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Abstract

The Iranian plateau is a flat ~1.5-2 km high plateau thought to result from the
collision between the Arabian and Eurasian plates since ~30 £ 5 Ma, and may
represent a young analogue to the so far better studied Tibetan plateau. In order to
constrain the exhumation history of the internal Zagros and of the Iranian plateau, we
herein present apatite (U-Th)/He (AHe) and apatite (AFT) and zircon fission-track
(ZFT) data on plutonic rocks from the Sanandaj-Sirjan Zone (SSZ), Urumieh-Doktar
magmatic arc (UDMA), Central Iran and Kopet Dagh. Thermochronologic data show
that the SSZ was exhumed early in the collision process (essentially before 25-20 Ma),
with a likely acceleration of cooling during the late Eocene, from 0.04 to 0.3 mm/yr.
Results suggest that cooling of the internal Zagros migrated from the SSZ to the
UDMA during a more mature stage of the continental collision, after ~17 Ma (i.e.,
coeval with the outward propagation of deformation and topography fronts in the
external Zagros). Constant exhumation rates in the UDMA (~0.3 mm/yr) suggest that
no significant variation of erosion rates occurred since the onset of continental
collision. In Central Iran, the overlap of ZFT, AFT and AHe ages from gneissic
samples points to rapid cooling during the late Eocene (~42°C/Myr), which is
consistent with previous reports on the formation of Eocene metamorphic core-

complexes.

Keywords: Iranian Plateau; internal Zagros; exhumation; thermochronology; cooling

rates; differential topography



1 Introduction

The Zagros orogen marks ongoing collision of the northern edge of Arabia with
Eurasia, following closure of the Neotethyan Ocean (e.g., Dercourt et al., 1986;
Stampfli and Borel, 2002; Agard et al., 2011; Jackson, 2011). The timing of ocean
closure and the initiation of collision has long been controversial, ranging from Late
Cretaceous (Berberian & King, 1981) to Miocene (Berberian & Berberian, 1981) or
uppermost Pliocene (Stocklin, 1968). There is nevertheless a growing body of
evidence in support of a Late Eocene to Oligocene initiation of collision at 30 £ 5 Ma
(e.g., Jolivet and Faccenna, 2000; Agard et al., 2005; Vincent et al., 2005; Ballato et
al., 2010; McQuarrie and van Hinsbergen, 2013).

The Zagros is consequently regarded as a young analogue to the Himalayan orogen
(e.g., Hatzfeld and Molnar, 2010), where collision started at 50-55 Ma (Patriat and
Achache, 1984) and the amount of shortening was much greater (e.g., Guillot et al.,
2003). The formation of the Tibetan plateau is still controversial (e.g. Molnar et al.,
1993; Meyer et al., 1998; Tapponnier et al., 2001; Hatzfeld and Molnar; 2010), but it
is characterized by a significantly higher mean elevation (5000 m) than the Iranian
plateau (1500 m). Recent studies, however, indicate that a ~3000 m high proto-
Himalayan plateau (i.e., about one third of the current plateau area) already existed
during the early stages of continental collision (Liu-Zeng et al., 2008; VVan der Beek et
al., 2009), suggesting that the present-day Tibetan plateau probably developed from
the core (proto-plateau) to the outer parts of the orogen (Royden et al., 1997;
Tapponnier et al., 2001; Liu-Zeng et al., 2008; Rohrmann et al., 2012).

Despite numerous recent studies on the Zagros (see reviews by Hatzfeld and Molnar,

2010; Agard et al., 2011; Jackson, 2011; Mouthereau et al., 2012), the topographic



evolution of the Iranian plateau (and of the Zagros) remains largely unknown. Low-
temperature thermochronology studies on the external Zagros (Gavillot et al., 2010;
Hessami et al., 2001; Homke et al., 2010; Khadivi et al., 2012) demonstrated a
progressive outboard migration of deformation (Fig. 1, inset) from the Crush zone
(20-15 Ma) to the High Zagros (10 Ma) and the Zagros fold and thrust belt (5-0 Ma).
Yet key questions remain unanswered: did plateau uplift start at the onset of collision,
from the past 20 Ma onward (e.g., Meyer et al., 2006), or during the past 10-5 Ma
only (Allen et al., 2004; 2011; Molinaro et al., 2005b; Mouthereau et al., 2012)? Did
uplift occur rapidly or progressively? How was deformation on the upper Eurasian
plate partitioned in space and time, and what are the causes of plateau formation?

In order to constrain the exhumation history of the Iranian plateau and contribute to
the debate, we herein focus on the time record of cooling and exhumation in the
internal Zagros using apatite (U-Th)/He, apatite and zircon fission-track data. The
cooling history, in combination with structural and petrologic data, can provide useful
information on the deformation of the Eurasian plate and contribute to the discussion
of the formation of the plateau. This study is based on extensive sampling across Iran
(Chiu et al., 2010). The results are afterwards discussed in the framework of regional

tectonics.

2. Geological background

2.1. Structural organisation of the Zagros orogen
The Zagros orogen extends from the Turkish-Iranian border in the NW to the Makran
area in the SE, where oceanic subduction is still active (e.g., Ellouz-Zimmermann et

al., 2007). The Zagros fold and thrust belt proper essentially formed at the expense of



the shortened margin of the Arabian Plate, whereas the Iranian plateau located to the
north and to the east of the Zagros mountains corresponds to deformed continental
blocks welded to Eurasia well before the Zagros collision. The Zagros orogen is
conventionally divided by the Main Zagros Thrust (MZT) into the internal and
external Zagros. The MZT marks the boundary between the Arabian lower plate and

the Eurasian upper plate (Agard et al., 2005).

2.1.1. External Zagros
The external zone can be divided on the basis of sedimentary basins, deformation
styles and seismic characteristics (Stocklin, 1968; Alavi, 1980; Berberian and King,
1981; Berberian 1995, Lacombe et al., 2006; Mouthereau et al., 2006), into the Zagros
Simply folded belt (ZFB; Fig. 1) and the High Zagros (HZ). The ZFB belt
corresponds to an active accretionary wedge and is characterized by NW-SE trending
folds of the 13 km thick EO-Cambrian to Quaternary sedimentary cover, detached
from the Cambrian Hormuz salt (Hessami et al., 2001; Blanc et al., 2003; McQuarrie,
2004). The HZ is formed by Mesozoic carbonate rocks overthrusted by the Crush
zone (i.e., radiolarite series and ultramafic bodies of the Neyriz ophiolitic complex)
and characterized by larger offsets on basement faults, steep contacts and more ductile

deformation (Ricou et al., 1977; Mouthereau et al., 2007Db).

The internal Zagros comprises the following sub-parallel tectonostratigraphic
domains, from SW to NE: the Sanandaj-Sirjan Zone (SSZ), the Urumieh-Dokhtar

Magmatic Arc (UDMA) and Central Iran.



2.1.2. The Sanandaj-Sirjan Zone (SSZ)
The Sanandaj-Sirjan Zone is immediately located to the north of the MZT and
consists mainly of Permian to Jurassic interbedded phyllites and metavolcanics rocks
showing a moderate metamorphic imprint (i.e., mostly low-grade greenschist facies
rocks, with scarce amphibolites exhumed near some plutons; Agard et al. 2005).
During the Middle Jurassic and Lower Cretaceous times, the SSZ represented an
active Andean-like type margin whose calc-alkaline magmatic activity shifted briefly
to the SW in the present-day Crush zone (Agard et al., 2011; Whitechurch et al.,
2013), before shifting northward to the UDMA (Berberian and King, 1981; Sengdr,
1990). By contrast to adjacent domains, the SSZ lacks marine Upper Oligocene-
Lower Miocene sediments (Qom Formation; see below), which indicates that it was

above sea-level at this time.

