accelerator mass spectrometry at the
Poznan radiocarbon laboratory, (Poland). This sample yielded a raw
14C age of 26 940 % 190 a, which corresponds to a calibrated age of
31 + 1.5 ka BP using the NotCal04 calibration curve (van der Plicht
etal. 2004). As the T 44 strath lies 70 m above the modern channel at
the sampling site, the corresponding bedrock incision rate would be
2.3+£0.1 mmyr~'. A depth profile was also sampled for cosmogenic
dating on the prominent terrace T4s on the right bank of the Dalaki
River 55 m above the present-day river bed. Unfortunately, surface
samples did not yield sufficient quartz material and two samples
at depth were contaminated by boron and yielded unrealistic ages.
Only one sample (ZAG-19/2), from a depth of 170 cm yielded
an apparently reliable (if imprecise) apparent depth-corrected age
of 44 £ 23 ka (Table 1). If we consider that source-area erosion
rates can be as low as 0.1 mm yr~! (based on erosion of Bakhtyari
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surfaces in the Baladeh/Kuh e Pahn area; cf. Section 4.1.1), the
potential contribution of inherited '°Be can be significant for this
sample. The single '°Be age thus only provides a maximum age
for the terrace Tg4s. The corresponding minimum incision rate is
1.3 #1%/_y6 mm yr~!, but could be much larger if an inherited
component is taken into account. A sandstone pebble sampled on
the highest terrace of the area, Tg;9, however, yields a 'Be age
of 152 % 40 ka, implying a similar incision rate of 1.1 +%7/_g3
mm yr~!. In contrast to the previous estimate, this age is relatively
insensitive to a potential heritage problem, as its !°Be concentration
is about 25 times higher. Given the above-mentioned problems on
our first set of '°Be samples, as well as a potential bias in the '*C
ages due to shell recrystallization, it is not possible for the moment
to ascertain whether the discrepancy of incision rates between T 46
and T, records a recent increase in incision rates, or whether it is
only an artefact.

We thus estimate mean Late Pleistocene incision rates of the
Dalaki River on the hangingwall of the MFF to range between 1
and 2.3 mm yr~!'. Taking into account a regional sedimentation
rate downstream of the MFF of 0.2 mm yr~!, by analogy with
sedimentation rates at the frontal Zagros in Lurestan (Homke et al.
2004), an average structural uplift rate (Lavé & Avouac 2000) of
1.2-2.5 mm yr~' is estimated for the MFF. Assuming a MFF ramp
dipping at a 39 £ 3° and material transfer parallel to the ramp
like for a fault-bend fold (Fig. 4A), compatible with the uniform
and parallel uplift of river terraces, the structural uplift rate would
correspond to a slip rate on the ramp of 1.8-4.2 mm yr~'.

4.2.3 Incision and fold model

To understand the transition from the downstream Gisakan section,
where incision rates are >1 mm yr~!, and an upstream section with
low incision rates (<0.2 mm yr~!) or sedimentation, the interme-
diate reach of the Dalaki River east of the Surkh syncline (Fig. 5)
appears as a crucial area.

When we consider the river morphology, the transition between
wide and entrenched valleys is located northeast of the Kuh e Pahn
syncline where the river incises into a small patch of Asmari lime-
stone (Point ‘P’ indicated on Fig. 5). This transition in valley ge-
ometry coincides with a short and steep channel segment, which
is clearly associated with the resistant limestone lithology in this
reach.

On the other hand, the westernmost extension of preserved Bak-
thyari deposits along the Dalaki valley, indicative of the transition
to high long term incision rates, is located 10 km downstream of
this knickpoint. In order to characterize the recent evolution of this
area, we collected four samples from low and intermediate terrace
levels for °Cl dating. As argued before, the Bakhtyari Formation
suggests long-term (Pleistocene) incision rates <0.2 mm yr~'r in
this reach. Two samples from a 60-m high fluvial terrace strath cov-
ered by 5 m of alluvium and correlated to the Ty level (KAZ-2A
and KAZ-2B; Figs 5 and 9), provide discordant 3°Cl exposure ages
of 22.5 £ 4.5 and 61 £ 11 ka, respectively, suggesting Late Pleis-
tocene incision rates ranging between 1 and 3 mm yr~!. A single
sample (KAZ-18) from a terrace level ~40 m above the modern
channel and correlated to the Tys level, ~20 km downstream of the
knickpoint (Figs 5 and 9), yields an exposure age of 12.5 £ 2.5 ka,
implying Holocene incision rates of 3.2 £ 0.7 mm yr~' in this area.
Finally, a recent strath carved into cemented Bakhtyari units, ~20
m above the present-day channel, yielded an exposure age of 3.1 £
0.7 ka (sample KAZ-9), indicating Late Holocene incision rates as
high as ~6 mm yr~!.
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These variable incision rates on different timescales illustrate the
difficulty to interpret incision in terms of uplift, in particular for
the most recent terrace levels, in case the terraces are located far
upstream from a well constrained local base level like a deposi-
tional foredeep basin.. At least two scenarios can be envisioned:
recent knickpoint retreat through the small gorge carved into the
Bakhtyari Formation, or a recent increase in incision rates due to
climatic fluctuations (e.g. Hancock & Anderson 2002). In any case,
the oldest geomorphic marker provides the most robust estimate for
tectonic uplift derived from incision values, because geomorphic
or climatic fluctuations will be smoothed on the long term. As ar-
gued previously, the westernmost extension of Bakhtyari surfaces
constrains the zone of high uplift to be further west than the Kuh-e-
Pahn syncline, that is, it affects an ~35-km wide zone in the hanging
wall of the MFF. Importantly, the zone of high incision rates is not
restricted to the frontal Gisakan anticline but extends further north-
east and encompasses its northeastern flank (Kuh e Buzpar) as well
as the Surkh syncline (Fig. 11). At least three different hypothesis
can be drawn from this observation: the broad incision pattern may
reflect a broad uplift pattern associated with thrust slip motion on
the MFF rooting deep into the basement; the pattern may reflect
broad uplift in association with the interference of two thin-skinned
structures, the Gisakan and Neyzar anticlines; or widespread inci-
sion reflects uplift restricted to the Gisakan fold, as expected from
thin-skinned tectonics, combined with recent incision upstream in
response to climatic or geomorphic forcing. We will come back to
this question in the discussion section.

4.3 Late Pleistocene fluvial terraces and river profile along
the Mand River

4.3.1 Fill and strath terraces along the Mand River; description

The Mand River (Rud e Mand) course is strongly affected by tec-
tonics and fold structures. In its upper reach, the Mand follows
a NW-SE course parallel to the major structures; it then adopts
a sinuous roughly NS course between anticlinal noses in the Qir
area (Fig. 12). The river cuts across anticlines both N and S of
Qir, where it has carved narrow gorges into the resistant Asmari
limestone units. Upon crossing the Surmeh fault, ~40 km south of
Qir, the river starts draining ESE-WNW and follows a synclinal
axis between the Shamshu and Halikan anticlines. The river long
profile displays a major convex knickpoint about halfway along this
reach, where the river gradient steepens to about 4.3 m km~! (K1
on Figs 12 and 13). Around 25 km downstream of this knickpoint,
the river cuts across the axial culmination of the Kuh e Halikan
anticline; this area is characterized by the preservation of elevated
strath terraces mostly in the core and forelimb of the anticline (Figs
13 and 14). Both the steepening of the river profile relative to adja-
cent areas and the high elevations of the fluvial terraces suggest that
this area is experiencing more rapid bedrock uplift than regions up-
stream. Downstream of this reach the river turns westward again up
to the MFF. This lower reach is again characterized by extensive fill
terraces; some of these, in particular downstream of the confluence
with the Shur River, preserve strath levels up to 40 m above the
modern river bed, suggesting long-term incision. The Mand River
exits its incised valley east of the Namak anticline (point K3 on Fig.
12) and drains a wide depositional plain before reaching the Persian
Gulf, where it has built a large submarine fan. In its lowermost
reach, the Mand River has been deflected northward and southward
by the lateral propagation of the Kuh e Namak and Mand anticlines,
respectively.
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Figure 12. Geomorphological map of the fluvial terraces along the Mand valley, also showing cosmogenic sample locations and available focal mechanism
solutions (coding of sources as for Fig. 1). Location of cross-section C—C’ (Fig. 14) is indicated by dashed line; K1, K2 and K3 indicate locations of prominent

knickpoints in the river long profile.
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Figure 13. (A) Longitudinal profile of the Mand River and fluvial strath surfaces (terraces are projected onto the valley axis of the river). Locations of presumed
active faults and prominent knickpoints are indicated. (B) Detail of central reach of the Mand River, where it crosses the Halikan anticline (location indicated

by box in A); cosmogenic exposure ages are indicated at sampling sites.

Between the points K3 and K1, terrace remnants can be followed
nearly continuously (Figs 12 and 13). Five incised strath terraces
(Tm1 — Tis), have been surveyed, ranging in elevation from 5 to
110 m above the modern river channel:

T and Ty are the youngest and most widely encountered ter-
race levels, which are characterized by prominent paired strath sur-
faces. These terrace levels generally show >5 m of alluvial deposits,
composed of gravels, cobbles and fine sand in a matrix of silty sand.
T and Ty, commonly lie 5-10 and 10-20 m above the present

channel, but can rise to up to ~15 and ~30 m above the present
channel, respectively, across the Kuh-e-Halikan fold (Fig. 14).

