
Insights in the exhumation historyof the NW Zagros
frombedrock and detrital apatite fission-track
analysis: evidence fora long-lived orogeny
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ABSTRACT

We present the ¢rst ¢ssion-track (FT) thermochronology results for theNWZagrosBelt (SW Iran) in
order to identify denudation episodes that occurred during the protracted Zagros orogeny. Samples
were collected from the two main detrital successions of the NWZagros foreland basin: the
Palaeocene^early Eocene Amiran^Kashkan succession and theMiocene Agha Jari and Bakhtyari
Formations. In situ bedrock samples were furthermore collected in the Sanandaj-Sirjan Zone. Only
apatite ¢ssion-track (AFT)data have been successfully obtained, including 26 ages and11track-length
distributions. Five families of AFTages have been documented from analyses of in situ bedrock and
detrital samples: pre-middle Jurassic at �171and �225Ma, early^late Cretaceous at �91Ma,
Maastrichtian at �66Ma, middle^late Eocene at �38Ma and Oligocene^earlyMiocene at
�22Ma.The most widespread middle^late Eocene cooling phase, around �38Ma, is documented
by a predominant grain-age population in Agha Jari sediments and by cooling ages of a granitic
boulder sample. AFTages document at least three cooling/denudation periods linked to major
geodynamic events related to theZagros orogeny, during the lateCretaceous oceanic obduction event,
during the middle and late Eocene and during the earlyMiocene. Both late Cretaceous and early
Miocene orogenic processes produced bending of the Arabian plate and concomitant foreland
deposition. Between the two major £exural foreland episodes, the middle^late Eocene phase mostly
produced a long-lasting slow- or nondepositional episode in the inner part of the foreland basin,
whereas deposition and tectonics migrated to the NE along the Sanandaj-Sirjan domain and its
Gaveh Rud fore-arc basin. As evidenced in this study, the Zagros orogeny was long-lived and multi-
episodic, implying that the timing of accretion of the di¡erent tectonic domains that form the Zagros
Mountains requires cautious interpretation.

INTRODUCTION

The formation of the Zagros Fold Belt is the result of the
convergence between Arabia and Eurasia, which culmi-
natedwith the ¢nal closure of the Neo-Tethys oceanic do-
main producing the continental collision of these two
plates (Fig.1). Orogenic processes startedwith the tectonic
emplacement of ophiolitic slices over theNEArabian pas-
sive margin, from SE Turkey to Oman, at the end of Cre-
taceous times (e.g. St˛cklin, 1968; Ricou et al., 1977;
Berberian & King, 1981; Braud, 1987; Stoneley, 1990; Ra-
vaut et al., 1997; Babaei et al., 2005).

The complete late Cretaceous and Tertiary history of
this protracted collision is still debated, because multiple
collisions of small continental blocks and island arcs
against the NE Arabian margin are recorded. Based on
ages of calc-alkaline magmatism, Berberian et al. (1982)
proposed that the Arabia^Eurasia collision occurred in
late Paleogene or early Neogene times. Hooper et al.
(1994) suggested that the Neo-Tethys suture was diachro-
nous, progressing towards the SE with ¢nal ocean con-
sumption in late Oligocene times. Using plate tectonic
reconstructions,McQuarrie et al. (2003) calculated a mini-
mum age for ¢nal Arabia^Eurasia closure at 10Ma (late
Miocene). On the basis of seawater circulation and conti-
nental faunal exchanges, it has been argued that continen-
tal collision took place in the late Burdigalian times,
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synchronous to the formation of an important emerged
landbridge (i.e. the ‘Gomphotherium Landbridge’) be-
tween Africa^Arabia and Eurasia (R˛gl, 1998; Harzhauser
et al., 2007). At a more regional scale, the structural obser-
vations ofHempton (1985,1987) andRobertson (2006) have
shown that continental collision in SE Turkey, along the
so-called Bitlis suture zone, initiated during middle^late
Eocene and lasted until middle^lateMiocene (Fig.1a). On
the basis of structural observations and biostratigraphic
ages of sediments located to the NE of our study area,
Agard etal. (2005) proposed that ¢nal continental collision
in the NW Zagros was initiated before latest Oligocene
time, in agreement with results from Horton et al. (2008).

This age is compatible with the early Miocene age of the
most proximal exposures of the syn-orogenic Bakhtyari
Formation close to theMainZagrosThrust, recently dated
byFakhari etal. (2008). In theFars,more to the SW, the on-
set of foreland development and the initiation of tectonic
inversion occurred slightly later at 20Ma (Mouthereau
et al., 2007).

The di⁄culties in unravelling this long history led us to
initiate precise dating of detrital foreland sequences in or-
der to constrain the foreland basin history (Homke et al.,
2009), together with a thermochronology study that is
presented in this paper. The aim of this study is to con-
strain the cooling/denudation events related to the pro-
tracted tectonic evolution that shaped the Zagros
Mountains, using a combination of detrital and in situ apa-
tite ¢ssion-track (AFT) thermochronology. Detrital apa-
tites have been sampled from two well-dated sedimentary
sequences located in the NW Zagros Fold Belt (Pusht-e
KuhArc in Lurestan Province): the PaleoceneAmiran For-
mation in the Amiran and Sultan anticlines and the mid-
dle and late Miocene Agha Jari Formation in the Afrineh
and Changuleh growth synclines. In addition, granite
boulders from folded conglomerates attributed to the
Neogene Bakhtyari Formation in the Imbricated Zone
have been sampled. In situ bedrock samples have been col-
lected in metamorphic rocks of the Sanandaj-Sirjan Zone
(Fig. 1b). The resulting inferred cooling events are inte-
grated with published regional reconstructions in order
to better constrain the tectonic evolution of theZagrosBelt
through time.

GEOLOGICALOVERVIEW OF THE
ZAGROS BELT

The NW^SE trending Zagros Mountain Belt is consti-
tuted by ¢ve di¡erent parallel structural domains, from
SW to NE: (1) the Mesopotamian-Persian Gulf foreland
basin, (2) the Folded Belt, (3) the Imbricated Zone (also
called High Zagros or Crush Zone), (4) the metamorphic
and magmatic Sanandaj-Sirjan Zone and (5) the Uru-
mieh-Doktar magmatic arc (Fig.1). In this sectionwe pre-
sent the geological setting of these structural domains,
with special emphasis on theNWZagrosBeltwherewe fo-
cussed our work (Fig.1b).

