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Abstract The Zagros Orogen developed as a result of
Arabia—Eurasia collision. New in situ detrital zircon U—
Pb and Hf isotopic analyses from a Cenozoic sedimentary
sequence in SW Iran are used to unravel the amalgamation
history of Neo-Tethys. Data indicate that: (1) Paleocene and
Eocene strata (58 and 45 Ma, respectively) were sourced
from obducted ophiolite and Triassic volcanics, (2) Lower
Miocene (~18 Ma) strata indicate mixed provenance from
obducted ophiolite and Iranian magmatic rocks, (3) Mid to
Upper Miocene sediments (~14 to 11.2 Ma) were mainly
sourced from Sanandaj—Sirjan zone granitoids to the north,
and (4) Lower Pliocene (~5 Ma) sediments mainly show
Arabian age characteristics, with a minor Eurasian affin-
ity component. Two hypotheses are outlined to highlight
the key events: Hypothesis A, previously published by
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several workers, suggests that the sequence studied lay on
the Arabia passive margin and that initial collision occurred
prior to 18 Ma; Hypothesis B, modified from the Makran
model, which is here preferred, suggests that Paleogene to
Upper Miocene sediments were sourced from the northern
Neo-Tethyan accretionary complex or Eurasia, and carry
no input from Arabia, whereas the Lower Pliocene sample
shows a mixed provenance from both Arabia and Eurasia,
suggesting that collision occurred between ~11.2 and 5 Ma.

Keywords Neo-Tethys - Zagros Orogen - Arabia—Eurasia
collision - Detrital zircon U-Pb geochronology - Hf
isotopes

Introduction

The NW-SE trending Zagros Orogen resulted from the col-
lision between Arabia and Eurasia (Fig. 1). It consists of
three different parallel structural units, which from NE to
SW are: (1) the Urumieh—Dokhtar magmatic arc (UDMA);
(2) the metamorphic and magmatic Sanandaj—Sirjan zone
(S§SZ); and (3) the Zagros fold and thrust belt (ZFTB). The
so-called Main Zagros Thrust (MZT) is widely considered
to represent the suture between the Arabian and Eurasian
plates (Agard et al. 2011; Alavi 1994). The SSZ is gener-
ally regarded to be located on the southern active margin
of the Eurasian plate, which was thrust southwestward over
the ZFTB (Homke et al. 2009). The ZFTB is characterized
by well-developed open folds, which involve the entire
12—-14 km-thick sedimentary cover of the Zagros Basin.
The Zagros Orogen is separated from the Makran
region by the Oman Line (Mouthereau et al. 2012; Tale-
bian and Jackson 2004). New field observations and geo-
chemical and geochronological data indicate affiliation
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Fig. 1 Tectonic setting of the
Arabia—Eurasia collision zone
(Austermann and Iaffaldano
2013; Homke et al. 2009;
Mouthereau et al. 2012). The
background image is from
ETOPO1 Global Relief Model
(National Geophysical Data
Center, NOAA, http://ngdc.
noaa.gov/mgg/global/). Veloci-
ties of Arabia with respect to
Eurasia (ArRajehi et al. 2010).
EAAC East Anatolian Accre-
tionary Complex. The two stars
indicate the locations of Aeolian
dune samples from Arabia and
Oligocene—Miocene sandstone
samples from Makran (Carter
et al. 2010; Garzanti et al.
2013), detrital zircon U-Pb
data of these samples are cited
for comparison in Fig. 9. Red
rectangle shows the study area.
See Fig. 3 for more detailed
geological information