T3 is a well-exposed strath level that is capped by ~3 m of
gravels, cobbles and gritstone, the largest clasts reaching ~50 cm.
A particularly large remnant of T 3, measuring ~16 km?, is en-
countered to the south of the Halikan anticline, where the river
leaves the core of the fold, ~10 m above the present river (Figs 12
and 13). In the core of the Halikan anticline, T 3 straths reach up to
~40 m above the stream channel, but their relative elevation drops
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Figure 14. (A) Relative elevation of the fluvial terraces along the Rud-e-Mand projected onto a N35°E direction along profile C-C’ (cf- location on Figs 1 and
13). (B) Projected profile of the stream index SL (stream gradient x distance from source) and topography; locations of knickpoints K1 and K3 are indicated.
(C) Structural cross-section along profile C—C’. Note that the exact location of the basement faults is poorly constrained. We chose without tight constrains to
split thrusting within the basement in two branches: the Surmeh fault and the horse tail termination of the Karebas fault.

towards the north, and the T,,; terrace almost merges with the mod-
ern floodplain at the knickpoint K1. The terrace level can be sur-
veyed up to ~30 km upstream from the core of the Halikan anticline;
further upstream, preserved terrace remnants are too discontinuous
and sparse to permit confident correlations.

Tms 1s the most extensively preserved and well exposed ter-
race level. Particularly wide (~4 km) and well-preserved rem-
nants are observed between the front of the Halikan anticline and
the major convex knickpoint K1 (Fig. 12). T4 lies up to ~60
m above the present river channel at the core of the Halikan
anticline.

Finally, T s, which is the highest of the Mand River terraces,
exists as isolated remnants, with maximum widths of a few tens of
metres along the east—west stretches of the river. The thickness of
the terrace deposits reaches up to 10 m but is occasionally difficult
to constrain where no clear contact can be observed between the
base of the terrace deposits and the top of the underlying unit.

© 2008 The Authors, GJI, 176, 627-654
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Downstream of the Halikan fold, the T,,s strath lies up to ~45
m above the present river level. A single but well-preserved T,s
remnant is encountered in the core of the fold, where its strath lies
~110 m above the modern channel.

Around Qir, the amplitude of bedrock incision appears lim-
ited; the Mand River has mostly re-incised fill-terrace material.
The only exception is found where the river cuts the Eastern
(eastward-plunging) part of the Meymand and Sim anticlines: river
incision into the bedrock beneath fill terraces appears to increase
upstream, suggesting 20-30 m of bedrock incision in this region,
and corresponds to a second abrupt increase in river gradient (K2
on Figs 12 and 13).

4.3.2 River and terrace profiles and basement fault activity

The terrace profiles suggest a major zone of incision and uplift
across the Kuh e Halikan anticline, and possibly a secondary zone
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across the junction between the Kuh e Khartang and Poshtu anti-
clines, east of the MFF (Figs 13 and 14). The modern long profile of
the Mand River is consistent with such a pattern of recent deforma-
tion. Here, we use the stream gradient S multiplied by the distance
from the source L, or stream gradient index (SL; Hack 1973) as a
rough proxy for unit stream power by accounting for downstream
increases in discharge and width. Although conceptually more ad-
vanced indices of stream power or shear stress have been developed
(e.g. Kirby & Whipple 2001; Lavé & Avouac 2001), this first-order
approach suffices for the qualitative analysis we perform here.

The SL value varies significantly along the Mand River (Fig. 14):
it is low along the upper reaches of the river, between Qir and the
major knickpoint K1, increases approximately fourfold across the
northern limb of the Halikan fold, shows intermediate values further
downstream with a slight increase across the junction between the
Kuh e Khartang and Poshtu anticlines, and finally a severe drop at
point K3 where the river enters its wide depositional floodplain. An
increase in SL value is expected to reflect an increasing degree of
stream power expenditure to keep pace with larger uplift rate for
a given lithology (e.g. Hack 1973): high SL values provide in that
sense a first-order indication of areas affected by high uplift rate, or
alternatively resistant lithologies.

The concordant secondary peak observed in relative terrace ele-
vation and SL value across the junction between the Kuh e Khartang
and Poshtu anticlines could be related to the southeastward contin-
uation of the MFF. In this area, the trace of the MFF is not clear,
in particular it is unknown how the eastern branch, which reaches
the surface east of the Kaki anticline (Figs 3 and 12), connects at
depth with the western branch that continues southward in front of
the Kuh e Namak anticline (Fig. 12). So far, no transfer fault or
oblique ramp has been mapped between these two structures, and
more importantly the geometry and continuity of the MFF trace
within the basement remains undefined. There are no geomorphic
indications for tectonic activity on a basement fault located between
the Namak and Kaki anticlines. Our terrace data and the long profile
of the Mand River would be more consistent with the continuation
of an active subsurface trace of the MFF further east, between the
Khartang and Poshtu anticlines, but shortening rates would be rel-
atively minor on this trace. Likewise, the absence of elevated strath
terraces, as well as the continuous river gradient across the Surmeh
fault trace (or the surface expression of this inferred blind thrust
fault located at depth), suggest that this basement fault is currently
inactive. In summary, terrace and river profiles suggest no salient
activity of the mid-crustal Surmeh fault and a potential but limited
uplift of the hanging wall of a mid-crustal MFF.

In contrast, the terrace record and river profile across the Halikan
anticline unambiguously indicate significant uplift and deforma-
tion of this structure, characterized by the highest channel gradient,
stream index value and terrace elevation along the entire Mand
River. The Halikan anticline is located between two major fault-
related topographic steps associated with the MFF and the Surmeh
fault zone (=Surmeh fault and the thrusting horse tail termination
of the Karebas fault) (Figs 12 and 14), and is interpreted to result
from thin-skinned folding of the sedimentary cover. Interestingly,
this structure has developed only limited topographic expression,
despite its apparent high tectonic activity; this could indicate that the
tectonic activity of this structure is recent, that is, Late Pleistocene.
If the Halikan anticline connects to a buried basal detachment in
the middle crust that feeds displacement into the thin-skinned sys-
tem, such a mid-crustal fault has to be sought further north than
the Surmeh fault, because of the absence of deformation above the
hanging wall of the Surmeh fault. Secondary knickpoints are ob-

served along the upper Mand River at crossing the Meymand and
Sim anticlines (Fig. 12). However, as also observed along the Dalaki
River, these are associated with narrow gorges carved into resistant
Asmari limestone and can be viewed as lithologic knickpoints rather
than resulting from localized uplift.

4.3.3 Terrace dating and fluvial incision rates in the Kuh e
Halikan region

To quantify the magnitude and spatial variation in incision of the
Mand River across the Halikan fold and down to the MFE, sandstone
pebbles were sampled at the surface of several elevated terraces for
exposure age dating using cosmogenic °Be in quartz (Figs 12 and
13). Three terrace levels in the core of the Halikan anticline provided
reliable '°Be ages. The highest and oldest terrace unit preserved in
the core of the fold (T,,s) consists of a ~10 m-thick strath terrace
cut into the Mishan Formation,; its tread lies 110 m above the active
channel of the river (Fig. 13). A depth profile was sampled from
this terrace, but only a single sample from 110 cm depth (ZA5-38B)
provided sufficient coarse quartz. Its depth-corrected exposure age
is 109 & 25 ka (Table 1), but could be significantly younger if even
modest inheritance is considered, suggesting an incision rate >1.0
mm yr~! since terrace formation.

An intermediate terrace T4, which is composed of gravel and
cobble deposits overlying a strath cut into the Mishan Formation
and lies 59 m above the active stream channel, forms the most ex-
tensive unit where the river crosses the Halikan anticline. A sample
collected from the surface of this terrace (ZA5-36) yielded an ex-
posure age of 44 + 10 ka and an estimated incision rate of 1.4
+04/ o, mm yr~!. The T; terrace level defines a narrow and elon-
gate surface on both sides of the river across the core of the Halikan
anticline. The level is composed of ~3 m of gravels, cobbles and
fine sand in a matrix of silty sand that rises up to 40 m above the
present river. Based on a single exposure age of 15.2 + 3.8 ka
(ZA5-37A), we estimate a vertical incision rate of 2.5 *%8/_; s mm
yr~! for the T 3 surface. Thus, this suite of samples also shows an
apparent increase in incision rates for younger and lower terraces.
Pebbles sampled from the lowermost T, level at the southwest
flank of the fold are rich in '°B, precluding calculation of mean-
ingful exposure ages. Thus, we estimate Late Pleistocene incision
rates across the Halikan fold (which we equate to uplift rates on this
active structure) to be 1.6 *17/_g g mm yr~!,

A second suite of terraces was sampled downstream of the conflu-
ence of the Mand and Shur rivers, where relative terrace elevations
and the stream gradient suggest more subdued recent activity (cf.
above section). Here, a flight of terraces with ~10-m-thick alluvial
fills is exposed in a series of inner meander bends. The highest level
exposed here is correlated to T ys; its tread lies 44 m above the active
stream channel and its strath is 10 m lower. A set of surface clasts
(sample ZA5-26) yields an exposure age of 93 + 14 ka, consistent
within error with the age of 109 =+ 25 ka inferred for the correlated
terrace level upstream. Because these are surface samples, they are
less sensitive to inherited '°Be than the depth sample taken from
the correlated level upstream. This exposure age suggests a low
long-term incision rate of 0.36 & 0.05 mm yr~! for this region. A
lower terrace is correlated to T,4; its strath lies 16 m above the
stream channel and it yields an exposure age (from amalgamated
surface clasts; sample ZA5-27) of 28.0 & 6.4 ka, again within error
of the age of the correlative terrace level in the Halikan fold (43.5 £
9.6 ka) and suggesting an incision rate of 0.57 *%17/_g ;; mm yr~!.
These two incision rate estimates consistently show that incision in
this area is 2—10 times slower than across the Halikan anticline.