The Folded Belt and the Mesopotamian
foreland basin

The Mesopotamian Plain and its SE continuation along
the Persian Gulf form the foreland basin in front of the
Folded Belt (Fig. 1). The Folded Belt is characterized by
spectacularly outcropping anticlines involving the com-
plete10^12-km-thick Arabian margin succession (e.g. Fal-
con, 1974; Colman-Sadd, 1978).TheMountain Front Fault
(or Mountain Front Flexure, MFF) bounds the Folded
Belt to the SW (Falcon, 1961; Emami et al., in press). This
structural and topographic front has an irregular geome-
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Fig.1. (a) Plate tectonic context of the Arabian^Eurasian
collision zone. Relative plate velocities of Arabia with respect to
Eurasia, given in mmyear�1, are fromSella etal. (2002). Location
ofMap B is indicated. EAAC, East Anatolian Accretionary
Complex. (b) Structural map of the Zagros orogenic domain.
Ophiolite^radiolarite complexes are mapped in black.The
boundary of the Amiran £exural basin is indicated.Maps
represented in Fig. 4 are located by boxes A^D.MZT, main
Zagros thrust; HZF, high Zagros fault; MFF,Mountain front
fault; Def. F, deformation front.
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try forming two salients, the Fars Arc (Fars Province) and
the Pusht-e Kuh Arc (Lurestan Province), separated by
the Dezful Embayment (Khuzestan Province).The Folded
Belt is limited to the NE by the so-called High Zagros
Fault (Berberian, 1995) (Fig. 1b). The folding along the
frontal regions of the Pusht-e Kuh Arc, characterized by
multiple detachments (Verge¤ s et al., in press), started
around 7.6� 0.5Ma and lasted until the Pliocene^Pleisto-
cene boundary at about 2.5Ma (Homke et al., 2004)
although folding occurred earlier in the more internal do-
mains of the belt (Emami, 2008).

In Lurestan Province, the exposedMesozoic^Cenozoic
stratigraphy includes about 4^5 km of pre-orogenic strata
and about 4^5 km of synorogenic deposits (Fig. 2).The sy-
norogenic strata include two detrital successions related to
early development of the foreland basin and to Miocene^
Pliocene folding, respectively (James & Wynd, 1965;
Homke et al., 2004).The turbiditic Amiran Formation, the
carbonaceousTaleh Zang Formation and the conglomera-
tic Kashkan Formation constitute a shallowing upwards
sequence that ¢lled an early foreland basin developed as a
consequence of the emplacement of ophiolitic and radi-
olaritic thrust sheets over the Arabian platform (e.g. Alavi,
1994; Homke et al., 2009). Deposition of these sediments
was synchronous with folding a¡ecting this early Zagros
foreland basin (Hessami et al., 2001; Fakhari & Soleimany,
2003; Sherkati &Letouzey, 2004; Blanc et al., 2008; Homke
et al., 2009).

The Amiran and Taleh Zang Formations have been ac-
curately dated by nannoplankton biostratigraphy (very ac-

curate for the lower part of the succession) and benthic
foraminifera biostratigraphy (more suitable for the shal-
low-marineTaleh Zang Formation) as late Danian, Selan-
dian and Thanetian ( �62^55.8Ma) along the NE £ank of
the Amiran anticline. NP3, NP4 and NP5 biozones (Mar-
tini, 1971; Perch-Nielsen, 1981, 1985) are indeed very well
documented in theAmiranFormation, whereasThanetian
levels contain characteristicTaberina diavesi and Lockhartia
diversa foraminifera specimens (e.g. Smout, 1954; Pignatti
et al., 1998; see Homke et al., 2009 for more details). The
transition from theTaleh Zang to theKashkan Formations
is progressive. The base of the Kashkan Formation was
therefore deposited during the Thanetian or the early
Ypresian. Only one sample from the upper part of the
Kashkan Formation has been successfully dated to the
Ypresian (55.8^48.6Ma) by palynostratigraphy. The base
of the carbonates of the Shahbazan Formation, which cov-
er the Kashkan conglomerates with a sharp contact, is da-
ted as lowermost Oligocene at 33.9 � 0.4Ma by strontium
isotope stratigraphy (Homke et al., 2009). The three ana-
lysed samples provided consistent strontium isotope com-
positions that permitted to calculate ages using the
LOWESS calibration from McArthur & Howarth (2004).
TheYpresian age obtained for the upper part of theKash-
kan Formation therefore suggests the presence of a pro-
tracted sedimentary hiatus between the Kashkan and the
ShahbazanFormations in this region.The �15Myr hiatus
encompasses most of the middle and upper Eocene and is
characterized by either very slow sedimentation rates or
nondeposition.Althoughmore dating of theKashkanFor-
mation is required to support this hypothesis, it is well es-
tablished that deposition of theTaleh Zang and Shahbazan
Formations is separated by more than 20Myr, during
which only 320m of preserved Kashkan deposits are re-
corded in this region (Homke et al., 2009).The Shahbazan
Formation may represent the distal part of a second fore-
land basin developed during the Oligocene, before the re-
gional deposition of theAsmari Formation, as it is the case
in the Fars for its equivalent JahromFormation (Mouther-
eau et al., 2007).

Deposition of the evaporitic Gachsaran Formation
marks a progressive return to continental conditions
after deposition of the Asmari carbonate platform. The
Gachsaran Formation is overlain by the second main det-
rital sequence of Miocene^Pliocene age, constituted by
the Agha Jari and Bakhtyari Formations (Fig. 2).This det-
rital sequence was deposited in the Neogene foreland ba-
sin that preceded the present Mesopotamian basin. The
Agha Jari Formation contains metamorphic, radiolaritic
and calcareous material (James & Wynd, 1965) probably
sourced from both the Imbricated Zone, including the
Kermanshah ophiolitic units, and the Sanandaj-Sirjan
Zone. Sparse paleocurrent directions towards theSE along
the front of the Pusht-e Kuh Arc suggest that source areas
for theAgha Jari Formationwere mostly located to theNW
of Lurestan Province and that rivers followed the axial
foreland direction (e.g. Homke et al., 2004; Verge¤ s, 2007)
(Fig.1).
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The Imbricated Zone

The Imbricated Zone to the NE of the Folded Belt repre-
sents the most external deformed sedimentary domain of
the Arabian plate. It is made up of various tectonic units
thatwere emplaced episodically over theNEArabian mar-
gin during late Cretaceous and Cenozoic times.These are
from bottom to top: (1) the radiolaritic^ophiolitic Ker-
manshah complex; (2) the magmatic and sedimentaryGa-
veh Rud domain; and (3) the thrust sheets carrying
metamorphic rocks of the Sanandaj-Sirjan Zone (e.g.
Braud,1970; Agard et al., 2005) (Fig. 3).

The radiolaritic^ophiolitic Kermanshah complex is
composed from bottom to top by �500^800-m-thick
Triassic to Cretaceous radiolaritic series, the �3000-m-
thick Triassic to Cenomanian Bisotun platform and the
relatively thin and discontinuous Coniacian^Santonian
Harsin-Sahneh ophiolitic units (Fig. 3). The Harsin-
Sahneh ophiolite was generated to the NE of the Bisotun
platform around 85Ma in an intraplate oceanic island arc
environment (Delaloye&Desmons,1980;Ghazi&Hassani-
pak, 1999). These ophiolites were subsequently emplaced
and stacked on top of the Arabian platform domain as the
Kermanshah tectonic slices. Thrust emplacement in the
Imbricated Zone occurred from Santonian^Campanian to
late Paleocene or early Eocene times (Berthier et al., 1974;
Gidon et al., 1974; Braud, 1987), and initiated a £exural fore-
land basin, ¢lled with the shallowing-upwards Amiran to
Kashkan deposits (Fakhari & Soleimany, 2003; Alavi, 2004;
Sherkati & Letouzey, 2004; Homke et al., 2009).