of North Makran granitoids to plutons of the Sanandaj-
Sirjan Zone. This defines a narrow, NW-SE striking and
nearly 2000 km long belt of Jurassic intrusions, indicat-
ing the same tectonic regime along the southern Iranian
continental margin at that time (Hunziker et al. 2015).
Compared to the southward retrogression of the Makran
trench and the accretionary sediment wedge during the
consumption of oceanic crust in the Cenozoic, Arabia col-
lided with Eurasia forming the Zagros Orogen as a conti-
nental convergent plate boundary. The difference between
the Zagros and Makran is probably due to the morpho-
logical features of plates. The fundamental problem and
current debate concerning the Zagros Orogen relates to
the amalgamation history of Neo-Tethys, and especially
the age of final continental collision (Dewey et al. 1986;
Gavillot et al. 2010; Hempton 1987; Sengor and Natal’in
1996; Yin 2010). The time of the Arabia—Eurasia colli-
sion has previously been proposed to vary from late Creta-
ceous to Pliocene (Alavi 1994; Berberian and King 1981;
Dercourt et al. 1986; Dewey et al. 1973, 1986; Hempton
1987; Sengor and Natal’in 1996; Stoneley 1981; Talebian
and Jackson 2004), although recent publications suggest
that collision was between 38 and 20 Ma (Fig. 2) (Agard
et al. 2005, 2011; Allen and Armstrong 2008; Ballato et al.
2011; Fakhari et al. 2008; Khadivi et al. 2012; McQuarrie
and van Hinsbergen 2013; Saura et al. 2015). Meanwhile,
property of the Zagros sedimentary rocks, and position of
the Neo-Tethys suture zone also remain controversial (Far-
houdi 1978; Hunziker et al. 2015).
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Comparison between U-Pb zircon probability density
plots of detrital sediments and potential source terranes is
now widely used to reveal the history of ancient plate mar-
gins and to interpret linkages between sediment sources and
sinks (Cawood et al. 2013; Gehrels 2014). Detrital zircon
age spectra are a powerful tool to help clarify such links
between long-dispersed blocks, to constrain terrane amal-
gamation events, to resolve complex relationships between
rock units within suture zones and to determine the tectonic
setting of basins (Cawood et al. 2013; Gehrels 2014).

Previously, only one detrital zircon U-Pb study in Iran
provided data from a single Miocene sandstone sample
in north-central Iran (Horton et al. 2008). No systematic
results have been reported for Cenozoic deposits from the
Zagros Orogen. In order to provide constraints on the amal-
gamation history of Neo-Tethys and to resolve the contro-
versy regarding the timing of the Arabia—Eurasia collision,
we have conducted a systematic U-Pb geochronological
study and Lu—Hf isotopic analyses of detrital zircons in
Cenozoic deposits in the Lurestan Province of SW Iran
(Fig. 3).

Geological setting

In Lurestan the Meso-Cenozoic stratigraphic column con-
sists of the following units, from bottom to top: Meso-
zoic carbonate units, basinal calcareous Gurpi—Pabdeh
Formation, Amiran slope deposits, Taleh Zang mixed
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Fig. 2 Summary of published ages for onset of continental collision between Arabia and Eurasia

clastic-carbonate platforms, continental Kashkan red beds,
Shahbazan—Asmari shallow-marine carbonate platform,
evaporitic Gachsaran Formation, and siliciclastic Agha Jari
and Bakhtyari Formations (Fig. 4) (Homke et al. 2004,
2009; Saura et al. 2011, 2015). The Gurpi Formation is com-
posed of decimeter-scale beds of gray marl and fine-grained
limestones. The Amiran Formation grades laterally into the
Pabdeh Formation (James and Wynd 1965). The red con-
glomeratic Kashkan Formation and the shallow-water car-
bonate and detrital Taleh Zang Formation are succeeded by
the regional shallow-marine platforms of the Shahbazan and
Asmari formations (Homke et al. 2009; Saura et al. 2011).
The evaporitic Gachsaran Formation, overlying the Asmari
limestones, records a regression from marine to nonmarine
conditions (Emami 2008). The fluvial Agha Jari Forma-
tion is in turn overlain by conglomerates of the Bakhtyari
Formation, which form the uppermost sedimentary unit
(Emami 2008; Homke et al. 2004; James and Wynd 1965).

Methods

Six representative samples were collected from differ-
ent stratigraphic horizons along a well-exposed section in

Lurestan Province, SW Iran. Relative stratigraphic posi-
tions are shown in Fig. 4. Photographs of outcrops are
shown in Fig. 5 and microphotographs of samples in Fig. 6.
Zircon crystals were separated from 3 to 4 kg rock sam-
ples using conventional heavy liquid and magnetic tech-
niques. Individual zircon grains were handpicked ran-
domly, mounted in epoxy resin and then polished to expose
their internal surfaces. Cathodoluminescence (CL) images
of zircons were prepared in order to identify internal struc-
tures and choose potential target sites for U-Pb and Hf iso-
topic analyses (Fig. 7).

Both zircon U-Pb and Hf analyses were carried out at
the State Key Laboratory of Lithospheric Evolution, Insti-
tute of Geology and Geophysics, Chinese Academy of
Sciences.