© 2008 The Authors, GJI, 176, 627-654
Journal compilation © 2008 RAS

1Z0Z Yode || uo1senb Aq $269202/.29/2/9. L/81o1de/1l6/wod dnoolwspede)/:sdiy woll pepeojumo(



Thick- and thin-skinned deformation rates in the central Zagros Simple Folded Zone (Iran) 645

In order to translate incision/uplift rates into horizontal defor-
mation rates, we interpret the Halikan anticline as representing a
relatively immature fault-propagation fold. Combining structural
measurements to constrain the dips of the fore and backlimbs of
the anticline with the migrating hinge model for fault-propagation
folding (e.g. Suppe & Medwedeff 1990) predicts a (relatively ill-
defined) ramp dip of 46 + 5° and fold core interlimb angle of
~63° for the Halikan fold. Using this ramp dip and supposing fault-
parallel material transfer of the NE limb predicts that ~152, ~82
and ~55 m of shortening has been absorbed since abandonment
of the Ty,s5, Tra and Ty levels, respectively, indicating horizontal
shortening across the structure at a rate of 2.2 *28/_;, mm yr™!
since ~100 ka. For a fault-propagation fold (Fig. 4B), such a sim-
plified calculation is justified as long as the terraces lie well behind
the propagating fault tip as is the case here (Fig. 13).

We can make a rough estimate of shortening rates across the Khar-
tang/Poshtu structure by supposing that shortening is controlled by
slip along the MFF at depth in a similar manner as observed to the
northwest in the Siah anticline (Fig. 3). In this case, fluvial incision
would indicate structural uplift at a rate of 0.7 £ 0.2 mm yr—',
accounting for sedimentation rate in the foreland basin. Supposing
aramp dip on the MFF of 35 & 5° (by analogy to that observed fur-
ther northwest), shortening rates across this structure would amount
to 1.2 & 0.5 mm yr~'. Even though this is only a rough estimate,
it is clear that a large part (>70 per cent) of surface shortening is
absorbed on the inland Halikan fold rather than on the frontal MFF
along the Mand transect, in stark contrast to the observed deforma-
tion field in the Dalaki River transect, where most of the shortening
is accommodated by the MFF.

4.4 Deformation recorded by Late Pleistocene marine
terraces along the Persian Gulf

4.4.1 Mand anticline

The Mand anticline represents the westernmost frontal structure of
the Fars arc in front of the MFF. Its general orientation is NNW-SSE
to N-S, in contrast with the NW—-SE orientation of most folds in
the Zagros belt, and it extends ~100-km along strike (Fig. 15). The
topographically expressed width of the fold is relatively constant
(~16 km), but its amplitude decreases towards the northwest along
the fold axis. In contrast to the tightly folded anticlines associated
with the MFF ramp, the Mand anticline is an open and distinctly
symmetrical fold (cf. Fig. 3). At the surface, the fold exhibits limbs
dominated by gentle bedding dips between 10° and 27°, and dis-
plays the characteristic features of a detachment fold that probably
developed above the low viscosity basal layer of Hormuz Salt, over-
lain by the thick and competent Palaeozoic to Cretaceous carbonate
units. Seismic and well data (Sherkati et al. 2006) provide a tight
control on the thickness of sedimentary units involved in the fold.
Seismic lines stop, however, at the coast and the structure below
the western limb of the anticline is mostly unconstrained, permit-
ting several alternative balanced fold solutions (Oveisi et al. 2007):
folding at the tip of a propagating blind thrust (Sherkati e al. 2006);
detachment folding with increasing thickening of the internal lay-
ers accommodated by secondary faulting; or detachment folding
flanked by synclinal flexures. These different fold solutions imply
distinct amounts of finite shortening and present kinematics.

We have mapped tilted marine and fluvial terraces along the
frontal limb of Mand anticline (Figs 15 and 16). Terrace treads
generally appear as a succession of 20-200-m-wide remnants of in-
durated beach deposits or fluvial conglomerates at the top of small

© 2008 The Authors, GJI, 176, 627-654
Journal compilation © 2008 RAS

steep hills within a badland eroded landscape. The correlation of
these treads does not suffer any ambiguity in the barren coastal plain
area. We mapped terraces at three distinct localities along the south-
ern, southcentral and Northern parts of the frontal limb of the Mand
anticline; these are described and analysed in detail in Oveisi ef al.
(2007). The general pattern displayed by these marine or fluvio-
marine terrace treads is remarkably consistent: whatever their na-
ture, they all record a regional tilt perpendicular to the local fold axis,
without any expression of faulting and other small-scale deforma-
tion features. These terrace levels clearly indicate persistent active
folding of the Mand anticline. In addition, they record different de-
grees of tilting according to their ages and to the local fold maturity:
varying from ~4.5° for the southern to ~1.7° for the southcentral
site (Fig. 16). These two sites are located in front of sections with
similar structural development, and the difference in tilt should
therefore be due to distinct formation ages; the southern terrace
should be around three times older than the terraces further north.

Absolute '*C dating were obtained for the youngest terraces (Fig.
16B) and provide calibrated ages ranging between 30 and 44 ka
BP (Oveisi et al. 2007), even if several studies (Page et al. 1979;
Fontugne et al. 1997) have cast doubt on the validity of '*C ages
in this range around the Persian Gulf because of potential partial
recrystallization of bivalve shells (a more detailed discussion of
this problem is provided by Oveisi et al. 2007). We presume the
extensive marine terraces found along the southern part of the fold
(Fig. 16A) to have formed during the penultimate interglacial (MIS
Se; 120-125 ka) and to correlate with marine terraces along the
Madar anticline (cf. next section) as well as on Kish Island further
southeast (Reyss et al. 1998; Preusser et al. 2003),. This assumption
leads to consistent tilting rates ranging between 0.035 and 0.054 °
kyr~! of the western limb of the Mand anticline along the Persian
Gulf coast (Oveisi et al. 2007).

The terrace deformation profiles in these two sites (Fig. 16) pro-
vide several first-order observations that can be used to unravel the
fold kinematics. First, the observed wide-scale tilting precludes up-
lift above a shallow fault ramp, or geometric models like fault-bend
or fault propagation folds (compare with Fig. 4). On the basis of
the fold symmetry, terrace tilting, and increasing tilt with terrace
age, it seems that only limb rotation associated with a detachment
fold can account for the observed pattern of terrace deformation.
From several lines of arguments, Oveisi et al. (2007) suggest that
a detachment model characterized by a cosine shape and synclinal
flexure (Fig. 4D) agrees best with structural and terrace observa-
tions, and predicts a shortening rate of 3—4 mm yr~! across the
frontal Mand anticline.

4.4.2 Madar anticline

The Madar fold represents the most frontal structure at the toe of the
Zagros accretionary wedge south of Qir in the central Fars province
(cf. Fig. 1). Although it is less developed both in width and ampli-
tude than the Mand anticline further N, it displays clear evidence
of recent tectonic activity and of superficial deformation. Extensive
marine terraces have developed on the fold, recording deforma-
tion across the entire fold envelope (Fig. 17). The distinctly asym-
metric structure appears to be actively propagating northwestward
and has developed in front of the MFF and associated fault-cored
Asaluyeh fold, with a probable partial transfer of the slip from this
fault towards the Madar anticline in response to shortening across
the MFF (Fig. 18). The Madar fold exhibits up to 130 m of topo-
graphic relief'in its northwestern part and extends for ~50 km along
strike.
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Figure 15. Topographic and geological map of the Mand anticline with elevation contour lines every 100 m. Focal mechanism solutions for large earthquakes
from the Harvard CMT database are also indicated. Boxes show locations of surveyed terrace sites shown in Fig. 17. Modified from Oveisi ef al. (2007).

Most of the WNW termination of the fold is covered by uneroded
terraces (mapped as Bakhtyari units on Iranian geological maps).
Satellite imagery (GoogleEarth) with metre-scale resolution per-
mits to identify and map several topographic steps associated with
distinct risers that delineate a set of 4 marine terraces in this area
(Figs 17B and C). The upper terraces have been preserved north-
east of the anticlinal axis and clearly display backtilting towards the
northeast. Only the most recent terrace has been preserved on both
fold limbs and displays a continuous asymmetrically folded struc-
ture (Fig. 17C). This most recent and extensive marine terrace (T1)
has been dated by U/Th on aragonitic corals at 111 + 4 ka (Reyss
et al. 1998) and would have formed during the sea level highstand of

the last interstadial (MIS 5). Its deformation envelope can be recon-
structed from the present-day topography (~90 m pixel size SRTM
digital elevation model), and by assuming that the marine terrace
was formed under a limited water depth, so that its initial geometry
was nearly horizontal. Maximum uplift of the terrace reaches 30 m
close to the southern front of the fold.