2.1.3. Urumieh Dokhtar Magmatic Arc (UDMA)
The UDMA (Schroder, 1944) is situated between the SSZ and Central Iran and runs
parallel to the Zagros and the SSZ (Fig. 1). It forms a topographic ridge separating the
SSZ from Central Iran, and bears in places >10 km thick volcano-sedimentary
deposits (Dimitrijevic, 1973). The distinction between the SSZ and UDMA s justified
by the emplacement of a subduction-related, mostly Eocene to Oligocene magmatic
arc in the UDMA (Berberian and Berberian, 1981; Shahabpour, 2005; Chiu et al.,
2013). However, the former Mesozoic calc-alkaline plutons found in the UDMA were
emplaced in the Eurasian upper plate and should therefore be considered as part of the
SSZ magmatic arc. Eocene volcanic rocks are composed of voluminous tholeiitic,
calc-alkaline and K-rich alkaline magmatic rocks. Intrusive rocks are dominantly

Oligo-Miocene (Berberian and Berberian, 1981). Magmatism resumed in Plio-



Pleistocene times, with the onset of a restricted adakitic province (Jahangiri, 2007;
Omrani et al.,, 2008; Chiu et al., 2013) suggesting a possible modification of
geothermal gradients. This modification was tentatively related to slab break-off
(Omrani et al., 2008) or lithospheric delamination (Hatzfeld and Molnar, 2010)

beneath the Iranian Plateau.

2.1.4. Central Iran and Iranian plateau

The Central Iran comprises Precambrian basement rocks with metamorphic
successions and plutonic suites (e.g. Chapedony and Posht-e-Badam complexes:
Haghipour, 1974; Nadimi, 2007; Berberian and Berberian, 1981) overlain by
Jurassic—Cretaceous and subordinate Palacogene cover formations. A stage of
extensional tectonic activity, marked by distributed extension and the formation of
core-complexes, took place during mid-Eocene to Oligocene times (ca. 45-30 Ma;
Verdel et al., 2007, Kargaranbafghi et al., 2012) and pre-dates later, syn- to post-
Oligocene SW-NE shortening (Kargaranbafghi et al., 2010).

Whether Central Iran represents one coherent block (Stocklin, 1968) or consists of a
mosaic of microblocks (e.g. Lut, Tabas, Yazd and Anarak blocks) is debated. Despite
complexities inherited from pre-Pan-African times, such as the N-S trend in the Tabas
area, or the Lut ‘block’, which was a Precambrian basement horst (Stécklin, 1968;
Nadimi, 2007 and references therein), or the Palaeo-Tethys closure (Bagheri and
Stampfli, 2008), the Central Iran, the UDMA and the SSZ together can be considered
to represent the upper plate domain during most of the recent convergence history

leading to the Zagros orogeny (Agard et al., 2011).



2.2. Sedimentary constraints on the topographic evolution

The timing of plateau uplift can be partly constrained by stratigraphic records in
Central Iran. The Central Iranian basins located on the overriding Eurasian plate are
composed of two sub-basins, the Saveh-Qom area basin and the Great Kavir desert
(Gansser, 1955a; Jackson et al., 1990; Morley et al., 2009 for a stragraphic review).
The stratigraphic record from the Central Iranian basin shows that a large part of the
Iranian plateau was overlain by a sequence of Upper Oligocene-Lower Miocene
carbonate sedimentary rocks (Morley et al., 2009; Reuter et al., 2009). The Qom
Formation (23-17 Ma) is approximately equivalent in time to the external Zagros
Asmari Formation and is interpreted as an isolated, shallow seaway north of the
Tethyan ocean (Harzhauser and Piller, 2007). The Aquitano-Burdigalian limestone of
the Qom Formation is typically 500-1000 m thick and interbedded with clastic-
dominated units of the Lower Red Formation and the Upper Red Formation (Gansser,
1955a; Morley et al., 2009). The base of the Upper Red Formation is a 400 m thick
evaporitic unit with interbedded clastic rocks (Abaie et al., 1964). This thick unit can
be interpreted as a progressive transition from marine to continental sedimentation
and as a marker of surface uplift (Morley et al., 2009) or relative sea level fall.

This stratigraphy implies that the Central Iranian plateau area subsided under sea level
during the Upper Oligocene - Lower Miocene (Qom Formation). The gradual
transition between marine to continental sedimentation suggests that the Central
Iranian plateau was for the last time at sea level during the Burdigalian and constrains
the initiation of (at least part of the) plateau uplift to < 17 Ma.

In the Alborz Mountains (Fig. 1), the transition from shallow marine to continental
sediments occurred after 36 Ma and marks the transition from extension to

compression (Ballato et al., 2011). On the plateau south of the Alborz Mountains,



Morley et al., (2009) estimated from balanced cross sections that the inversion of the
intra-continental basins located between the Zagros and Alborz occurred during the
Early Miocene or later, and was accompanied by 38 km of shortening, while

Mouthereau et al. (2012) give an estimate of ~50 km.

3. Materials and Methods

Erosional exhumation is herein inferred from the cooling histories of Permian and
Jurassic intrusive bodies, using zircon fission-track (ZFT), apatite fission-track (AFT),

and (U-Th)/He (AHe) thermochronologic data.

3.1. Sampling strategy

To assess the timing and history of plateau exhumation, 15 plutonic samples from the
upper plate internal domains, that U/Pb crystallization ages were already available
(Chiu et al., 2010), were selected. AHe, AFT and ZFT analyses were performed on
samples coming from the different sub-parallel tectonostratigraphic domains (with an
S, U, ¢ or k suffix for samples from the SSZ, UDMA, Central Iran and Kopet Dagh,
respectively). The samples were collected from a wide range of lithologies (from
leucogranites to gabbros), and zircon U-Pb crystallization ages (from 218 Ma to 5.4
Ma; Table 1; Fig. 1b). They comprise:

- one leucogranitic (09-13s) and one granitic (08-27) sample from Jurassic rocks in
the SSZ, (~165 Ma; Chiu et al., 2010) which were selected to gain information on the
pre-collision cooling of the Zagros belt,

- three granitic samples (08-14u, 08-31u and 10-60u), one gabbroic sample (10-61u),

one dioritic sample (10-72u), one microdioritic sample (10-76u) and three



granodioritic samples (10-79u, 10-80u and 10-106u) collected from rocks in the
UDMA which have zircon U-Pb ages between 175.2 Ma and 5.4 Ma (Chiu et al.,
2010). Samples 08-14u and 10-60u were taken from the extended northern part of the
SSZ.

- one granitic (08-09c) and one gneissic (08-10c) sample were collected from Eocene
rocks (~45 Ma; Chiu et al., 2010) from Central Iran,

- one granodioritic (09-01k) and one dioritic (09-03k) sample from Kopet Dagh, to

provide reference anchor points far from to the Neotethyan suture zone.