The second main tectonic unit of the NW Imbricated
Zone is theGavehRud domain, also called Eocene domain
byAgard et al. (2005) (Fig. 3). It represents a magmatic and
sedimentary sequence possibly forming the forearc basin
of the Sanandaj-Sirjan Arc.The Gaveh Rud domain con-
sists from bottom to top of 700^800-m-thick Paleocene
basaltic lavas, �750m of lower Eocene limestones
and �1500m of Lutetian^Priabonian £ysch deposits with
Iranian a⁄nity.This sequence is folded and cut by intru-
sions of gabbros of Bartonian age (40^34Ma, Leterrier,
1985), which have been attributed to transpressive move-
ments (Leterrier, 1985; Braud, 1987) or to detachment
of the South Neo-Tethys subducting slab beneath the

Sanandaj-Sirjan block (Agard et al., 2005). Shortly after
the Bartonian plutonic episode, the Gaveh Rud domain
was tectonically transported over the radiolaritic^ophioli-
ticKermanshah complex, sealed later by a thick deepening
upwards sedimentary sequence of Oligocene^Miocene
conglomerates, Aquitanian^Burdigalian carbonate plat-
forms equivalent to the Asmari Formation and middle^
late Miocene £ysch deposits (Braud, 1987; Agard et al.,
2005).

The uppermost tectonic unit of the Imbricated Zone
consists of thrust sheets carrying metamorphic rocks from
the Sanandaj-Sirjan Zone over the middle^late Miocene
£ysch deposits (Fig. 3).To the SW, the basal thrust of this
system cuts conglomerates, equivalent to the Bakhtyari
Formation (Gidon et al., 1974) and recently dated as Oligo-
cene to early Miocene ( �30^20Ma) along the footwall of
theMain ZagrosThrust (Fakhari et al., 2008).

The Sanandaj-Sirjan Zone

The Sanandaj-Sirjan Zone, to the NE of the Imbricated
Zone, forms a �150^200-km-wide tectonic domain com-
posed of deformed sedimentary and metamorphic Palaeo-
zoic to Cretaceous rocks intruded by numerous Jurassic to
late Eocene plutons (Alavi, 1994; Masoudi, 1997) (Fig. 1).
The main metamorphic episode took place during the late
Cretaceous, under greenschist and amphibolite condi-
tions (Mohajjel & Fergusson, 2000).The Sanandaj-Sirjan
Zone experienced a prolonged episode of calc-alkaline
magmatism between the Jurassic and the end of the early
Eocene (170^50Ma), culminating during the late Cretac-
eous (e.g.Valizadeh&Cantagrel,1975; Berberian &Berber-
ian, 1981; Masoudi, 1997; Baharifar et al., 2004). In NW
Zagros, the Sanandaj-Sirjan Zone was moreover a¡ected
by intense gabbroic plutonism during Bartonian times
(40^34Ma) (Leterrier, 1985; Braud, 1987). The Sanandaj-
Sirjan Zone shows NW^SE trending folds and thrust,
which are south to SW directed.

The role of the Sanandaj-Sirjan Zone during the clo-
sure of the Neo-Tethys Ocean is still discussed. Despite
the general assumption that this tectonic domain repre-
sents the southern edge of the Iranian plate (e.g. Berberian
& King, 1981; Hooper et al., 1994), distinct tectonic models

Sanandaj Sirjan Zone

Gaveh Rud domain

Ophiolite
Bisotun unit

Radiolarite

Kermanshah
complex

Calc-alkaline plutons

Gabbros intrusions

~20 km

NNESSW

Imbricated Zone Sanandaj Sirjan ZoneFolded Belt

Radiolarite

MZT

SSZGaveh Rud

HZF

Bisotun

SSZ

???

Zagros Folded Belt

Ophiolite

? Fig. 3. Schematic cross- section
summarizing the overall
structure of the Imbricated Zone
to the NE of the Pusht-e Kuh
Arc. Simpli¢ed fromAgard et al.
(2005). HZF, high Zagros fault;
MZT, main Zagros thrust; SSZ,
Sanandaj-Sirjan thrust slices.

r 2009 The Authors
Journal Compilationr Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists4

S. Homke et al.



have been also proposed.Ghasemi&Talbot (2006) consid-
er that the SE part of the Sanandaj-Sirjan Zone, which is
bounded by ophiolites along both its SW and NE limits,
was separated from the Iranian block by a distinct oceanic
domain: the Maien-Baft oceanic realm of McCall (1999),
whereas the NW part of the Sanandaj-Sirjan Zone re-
mained attached to the Iranian plate.Alavi (1994) proposed
a totally di¡erent model inwhich the entire Sanandaj-Sir-
jan Zone was part of the Arabian plate with its NE bound-
ary representing the Zagros suture. Glennie (1995)
interpreted the Sanandaj-SirjanZone as a small continen-
tal block that detached from the Arabian plate during
opening of the South Neo-Tethys Ocean, and that was re-
accreted to Arabia during its subsequent closure. Accord-
ing to Golonka (2004), the Sanandaj-Sirjan continental
block separated from Arabia during opening of the South
Neo-Tethys oceanic realm, and later drifted to the NE un-
til its accretion to central Iran.

The Urumieh Doktar magmatic arc

TheTertiary Urumieh Doktar magmatic arc corresponds
to a 50^100-km-wide tectonic domain located to the NE
of theSanandaj-SirjanZone (Fig.1).This domain is gener-
ally regarded as an Andean-type magmatic arc formed on
Iranian continental crust in response to northward subduc-
tion of the Neo-Tethys Ocean (e.g. Berberian et al., 1982).
Calc-alkaline magmatic activity started in the central part
of the arc during the Eocene, and climaxed during Oligo-
cene^Miocene times (Berberian & Berberian, 1981). Ages
of dated intrusions range from 39 to 19Ma (Bernard et al.,
1979; Martel-Jentin et al., 1979; Berberian et al., 1982; Bina
et al., 1986). According to Berberian & Berberian (1981),
calc-alkaline magmatism ended around 5Ma (early Plio-
cene), being replaced by alkaline volcanism in central Iran
and SE Turkey. The most recent lavas of the Urumieh-
Doktar magmatic arc are Quaternary in age (Alavi, 1994).
The transition from calc-alkaline to alkaline volcanism is in-
terpreted as resulting from slab break-o¡ processes by sev-
eral authors (e.g. Ghasemi &Talbot, 2006; Jahangiri, 2007).

FISSION-TRACK (FT) ANALYSES

Sampling

Samples were collected for apatite and zircon FTanalysis
from the two main well-dated detrital foreland sequences
deposited in the NW Zagros, i.e. the late Maastrichtian^
early Eocene Amiran^Kashkan sequence and the Mio-
cene^Pliocene Agha Jari and Bakhtyari Formations. In ad-
dition, in situ metamorphic bedrock samples have been
collected in the Sanandaj-SirjanZone (Fig. 4).Geographic
coordinates and elevations of collected samples are re-
ported inTable 1.

Bedrock samples

Bedrock samples have been collected in order to constrain
the timing of exhumation experienced by the Sanandaj-

Sirjan Zone just to theNE of the Pusht-eKuhArc. ive me-
tamorphic samples have been collected in the Dorud me-
tamorphic complex,which crops out in theNWSanandaj-
Sirjan Zone and culminates at 2396m elevation (Figs1and
4a).TheDorudmetamorphic complex is mostly composed
of Permian to late Cretaceous deformed and metamor-
phosed (greenschist-amphibolite facies) sedimentary and
magmatic rocks that are tectonically imbricated (Mohajjel
& Fergusson, 2000). Three samples were collected in the
central part of the complex (one diorite and two amphibo-
lites), and two from its NE £ank (gneiss from the Galeh
Doz granite and amphibolite) (Fig. 4a, Table 1). However,
only three of these samples yielded apatites and only two
yielded some zircons (Fig. 5,Table 2).