The limited width (6—7 km) of the Madar anticline, as compared
to the Mand anticline (>16 km), suggests that the detachment is
much shallower here than the depth of Hormuz Salt and possi-
bly corresponds to the relatively ductile Gachsaran formation (~2
km depth. The Madar anticline manifests a clear vergence to the
southwest expressed both in structure and uplifted terrace profiles
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Figure 17. (A) Geological map of the Madar anticline; inset (B) shows a detailed geomorphic map of the marine terraces at the NW termination of the
anticline. The lowest marine terrace T1 has been dated at 111 = 4 ka by 23*Th/?*4U on corals (sample HA7 in Reyss ef al. 1998). (C) Deformation profile of
this late interglacial (MISS5) marine terrace and older terraces across the NW termination of Madar anticline (location of profile in A).

(Figs 17 and 18). The development of such asymmetry could result
from the limited thickness of the ductile layer in the detachment
level. Palaecogeographic data (Alavi 2004; Sherkati & Letouzey
2004) suggest that the Madar fold has grown at the southeastern
border of the Gachsaran evaporite basin (¢f. Fig. 1A), where its
thickness could be strongly reduced. A thin basal ductile layer would
not permit a detachment fold to develop because of the difficulty to
move large volumes of material towards the anticlinal core; a thin
Gachsaran level would only act as an efficient décollement level on
top of which fault-related folds can develop.

In order to estimate shortening rate across the Madar anticline
without assuming specific fold kinematics or geometric fold mod-
els, we rely on classical methods based on area conservation. We
hypothesize that, in contrast to the Mand anticline, for which the
weak décollement zone presents a significant thickness that permits
lateral syncline deflection, the reduced thickness of the décollement
units prevents significant syncline deflection and that straightfor-
ward area conservation can be applied. Assuming a detachment
depth of 2 £ 0.5 km (Fig. 17), we therefore estimate the shortening
across the Madar fold since T; formation to be 55 & 15 m. Conse-
quently, the Madar structure absorbs a shortening rate of ~0.5 mm
yr~!, that is, six to eight times less than the Mand anticline further
North.
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5 DISCUSSION: SPATIAL
DISTRIBUTION OF ACTIVE
SHORTENING AND SEISMOTECTONIC
IMPLICATIONS

5.1 Thin versus thick-skinned tectonics

5.1.1 Surface deformation above inferred basement faults

It has long been recognized that the deposition and deformation of
the Phanerozoic cover in the Zagros fold-and-thrust belt is strongly
influenced by the reactivation of pre-existing faults in the basement
(e.g. Bahroudi & Talbot 2003). However, the exact influence on
present-day surface deformation of basement faults, whether re-
activated or newly formed, remain mostly unknown. Geomorphic
markers constitute a primary source of information on the under-
lying mode of deformation, in particular across or above inferred
basement faults.

The fluvial terrace record along the Dalaki River, where it crosses
the oblique NS ramp of the MFF and Gisakan fold, is ambiguous
with respect to basement involvement. A straightforward interpre-
tation of the available terrace ages and incision rates in terms of
uplift would suggest that the hanging wall of the MFF is affected by
a ~35-km-wide zone of uplift (Fig. 10). If such a broad uplift profile
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Figure 18. Structural and topographic cross-sections along profile D-D’ across the Kuh e Asaluyeh and Madar anticlines (location in Fig. 1). Box outlines

Madar anticline study area (Fig. 19).

is related to a single structure at depth, geometric fold rules suggest
rooting of the MFF down to ~20 km and would imply basement
involvement.

The seismicity data (see focal mechanism details in Section 4.2.2)
appear to argue for rooting of the MFF in the basement. However,
on the backlimb of the northern termination of the Gisakan fold,
the transported Khesht syncline is filled with Bakhtyari deposits at
relatively low elevation (~500 m elevation) and at a distance of only
~10 km from the MFF (Fig. 5). This suggests that major MFF activ-
ity was concentrated in front of this piggy-back basin and therefore
that slip rates on the mid-crustal part of the MFF could have been
lower than slip rates through the sedimentary cover. Similarly, the
strong difference in vertical offset between the sediment cover (~6
km) and the basement (~1.5 km) across the Gisakan fold suggests
that both thick- and thin-skinned deformation could have affected
the structure. In the absence of further terrace age constraints it is,
however, difficult to propose to what proportion each mechanism
contributes to recent surface deformation.

The activity of the MFF in the Mand region is also ambiguous
because the surface expression of this inferred basement fault sug-
gests a major step-over in this area. If mid-crustal faults display a
similar segmentation, with transfer through oblique ramps or trans-
fer faults, river diversion away from the uplifted blocks across the
transfer fault could obscure the activity of the MFE. It should be
noted, however, that the uplift rate affecting the hanging wall of
the northeast branch of the MFF, where we infer it to cross the
Mand River, is 2—10 times lower than the uplift rate affecting the
Halikan fold further northeast. In summary, even if the MFF has
some basement expression, its present slip rate appears limited.

The interpretation of incision patterns along the upper Mand
River presents less ambiguity. The absence of sharp breaks in, gen-
erally subdued, regional incision and the continuity in the river
gradient do not support major uplift and tectonic activity across the

hanging wall of the inferred Surmeh basement fault. Because the
surface expression of the Surmeh Fault is discontinuous, questions
relative to its segmentation at the surface and at depth could also be
addressed. However, seismicity along the Surmeh Fault does not in-
dicate any major step or discontinuity in the inferred basement fault,
and the general subdued regional incision, as well as the absence
of elevated strath terraces along the entire Mand River upstream
of the Halikan fold, preclude significant slip on basement fault(s)
whatever their geometry.

5.1.2 Evidence for activity of shallow structures

Surface deformation of geomorphic markers clearly illustrates ac-
tive thin-skinned tectonics and shallowly rooted active structures
in the central Zagros, in general above a weak detachment level
like the Hormuz or Gachsaran evaporites. Across the active coastal
Mand anticline, for example, significant involvement of the base-
ment seems precluded by the structural data that clearly indicate the
symmetry of the fold, as well as by the seismic data (Sherkati et al.
2006). Whereas a M, = 5.2 event located below the Mand fold at
an approximate depth of 15 km (Harvard CMT solution, cf. Figs
1 and 15) could have occurred on an underlying and unrecognized
basement fault, structural data as well as tilted marine terraces are,
in contrast, compatible with a detachment fold developing on top
of the Hormuz salt layer and implying significant mobilization of
evaporitic material.

The active Halikan fold is also suspected to have developed on
this detachment level. The differential incision recorded by fluvial
terraces as well as the concave reach in the Mand River profile
clearly indicate tectonic activity of this fold, which affects the sed-
imentary cover and grows over a ~45° ramp branching on a flat
décollement at the level of the Hormuz salt. Such deformation must
be fed from further northeast by slip on this décollement within a
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thin-skinned tectonic system. More generally, as has been recog-
nized for a long time, the Hormuz detachment level plays a primary
role in controlling the geometry and finite deformation of the Zagros
(see cross-section of Fig. 3), but also in partitioning active defor-
mation. Our surface data suggest, however, that stratigraphically
higher décollement levels also significantly affect folding styles,
both in early and late stages of fold development. The Madar anti-
cline that develops in front of the MFF appears to be activated by the
horizontal transfer of convergence onto the Gachsaran level (Fig.
18). Reactivation of the Kuh e Pahn and Baladeh synclines is also
strongly controlled by the existence of the incompetent Gachsaran
level.

The above examples of active folds, whether they develop on
the Hormuz or Gachsaran décollement levels, require the horizon-
tal transfer of shortening on these levels on distances of at least
10 km, and up to 30 km for the Mand anticline. The major question
is whether these horizontal décollements branch at depth onto the
nearest mid-crustal ramps to the northeast, or whether the Hormuz
décollement that feeds these fold runs subhorizontally for ~200
km northeastward to finally branch onto a basement fault below the
High Zagros.

Except perhaps for the MFF segment associated with the Gisakan
fold, the fluvial terrace record does not indicate that shortening ob-
served in the cover is accommodated in the nearest mid-crustal
ramp. This suggests that intermediate weak levels, in particular the
Hormuz décollement, are able to efficiently decouple the sedimen-
tary cover of SFZ from the basement, and to distribute or transfer
deformation within the sedimentary cover towards the foreland on
very long distances. This conclusion contradicts recent suggestions
(Molinaro et al. 2005) that, in the Eastern Fars and Northwest Za-
gros, deformation was initiated in the sedimentary cover, starting
as early as Late Miocene at the Northwest Zagros front (Homke
et al. 2004), and that more recent deformation has been dominated
by thick-skinned tectonics and by the transfer of basement faulting
upward to the sedimentary cover (Molinaro et al. 2005; Sherkati
et al. 2006; Mouthereau et al. 2006). The rate and style of surface
deformation suggest that such a tectonic model and chronology
does not apply for the western Fars. There, forward-propagating de-
formation in a thin-skinned tectonic regime appears the dominant
process; this does not preclude, however, simultaneous deformation
within the basement, as evidenced by the preferential location of
M, > 5 earthquakes within the basement beneath large flexures
such as the MFF or the Surmeh Fault, or strike slip faults such as
the Kazerun or Karebas faults.