3.2. Analytical techniques

3.2.1. Apatite (U-Th)/He (AHe)

(U-Th)/He age determinations were carried out at the laboratory Géosciences
Montpellier, Université Montpellier 11 (France). Inclusion-free apatite grains were
handpicked from sample aliquots, individually loaded in Pt tubes and laser heated for
10 min at 950°C together with several aliquots of Durango apatite age standard for
calibration. The gas released was spiked with *He and purified using cold Zr-Al
getters and a cryogenic trap. Helium was analyzed on a quadruple mass-spectrometer.
For some grains, a re-heating cycle was applied in order to ensure the complete
helium release. In this case, the amount of helium released remains similar to the
blank value measured between each sample. After laser heating, apatites were spiked
using an enriched ?**U-?°Th tracer and dissolved in HNOs. U and Th concentrations
were determined by isotope dilution ICP-MS analysis. Mean (U-Th)/He ages were
calculated on the basis of 2-4 replicate analyses (i.e. different apatites grains). After
blank corrections, all ages were calculated using standard a—ejection corrections

(Farley et al., 1996; Farley 2000). All AHe ages were obtained from four aliquots,
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except for sample 08-27s for which only two aliquots were analyzed (Table 2; Figs.
3a, 4a). Because apatite grain size strongly influences the (U-Th)/He age, aliquots
with crystals larger than 60 pm and devoid of inclusions were chosen for analysis

(Reiners and Farley, 2001).

3.2.2. Apatite (AFT) and zircon (ZFT) fission track

Sample preparation and analyses were performed in the Institut des Sciences
de la Terre (ISTerre), Université Joseph Fournier, in Grenoble (France). Apatite and
zircon grains were separated from crushed rocks using standard sieving, heavy liquid
and magnetic separation techniques. Apatite grains were mounted in epoxy resin and
zircons in PFA Teflon®. Mounted samples were then polished to expose internal
grain surfaces. Apatite samples were etched in 5.5-mol HNO;3 at 21°C for 20s to
reveal spontaneous tracks. Zircons concentrates were etched in a NaOH-KOH melt at
230°C between 5 and 40h. Apatite and zircon samples were irradiated separately in
the FRM |1 reactor, Munich, Germany. Thermal neutron fluence was monitored using
IRMM540R dosimeter glasses for apatite and corning CN-1 dosimeter glasses for
zircon. The external detector method with muscovite sheets was used for analysis
(Gleadow, 1981; Hurford and Green, 1982). The muscovite detectors were etched
after irradiation at 20°C in 48% HF for 18 min. Spontaneous and induced fission
tracks were counted dry on an Olympus BH2 optical microscope at x1250
magnification, using the FTStage 4.04 system of T. Dumitru. Central ages (Galbraith
and Laslett, 1993) have been calculated with the zeta calibration method (Hurford and
Green, 1982), using Durango (31.3 £ 0.3 Ma, Naeser and Fleischer, 1975) and Fish
Canyon Tuff (27.8 £ 0.2 Ma, Hurford and Hammerschmidt, 1985) age standards for

apatite, and Fish Canyon Tuff and Buluk Tuff (16.2 Ma) age standards for zircon.
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Conventionally, the range of effective closure temperatures for the different
thermochronologic systems depends on cooling rate, chemical compostition, crystal
size and/or accumulated radiation damage (e.g. see Dodson 1973; Brandon et al.,
1998; Reiners and Brandon, 2006; Bernet, 2009). The closure temperatures for a
common orogenic cooling rate of about 15°C/Myr and average chemical composition
or radiation damage are ~75t5°C for AHe (Farley 2000); ~110+10°C for AFT
(Brandon et al., 1998) and ~240+20°C for ZFT (Hurford, 1986; Brandon et al., 1998;
Bernet, 2009). The effective closure temperatures for the different dating techniques
and the different samples were therefore estimated iteratively for each cooling path

using the Closure program (M.Brandon).

3.3. Geological significance of cooling ages

U/Pb ages correspond to the age of zircon crystallization in a magma (at T~800°C;
Cherniak and Watson, 2000), whereas in the case of monotonic cooling
ZFT/AFT/AHe ages mark the crossing of isotherms at approximately 240°C, 110°C
and 75°C (see above). Cooling histories of intrusive bodies, depend on their volume,
shape, and emplacement depth, which is generally difficult to determine.

The interpretation of pluton cooling ages must be treated with caution. For example,
the case where ZFT, AFT and AHe ages overlap may indicate rapid post-magmatic
cooling of the plutonic intrusion either because of shallow emplacement, or very rapid
exhumation (cases 1 and 2; Fig. 2a), or a combination of both. Similarly, without
further thermochronologic information it is difficult to determine early exhumation
rates from ZFT cooling age alone if post-magmatic cooling was slow (i.e., when the
U/Pb and ZFT ages differ; case 3, Fig. 2a), because the exact emplacement depth is

not known, and it is not clear how much cooling was caused by erosion and how

12



much by post-magmatic relaxation of isotherms.

Numerical simulations and geophysical observations (e.g. Kukowski and Neugebauer,
1990; Weinberg and Podlachikov, 1994; Petford et al., 2000; Burov et al., 2003),
show that if a pluton is emplaced at depths where T exceeds 350°C (i.e., ~ 5 or 10 km,
assuming geothermal gradients of 60 or 30 °C/km, respectively), post-magmatic
cooling takes less than 1 Ma. Assuming that the coldest possible emplacement
temperature was ~350°C (without tectonic activity) thus only provides a minimum
early erosional exhumation rate for these cases (Fig. 2b, case 3).

To overcome these limitations, the use of mineral pair analyses FT or He on apatite
and zircon is essential to constrain the cooling history and in particular discern
between exhumation and post-magmatic cooling of plutons. Finally, we recall in
Figure 2b that surface uplift (and therefore topography) is equal to rock uplift minus
exhumation (e.g., England and Molnar, 1990): cooling paths inferred from
thermochronologic ages (in this case history between the ZFT and AHe closure

temperature) thus chiefly inform on exhumation.

4. Results

4.1. AHe, AFT and ZFT results

Apparent cooling ages of all three dating techniques are reported as pooled
ages with £2¢ uncertainties in Tables 2, 3 and 4.

AHe ages range from 53.03 = 0.7 Ma (08-09s) to 6.08 + 0.31 Ma (10-61u).
Younger AHe ages are found along the UDMA (Figs. 3a, 4), and show a cluster of
Late Miocene ages (6-7 Ma), particularly in the southeastern part of the UDMA.

Except for sample 10-80u for ZFT, all FT analyses showed a P(x°) >5%,

13



indicating a single cooling age distribution for each sample, with no indication of
partial resetting. Fission-track ages were calculated with the BINOMFIT software of
Brandon (see Brandon 1996, Stewart and Brandon 2004) with about 10-30 grains
analyzed per AFT and ZFT sample.

AFT ages show a range from 49.8 to 4.7 Ma throughout the study area (Table
3). The oldest age (49.8 £ 4.8 Ma) is found in the northwestern part of the SSZ. The
youngest ages (between 20 and 4.7 Ma) are found along the UDMA (Table 3, Figs.
3b, 4a). For the younger samples (Table 3), the small number of induced and
spontaneous fission tracks, which also relates to the low concentration of uranium in
apatite, leads to greater uncertainties on age determinations.