Zircon U-Pb dating was performed on an Agilent
7500a Q-ICP-MS equipped with a 193-nm excimer ArF
laser ablation system (Geolas Plus), following procedures
described in Wu et al. (2010). A spot diameter of 44 pm
was used. 2°Pb/2%Pb and 2°Pb/**®U ratios were calcu-
lated using the GLITTER program (GEMOC, Macquarie
University), which was then corrected using Harvard
zircon 91500 as an external standard. Common Pb cor-
rections were made following the method described by
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Fig. 3 a Distribution of Tertiary 4+45°
volcanic rocks and major faults
in Iran (Verdel et al. 2011).
Rectangle outlines the location
of the Lurestan Province and

b. b Simplified geological map
showing the relative location of
the sampled section, the Ker-
manshah ophiolite and plutons
in the Sanandaj—Sirjan zone
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Andersen (2002). The zircon U-Pb data are listed in Online
Resource 1, concordia diagrams are shown in Fig. 8, and
density plots are shown in Fig. 9. For ages <1200 Ma, the
206pp/238U age is used, whereas the 2°’Pb/2%Pb age is used
for zircons older than 1200 Ma. For statistical purposes,
zircons with concordance >90 and <110 % are considered
as usable.

Zircon Hf isotopic analyses were attained using a Nep-
tune MC-ICPMS equipped with a 193-nm excimer ArF
laser ablation system (Geolas Plus). Details on instrumental
conditions and data acquisition can be found in Wu et al.
(2006). Hf isotopic analyses were carried out on the same
sites as the U-Pb analyses with the same or a slightly larger
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laser beam size. The average '"®Hf/!""Hf ratio of standard
zircon Mud Tank is 0.282504 + 5, which is in accord-
ance with the reported values (Woodhead and Hergt 2005);
therefore, an external correction has not been applied to the
analytical results. The Hf isotopic data are listed in Online
Resource 2, ey(f) versus U-Pb age plots are displayed in
Fig. 10.

Results

The stratigraphic ages of the above rock units are well
constrained by magnetostratigraphy, biostratigraphy and
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Fig. 4 Stratigraphic chart of the Zagros (Gavillot et al. 2010; Homke
et al. 2009). Age boundaries follow the geologic time scale in Grad-
stein et al. (2012). Stratigraphic horizons of the samples dated are
indicated by red diamonds

strontium isotope dating (Ehrenberg et al. 2007; Emami
2008; Homke et al. 2004, 2009; Saura et al. 2011). Accord-
ing to magnetostratigraphic data, the contact between the
Agha Jari Formation and overlying sediments is 5.5 Ma
(Homke et al. 2004), the Gachsaran—Agha Jari contact is
dated at 13.9 Ma (Emami 2008), and the age of the base-
Gachsaran is estimated at 18.6 Ma (Ehrenberg et al. 2007).
The depositional ages of sample A25, A26, A27 and A28
are calculated to be at ca. 5, 11.2, 14 and 18 Ma, respec-
tively. On the basis of the biostratigraphic, magnetostrati-
graphic and strontium isotope dating data (Homke et al.
2009; Saura et al. 2011), the depositional ages of samples
A29 and A30 are at ca. 45 and 58 Ma, respectively.

Sample A25, a yellowish gray sandstone, was collected
from the Bakhtyari Formation, in which the zircons are
variable in size, and most are fine and stubby to round in
shape. One hundred and twenty spots were analyzed from
which 111 ages were used. Most ages fall between Early
Cambrian and Neo-Proterozoic with the main peak at
621 Ma. The two youngest 2°°Pb/>*¥U ages are 40 & 4 and
41 £ 2 Ma. The ey(f) values have a very wide range from

—23.6 to 4-18.0 with ey(f) versus U-Pb age diagram show-
ing dispersive pattern (Fig. 10a). Most zircons with ages
less than 350 Ma show positive ey(f) values (Fig. 10b),
whereas zircons with ages between 500 and 1100 Ma yield
comparable negative and positive ey(f) values (Fig. 10a).

Sample A26 was taken from a fine-grained sandstone in
the middle of the Agha Jari Formation, which comprises
brown to red silty-clay layers intercalated with gray to
brown sandstone beds. Zircons from the sample are stubby
with an average length of ca. 100 wm, some of which show
oscillatory zoning under CL. 120 spots were analyzed,
of which 114 ages were usable. The majority of ages are
Phanerozoic with the main peak at 177 Ma. The youngest
206pb/238U ages are 141 + 5 and 142 + 8 Ma. The &)
values also show a very wide range from —29.0 to +15.1
(Fig. 10a). However, 27 zircons have uniform ey(f) values
between —2.0 and +2.8 at 160-200 Ma except one grain
with a ey(f) value of —4.9 (Fig. 10b).