5.2 Seismotectonic model for the Zagros fold belt in the
western Fars

We can sum the shortening absorbed across the different active
structures to determine the mean convergence across the Central
Zagros SFZ during Late Pleistocene times and compare it to present-
day GPS-derived motions. We will consider two N35°E transects,
corresponding to a direction perpendicular to the mean fold axis
in the central Zagros (except in the westernmost part), parallel to
the orientation of the GPS vector in Bahrein (i.e. on the stable
Arabian plate) relative to central Iran north of the MZT (Vernant
et al. 2004; Walpersdorf et al. 2007), and nearly parallel to the mean
compression direction deduced from seismicity (Gillard and Wyss
1995; Lacombe et al. 2006). We consider a northwestern transect
across the Mand anticline and the Dalaki region and a southeastern
one from north of the Madar anticline to Qir across the Mand River

© 2008 The Authors, GJI, 176, 627-654
Journal compilation © 2008 RAS

catchment (Fig. 19). Geomorphic studies have not been conducted
at the exact location of the intersection of these transects with the
active structures. As a first approximation, we will assume that we
can use the shortening rates inferred for the same structure but
at some distance of the transects, although we are conscious that
deformation rates can vary laterally even along a single fold.

For the northwestern transect, we sum inferred shortening val-
ues across the Mand anticline, the Gisakan fold, and the Kuh e
Pahn/Baladeh region. Because of the symmetric shape of the Mand
anticline, and because of the absence of obvious strike-slip faults
that could partition oblique motion within the fold, we suggest that
shortening is close to perpendicular to the local fold axis. If so,
this local shortening direction is oriented 20-30° from the regional
shortening direction of N35°E in the southern part of the fold; the
3—4 mm yr~! shortening rate across the fold (cf: Section 4.4.1.) thus
represents 2.6-3.8 mm yr~! of shortening orthogonal to the SFZ.
The Gisakan fold is oriented ~N155°E, in good agreement with
the nodal-plane orientations of two reported earthquakes (N152°E
and N154°E) that occurred below it and indicate almost pure thrust
motion (Talebian & Jackson 2004). There is no geomorphic evi-
dence (from the drainage network or old alluvial fans, for instance)
for a significant strike-slip component on the associated oblique
segment of the MFF. Both observations strongly suggest that hor-
izontal shortening is perpendicular to the Gisakan fold axis. From
the uplifted and incised terraces along the fold, we infer that it ab-
sorbs a shortening rate of 1.8—4.2 mm yr~! in a direction N65°E (cf.
Section 4.2.2.), corresponding to ~1.5-3.6 mm yr~! in the N35°E
direction. Finally, both the Kuh e Pahn and Baladeh synclines are
roughly perpendicular to the regional shortening direction and these
two structures contribute <1 and 0.2-0.3 mm yr~', respectively, to
Zagros shortening rates (c¢f- Sections 4.1.2. and 4.1.3.). The sum of
these different contributions represents 4.5-8.7 mm yr~! of short-
ening absorbed across the western Fars province, of which 70-90
per cent is accommodated by the two most frontal folds.

For the southeastern transect we sum inferred shortening values
across the Madar, Asaluyeh, and Khartang / Poshtu anticlines, above
the southwest and northeast branches of the MFF, respectively, as
well as across the Halikan anticline. All these structures are roughly
perpendicular to the regional shortening direction of N35°E and
no obliquity correction is required. Before summing the different
contributions it is, however, necessary to estimate shortening across
the Asaluyeh anticline (¢f. Fig. 18). From the data currently available
to us, we cannot determine whether shortening across the Madar
anticline equals the slip rate on a deep-seated MFF ramp beneath
Asaluyeh anticline that branches on the décollement feeding the
Madar anticline, or if a significant part of the shortening across
the Asaluyeh anticline is absorbed by folding or faulting up to the
MEFF trace at surface, with only a minor part transmitted to the
frontal Madar fold. For a fault-bend fold (Fig. 4A) developing over
a ~30° ramp, geometric rules (Suppe 1983) impose that 70 per cent
of the shortening is transferred towards the front and 30 per cent
is absorbed by folding. The frontal Madar anticline is inferred to
absorb ~0.5 mm yr~! of shortening (cf. Section 4.4.2); we therefore
suspect that the Asaluyeh anticline can absorb at least 0.2 mm yr~!
and possibly more if partitioned slip occurs on the upper segment
of the MFF and reaches the surface. Shortening rates across the
Khartang/Poshtu and Halikan anticlines were estimated at 1.2 0.5
and 2.2 728/_; , mm yr~', respectively (cf Section 4.3.3.). From the
above considerations, the sum of the shortening contributions along
the southeastern transect ranges between 2.3 and 7.5 mm yr~!.

Despite large uncertainties, the above estimates predict compara-
ble values for the shortening rates across the southern Fars province
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Figure 19. (A) Map of the central Zagros showing the inferred shortening rates across individual structures as deduced from Late Pleistocene terraces uplift
rates (red arrows, annotated with inferred rate) compared to present-day shortening rates (blue arrows) in three subregions (bluish light shading) of the central
Zagros as determined by GPS (Walpersdorf er al. 2007; shortening is calculated from the strain rates quoted by these authors by multiplying with the mean
width of their polygons in the shortening direction). Blue triangles are GPS stations used in the calculation of present-day deformation rates. Yellow and green
arrows show palaeostress directions reconstructed from fault striae analysis in the western Fars (Lacombe ef al. 2006) and in the High Zagros (Navabpour et al.
2007), respectively. (B) Synthetic profiles of convergence rates (relative to stable Arabia) across the central Zagros according to GPS and geomorphic data,
compared to topographic profiles along a northwestern (orange) and southeastern (purple) transect.
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(Fig. 19). Moreover, these mean values for the Late Pleistocene pe-
riod are similar within error to modern shortening rates of ~8 mm
yr~!, as deduced from GPS results (Tatar et al. 2002; Walpersdorf
et al. 2007). This similarity suggests that deformation rates in the
Zagros have been constant during the past 50 to 100 kyr. More
importantly, the correspondence between the GPS and geomorphic
shortening profiles (Fig. 19B) confirms that the external part of the
Zagros SFZ is tectonically much more active than the internal part,
and that this part of the orogen is currently characterized by a nor-
mal propagation sequence (e.g. Dahlen 1990). In detail, however,
the pattern of fold activity displays complexities. Along the northern
transect, inferred deformation rates continuously increase towards
the front, culminating on the MFF and the most frontal structure, the
Mand anticline. In contrast, the southern transect displays a more
irregular pattern: the most frontal structure, the Madar anticline,
does not absorb a significant part (< 10 per cent) of the shortening
accommodated by the Zagros, whereas the Halikan fold, which is
the third major structure inland of the MFF (Fig. 12), absorbs a
major part of the regional shortening. The pattern of progressive
activation of the most frontal folds thus varies laterally and can
affect at least the three most frontal anticlines.

The shortening directions are also consistent with the present-day
strain axes as inferred from the GPS surveys (Fig. 19A). Despite
these similarities between present-day and geomorphic deforma-
tion, it is important to note, however, that the local shortening di-
rections at the Zagros front are generally oblique (showing 30—45°
clockwise rotation) relative to the GPS vectors. This requires that
some dextral strain is developed within the Zagros fold belt in a
direction N125°E; such deformation is compatible with the focal-
mechanism solutions of numerous strike-slip events that occur in the
Central Zagros (Fig. 1) and with right-lateral movement on strike
slip faults like the Kazerun or Karebas faults, or the Main Recent
Fault (MRF) further north (e.g. Authemayou et al. 2006; Talebian
& Jackson 2004).The comparison of Late Pleistocene deformation
with present-day seismicity yields several interesting insights in
the seismotectonic behaviour of the Zagros SFZ. Despite the rela-
tively rapid rates of deformation inferred for the most frontal folds,
present-day seismicity associated with these frontal structures is
minimal (Fig. 1). In contrast, the seismicity level is generally higher
further north but corresponds to an area where shortening rates at
the surface are an order of magnitude lower. In contrast with the
Himalayan fold-and-thrust belt where seismic quiescence of the
front range has been attributed to mechanical locking of the ma-
jor basal detachment in between two major earthquakes (Lavé &
Avouac 2000; Pandey et al. 1995), the interseismic deformation
profile in the Zagros, as imaged by recent GPS results (Walpers-
dorf et al. 2007), does not indicate localized elastic strain above
the area characterized by the most intense seismic activity. Thus,
these observations suggest that there is no major locked detachment
beneath the Zagros and that shortening is transferred towards the
frontal folds and faults that deform mostly aseismically. The pres-
ence of a weak detachment level associated with the basal Hormuz
Salt as well as several intermediate weak décollement levels could
explain this remarkable absence of significant seismicity during
deformation of the Zagros sedimentary cover.