The ZFT ages show an even greater range of cooling ages, between 141.7 to
5.5 Ma (Table 4, Figs 3c and 4a). We distinguish one age group composed of the
oldest ZFT ages, in the SSZ (08-27s: 141.7 + 26 Ma), the Kopet Dagh (09-03k: 126.7
+ 30 Ma) and one sample in the UDMA (08-14u: 121 + 17 Ma). Other ages are
distributed between 66.7 and 5.5 Ma with the youngest age, again, in the UDMA (10-
76u: 5.5 + 0.7 Ma). Within error, cooling ages for each sample yield consistent ZFT >
AFT > AHe ages (Fig. 4). Nevertheless, some of the reported samples show an apatite
AHe ages older than their AFT ages. This discrepancy between the two
thermochronologic methods could be linked to the degree of accumulated radiation
damage within the crystal lattice and/or by the assimilation of ejected He. (see for
example, Green and Duddy, 2006; Green et al., 2006).
Some samples (e.g. samples 10-76u, 10-79u and 10-80u) show similar AHe, AFT
ZFT and U/Pb ages. Interpretation of these samples is typically ambiguous (i.e.,
shallow emplacement or fast exhumation, as noted in 3.3; cases 1 and 2; Fig. 2a) and

they cannot be used in the interpretation of the exhumation history of the Iranian
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plateau (see chapter 5.1.).

4.2. Results vs. tectonic domains

Cooling rates can be calculated by dividing the temperature difference between the
closure temperatures of two radiometric systems divided by the difference in cooling
ages obtained for each system. Cooling ages are translated in terms of exhumation
rates and then estimated assuming a geothermal gradient of 30 °C/km, typical of
continental arc terranes (see discussion) and a mean surface paleo-surface temperature

of 15°C.

4.2.1. Sanandaj Sirjan Zone

The two granitic SSZ samples 09-13s and 08-27s were emplaced coevally, as
indicated by their U/Pb ages of 165+2 Ma (Table 1). Both granites cooling path can
be interpreted as a slow exhumation during the Mesozoic (Fig. 4a). This early
exhumation was probably slightly faster for sample 08-27s, located in the central part
of the SSZ, than for sample 09-13s located further to the NW (Fig. 4a). However, the
slope of the cooling path between U/Pb to ZFT ages only provides an upper bound on
the exhumation rate, as the exact emplacement depth of the pluton is unknown. If, for
example, sample 08-27s was emplaced at depths corresponding to T ~350°C (see
section 3.3), the exhumation rate could be the same as the one calculated for sample
09-13s (Fig. 4a).
Both samples evidence a later, Cenozoic increase in exhumation rate, although
somewhat differently (Fig. 4a). Sample 08-27s experienced rapid cooling during the
Eocene, whereas sample 09-13s shows less increase cooling during the late Eocene to

Oligocene period, which coincides with the onset of collision. Assuming a paleo-
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geothermal gradient of 30°C/km, these samples underwent a minimum exhumation of
~11 km since 165 Ma. Average long-term erosional exhumation rates are 0.04 + 0.014
mm/yr during the Mesozoic and 0.31 + 0.11 mm/yr during the upper Eocene-
Oligocene. The assertion that rocks of the SSZ samples had reached shallow crustal
depths (< ~2-3 km) by the late Oligocene is further supported by the AFT cooling
ages of 26 Ma and 27 Ma reported from other SSZ samples (Omrani 2008,

unpublished data and Homke et al., 2010 respectively).

4.2.2. Urumieh Dokhtar Magmatic Arc

UDMA samples can be split into three different cooling age groups (Fig. 4b). In the
first group, samples 10-60u and 08-14u show an identical cooling path to those of the
SSZ samples (0.04 + 0.011 mm/yr) from Mesozoic to Eocene (Fig. 4b).

The second group includes samples 10-61u, 10-72u, 08-31u and 10-106u, which all
crystallized prior to 15 Ma (Fig. 4b). They yield total exhumation rate estimates of
~4.6 km in ~43 Myr (between 49.2 Ma (ZFT) and 6.08 Ma (AHe)), ~6 km in ~20 Myr
(between 26.8 Ma (ZFT) and 7.25 Ma (AHe)), ~1.7 km in ~6.7 Myr (between 19.8
Ma (AFT) and 13.09 Ma (AHe)), and ~1.7 km in ~5.8 Myr (between 12.3 Ma (AFT)
and 6.47 Ma (AHe)) respectively, which corresponds to exhumation rates of 0.12
+0.02 mm/yr, 0.31£0.05 mm/yr, 0.25+£0.04 mm/yr and 0.29+0.1 mm/yr, respectively.
Despite differences in age and structural setting, the three last samples (10-72u, 08-
31u, 10-106u) are thus characterized by similar Neogene exhumation rates (~0.28 +
0.06 mm/yr) since the Early Miocene.

The third group is composed of the southeastern samples 10-76u, 10-79u and10-80u
and shows a tight cluster of young cooling ages, between 9 and 6 Ma, for all

thermochronometric systems. Sample 10-76u is in fact a subvolcanic microdiorite,
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and the petrologic characteristics of the granodiorite samples 10-79u and 10-80u are
consistent with emplacement at shallow (~2-3 km) crustal levels. Emplacement at ~2-
3 km depth would imply a minimal rock uplift of ~2-3 km between 9 and 6 Ma and

correspond to an exhumation rate of 0.39 + 0.08 mm/yr.

4.2.3. Central Iran and Kopet Dagh
In Central Iran, the overlap (within error) of the ZFT, AFT and AHe ages from the
gneissic sample (08-10c) points to fast cooling rate (~42°C/Myr) during the Late
Eocene and Oligocene (Fig. 4c).

The two Kopet Dagh samples 09-01k and 09-03k have Triassic ages. One of
them (09-01k) shows a slow Triassic to Eocene cooling path (Fig. 4c), which is
similar to the cooling path of the SSZ and the oldest UDMA samples (08-14u and 10-
60u). These results hint to the fact that Kopet Dagh samples were probably already
exhumed to the near surface during the Eo-Oligocene, implying only minimal

exhumation since ca. 30 Ma (max. 2-3km in 30 Myr; Figure 4c).

5. Discussion

5.1. Constraints on exhumation

Our thermochronological results provide constraints on cooling histories and
exhumation (mainly driven by erosion in the absence of widespread extensional
tectonics) of the internal Zagros since the early stages of Neotethys subduction. In the
absence of constraints on past continental thermal gradients, exhumation rates
estimated below rely on the assumption of an average value of 30°C/km. This

hypothetical value, somewhat higher than the 15-25°C estimated for the external part
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of the Zagros (Mouthereau et al., 2006; Gavillot et al., 2010; Homke et al., 2010), is
probably reasonable for internal zones such as the Mesozoic SSZ and Cenozoic
UDMA magmatic arcs. Lower geothermal gradients would result in higher
exhumation rates. For the sake of comparison, we also assumed a similar thermal
gradient for samples from both the SSZ and the UDMA magmatic arcs, although the
gradient may have been slightly higher for the UDMA given its volumetrically large
Cenozoic magmatic activity (Berberian and Berberian 1981; Omrani et al., 2008).