Cobble samples from Bakhtyari conglomerates of the Kuh-e
Farangui

Tectonic slices of the Sanandaj-Sirjan Zone including the
Kuh-e Farangui thrust sheet (klippe) were emplaced over
the Imbricated Zone and subsequently folded (Figs 1 and
4b).TheKuh-eFarangui tectonic unit overthrusts the low-
er part of the syntectonicAgha Jari andBakhtyari deposits.
The upper part of the Bakhtyari conglomerates, however,
postdates thrust emplacement and is folded as a syncline
together with the underlying thrust sheet. The upper le-
vels of these conglomerates are generally considered to be
Pliocene or younger (Gidon et al., 1974; Braud, 1987; Agard
et al., 2005), although recent dating of presumed Bakhtyari
conglomerates in the north of the Khuzestan Province
suggests they may be as old as early Miocene in age (Fa-
khari et al., 2008). One gneiss and two granite cobbles have
been sampled from di¡erent stratigraphic levels along the
750-m-thick and 701 -dipping northern £ank of the con-
glomeratic syncline (Fig. 6, Table 1). The three collected
samples provided good quality apatites and few zircons
(Fig. 6,Table 2).

Detrital samples from Paleocene Amiran^Kashkan foreland
succession

The Amiran^Kashkan sequence, mostly derived from the
Kermanshah radiolaritic^ophiolitic complex (James &
Wynd, 1965; Alavi, 2004; Homke et al., 2009), was sampled
in central Lurestan along theNE £ank of the Amiran anti-
cline and the SW£ank of the Sultan anticline (Fig. 4c).The
Paleocene age of deposition of this succession has recently
been determined by biostratigraphy (Homke et al., 2009).
In the Amiran anticline, nine samples have been collected
from sandstone beds located at di¡erent levels of the1225-
m-thick sequence: ¢ve from the marine Amiran Forma-
tion, one from the shallow marineTaleh Zang Formation
and three from the non-marineKashkanFormation (Table
1).Only six of these samples yielded datable apatites. In the
Sultan anticline, three samples were collected: two from
the Amiran Formation and one from the basal layers of
theTalehZangFormation.The three samples provided da-
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table apatites, but none of them contained zircons (Figs 7
and 8,Table 2).

Detrital samples fromMiocene^Pliocene Agha Jari Formation

The £uvial Agha Jari Formation and the overlying con-
glomeratic Bakhtyari Formation ¢ll the Mesopotamian
foreland basin and are partially preserved in synclines of
the Folded Belt (Fig. 1). Agha Jari sediments were mostly
derived from the NE hinterland of the Zagros Belt (James
& Wynd, 1965). Agha Jari deposits have been sampled in
both the front of the Pusht-e Kuh Arc (Changuleh growth

syncline and Zarrinabad syncline) and in its central part
(Afrineh growth syncline, between the Amiran and Sultan
anticlines) (Fig. 4c andd,Table1).Three samples have been
collected in theChanguleh syncline, two in theZarrinabad
syncline and three more samples in the Afrineh syncline
(Figs 9 and10,Table 1).

Experimental and analytical procedure

Sample preparation was performed in both the Labora-
toire de Ge¤ odynamique des Cha|“ nes Alpines, Universite¤
Joseph Fourier, in Grenoble (France) and the Servicio
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Fig.4. Simpli¢ed geological maps of sampled areas (cf. Fig.1for location). Positions of samples are represented bywhite circles; sample
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Homologado de Termocronolog|¤ a, Universidad de Ca¤ diz
(Spain). Sample preparation and treatment followed stan-
dard techniques, as recently outlined by van der Beek et al.
(2006). Apatite and zircon grains were separated from
crushed rocks using classical sieving, heavy liquid and
magnetic separation techniques. Apatite samples were
mounted in epoxy resin and zircons in PFA Te£on.
Mounted sampleswere then polished to expose an internal
4p surface. Apatite sampleswere etched in 5-molHNO3 at
20 1C for 20 s to reveal spontaneous tracks. Zircon samples
were etched in a eutectic NaOH^KOH preparation (re-

spectively, 11.5 and 8 g) at 230 1C. Apatite and zircon sam-
ples were irradiated separately in the Orphe¤ e reactor
(CEA-Saclay, France).Thermal neutron £uence was mon-
itored using NBS-962 glasses for apatites, and corning
CN-1 glasses for zircons. The external detector method
(muscovite slices) was used for analyses (Gleadow, 1981;
Hurford & Green, 1982). Utilized muscovite slices were
etched after irradiation in 40% HF acid at 20 1C for
20min. Spontaneous and induced FTs were counted on
an optical microscope with magni¢cation of � 1000 dry
objective. Central ages (Galbraith & Laslett, 1993)
have been calculated with the zeta calibration method
(Hurford & Green, 1983), using Durango (31.3 � 0.3Ma,
Naeser & Fleischer, 1975) and Fish Canyon Tu¡
(27.8 � 0.2, Hurford & Hammerschmidt, 1985) age stan-
dards. Con¢ned track-length measurements were per-
formed under a � 1000 dry objective, with a Kinetec
automated Stage driven by FTStage software (Dumitru,
1993). Because of the common low number of observable
con¢ned FTs in each sample, we measured both tracks-
in-track (TINT) and track-in-cleavage (TINCLE), de-
spite their di¡erent response to etching (Barbarand et al.,
2003b). Orientation of FTs with respect to the c-axis of
apatite grains controls both track annealing and etching
rates (Donelick, 1991; Donelick et al., 1999; Barbarand
et al., 2003a). The c-axis was therefore measured on ana-
lysed grains. Etch-pit widths parallel to c-axis (Dpar) were
moreover measured for each dated apatite crystal, as they
provide good assessment of annealing rate in individual
apatite grains (e.g. Barbarand et al., 2003a).

Mixed grain-age distributions were decomposed by the
binomial peak- ¢tting method into grain-age components
de¢ned by an estimated age and size (Galbraith & Green,
1990; Brandon, 1992; Galbraith & Laslett, 1993; Stewart &
Brandon, 2004). Peak- ¢tting analysis for detrital samples
with a low number of dated crystals may provide unreliable
results. In order to obtain more information about cooling
ages, combined grain-age distributions of several detrital
samples from the Agha Jari Formation have been analysed,
provided that these samples did not record di¡erent de-
grees of partial annealing.