Based on combined geodetic results and seismic moment sum-
mations, Masson et al. (2005) show a large deficit of seismic defor-
mation, with 95 per cent of the deformation in the Zagros occurring
aseismically. We therefore propose that the Zagros is currently be-
having primarily as a thin-skinned fold-and-thrust belt. Seismic and
aseismic deformation within the basement cannot be excluded but
probably absorb less than 25 per cent of the shortening observed

© 2008 The Authors, GJI, 176, 627-654
Journal compilation © 2008 RAS

in the deformed sedimentary cover. In addition, the Hormuz Salt
permits strong decoupling in terms of horizontal stress transfer be-
tween potential basement deformation and fold activation in the
sedimentary cover. Such a model leads to a fundamental question:
can the remaining >75 per cent of crustal shortening that is not
absorbed in the central Zagros basement be transferred beneath
the High Zagros through the main Hormuz detachment and con-
tribute to underthrusting of Arabian middle crust below the High
Zagros? And if so, why does this process occur fundamentally in
an aseismic manner? To answer these questions, as well as to ad-
dress the partitioning of shortening between folding and strike-slip
fault deformation, further studies are required, in particular to ob-
tain more precise temporal and spatial constraints on uplift and slip
rates at depth via more detailed and precise geomorphic surface
dating.

6 CONCLUSIONS

Geological and geophysical data constrain the present-day fold ge-
ometries in the central Zagros, but generally do not permit a clear
determination of fold evolution and kinematics. This study illus-
trates how additional kinematic information can be gained from
the incremental deformation recorded at the surface by deformed
geomorphic markers, in particular if this information can be doc-
umented for different time steps. Using appropriate fold models
based on structural data allows efficiently estimating horizontal
shortening from tectonic uplift recorded by marine and fluvial ter-
races. Obtaining well-constrained rates of deformation depends on
reliably dating deformed geomorphic markers, which, as often, has
constituted the most challenging aspect of this study. However, by
combining different dating techniques and correlations to the re-
gional climate and sea level history, we have been able to propose
an internally consistent set of ages, which allow the first geomor-
phic estimates of shortening rates absorbed by individual structures
in the central Zagros to be made.

Our results show that shortening on Late Pleistocene timescales
is concentrated in the frontal part of the belt, consistent with recent
GPS data (Walpersdorf ez al. 2007). Three or four frontal structures
appear to absorb practically all of the active shortening across the
Zagros. In the northwest of our study area, the coastal Mand anti-
cline and the Gisakan fold, associated with the MFF, together take
up at least 70 per cent of the shortening between the stable Ara-
bian and Iranian platforms. To the southeast, the situation is slightly
more complex; with thin-skinned deformation concentrated on the
Halikan fold located inboard of the MFF and only ~10 per cent of
the shortening taken up on the most frontal structures.

For the active coastal anticlines, structural data as well as seismic
sections preclude significant basement involvement. These evolve
as open detachment or fault-propagation folds above the basal
(Hormuz Salt) or intermediate (Gachsaran evaporates) décollement
levels. Crustal-scale shortening is fed into these structures either
from the MFF or from the most internal parts of the Zagros. Ac-
tive folds associated with the MFF, in contrast, do suggest base-
ment involvement and fault rupture up to the surface. Inboard of
the MFF, minor (Baladeh and Kuh e Pahn synclines) to signif-
icant (Halikan anticline) amounts of shortening are absorbed by
clearly thin-skinned structures, whereas the surface expressions
of major basement faults (e.g. the Surmeh Fault) do not provide
geomorphic evidence for recent activity. The above pattern is con-
sistent with a normal forward-propagating deformation sequence in
a thin-skinned tectonic regime during at least the Late Pleistocene.
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Our geomorphic and structural analysis suggests that if the style
of deformation through the Zagros accretionary prism has evolved
through time, the forward transfer of motion into a thin-skinned
system should be contemporaneous with or postdate thick-skinned
tectonics involving major basement faults. Comparing the rate and
direction of shortening across individual structures, as well as recent
GPS data (Walpersdorf et al. 2007), with the distribution of seis-
micity (Tatar et al. 2004; Talebian & Jackson 2004) suggests that
the sedimentary cover of the frontal Zagros is decoupled from the
basement, most probably at the level of the Hormuz Salt. This weak
basal detachment level, together with several intermediate weak
décollement levels, appears to be responsible for the overwhelm-
ingly aseismic deformation of the Zagros sedimentary cover.

ACKNOWLEDGMENTS

This work was supported by the Geological Survey of Iran (GSI),
the French Embassy in Iran, and the CNRS-INSU program Dyeti.
B. Oveisi was supported by a PhD. grant from the French ministry
of foreign affairs. This work benefited from detailed and insight-
ful reviews by N. McQuarrie and R. Walker, which helped us to
improve manuscript clarity and concision. We thank R. Braucher
for his help during '°Be target preparation, D. Hatzfeld, M. Gorashi
and A. Walpersdorf for organizational support and discussions. A.
Bolourchi provided invaluable field assistance.

REFERENCES

Agard, P, Omrani, J., Jolivet, L. & Mouthereau, F., 2005. Convergence
history across Zagros (Iran): constraints from collisional and earlier de-
formation, Int. J. Earth Sci., 94, 401-419.

Alavi, M., 2004. Regional stratigraphy of the Zagros fold-thrust belt of Iran
and its proforeland evolution, Am. J. Sci., 304, 1-20.

Anderson, R.S., Repka, J.L. & Dick, G.S., 1996. Explicit treatment of in-
heritance in dating depositional surfaces using in situ 'Be and 2°Al,
Geology, 24,47-51.

Authemayou, C., Chardon, D., Bellier, O., Malekzadeh, Z., Shabanian, E. &
Abbassi, M.R., 2006. Late Cenozoic partitioning of oblique plate conver-
gence in the Zagros fold-and-thrust belt (Iran), Zectonics, 25, TC3002,
doi:10.1029/2005TC001860.

Bachmanov, D.M., Trifonov, V.G., Hessami, K.T., Kozhurin, A.I., Ivanova,
T.P, Rogozhin, E.A., Hademi, M.C. & Jamali, EH., 2004. Active faults
in the Zagros and central Iran, Tectonophysics, 380, 221-241.

Bahroudi, A. & Talbot, C.J.,2003. The configuration of the basement beneath
the Zagros Basin, J. Petrol. Geol., 26, 257-282.

Baker, C., Jackson, J. & Priestley, K., 1993. Earthquakes on the Kazerun
Line in the Zagros Mountains of Iran: strike-slip faulting within a
fold-and-thrust belt, Geophys. J. Int., 115, 41-61, doi:10.1111/j.1365-
246X.1993.tb05587.x.

Balco, G., Stone, J.O., Lifton, N.A. & Dunai, T.J., 2008. A complete and
easily accessible means of calculating surface exposure ages or erosion
rates from °Be and 2° Al measurements, Quat. Geochron., 3, 174-195.

Berberian, M., 1995. Master “blind” thrust faults hidden under the Zagros
folds: active basement tectonics and surface morphotectonics, Tectono-
physics, 241, 193-224.

Blanc, E.J.P, Allen, M.B., Inger, S. & Hassani, H., 2003. Structural styles in
the Zagros simple folded zone, Iran, J Geol. Soc. Lond., 160, 401-412.

Brocard, G.Y., Van Der Beek, PA., Bourlés, D.L., Siame, L.L. & Mugnier,
J.-L., 2003. Long-term fluvial incision rates and postglacial river relax-
ation time in the French Western Alps from '°Be dating of alluvial terraces
with assessment of inheritance, soil development and wind ablation ef-
fects, Earth planet. Sci. Lett., 209, 197-214.

Brown, E.T., Edmond, J.M., Raisbeck, G.M., Yiou, F., Kurz, M.D. & Brook,
E.J., 1991. Examination of surface exposure ages of Antarctic moraines
using in situ produced °Be and 2°Al, Geochim. Cosmochim. Acta, 55,
2269-2283.

Carcaillet, J., Bourles, D.L. & Thouveny, N., 2004. Geomagnetic dipole
moment and '"Be production rate intercalibration from authigenic
0Be/’Be for the last 1.3 Ma, Geochem., Geophys., Geosyst., 5
d0i:10.1029/2003GC000641.

Cerling, TE. & Craig, H., 1994. Geomorphology and in-situ cosmogenic
isotopes, Ann. Rev. Earth Planet. Sci., 22,273-317.

Chandra, U., 1984. Focal mechanism solutions for earthquakes in Iran, Phys.
Earth planet. Int., 34, 9-16.

Colman-Sadd, S.P, 1978. Fold development in Zagros Simply Folded Belt,
southwest Iran, Am. Assoc. Petrol. Geol. Bull., 62,984-1003.

Dahlen, FA., 1990. Critical taper model of fold-and-thrust belts and accre-
tionary wedges, Ann. Rev. Earth Planet. Sci., 18, 55-99.

Dahlstrom, C.D.A., 1969. Balanced cross sections, Can. J. Earth Sci., 6,
743-757.

Desilets, D., Zreda, M. & Prabu, T., 2006. Extended scaling factors for
in situ cosmogenic nuclides: new measurements at low latitude, Earth
planet. Sci. Lett., 246, 265-276.

Dunai, T.J., 2001. Influence of secular variation of the geomagnetic field on
production rates of in situ produced cosmogenic nuclides, Earth planet.
Sci. Lett., 193, 197-212.

Falcon, N.L., 1961. Major earth-flexing in the Zagros Mountains of south-
west Iran, Q. J. Geol. Soc. Lond., 117, 367-376.

Falcon, N.L., 1969. Problems of the relationship between surface structure
and deep displacements illustrated by the Zagros Range, in Time and
Place in Orogeny, Vol. 3, pp. 9-22, ed. Kent, PE., Geol. Soc. Spec. Publ.,
London

Falcon, N.L., 1974. Southern Iran: Zagros Mountains, in Mesozoic-Cenozoic
orogenic belts; Data for Orogenic Studies; Alpine-Himalayan oro-
gens, Vol. 4, pp. 199-211, ed. Spencer, A.M. Geol. Soc. Spec. Publ.,
London.