We discuss below the detailed trajectories of key samples (i.e. with clearly
different cooling ages especially between AFT and AHe ages) from the SSZ and
UDMA (i.e., samples 08-27s, 09-13s and 08-14u, 08-31u, 10-61u, 10-72u, 10-106u
respectively; Fig. 5a). The cooling paths of the SSZ and Kopet Dagh rocks are similar
until at least 50-40 Ma and point to slow cooling (~2°C/Myr) and exhumation rates
(~0.04 mm/yr) during oceanic subduction. The oldest UDMA samples (08-14u, 10-
60u, 10-61u) emplaced in the upper plate prior to the differentiation of the SSZ and
UDMA domains evidence similar slow exhumation (between 0.04 and 0.12 mm/yr).

Figure 5b places emphasis on the transition period from subduction to collision.
Irrespective of their exact elevation, the cooling paths of these samples are shown
between 50 and 0 Ma, with error envelopes incorporating all associated uncertainties
(i.e., analytical standard deviations, ambiguities associated with early exhumation
paths; see chapter 3.3).

In the central SSZ, sample 09-13s shows a transition from slower (~0.04 mm/yr)
to faster (0.31 mm/yr) exhumation since the late Eocene (~39.6 + 6.5 Ma). This
acceleration of exhumation broadly coincides with the onset of collision between the
Arabian distal margin and Eurasia (Agard et al., 2005; i.e., initiation of “soft”

continental collision; Ballato et al., 2011). This is consistent with the late Oligocene
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AFT ages (27 and 26 Ma; Fig.3) obtained by Homke et al. (2010) and Omrani (2008).
AHe ages for the SSZ (22 and 53 Ma for samples 09-13s and 08-27s, respectively)
indicate that there is no to only minimal erosion along the SSZ after the Oligocene.
Besides, no Miocene Qom Formation was deposited on the deformed SSZ. The SSZ
may thus already have formed a smooth, plateau-type topography by then. The
absolute elevation of that plateau-type topography by that time remains nonetheless
unknown.

Exhumation along the UMDA takes place at relatively constant rates of ~0.2
mm/yr throughout the Miocene (samples 08-31u, 10-61u, 10-72u, 10-106u; Fig. 5a),
without evidence either of acceleration or deceleration. The particularly homogeneous
AHe ages for the UDMA samples (i.e., all being at ~1.3 km depth by ~6 Ma) point to
minimal exhumation rates of ~0.2 mm/yr. The similar U/Pb, ZFT, AFT and AHe ages

of samples 10-76u, 10-79u and 10-80u indicate rapid cooling (> 100 C°/Myr), most

probably associated with shallow depth emplacement (i.e., 2-3 km max. as shown by
their plutonic to sub-volvanic petrological textures), rather than with rapid
exhumation. The latter alternative interpretation cannot be discarded, however,
especially considering samples coming from the same area (Fig. 1) and where
adakites (and possibly slab-breakoff) were reported (Omrani et al.,, 2008). We
nevertheless note that the overlap of these cooling ages could also result from their
very low U and He content (see samples with a star in Tables 3 and 4). More data is
clearly required for this part of the UDMA.

In the eastern part of Central Iran, the rapid cooling at ~42°C/Myr of the gneissic
sample 08-10c accords with the cooling of metamorphic core complexes during the

Eocene noted by Verdel et al., (2007) and Karagaranbafghi et al. (2012), rather than to
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shallow emplacement. The AHe ages reported here are close to those of the latter
study (Fig. 1).

The Inferred exhumation rates for the SSZ, UDMA and Central Iran samples are
compared in figure 5b. The Central Iran samples are the only ones showing relatively
fast exhumation (ie, > 1mm/yr). Importantly, no change in exhumation rates is
observed in the SSZ and UDMA samples during the Miocene, despite the report of
several tectonic events: (1) inversion of the Central Iranian basin, transition between
extensional to compressional tectonics and onset of clastic sedimentation since the
Burdigalian (Morley et al., 2009), (2) change in structural style in the Alborz
Mountains at ~7-5 Ma (Axen et al 2001, Ballato et al., 2011, 2012), (3) slab-breakoff
(Hafkenscheid et al., 2006; Omrani et al., 2008), (4) regional-scale plate-tectonic

reorganization along the Arabia-Eurasia collision (Allen et al., 2011).

5.2. Exhumation history and implications for topographic build-up of the
internal Zagros

Keeping in mind limitations associated with deriving exhumation rates from
cooling histories (Reiners and Brandon 2006, Willet and Brandon; 2013), the above
data allow proposing a tentative reconstruction of the exhumation history of the
internal Zagros. These data also shed some light on the evolution of its relative
topography during the Cenozoic (Fig 6).

Before ~40 Ma (Upper Eocene) the Neotethyan oceanic lithosphere is being
subducted beneath Eurasia (since the upper Triassic: Berberian and King 1981; Arvin
et al., 2007). We therefore interpret the slow cooling in the SSZ, UDMA and Kopet
Dagh until ~40 Ma as reflecting very limited topography during oceanic subduction,

in a similar fashion to the present-day oceanic subduction beneath Makran. By
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contrast, the acceleration of exhumation rate in one of the SSZ samples, from 0.04 to
0.31 mm/yr, may point to a change in erosion, and thus topography uplift, near the
suture zone at the onset of collision.

We focus below on the (Late Oligocene to) Miocene evolution of the internal
Zagros, after the onset of collision (i.e. 30 £ 5 Ma; Agard et al., 2011 and references
therein; Fig. 6).

— 25-17 Ma: The presence of the 23-17 Ma, Early Miocene Qom Formation
(coeval with the deposition of the Asmari Formation in the external Zagros) is an
important milestone for exhumation and topographic build-up of the internal Zagros,
showing that most of the UDMA and the Iranian plateau were at or near sea level for
the last time at 17 Ma (Morley et al., 2009, Reuter et al., 2009), and that no erosion
took place there during this period. No such Qom deposits are found in the SSZ. The
late Oligocene AHe cooling age of sample 09-13s SSZ indicates that this rock was at
~1.5-2 km depth beneath the surface at 22 Ma. Assuming an exhumation rate of 0.24
mm/yr (i.e., the same as after the Eocene acceleration), this SSZ sample would have
arrived at the surface at 16.5 Ma. This, together with the 53 Ma AHe age of sample
08-27s, points in any case to very low erosion rates in the SSZ over the last 20 My,

— 17-10 Ma: Exhumation velocities in the UDMA are around 0.2-0.3 mm/yr
during that period (Fig. 5a,b), which coincides with the sedimentation of the lower
part of the Upper Red formation made of coarse clastic deposits with a large
volcanoclastic component derived from the UDMA. Although erosion in the SSZ is
limited, some fragments are also derived from the SSZ (Morley et al., 2009). The
extensive sedimentation of the Upper Red formation in both the UDMA and Central
Iran points to the absence of a significant topographic step between these two areas

(Figure 6b).
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The moderate ~0.2-0.3 mm/yr exhumation rates for samples adjacent to the Qom
basin (08-31u and 10-106u) broadly fit with the sedimentation rate recorded in the
Central Iranian basin (i.e., 0.6 mm/yr; ~7 km deposited between 17.5 and 6.2 Ma:
Ballato et al., 2008; Morley et al., 2009), especially when taking into account
additional sedimentary supply from the Alborz (where the exhumation rate is
estimated between 0.025 and 0.23 mm/yr; Rezaeian et al., 2012). Note that average
erosion rates for the UDMA would fall to 0.05-0.15 mm/yr assuming higher, back-arc
type geothermal gradients (e.g., 50-60°C/km), hence quite lower than estimates from
sedimentary fluxes.