Thermal history modelling was carried out for three
samples with the programAFTSolves version1.4.1 (Ketc-
ham et al., 2000), in which the multi-kinetic annealing
model of Ketcham et al. (1999) was applied, using Dpar as
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Table1. Collected apatite ¢ssion-track (AFT) samples

Sampling site Sample
Easting
(m)

North-
ing (m)

Eleva-
tion (m) AFT

Dorud complex SHBD 338139 3715547 2078 X
SH180 338567 3715 094 2123 X
SH182 334 921 3716 866 1870 O
SH183 340 007 3719 987 2124 O
SH184 344 968 3718 822 2042 O

Kuh-e Farangui SH177 297239 3713637 1965 O
SH178 297710 3713803 1994 O
SH179 298199 3713921 2038 O

Amiran anticline SH137 775 480 3698 077 904 X
SH133 775 417 3698 028 904 X
SH126 775272 3697894 904 O
SH116 774 466 3698 091 1008 O
SH105 773972 3698221 1075 O
SH084 774 061 3698 034 7037 O
SH061 774170 3697773 993 O
SH038 774 478 3697391 937 O
SH013 774592 3697107 914 X

Sultan anticline SH13-07 771563 3673733 1140 O
SH19-07 772174 3674 068 1182 O
SH23-07 773572 3673830 1188 O

Afrineh syncline SH148 769 005 3689363 849 O
SH149 769280 3690224 827 O
SH144 769 734 3691632 877 X

Changuleh
syncline

SH094 641114 3654 962 297 O
SH047 639 676 3651879 201 O
SH002 636334 3649362 200 O

Zarrinabad
syncline

SH164 672220 3659304 757 O
SH119 673 078 3653 437 700 X

Coordinates (UTM38-N) and altitudes are in meters. Samples that did
not yield apatite are marked by an X.
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kinetic variable (Carlson et al., 1999; Barbarand et al.,
2003a). The e¡ect of crystallographic orientation of
measured con¢ned tracks was corrected using the c-axis
projection method of Donelick et al. (1999). The Kolmo-
gorov^Smirnov test (KS) was used to compare measured
FT length distributions to track-length distributions pre-
dicted by the models and the goodness-of- ¢t test (GOF)
was used to compare age data with modelled ages (Ketc-
ham et al., 2000). Envelopes of statistically ‘acceptable’
t^-T paths (with KS and GOF value both higher than
0.05) and of ‘good’ t T̂ paths (withKS andGOFvalue both
higher than 0.5) are calculated by the program for each
model run (Ketcham et al., 2000). For each sample, three
runs have been performed using the Monte Carlo search
method with 50 000 steps and with di¡erent T^t con-
straints. Obtained con¢dence envelopes are combined for
each sample to build more complete con¢dence envelopes.
Moreover, Constrained Random Searches with 50 000
iterations have been performed to ¢nd best- ¢t solutions
(Ketcham et al., 2000).

RESULTS

On average, our samples yielded relatively few apatite and
insu⁄cient zircon grains. Reliable AFTresults have, how-
ever, been obtained for several detrital and metamorphic
samples. All ages reported are central ages (Galbraith &
Laslett, 1993) with � 2s error.

Dorudmetamorphic complex

The ¢ve samples collected in the Dorud metamorphic
complex in the Sanandaj-Sirjan Zone (Fig. 4a) had very

low yield. Only three samples contained datable apatite
grains (SH182^SH184), two of them providing only three
and four datable grains (Fig. 5, Table 2). No con¢ned FT
lengths could be measured in the three dated samples.

Four measured apatite grains of amphibolite sample
SH182 provided concordant individual FT ages, with a
central age of 36.2� 15.0Ma (Fig. 5, Table 2). A gneiss
sample (SH183) from the deformed Galeh Doz granite on
the NE £ank of the Dorud metamorphic complex pro-
vided 22 datable apatite grains with a central AFTage of
27.4 � 7.4Ma. Great age dispersion (38%) and very low w2

probability (0.3%) suggest prolonged residence in the Par-
tial Annealing Zone (PAZ) (Fig. 5, Table 2). Spreading of
individual grain ages may result from di¡erent chemical
compositions of the apatites, although there is no clear
correlation between Dpar values and FTages (Fig. 5). An
amphibolite sample (SH184) provided only three apatite
crystals, with individual FTages of 0 (no fossil tracks), 40
and105Ma (Table 2). Because of the low number of apatites
and the large di¡erence in individual FTages, the central
FTage (48� 30Ma) of this sample is not considered reli-
able for interpretation.

Kuh-e Farangui thrust sheet

The gneiss and granite cobbles collected in the folded
conglomerates on top of the Kuh-e Farangui thrust sheet
(Fig. 4b) provided numerous good-quality apatite grains.
ConcordantFTages have been obtained for these samples,
with w2 probability 492.5%, at 45.1 � 11.6 (SH179),
39.4 � 4.8 (SH178) and 45.1 � 6.2Ma (SH177) (Fig. 6,Table
2). 50 and 74 con¢ned tracks were measured in the two
granite samples SH177 and SH178, respectively. Track-
length distributions of these samples are characterized by
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means of 13.1 and 13.2mm, standard deviations of 1.9 and
1.6mm and the presence of con¢ned tracks o10mm long
(Fig. 6,Table 2).

Amiran Formation ^ Amiran anticline

Six apatite samples collected in theNE £ank of theAmiran
anticline (Fig. 4c) have been successfully dated. Four sam-
ples were collected in the Amiran Formation, one in the
Taleh Zang Formation and one from the lower part of the

Kashkan Formation (Fig. 7, Table 2). High w2 probability
(497%) and low age dispersion (o5%) indicate that all
samples contain single grain-age populations.This is con-
sistentwith a unique sedimentary source derived from the
ophiolitic^radiolaritic Kermanshah complex (Homke
et al., 2009). Apatite may come from ma¢c igneous rocks
that mainly form the Harsin-Shaneh ophiolite (Ghazi &
Hassanipak, 1999). The least constrained central age has
been obtained for sample SH084, with only six dated apa-
tite grains. Other samples provided between 23 (SH105)
and 51 (SH126) grains (Fig. 7,Table 2).

AFTages are younger than depositional ages, and they
generally decrease with depth (Fig. 11a and b). This indi-
cates that AFTages have been partially reset due to burial
of the foreland succession. As discussed in Homke et al.
(2009), £uid circulation and associated advective heat
transport across the foreland basin could produce signi¢ -
cant reheating of sediments and be the cause for the
greenish colouration and major remagnetization of the
upper-half part of theAmiranFormation, as well as partial
resetting of the AFTages in this region. Similar changes
have been detected in other foreland basins, among which
the western Canada and South Pyrenean basins (e.g. Ra-
venhurst et al., 1994; Juez-Larre¤ & Andriessen, 2006;Trave¤
et al., 2007; Gong et al., 2008).

Relatively few track lengths have been obtained, with a
maximum of 33 measurements for sample SH038 (Table
2), because of low uranium content (o11p.p.m.). Mean
track lengths generally decrease down section, with an
average of 11.7mm for sample SH038 (Table 2), consistent
with partial annealing.

Amiran Formation ^ Sultan anticline

Three detrital samples collected in the SW limb of the
Sultan anticline contained datable apatite grains (Fig. 4c).
Stratigraphic ages of the Sultan anticline are comparable
to or slightly younger than those of the Amiran anticline
succession (Fig.11b and c). A sedimentary hiatus or a con-
densed level in the basal part of the Sultan section, in the
top of the Gurpi Formation, is evidenced by the lack of
nannoplankton biozones NP1 and NP2. The Paleocene^
Eocene boundary is located somewhat below the transi-
tion between the Amiran and Taleh Zang Formations
( �770m), as indicated both by calcareous nannoplankton
and large foraminifera content. Finally, the contact be-
tween Kashkan and Shahbazan Formations is also charac-
terized by a sedimentary hiatus or slowing of deposition
with a duration that may reach about 15Myr, as demon-
strated by the strontium-isotope ages calculated for the
base of the Shahbazan Formation (Homke et al., 2009).