Fontugne, M., Reyss, J.L., Hatte, C., Pirazzoli, PA. & Haghipour, A., 1997.
Global sea level changes as indicated by #C and 23°Th/?3*U dating of
marine terraces in the Persian Gulf and along the Makran Coast (Iran) in
Earth processes in global change—climate of the past, in Proceedings of
the Lanzarote-Fuerteventura UNESCO-IUGS Meeting, 1-6 June 1995,
pp. 81-88, Universidad de Gran Canaria, Las Palmas.

Gillard, D. & Wyss, M., 1995. Comparison of strain and stress tensor orien-
tation: application to Iran and southern California, J. geophys. Res., 100,
22 197-22 213.

Gosse, J.C. & Phillips, EM., 2001. Terrestrial in situ cosmogenic nuclides:
theory and application, Quat. Sci. Rev., 20, 1475-1560.

Hack, J.T., 1973. Stream-profile analysis and stream-gradient index, J. Res.
U.S. Geol. Surv., 1,421-429.

Hancock, G.S. & Anderson, R.S., 2002. Numerical modeling of fluvial
strath-terrace formation in response to oscillating climate, Geol. Soc. Am.
Bull,, 114, 1131-1142.

Hessami, 1.K., Koyi, H.A., Talbot, C.J., Tabasi, H. & Shabanian, E., 2001.
Progressive unconformities within an evolving foreland fold-thrust belt,
Zagros Mountains, J. Geol. Soc. Lond., 158, 969-981.

Hessami, K., Nilforoushan, F. & Talbot, C.J., 2006. Active deformation
within the Zagros Mountains deduced from GPS measurements, J. Geol.
Soc. Lond., 163, 143-148.

Homke, S., Vergés, J., Garcés, M., Emami, H. & Karpuz, R., 2004. Magne-
tostratigraphy of Miocene-Pliocene Zagros foreland deposits in the front
of the Push-e Kush Arc (Lurestan Province, Iran), Earth planet. Sci. Lett.,
225, 397-410.

Jackson, J. & McKenzie, D., 1984. Active tectonics of the Alpine—Himalayan
Belt between western Turkey and Pakistan, Geophys. J. R. Astron. Soc.,
77, 185-264.

James, G.A. & Wynd, J.G., 1965. Stratigraphic nomenclature of Iranian oil
consortium agreement area, Am. Assoc. Petrol. Geol. Bull., 49, 2182—
2245.

Jamison, W.R., 1987. Geometric analysis of fold development in overthrust
terranes, J. Struct. Geol., 9,207-219.

© 2008 The Authors, GJI, 176, 627-654
Journal compilation © 2008 RAS

1Z0Z Yode || uo1senb Aq $269202/.29/2/9. L/81o1de/1l6/wod dnoolwspede)/:sdiy woll pepeojumo(



Thick- and thin-skinned deformation rates in the central Zagros Simple Folded Zone (Iran) 653

Kirby, E. & Whipple, K.X., 2001. Quantifying differential rock-uplift rates
via stream profile analysis, Geology, 29, 415-418.

Lacombe, O., Mouthereau, F., Kargar, S. & Meyer, B., 2006. Late Ceno-
zoic and modern stress fields in the western Fars (Iran): implications for
the tectonic and kinematic evolution of central Zagros, Tectonics, 25,
TC1003, doi:10.1029/2005TC001831.

Lal, D., 1991. Cosmic ray labelling of erosion surfaces: in situ nuclide
production rates and erosion models, Earth planet. Sci. Lett., 104, 424—
439.

Lavé, J. & Avouac, J.P, 2000. Active folding of fluvial terraces across the
Siwaliks Hills (Himalayas of central Nepal), J. geophys. Res., 105, 5735—
5770.

Lavé, J. & Avouac, J.P, 2001. Fluvial incision and tectonic uplift across
the Himalayas of central Nepal, J geophys. Res., 106, 25 561-
25 593.

Lifton, N.A., Bieber, J.W., Clem, J.M., Duldig, M.L., Evenson, P., Humble,
JE. & Pyle, R., 2005. Addressing solar modulation and long-term uncer-
tainties in scaling secondary cosmic rays for in situ cosmogenic nuclide
applications, Earth planet. Sci. Lett., 239, 140—-161.

Lourens, L.J., Hilgen, F.J., Laskar, J., Schakleton, N.J. & Wilson, D., 2004.
The neogene period, in Geological Time Scale 2004, pp. 409-440, eds
Gradstein, F., Ogg, J. & Smith, A. G., Cambridge University Press,
Cambridge.

Maggi, A., Jackson, J.A., Priestley, K. & Baker, C., 2000. A re assessment
of focal depth distributions in southern Iran, the Tien Shan and northern
India: do earthquakes really occur in the continental mantle?, Geophys. J.
Int., 143, 629-661, doi:10.1046/j.1365-246X.2000.00254 x.

Masarik, J., Frank, M., Schafer, JM. & Wieler, R., 2001. Correction of in
situ cosmogenic nuclide production rates for geomagnetic field intensity
variations during the past 800,000 years, Geochim. Cosmochim. Acta, 65,
2995-3003.

Masson, F., Chery, J., Hatzfeld, D., Martinod, J., Vernant, P., Tavakoli, F.
& Ghafory-Ashtiani, M., 2005. Seismic versus aseismic deformation in
Iran inferred from earthquakes and geodetic data, Geophys. J. Int., 160,
217-226.

McQuarrie, N., 2004. Crustal scale geometry of the Zagros fold-thrust belt,
Iran, J. Struct. Geol., 26, 519-535.

McQuarrie, N., Stock, .M., Verdel, C. & Wernicke, B.P.,, 2003. Cenozoic
evolution of Neotethys and implications for the causes of plate motions,
GRL, 30,2036, doi:10.1029/2003GL017992.

Merrits, D.J., Vincent, K.R. & Wohl, E.E., 1994. Long river profiles, tecton-
ism, and eustasy: a guide to interpreting fluvial terraces, J. geophys. Res.,
99, 14 031-14 050.

Mitra, S., 2003. A unified kinematic model for the evolution of detachment
folds, J. Struct. Geol., 25, 1659-1673.

Molinaro, M., Leturmy, P., Guezou, J.-C., Frizon de Lamotte, D. & Eshraghi,
S.A., 2005. The structure and kinematics of the southeastern Zagros fold-
thrust belt, Iran: from thin-skinned to thick-skinned tectonics, Tectonics,
24, TC3007, doi:3010.1029/ 2004TC001633.

Mouthereau, F., Lacombe, O. & Meyer, B., 2006. The Zagros folded belt
(Fars, Iran): constraints from topography and critical wedge modelling,
Geophys. J. Int., 165, 336-356.

Navabpour, P, Angelier, J. & Barrier, E., 2007. Cenozoic post-collisional
brittle tectonic history and stress reorientation in the High Zagros Belt
(Iran, Fars Province), Tectonophysics, 432, 101-131.

Ni, J. & Barazangi, M., 1986. Seismotectonics of the Zagros continental
collision zone and a comparison with the Himalayas, J. geophys. Res., 91,
8205-8218.

Nowroozi, A.A., 1971. Seismo-tectonics of the Persian plateau, eastern
Turkey, Caucasus, and Hindu-Kush regions, Bull. seism. Soc. Am., 61,
317-341.

Oveisi, B., 2007. Rates and processes of active folding in the cen-
tral Zagros—Iran, PhD thesis. 216 p., Université Joseph Fourier,
Grenoble.

Oveisi, B., Lavé, J. & Van Der Beek, PA., 2007. Rates and processes of
active folding evidenced by Pleistocene terraces at the central Zagros front
(Iran), in Thrust Belts and Foreland Basins, pp. 265-285, eds Lacombe,

© 2008 The Authors, GJI, 176, 627-654
Journal compilation © 2008 RAS

0., Lavé, J., Roure, F. & Verges, J. Springer-Verlag “Frontiers in Earth
Sciences” Series, New York.

Page, W.D., Alt, JN., Cluff, L.S. & Plafker, G., 1979. Evidence for the
recurrence of large-magnitude earthquakes along the Makran coast of
Iran and Pakistan, Tectonophysics, 52, 533-547.

Pandey, M.R., Tandukar, R.P., Avouac, J.P, Lavé¢, J. & Massot, J.P,, 1995.
Interseismic strain accumulation on the Himalayan Crustal Ramp (Nepal),
Geophys. Res. Lett., 22, 751-754.

Pazzaglia, F.J. & Brandon, M.T., 2001. A fluvial record of long-term steady-
state uplift and erosion across the Cascadia forearc high, western Wash-
ington State, Am. J. Sci., 301, 385-431.

Preusser, F., Radtke, U., Fontugne, M., Haghipour, A., Hilgers, A., Kasper,
H.U., Nazari, H. & Pirazzoli, PA., 2003. ESR dating of raised coral
reefs from Kish Island, Persian Gulf, Quat. Sci. Rev., 22, 1317-
1322.