— 10-0 Ma: At 6 Ma a surge in magmatic activity is observed in at least part of
the UDMA (as shown by U/Pb ages of south-central UDMA). Thermochronological
data also indicate that most UDMA samples still lie at 1.5-2 km beneath the surface
(Figure 6d). Compressional deformation is recorded in the UDMA until ~3 Ma. By
contrast with the lower part of Upper Red Formation, depocenters of the Late Upper
Formation (10-7 Ma) are located between the uplifted UDMA massifs and the central
Iranian basin.

We interpret this shift in sedimentation away from the UDMA as marking an
increase in UDMA erosion and as the onset of a topographic step between the UDMA
and Central Iran (Figure 6c). The respective contributions from shortening and
magmatic production to the increased erosion (and differential topography) are
unfortunately unknown at present.

After 3 Ma little sedimentation occurs in the Central Iranian Basin (Morley et al.,
2009). This suggests that from 3 Ma onward the UDMA and Central Iran were likely

jointly uplifted to their present day elevation (Figure 6f). This suggests, in turn, that a
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somewhat faster exhumation rate may have prevailed for the UDMA samples between
6 and 3 Ma.

We finally recall that thermochronological data and sedimentary constraints
provide no clue on absolute elevations and that the general uplift of the entire internal

Zagros may have taken place anytime, hence at an unknown rate, after 17 Ma.

5.3. Implications for Arabia-Eurasia convergence zone

These data, despite a relatively small number of samples, provide useful
insights on the evolution of the Arabia-Eurasia convergence (Fig. 6):
(1) The similar, slow cooling paths of the SSZ, UDMA and Kopet Dagh samples
during oceanic subduction (Fig. 5a) are consistent with the existence of a unique
Central Iranian block, encompassing the SSZ, UDMA and Central Iran (Sengér 1984;
Stampfli and Borel, 2002; Agard et al., 2011).
(2) Exhumation processes in the SSZ, hence within the first 100-150 km aside the
suture zone, likely increased during the onset of continental collision (possibly as a
result of increased coupling between the two plates).
(3) The locus of exhumation migrated inland towards the UDMA after ~17-10 Ma.
This is broadly coeval with the outboard propagation of deformation in the external
Zagros (Hessami et al., 2001; Allen et al., 2004; Omrani, 2008; Gavillot et al., 2010;
Homke et al., 2010; Wrobel-Daveau, unpublished data 2011; Khadivi et al., 2012;
Fig. 1). Relatively low exhumation rates across the UDMA (< 0.3 mm/yr) suggest that
collision was accommodated in the upper plate by low-rate deformation. This timing
is compatible with former suggestions of deformation in Central Iran (Morley et al.,
2009) but may have started as early as 17 Ma (i.e., earlier than the 12 Ma proposed by

Allen et al., 2004). This migration also coincides with a 35% decrease in the
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convergence rate (McQuarrie et al., 2003; Hatzfeld and Molnar, 2010; McQuarrie and
van Hinsbergen, 2013) and with a shift from 'soft' to ‘hard’ collision (Ballato et al.,
2011; Mouthereau et al., 2012), despite debates on reconstructed lengths of the
stretched Arabian continental margin (e.g., Vergeés et al., 2011 and references therein).
(4) Our results confirm the existence of an extensional tectonic episode in the upper
plate during or slightly prior to the onset of collision. This change in the style of upper
plate deformation was related to ablative subduction (Agard et al., 2011) or slab
retreat (Moritz et al., 2006; Verdel et al., 2007), with both interpretations emphasizing
the increase in slab bending after early collision of the distal Arabian margin.

(5) The timing and rate of uplift of the Iranian plateau is not known and not readily
accessible with our data (as recalled in 5.2), yet inferences can be made on relative
topography (Fig. 6):

— the onset of differential topographic between the UDMA and the Central Iranian
basin dates back to between 10 and 6 Ma. This timing coincides with slab breakoff
beneath the UDMA, supported by both geochemistry and seismic tomography (5-10
Ma; Omrani et al., 2008; Agard et al., 2011).

— erosion was, during the Mid-Miocene, located in the UDMA rather than in the
SSZ.

While the formation of a large-scale plateau over Iran is probably best explained by
the partial delamination and/or lithospheric mantle removal of the subcontinental
Eurasian mantle (Hatzfeld and Molnar, 2010; Francois et al., 2014), these
observations suggest that other processes such as slab breakoff or crustal shortening
of the upper plate may have contributed to the build-up of differential topography on a
smaller scale (i.e., typically 200-300 km or 50 km, respectively (van Huenen and

Allen, 2011; Mouthereau et al., 2007b, 2012)).
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6. Conclusions

The combination of low-temperature thermochronology data (i.e., apatite (U-
Th)/He, apatite and zircon fission-track dating) on a set of representative Iranian
plutons is herein used to constrain the cooling paths and exhumation history of the
internal Zagros. The data show that exhumation of the upper plate Sanandaj-Sirjan
zone (SSZ) mainly took place prior to 25 Ma. Exhumation rates in the SSZ were slow
(0.04 mml/yr) during oceanic subduction throughout most of the Mesozoic and
increased to 0.3 mm/yr at the onset of collision (i.e., around 30£5 Ma). Exhumation
across the Urumieh-Dokhtar magmatic arc (UDMA) mainly took place after 17 Ma, at
similarly moderate denudation rates (0.2-0.3 mm/yr).

The results shown here also suggest that (1) the onset of collision resulted in an
increase in elevation in the vicinity of the suture zone, (2) exhumation migrated to the
NE (UDMA) after ~20 Ma, at the same time as towards the SW (external Zagros).
This is consistent with the idea that a more mature collision induced a broadening of
the orogen. The data also shed some light on the acquisition of differential topography

but not on plateau uplift, which started after 17 Ma.
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Figure captions

Figure 1.

Sampling locations:

a) Topographic map showing the main structures within the Arabia-Eurasian
convergence zone and sample locations. Blue frames show available low temperature
thermochronology data in the literature (data from, Axen et al., 2001; Omrani, unpub
data, 2008; Verdel et al., 2007; Guest et al., 2006a; Gavillot et al., 2010; Homke et al.,
2010; Karagaranbafghi et al., 2012; Khadivi et al., 2012; Wrobel-Daveau, unpub data,
2011; Ballato et al., 2012; Rezaeian et al., 2012. Black arrows indicate convergence
rates of Arabia with respect to Eurasia (from Vernant et al., 2004). Inset: simplified
structural map showing the extension of crustal thickening over the last 12 and 7 Myr
across the Arabia-Eurasia collision, as suggested by Allen et al. (2004).

b) Ages of the selected plutonic samples (from Chiu et al., 2010; see Table 1 for

details).

Figure 2.

a) Cartoon illustrating the various possible interpretations of cooling ages of plutons
emplaced at different depths, assuming a constant geothermal gradient. In the first two
cases, the overlap of ages is ambiguous and may indicate either shallow emplacement
of the pluton (1) or rapid exhumation (2). In the third case, the different cooling ages
reveal the effective exhumation and provide informative temperature-time paths

b) Cartoon recalling that surface uplift (dh) is equal to rock uplift (R. uplift) minus
exhumation (i.e., erosion; England and Molnar 1990). Exhumation corresponds here

to the net difference between (h2+Z2) and (h1+Z1), where h and Z are positive and
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negative, respectively.