The three analysed samples failed the w2 test and pre-
sent age dispersions between 42% and 70%, suggesting
the presence of mixed grain-age populations (Fig. 8,Table
2). Sample SH23-07 has been decomposed into three
grain-age populations of di¡erent sizes, with age peaks at
17.0� 15.9, 87.8 � 10.2 and 224.9 � 40.4Ma.These ages are
only roughly constrained due to the reduced number of
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crystals and high age variability. Sample SH19-07, pro-
vided age peaks at 38.4 � 15.8 and 98.5 � 15.8Ma. Sample
SH13-07 also provided three grain-age populations, with
age peaks at 59.9� 10.7, 93.6 � 22.8 and 170.5 � 39.4Ma
(Fig. 8,Table 3).

As in the Amiran anticline, the ages of youngest identi-
¢ed grain-age components decrease with depth and are
close to or younger than depositional ages.This indicates
that samples from the Sultan anticline have also been par-
tially annealed due to burial and potential £uid circulation
(Fig. 11). However, they are characterized by signi¢cantly
higher mean Dpar values than those from the Amiran an-
ticline and thus appear less annealed, explaining why they
retain pre-Tertiary age peaks whereas samples from the
Amiran anticline do not.

Agha Jari Formation ^Afrinehgrowth syncline

Two of the three samples collected in the lower 850m
of the Miocene^Pliocene Agha Jari Formation preserved
in the Afrineh growth syncline (Fig. 4c) contained

datable apatite grains (Fig. 9, Table 2). Both samples
failed the w2 test and show age dispersion of 20%
and 24%, respectively, revealing the presence of mixed
grain-age components. FT grain-age distributions of
both samples can be decomposed in two grain-age
components of roughly equal size.The age peaks of these
components are 19.6 � 5.5 and 31.3 � 9.8Ma for sample
SH148, and 26.3 � 10.3 and 46.4 � 15.8Ma for sample
SH149 (Fig. 9, Table 3), although none of these ages are
very well constrained because of the low number of dated
apatites (22 and 23 grains). w2 probabilities of best ¢tted
binomial components are o20% (Table 3). The two
dated samples were collected from the uppermost part of
the sedimentary cover, and they were not buried su⁄ -
ciently to be partially annealed since deposition (Fig. 11).
The decomposition of combined grain-age distributions
(45 grains) was performed to limit problems due to
the low number of grains and because of the overlap of
age peaks. Two grain-age components of equivalent size,
with estimated age of 21.5 � 5.3 and 37.4 � 9.8Ma were
obtained with a w2 probability of 42.3%, which is more
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reliable than the ¢t for the individual samples (Fig. 9,
Table 3).

Both age peaks were apparently not partially reset after
sample deposition, and they probably indicate source-area
denudation ages (Fig.11a,Table 3).The absence of correla-
tion between Dpar (i.e. chemical composition) and single-
grain ages (oldest AFT ages are represented by the least
resistant apatites with low Dpar values) is consistent with
this interpretation (Fig.9).

Agha Jari Formation ^ Zarrinabad and
Changuleh growth synclines

Four samples collected in the Zarrinabad and Changuleh
growth synclines at di¡erent levels of the Agha Jari and low-
ermost Bakhtyari Formations yielded datable apatite grains
(Fig. 10,Table 2). Discordant grain-age distributions of stu-
died samples,withw2 probabilityo0.2%and age dispersion
between 21%, and 46%, reveal the presence of mixed grain-
age components. For each sample, two grain-age popula-
tions have been identi¢ed. Because of the relatively low
number of dated apatites (between 19 and 31 grains), these
grain-age populations are not very well constrained and ad-
ditional less important grain-age populations may not have
been recovered. All samples, however, display a similar
dominant component with mean age ranging from
33.7� 4.1 (SH047) to 40.1� 3.9Ma (SH094).The age distri-
bution of the second population ranges from 61� 17.7

(SH164) to 94.6� 22.9Ma (SH047). w2 probability of best-
¢tted peaks ranges from16.0% to 29.6% (Fig.10,Table 3).

Sample SH047, which was deposited during folding in
front of the belt, and which probably experiencedo1km
of burial, is not considered to be signi¢cantly thermally
annealed. Samples SH164 and SH002 may have entered
the PAZ during deposition of the upper part of the
Agha Jari^Bakhtyari succession, with a maximum burial
of �2 km (Fig.10). However, it is probable that these sam-
ples, deposited slightly before the onset of folding in the
front of the belt, spent only a limited time in thePAZbefore
¢nal exhumation during ampli¢cation of folding. Overlap
of the main age peaks of the four analysed samples suggests
that thermal annealing of these two lower samples is minor.
Therefore, decomposition of the combined grain-age dis-
tribution (107 grains) was performed in order to obtain a
better de¢nition of dominant grain-age populations.Three
grain-age populations were di¡erentiated, one prominent
population with a peak age at 37.6� 2.6Ma (68.3%), and
two minor populations with peak ages at 66.3� 29.8Ma
(14.0%) and 90.8� 17.7Ma (21.3%) (Fig. 10, Table 3). The
signi¢cance of the two older populations may be ques-
tioned because of their important age uncertainty.

Thermal historymodelling

Modelling of individual thermal histories of granite
samples SH177 and SH178, both from large cobbles
from the Bakhtyari conglomerates overlapping the Kuh-
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e Farangui thrust sheet (Figs 4b and 12) have been carried
out; 74 and 50 con¢ned track-length measurements
were available for samples SH177 and SH178, respectively.
No clear correlation appears between c-projected track
lengths and Dpar values (Fig. 12). Moreover, because
few track-length measurements are available, it was not
possible to de¢ne multiple kinetic populations for thermal
history modelling of these samples. We therefore used
a single kinetic population based on Dpar values for each
sample.

Results suggest relatively slow cooling through time.
According to the modelling, sample SH178 (Fig.12a) prob-
ably entered the PAZ (Gleadow & Fitzgerald, 1987; Brown
et al., 1994) in early Eocene times, and exited it in early
Miocene times.The cooling rate of sample SH178 averaged
�5 1CMyr^1 until late Eocene times, and may have de-

creased afterwards to �1 1CMyr^1. Sample SH177 (Fig.
12b) probably entered the PAZ during the late Paleocene,
and exited it in earlyMiocene times, showing a similar lin-
ear overall cooling history to sample SH178. Although re-
sults have been obtained with GOF and KS statistics
40.95, the relatively low number of track-length measure-
ments, in particular for sample SH177, as well as the use of
a single kinetic population for modelling, reduces our
con¢dence in the model predictions and thus given cool-
ing rates are only indicative (Fig.12).

DISCUSSION

Five families of AFTages and grain-age populations have
been obtained from both detrital (Amiran and Agha Jari
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deposits) and crystalline samples: (1) pre-middle Jurassic
( �171, �225Ma); (2) early^late Cretaceous ( �91Ma);
(3) Maastrichtian ( �66Ma); (4) middle^late Eocene
( �38Ma); and (5) late Oligocene to early Miocene
( �22Ma) (Figs 5^10). Although some these ages may re-
sult from partial annealing, they provide indications of
distinct cooling/denudation episodes that occurred in the
inner zones of the presentNWZagros, i.e., the Imbricated
Zone and the Sanandaj-Sirjan Zone (the most probable
source areas for the Amiran and Agha Jari^Bakhtyari de-
posits).The potential large scale of some of these denuda-
tion events, documented byAFTages, in the inner Zagros
may have in£uenced the foreland basin evolution as de-
picted in Fig.13.