Reyss, J.L., Pirazzoli, PA., Haghipour, A., Hatte, C. & Fontugne, M., 1998.
Quaternary marine terraces and tectonic uplift rates on the south coast
of Iran, in Coastal Tectonics, Vol. 146, pp. 225-237, eds Stewart, 1. &
Vita-Finzi, C., Geol. Soc. Spec. Publ., London.

Rockwell, T.K., Keller, E.A., Clark, M.N. & Johnson, D.L., 1984. Chronol-
ogy and rates of faulting of Ventura River terraces, California, Geol. Soc.
Am. Bull., 95, 1466—-1474.

Sherkati, S. & Letouzey, J., 2004. Variation of structural style and basin
evolution in the central Zagros (Izeh zone and Dezful Embayment), Iran,
Mar. Petrol. Geol., 21, 535-554.

Sherkati, S., Letouzey, J. & Frizon de Lamotte, D., 2006. Central Zagros
fold-thrust belt (Iran): new insights from seismic data, field observation,
and sandbox modeling, Tectonics, 25, doi:10.1029/2004TC001766.

Siame, L. et al., 2004. Local erosion rates versus active tectonics: cosmic
ray exposure modelling in Provence (south-east France), Earth planet.
Sci. Lett., 220, 345-364.

Stocklin, J., 1968. Structural history and tectonics of Iran: a review, Am.
Assoc. Petrol. Geol. Bull., 52, 1229-1258.

Stone, J.0., 2000. Air pressure and cosmogenic isotope production, J. geo-
phys. Res., 105,23 753-23 759.

Stone, J.O., Allan, G.L., Fifield, L.K. & Cresswell, R.G., 1996. Cosmogenic
chlorine-36 from calcium spallation, Geochim. Cosmochim. Acta, 60,
679-692.

Stone, J.O., Evans, JM., Fifield, L.K., Allan, G.L. & Cresswell, R.G., 1998.
Cosmogenic chlorine-36 production in calcite by muons, Geochim. Cos-
mochim. Acta, 62, 433-454.

Suppe, J., 1983. Geometry and kinematics of fault-bend folding, Am. J. Sci.,
283, 684-721.

Suppe, J. & Medwedeft, D.A., 1990. Geometry and kinematics of fault-
propagation folding, Eclog. geol. Helv., 83, 409—454.

Talebian, M. & Jackson, J., 2004. A reappraisal of earthquake focal mecha-
nisms and active shortening in the Zagros mountains of Iran, Geophys. J.
Int., 156, 506-526.

Tatar, M., Hatzfeld, D. & Ghafory-Ashtiany, M., 2004. Tectonics of the Cen-
tral Zagros (Iran) deduced from microearthquake seismicity, Geophys. J.
Int., 156, 255-266, doi:10.1111/j.1365-246X.2003.02145.x.

Tatar, M., Hatzfeld, D., Martinod, J., Walpersdorf, A., Ghafori-Ashtiany,
M. & Chéry, J., 2002. The present-day deformation of the cen-
tral Zagros from GPS measurements, Geophys. Res. Lett., 29, 1927,
doi:1910.1029/2002GL015427.

Van Der Plicht, J. et al., 2004. NotCal04—comparison/calibration '*C
records 2650 cal kyr BP, Radiocarbon, 46, 1225-1238.

Vernant, P. et al., 2004. Present-day crustal deformation and plate kine-
matics in the Middle East constrained by GPS measurements in Iran
and northern Oman, Geophys. J. Int., 157, 381-398, doi:10.1111/j.1365-
246X.2004.02222 x.

Vita-Finzi, C., 1979. Rates of Holocene folding in the coastal Zagros near
Bandar Abbas, Iran, Nature, 278, 632-634.

Walpersdorf, A. et al., 2007. Difference in the GPS deformation pattern
of North and Central Zagros (Iran), Geophys. J. Int., 167, 1077-1088,
doi:10.1111/j.1365-246X.2006.03147 .x.

Yamini-Fard, F., Hatzfeld, D., Tatar, M. & Mokhtari, M., 2006.

1senb Aq $269202/.29/2/9. | /21o1e/1lB/woo dnoolwspede//:sdpy woly papeojumo(q

N
o
N
-



654  B. Oveisi et al.

Microearthquake seismicity at the intersection between the Kazerun fault
and the Main Recent Fault (Zagros, Iran), Geophys. J. Int., 166, 186—196,
doi:10.1111/5.1365-246X.2006.02891 x.

APPENDIX

Appendix A.1 Cosmogenic radionuclide dating: analytic
procedure and exposure age correction

A.1.1 '"Be dating

The cosmogenic '°Be samples were processed following standard
procedures described by Brown ef al. (1991). Sample preparation
was performed at CEREGE (B. Oveisi and R. Braucher) for a first
set of samples and at LGCA (B. Oveisi and J. Carcaillet) for a second
set. The '°Be concentration was measured at the Tandétron acceler-
ator mass spectrometry facility, Gif sur Yvette (France). Production
rates have been calculated using the scaling functions of Stone
(2000) and a modern '°Be production rate in quartz of 4.94 + 0.45
atoms g~!' yr~! at sea level and high latitude (Balco et al. 2008).
We considered contributions from neutrons, stopped muons and fast
muons with relative contributions and attenuation lengths for each
of these as determined by Balco et al. (2008) for '*Be-production.

A.1.2 3°Cl dating

Samples were grinded, leached and chlorine was chemically ex-
tracted by precipitation of silver chloride following the procedure
described in Stone ef al. (1996). Sample preparation was performed
at CEREGE by L. Benedetti and J. Carcaillet; the 3°Cl and chlo-
ride concentration in the carbonate was determined for all samples
by isotope dilution accelerator mass spectrometry at the Lawrence
Livermore National Laboratory CAMS facility. Blanks were two
orders of magnitude lower than the samples and replicates were
similar within less than 5 per cent. Major and trace elements were
determined by ICP-AES at CEREGE. Surface exposure ages were
calculated using the 3°Cl production rates from calcium and chlo-
rine of Stone et al. (1996, 1998) for all relevant pathways. Other
published production rates (Gosse & Phillips 2001, and references
therein) are higher than the Stone et al. (1998) value and would lead
to younger ages (by about 20 per cent).

A.1.3 Time-varying production rate and topographic shielding

Production rates were calibrated to our site latitude and altitude
using Stone’s (2000) coefficients. Because the geomagnetic field
deviates cosmic rays in the vicinity of the Earth, changes of the
magnetic field intensity may have a significant effect on cosmo-
genic nuclide production rates at low-latitude sites and for exposure
ages greater than a few tens of kyrs (Masarik et al. 2001; Carcaillet
et al. 2004; see review in Gosse & Phillips 2001). We evaluated
the potential effects of time-varying '°Be-production rates using
different scaling schemes (i.e. Dunai 2001; Lifton ez al. 2005; De-

silets et al. 2006) and the CRONUS-Earth online calculator (Balco
et al. 2008; http://hess.ess.washington.edu/math/). Ages calculated
using time-varying production rates were between 19 per cent older
(for the youngest sample, ZAG5-37a) and 8 per cent younger (for
the oldest sample, KAZ11) than the corresponding ages using a
constant production rate; all were within the internal uncertainty
interval of constant production-rate ages. For this reason, and to
maintain consistency with the 3°Cl ages for which no time-varying
production rate scaling scheme exists as yet, we choose to report all
ages assuming constant production rates here.

Topographic shielding of incoming cosmic rays has been mea-
sured in the field but was generally not significant except for the
samples from fluvially sculpted limestone. To account for the at-
tenuation with depth of the production rates for subsurface samples
collected in terraces, a depth-correction was applied assuming a
density p = 2.0 £ 0.2 g cm™ for the fluvial material (e.g. Brocard
et al. 2003; Siame et al. 2004).

Appendix A.2 Dating Bakhtyari deposition

A.2.1 Palaeomagnetic analysis

A palacomagnetic analysis was performed on a sandy/silty block
(KAZ-12G) sampled at the base of the Bakhtyari unit on the back-
limb of Baladeh monocline by C. Aubourg at the Cergy Pon-
toise.palacomagnetism laboratory. We measured remanent mag-
netization of six cores with a spinner magnetometer JR6 (Agico
1td). Samples were stepwise demagnetized using an alternate mag-
netic field up to 100 mT and temperature up to 700 °C. The
main magnetization is carried by soft coercive minerals with max-
imum unblocking temperatures of ~600 °C. Thermal demagneti-
zation reveals a rather ill-defined component, consistent with the
present-day magnetic dipole field (declination close to north, incli-
nation of 55°). More importantly, this component indicates a normal
polarity.

A.2.2 Burial age

A sample of calcareous conglomerate (KAZ-5) was taken within
the Bakhtyari material at the base of a freshly cut 10-m-high cliff
along the Rud-e Dalaki, in order to get a handle on pre-depositional
erosion rates and potential inheritance. Despite its recent exposure
that we consider as negligible, the sample displays a non null 3°Cl
concentration of ~1.6 10° atom g~!. We relate this concentration
to pre-depositional exposure before pebble deposition within the
Bakthiari formation. Taking into account the radioactive decay of
36ClI over time, such pre-depositional exposure age must have been
of the order of 13 ka if the clast was deposited 650 kyr ago, but
would reach >100 kyr for deposition older than 1.5 Ma. Since none
of the pebbles sampled on different terraces in the region provide
evidence for such strong inheritance, a deposition age >1.5 Ma
seems improbable.
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