Figure 3.
Low-temperature thermochronology data and location of calculated ages: a) AHe, b)

AFT and c) ZFT. See caption of Figure 1 for references of published ages.

Figure 4.

a) Cooling paths for the SSZ, UDMA, Central Iran and Kopet Dagh. The closure
temperature for each sample is calculated as a function of exhumation rate (see
Reiners and Brandon, 2006). Dashed lines represents minimal exhumation rates (see 8
3.3).

b) Cooling paths of key samples (see text). The depth range is calculated for a thermal
geotherm of 30°/km. The age of the Qom Formation is indicated (Qom fm.) and
Depth-time position of these key samples (irrespective of their exact elevation) at 50,
25, 20, 13 and 0 Ma. Error envelopes incorporate all associated uncertainties (i.e.,
analytical standard deviations, ambiguities associated with early exhumation paths;
see chapter 3.3).

c) Evolution of exhumation rate between 50 and 0 Ma for the SSZ, UDMA and
Central Iran. The number corresponds to the different stage of exhumation history

subsequently shown in the Fig.5.

Figure 5.
Tentative relative topographic reconstruction over the last 50 Myr along a NE-SW
traverse. Each time step is set against the evolution of the Arabia-Eurasia convergence

(see text). The sedimentary record from the Central Iranian basin is schematized from
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Morley et al., (2009). The present day topography of Central Zagros is represented by

the blue line in the panel 5.f (0 Ma).

Table 1: Sample locations, Rocks type and U/Pb Ages

Table 2: Analytical data for apatite (U-Th)/He age determination

Table 3: Apatite fission track analytical data. The stars represent the sample with low

U concentration

Table 4: Zircon fission track analytical data. The stars represent the sample with low

U concentration
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Table 1

Sample Longitude Latitude Elevation Rocks type SiO2 Zircon Apatite U/Pb +2c

(°E) (°N) (m) (%) Age

SSz

09-13s 48°26' 34°45 2187 leucogranite - - 1651 20
38" 28"

08-27s 51°55 32°18 1938 granite  67.95 - - 1646 21
06" 54"

UDMA

08-14u 54° 07" 31°35 2568 granite  67.72 - - 166.1 15
26" 32"

08-31u 51°55" 33°29" 1727 granite  65.56 - - 202 03
19" 28"

10-60u 57°26' 28°43 1384 granite = 75.18 - x 1752 1.8
02" 27"

10-61u 57°40" 28°55" 1398 gabbro  52.20 - - 766 09
7" 02"

10-72u  56° 47 29°40" 2369 diorite  56.17 - - 293 03
00" 40"

10-76u 55°42' 29°57° 2376 microdiorite 65.07 - - 65 0.1
55" 33"

10-79u 55°00° 30°28 2337 granodiorite 62.46 - - 94 01
29" 28"

10-80u 54°55' 30°35 2578 granodiorite 64.25 - - 54 01
16" 56"

10- 50°30° 34°19" 1298 granodiorite 60.25 - - 174 0.2

106u 39" 45"

Central

Iran

08-10c 54°58 32°29" 1042 gneiss  74.03 - - 475 04
29" 01"

Kopet

Dagh

09-01k 59°24' 36°08 1047 granodiorite 65.63 - - 2033 26
25" 57"

09-03k 59°33" 36°16'" 1016 diorite  60.73 - x 2187 2.2
27" 50"
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Table 2

Sample Length  Width "He u Th Ft Age Std dev
(um)  (pm) (mol/g) (mol) (mol) (Ma)
Ssz
09-13s (a) 300 150 2.15x10™*  7.15x107"° 3.60x10™ 0.815 18.90 0.13
09-13s (b) 310 160 3.87x10™  5.21x10™" 3.32x10™ 0.825 29.96 0.29
09-13s (c) 330 250 4.93x10™  3.24x10™ 1.42x10™%2 0.875 20.14 0.19
09-13s (d) 250 180 1.39x10™  1.07x10™ 2.08x10" 0.832 19.22 0.34
22.06 0.24
08-27s (a) 230 170 2.91x10™  6.72x10" 9.79x10™* 0.639 50.95 0.39
08-27s (c) 250 150 3.81x10™  7.82x10"® 1.15x10™% 0.665 54.91 0.51
08-27s (d) 230 160 7.13x10"°  1.55x107® 4.39x10™ 0.629 53.24 1.20
53.03 0.70
UDMA

08-14u (a) 130 80 5.44x10"°  1.09x107 1.09x10™% 0.651 48.29 1.30
08-14u (b) 110 100 6.39x10"°  2.11x10™ 1.14x10% 0.692 30.25 0.27
08-14u (d) 140 100 9.66x10™ 9.60x10™ 9.19x10™ 0.687 35.46 2.74
38 1.40
08-31u (a) 200 90 4.32x10™% 1.02x10™" 5.75x107% 0.698 12.63 0.20
08-31u (b) 190 75 2.72x10"°  5.35x107"° 4.67x10™ 0.646 12.79 0.19
08-31u (c) 175 90 5.36x10™ 3.73x10™ 8.23x107% 0.687 13.77 0.24
08-31u (d) 170 100 4.85x10" 5.61x10™" 6.89x10™ 0.709 13.16 0.13
13.09 0.19
10-61u (a) 250 130 1.62x107%° 1.87x10" 4.05x10™" 0.697 6.58 0.24
10-61u (b) 200 140 4.54x10™" 4.65x10™" 7.80x10™% 0.588 5.84 0.40
10-61u (d) 130 100 2.16x10™ 2.78x10" 5.42x10™ 0.626 5.81 0.29
6.08 0.31
10-72u (a) 360 110 9.37x10™" 4.46x10™" 2.87x10™" 0.752 8.74 0.08
10-72u (b) 200 130 6.05x10™"° 4.29x10™ 2.12x10™" 0.764 6.72 0.05
10-72u (c) 200 160 5.21x10™° 3.99x10" 2.58x10™" 0.794 5.43 0.05
10-72u (d) 150 100 4.69%x10™" 2.91x10™% 1.54x10" 0.697 8.12 0.07
7.25 0.06
10-76u (a) 130 60 2.54x101° 2.75x10™ 1.06x10™% 0.558 6.82 0.47
10-76u (b) 150 100 5.92x1071° 4.61x10™ 2.35x10™" 0.697 6.58 0.24
10-76u (c) 120 70 2.84x101° 1.96x10™ 1.94x107% 0.588 5.84 0.40
10-76u (d) 150 75 3.98x10"° 3.46x10™ 2.19x10™% 0.623 5.81 0.29
6.26 0.25
10-79u (a) 300 110 3.76x10™ 1.78x10% 8.28x10™ 0.764 10.39 0.20
10-79u (b) 250 125 2.71x10™ 1.45x10% 7.07x10™% 0.781 8.78 0.11
10-79u (c) 190 130 2.81x10™% 1.36x10™ 6.40x10™ 0.775 9.94 0.14
10-79u (d) 330 120 439x10"  2.16x107° 9.04x10™ 0.782 10.28 0.08
9.85 0.13
10-80u (a) 325 140 4.43x10"°  4.32x107%2 1.03x102 0.799 6.44 0.09
10-80u (b) 375 175 8.69x10"°  8.37x10™" 1.97x10™2 0.836 6.27 0.07
10-80u (c) 360 160 6.33x10%"°  6.11x10™ 1.62x10™2 0.822 6.09 0.09
10-80u (d) 430 160 7.42x10%"  6.88x10™ 1.78x10™2 0.826 6.35 0.07
6.29 0.08
10-106u (a) 190 920 3.37x10"  3.28x10™ 2.59x10 0.676 5.37 3.00
10-106u (b) 130 80 3.39x10%  2.92x10° 1.06x10™ 0.634 9.83 0.59
10-106u (c) 150 120 3.21x10%  2.67x10" 2.24x108 0.729 4.40 0.29
10-106u (d) 100 75 1.24x10%°  2.32x10™ 8.34x10 0.594 5.62 0.80
6.47 0.99