Pre-Eocene cooling

The oldest identi¢ed AFT grain-age populations, at
171 � 39 and 225 � 40Ma, were encountered in detrital
samples of the Amiran and Taleh Zang Formations in the
Sultan anticline. These ages are probably partially reset,
and are thus di⁄cult to directly interpret as cooling ages,
although they may record a pre-Jurassic tectonic event
possibly related to the late Triassic closure of the Paleo-
Tethys realm (Berberian & Berberian, 1981; Horton et al.,
2008) (Fig.13).The fact that these detrital apatiteswere de-
posited in the Paleocene Amiran foreland basin suggests a
proximal source for them, with a potential origin in the
tectonic slices derived from the NE margin of the Arabian
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plate, imbricated and exhumed as a consequence of late
Cretaceous oceanic obduction.

Overlapping age peaks around 91^98Ma in samples
SH094, SH047 and SH002 (detrital apatites in the Agha
Jari Formation) may correspond to apatites sourced
from magmatic rocks related to the ophiolites of the
Harsin-Sahneh thrust sheets, in the Kermanshah radi-
olarite^ophiolite complex. These AFT ages closely
match the radiometric ages of the ophiolites (85Ma,De-
laloye & Desmons, 1980), and may thus be related to
oceanic crust generation (Fig.13).

The 66 � 30Ma grain-age population, recorded by
sample SH164 (Agha Jari Formation in the Zarrinabad
syncline) (Fig. 10), may represent either a partially reset
late Cretaceous age or a distinct cooling episode that
took place during Maastrichtian times. This period of
time was characterized by stacking and thrusting of the
Kermanshah Complex and subsequent deformation
of the margin of the Arabian plate from Santonian^
Campanian to late Paleocene^early Eocene times
(Berthier et al., 1974; Gidon et al., 1974; Braud, 1987;
Agard etal., 2005). As a consequence of this tectonic em-
placement, the Arabian plate £exed down to form the
early foreland basin of the NW Zagros that was ¢lled
with the shallowing-upwards Amiran^Kashkan sedi-
mentary succession (Alavi, 2004; Homke et al., 2009)
(Fig. 13). The thrust sheets corresponding to the Ker-
manshah Complex produced an uplifted region along
the margin of theNW segment of the Arabian plate that
was the source area for the foreland basin to the SWand
for theGavehRuddomain to theNE (e.g. Barrier&Vrie-
lynck, 2008).

Middle^late Eocene cooling

An important cooling episode, recorded byboth detrital
samples from the Agha Jari Formation and from the
boulders of the Bakhtyari Formation in Kuh-e Farangui
occurred in middle and late Eocene times, with AFT
ages ranging from 45 to 35Ma. Identi¢ed detrital grain-
age populations are consistent with ages obtained from
bedrock samples (Fig.13).This cooling episode must be
interpreted as representative of cooling/denudation epi-
sodes occurring in the source areas, mostly in the Sa-
nandaj-Sirjan Zone around middle and late Eocene
times, coevally with the main arc-related magmatism
activity in SW Iran.

In the inner and central parts of the Zagros foreland
basin in Lurestan Province, the middle and late Eocene
were characterized by either a low rate of sediment ac-
cumulation or a sedimentary hiatus. Only �320m of
Kahskan red beds accumulated and were preserved in
the central part of the basin during a period that can be
as long as 15Myr, before the deposition of the shallow
marine platforms of the Shahbazan Formation in early
Oligocene time (Homke et al., 2009).This low sediment
supply (or nondeposition) in the Zagros foreland basin
during the Paleocene^Eocene could be caused by pro-T
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gressive reduction of the topographic relief that formed
during the tectonic emplacement of the ophiolitic^radi-
olaritic slices on top of the distal Arabian margin in late
Cretaceous times.The lack of basin subsidence as well as
moderate tectonic shortening observed for the middle
and lateEocene in theZagros foreland basin maybe attrib-
uted to a shift of tectonic activity towards theNE along the
Gaveh Rud domain and the front of the Sanandaj-Sirjan
block, whichwere still separated from the Zagros foreland
basin (e.g. Barrier & Vrielynck, 2008).

In e¡ect, during the middle Eocene, intense £ysch sedi-
mentation ¢lled up the deep Gaveh Rud sedimentary
trough, between the Sanandaj-SirjanZone and the already
deformedArabian margin (Braud,1987; Agard et al., 2005).
These Gaveh Rud sediments were mostly sourced from

the Sanandaj-Sirjan Zone, with smaller contributions
from the SW (the Kermanshah Complex on top of the Im-
bricated Zone). This deep marine trough trapped all the
sediments supplied from the emerging Sanandaj-Sirjan
Zone. The whole Gaveh Rud domain was then strongly
folded in the late^middle Eocene, possibly announcing
the collision between the Sanandaj-Sirjan block and Ara-
bia (Braud, 1987; Agard et al., 2005). Both the Gaveh Rud
sedimentary domain and the Sanandaj-Sirjan Zone were
subsequently intruded by numerous gabbroic plutons da-
ted at 40^34Ma (Leterrier, 1985; Braud, 1987) (Fig. 13).
This short but intense plutonic activity shortly followed
the cessation of calc-alkaline magmatism in the Sanan-
daj-Sirjan Zone andwas partly coeval with intense Eocene
calc-alkaline plutonic activity towards the NE, along the
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Urumieh-Doktar magmatic arc and central Iran (Valiza-
deh & Cantagrel, 1975; Berberian & Berberian, 1981; Ma-
soudi, 1997; Baharifar et al., 2004; Horton et al., 2008) (Fig.
13).These magmatic events have been attributed to trans-
pressive movements by Leterrier (1985) and Braud (1987).
Agard et al. (2005) and Ghasemi & Talbot (2006), however,
proposed that slab breako¡ occurred in the Eocene after
the cessation of subduction beneath the Sanandaj-Sirjan
Zone, consistently with the model proposed by Kestin
et al. (2008) in north-central Turkey on the basis of mag-
matic evidence. An important gold mineralization event
in the Sanandaj-Sirjan Zone during the Eocene (between
�56 and 38Ma) might result from regional thermal dis-
turbance and £uid input that have been attributed to this

proposed slab breako¡ beneath the Sanandaj-Sirjan Zone
byMoritz et al. (2006).

Although the Sanandaj-Sirjan Zone was still separated
from the Zagros foreland basin during the Eocene (e.g.
Barrier & Vrielynck, 2008), slab breako¡ would have pro-
duced regional uplift probably a¡ecting the entire Zagros
foreland basin.The absence of signi¢cant subsidence be-
tween deposition of the Amiran and Shahbazan Forma-
tions might be partly due to such regional uplift, but no
clear indications for major uplift and denudation in the
basin at that time are available. Signi¢cant £uid circula-
tion, responsible for the alteration and remagnetization
of Amiran sediments (Homke et al., 2009), and probably
participating to the recorded partial resetting ofAFTages,
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were detected in the Amiran anticline, but their origin is
not constrained. Geodynamic processes related to the Za-
gros orogeny other than slab breako¡, e.g. partial litho-
sphere delamination (Maggi & Priestley, 2005), must also
be considered as possible causes for Eocene magmatic
and tectonic activity recorded by AFT cooling ages.