Central Iran
08-10c (a) 230 170 7.67x10  2.51x10™2 5.04x107 0.823 27.62 0.18
08-10c (b) 350 140 11310 3.01x10™2 7.38x10™ 0.809 33.99 0.20
08-10c (c) 250 150 1.04x10®  2.60x10™2 2.15x10™2 0.806 32.56 0.44
08-10c(d) 230 160 1.27x10®  3.77x10™2 1.04x102 0.814 30.27 0.16
31.11 0.24
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Table 3

Sample No of grains ps (Ns) pi (Ni) P(y") Disp Pooled Age 20
x 10° cm™ x10°cm? (%) (%) (Ma) (Ma)
SSz
09-13s 31 2.05 (341) 8.83 (1467) 126 204 23.1 3
08-27s 22 17.5 (787) 35.1 (1574) 100 0 49.8 4.8
UDMA
08-14u 24 3.51 (219) 9.51 (593) 100 0 36.9 55
08-31u* 20 1.32 (71) 6.64 (358) 100 0.1 19.8 5
10-61u* 19 1.16 (61) 5.65 (296) 100 0.1 20.7 55
10-72u* 29 0.24 (83) 6.85 (690) 98.6 0.3 12.1 2.8
10-76u* 16 0.18 (7) 2.59 (154) 99.9 0 4.7 2
10-79u* 27 0.26 (51) 2.74 (544) 100 0.1 9.4 2.8
10-80u* 32 0.73 (40) 3.70 (857) 93 0.4 4.7 15
10-106u* 10 0.29 (19) 1.87 (155) 100 0 12.3 5
Central Iran
08-10c 25 6.97 (654) 19.1(1789) 80.6 1.4 36.4 3.6
Kopet Dagh
09-01k 18 3.44 (303) 11.4 (1008) 100 0 30.1 4
Table 4
Sample No of grains Ps gNs) pi (Ni) P(y’) Disp Pooled Age 20
x 10° cm™ x10°cm® (%) (%) (Ma) (Ma)
SSz
09-13s 31 4.1 (508) 2.09 (259) 100 0 39.5 6.5
08-27s 14 7.79 (796) 1.01 (112) 100 0 141.1 26
UDMA
08-14u 22 8.9 (1711) 1.47 (282) 100 0 120.8 17
08-31u 20 3.21 (900) 3.16 (886) 80.2 0.7 20.4 2.5
10-60u 12 22.7 (1351) 6.88 (409) 93.2 0.2 66.7 9
10-61u 20 2.71 (619) 1.11 (254) 100 0 49.2 8
10-72u 18 5.06 (1016) 3.84 (770) 21.5 3.9 26.8 3.3
10-76u 24 0.93 (465) 2.56 (1718)  99.9 0.1 55 0.7
10-79u 25 1.22 (708) 3.01(1746) 97.9 0.2 8.3 0.9
10-80u* 24 0.85 (214) 2.95 (746) 2.5 29.6 5.8 1
Central Iran
08-10c 15 6.26 (980) 1.67 (595) 34.4 6.7 33.1 4.3
Kopet Dagh
09-03k 10 8.54 (475) 1.35 (75) 100 0 126.7 30
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Figure captions

Figure 1.

Sampling locations:

a) Topographic map showing the main structures within the Arabia-Eurasian
convergence zone and sample locations. Blue frames show available low temperature
thermochronology data in the literature (data from, Axen et al., 2001; Omrani, unpub
data, 2008; Verdel et al., 2007; Guest et al., 2006a; Gavillot et al., 2010; Homke et al.,
2010; Karagaranbafghi et al., 2012; Khadivi et al., 2012; Wrobel-Daveau, unpub data,
2011; Ballato et al., 2012; Rezaeian et al., 2012. Black arrows indicate convergence
rates of Arabia with respect to Eurasia (from Vernant et al., 2004). Inset: simplified
structural map showing the extension of crustal thickening over the last 12 and 7 Myr
across the Arabia-Eurasia collision, as suggested by Allen et al. (2004).

b) Ages of the selected plutonic samples (from Chiu et al., 2010; see Table 1 for

details).

Figure 2.

a) Cartoon illustrating the various possible interpretations of cooling ages of plutons
emplaced at different depths, assuming a constant geothermal gradient. In the first two
cases, the overlap of ages is ambiguous and may indicate either shallow emplacement
of the pluton (1) or rapid exhumation (2). In the third case, the different cooling ages
reveal the effective exhumation and provide informative temperature-time paths

b) Cartoon recalling that surface uplift (dh) is equal to rock uplift (R. uplift) minus
exhumation (i.e., erosion; England and Molnar 1990). Exhumation corresponds here

to the net difference between (h2+Z2) and (h1+Z1), where h and Z are positive and
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negative, respectively.

Figure 3.
Low-temperature thermochronology data and location of calculated ages: a) AHe, b)

AFT and c) ZFT. See caption of Figure 1 for references of published ages.

Figure 4.

Cooling paths for the (a) SSZ, (b) UDMA, (c) Central Iran and Kopet Dagh. The
closure temperature for each sample is calculated as a function of exhumation rate
(see Reiners and Brandon, 2006). Dashed lines represents minimal exhumation rates

(see § 3.3).

Figure 5.

a) Cooling paths of key samples (see text). The depth range is calculated for a thermal
geotherm of 30°/km. The age of the Qom Formation is indicated (Qom fm.) and
Depth-time position of these key samples (irrespective of their exact elevation) at 50,
25, 20, 13 and 0 Ma. Error envelopes incorporate all associated uncertainties (i.e.,
analytical standard deviations, ambiguities associated with early exhumation paths;
see chapter 3.3).

b) Evolution of exhumation rate between 50 and 0 Ma for the SSZ, UDMA and
Central Iran. The number corresponds to the different stage of exhumation history

subsequently shown in the Fig.6.

Figure 6.

Tentative relative topographic reconstruction over the last 50 Myr along a NE-SW
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traverse. Each time step is set against the evolution of the Arabia-Eurasia convergence
(see text). The sedimentary record from the Central Iranian basin is schematized from
Morley et al., (2009). The present day topography of Central Zagros is represented by

the blue line in the panel 6.f (0 Ma).

Table 1: Sample locations, Rocks type and U/Pb Ages

Table 2: Analytical data for apatite (U-Th)/He age determination

Table 3: Apatite fission track analytical data. The stars represent the sample with low

U concentration

Table 4: Zircon fission track analytical data. The stars represent the sample with low

U concentration
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Highlights

. first thermochronological data with a vast coverage of the Iranian plateau

. combination of low-temperature thermochronology data, apatite (U-Th)/He, apatite
and zircon fission-track dating

. exhumation migrated to the NE (UDMA) after ~20 Ma, at the same time as towards

the SW (external Zagros)
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