The presence of rare coeval Eocene gabbro dykes in the
NE Kermanshah ophiolitic units, i.e. on the NE border
of the Arabian plate (Leterrier, 1985) suggests that the
Sanandaj-Sirjan Zone was relatively close to the Arabian
margin at that time, so that the southernNeo-Tethys realm
was about to close in the late Eocene.The Gaveh Rud vol-
cano-sedimentary domain was e¡ectively thrust on top of
the radiolaritic and ophiolitic thrust sheets of the Ker-
manshah Complex shortly after late Eocene emplacement
of the gabbro intrusions, initiating the collision between
the Arabian plate and the Sanandaj-Sirjan block.Thrust-
ing of the Gaveh Rud tectonic unit was sealed by late Oli-
gocene to early Miocene conglomerates (Braud, 1987;
Agard et al., 2005). In the early Oligocene, after the pro-
tracted middle and late Eocene quiescent period, the Za-
gros foreland basin subsided again, allowing deposition of
the transgressive shallow marine Shahbazan limestones.
Although very little is known of the lithospheric structure
during and after the Eocene period, the onset of marine
sedimentation (i.e. deposition of the Shahbazan Forma-
tion) in the study area during the Oligocene indicates that
the lithosphere subsided, either as a result of cooling, £ex-
ure or both.This subsidence occurred relatively soon after
the possible slab breako¡ and was probably related to the
e¡ects of continuous compression with concomitant
lithospheric thickening. A similar process has recently
been proposed for the northern part of theTibetan Plateau
(Jime¤ nez-Munt et al., 2008).

Late Oligocene^early Miocene cooling

The late Oligocene^early Miocene cooling event at
around 22Ma is only documented by AFT grain-age po-
pulations from the Agha Jari sediments sampled in the
Afrineh growth syncline (Fig. 10), and needs therefore to
be con¢rmed by further analyses. These ages, however,
are concurrent with large-scale observations that have
been interpreted to show the ¢nal stages of closure of the
Neo-Tethys by the collision of the Sanandaj-Sirjan do-
main against Arabia (e.g. Agard et al., 2005; Horton et al.,
2008). Additional observations are the onset of Neogene
foreland basin £exure and the interruption of the marine
connection between theMediterranean Sea and the Indo-
Paci¢c Ocean (e.g. Harzhauser et al., 2007).

During late Oligocene and early Miocene times, £ysch
sediments were deposited in the NE region of the Imbri-
cated Zone before they were overthrust by the Sanandaj-
Sirjan domain (Fig.13). As consequence of Sanandaj-Sirjan
thrusting, the foreland basin £exed down andwas ¢lledwith
the thick Asmari, Gachsaran and Agha Jari successions (e.g.
James &Wynd,1965; Allen etal., 2004; Sherkati &Letouzey,
2004; Ahmadhadi et al., 2007; Mouthereau et al, 2007). In

addition, a new wave of folding propagated across the
Zagros Simply FoldedBelt, shaping the present day anticli-
nes. Folding propagated towards the foreland and reached
the front of the Pusht-e Kuh Arc around 7.6� 0.5Ma
(Homke et al., 2004; Emami, 2008).

In the early Miocene, a relatively small unconformity
developed in the foreland basin between the Shahbazan
and Asmari Formations, roughly coeval with a marked de-
crease in sediment accumulation rates in the Dezful Em-
bayment that started around 22Ma (Ehrenberg et al.,
2007) (Fig.13). After the deposition of the shallow-marine
Asmari Formation, the marine gateway along the Zagros
foreland, which connected theMediterranean Sea and the
Indo-Paci¢c Ocean, de¢nitely closed in middle Miocene
times (Harzhauser et al., 2007).

CONCLUSIONS

Thermochronologic analyses presented in this study con-
¢rm the suitability of this method in the Zagros, although
the number of usable apatites was low in most of the col-
lected samples. Because this apparent lack of apatites and
zircons in the Zagros foreland deposits, both detrital and
in situbedrock samples need to be collected across the di¡er-
ent tectonic domains to precisely de¢ne the multiple colli-
sional events of the Zagros Belt since late Cretaceous times.

Five families of AFT ages and grain-age populations
have been obtained from both detrital (Amiran, Agha Jari
and Bakhtyari Formations) and in situ bedrock samples.
Although some of these ages may record partial annealing,
they provide insights in distinct cooling/denudation
events that occurred in the inner zones of theNWZagros.
These are (1) pre-middle Jurassic ( �171, �225Ma); (2)
early^late Cretaceous ( �91Ma); (3) Maastrichtian
( �66Ma); (4) middle^late Eocene ( �38Ma); and (5) late
Oligocene^earlyMiocene ( �22Ma).

The oldest (pre-middle Jurassic and early^late Cretac-
eous) AFTages must be sourced from slices scratched from
the outer Arabian margin and from the obducted oceanic
radiolaritic^ophiolitic complex, respectively. Late Cretac-
eous AFTages may correspond to partially reset older cool-
ing ages or to the stacking of thrust sheets on top of the
Arabian margin, which rapidly subsided to create theAmir-
an basin that was ¢lled with the shallowing-upwards Amir-
an^Kashkan succession. This late Cretaceous^Paleocene
event anticipated the Zagros collision sensu stricto.

The most representativeAFTages from this study show
a major cooling/denudation event encompassing middle
and late Eocene times (45^35Ma), which coincides with
massive volcanic and magmatic episodes in the Sanandaj-
Sirjan tectonic domain that have been attributed by several
authors to potentialNeo-Tethys slab break-o¡ beneath the
Sanandaj-Sirjan block. Interestingly, this inferred major
geodynamic event would have left little impact in the Za-
gros foreland, in which a protracted period of very slow or
nondeposition occurred. This quiescent period for de-
position and tectonics in the Zagros foreland basin was
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the consequence of the migration of compression towards
the NE, along the front of the Sanandaj-Sirjan domain
and its associated Gaveh Rud fore-arc basin.

The last determined cooling phase, in the late Oligo-
cene^early Miocene ( �22Ma), roughly corresponds to
the onset of the second major phase of £exure after a pro-
tracted period of depositional and tectonic quiescence in
the NE part of the Zagros foreland basin.This new period
of £exure was characterized by the deposition of the thick
Gachsaran and Agha Jari Formations. An early Miocene
denudation event is in agreementwith the ¢nal emergence
of the area between Iran andArabia as indicated by the clo-
sure of marine gateways along the Zagros foreland basin.
During the Miocene and Pliocene, deformation propa-
gated towards the foreland, completing the folding of the
Zagros Fold Belt as well as the tightening of the di¡erent
tectonic domains that existed between the Arabian and Ir-
anian stable continental blocks.

Themost recent tectonic pulses that led to the presentZa-
grosBelt, despite their signi¢cance in theZagros orogeny, are
only recorded by the ¢nal (o10Myr) cooling and exhuma-
tion phases inferred from thermal modelling of detrital apa-
tites collected in the Amiran deposits. For this reason, lower
closure-temperature thermochronology methods (e.g. apa-
tite (U-Th)/He with closure temperature of �75 1C) must
be used to recover the most recent cooling/exhumation re-
cord in the Zagros Belt. More extended thermochronology
studies aremoreover required to better investigate the signif-
icant Eocene tectonic and magmatic episode.
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