Sample A27 was collected from purple medium-grained
sandstones of the uppermost Gachsaran Formation in which
the zircons are small, subhedral to euhedral and most show
oscillatory zoning under CL. Among the 120 zircon anal-
yses, 111 concordant analyses show a large range of ages
from 28 £ 3 to 2937 £ 25 Ma, with a more complex age
population than in the other samples. The weighted aver-
age age of the six youngest ages is 33.4 + 3.5 Ma. The
major peak is at 172 Ma with two minor peaks at 37 and
1870 Ma. Sample A27 has a wide range of ey (f) values
from —27.1 to +13.0 (Fig. 10a). The zircons have ey(?)
values between —0.4 and +8.0 at 28-40 Ma. Within the
age cluster between 150 and 190 Ma, 16 zircons have ey(f)
values ranging from —1.9 to +3.6 except one zircon ey?)
value of —11.6 (Fig. 10b).

Sample A28, a light gray fine-grained sandy limestone,
was collected from a thin interlayer in the lowermost Gach-
saran Formation in which the zircons are variable in size,
and most crystals are euhedral. Ninety useable zircon U-Pb
analyses were obtained from 100 analyses. The resultant
zircon age pattern differs from the age distribution found
in the other samples. The major peak is at 58 Ma with two
minor peaks at 107 and 284 Ma. The youngest grain age
is 29 £ 3 Ma, and the weighted average age of the five
youngest ages is 36 £ 5 Ma. The e(7) values of this sam-
ple range from —22.6 to +14.4, with the ey(r) versus U-
Pb age plot showing a dispersive pattern (Fig. 10a). Of the
21 zircons from the youngest group (29-72 Ma), 19 have
eys(t) values between —0.4 and +5.0 except another two
yielding e(#) values of —3.0 (Fig. 10b).

Sample A29, a red coarse-grained sandstone, was taken
from a thin layer in the middle of the Kashkan Formation,
in which the zircons are euhedral and large. Seventy use-
able zircon analyses were obtained from 74 analyses. The
major peak is at 101 Ma with a minor peak at 244 Ma. The
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Fig. 5 Photographs of outcrops
for sampled formations from
the Zagros Orogen in Lur-
estan Province, SW Iran. a
Horizontal layer of Agha Jari
Formation (Aj) in the core of
Afrineh syncline. b Kashkan
Formation (Kn). ¢ Amiran
Formation (Am). d Bakhtyari
Formation (Bk). e 190°/52° is
dip direction and dip angle of
stratigraphic boundary between
Agha Jari Formation and Upper
Gachsaran Formation (U. Gs). f
Stratigraphic boundary between
Lower Gachsaran Formation (L.
Gs) and Asmari Formation (As)
has a dip direction of 187° and
dip angle of 47°

two youngest 2%°Pb/*8U ages are 82 & 9 and 83 + 3 Ma.
Most of the zircons show high "SHf/!""Hf ratios and posi-
tive ey(¢) values (Fig. 10a). The zircon ey(f) values at ca.
244 Ma are higher than those at ca. 101 Ma (Fig. 10b).
Sample A30, a gray coarse-grained sandstone, was col-
lected from the upper part of the Amiran Formation. Zir-
cons here are similar to those in A29, except that a few
are fragmented. One hundred and three usable zircon
analyses were obtained from 119 analyses with two main
peaks at ca. 100 and 245 Ma. The younger peak displays
a bimodal pattern with two secondary peaks at 94 and
105 Ma. The two youngest 2°Pb/?*8U ages are 65 + 4 and
72 £ 4 Ma. Similar to sample A29, most of the zircons

@ Springer

here show high '7Hf/'""Hf isotopic ratios and positive
eye(t) values (Fig. 10a). The zircon eyq(#) values at ca.
245 Ma range between —2.6 and +19.5, while zircons at
ca. 100 Ma have ey(f) values ranging between +0.8 and
+13.2 (Fig. 10b).

It is generally accepted that the youngest concordant
detrital zircon ages can be used to constrain the maxi-
mum depositional age (Cawood et al. 1999). The young-
est concordant zircon ages of samples A27, A28 and A30
are ca. 10 Ma older than the depositional age, whereas
the youngest concordant zircon ages of samples A25,
A26 and A29 are considerably older than their deposi-
tional ages.
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Fig. 6 Microphotographs (plane and crossed polarized light) of
the samples. Main composition: chert and round carbonate detritus
(A25); quartz, feldspar, carbonate and limonite (A27, A27); foramini-
fer fossils (having experienced carbonate metasomatism), embayed
quartz (indicating continental detrital character) (A28); radiolarian
chert (A29, A30). White scale shown in all photos is 200 pm

Discussion
Provenance analysis
Provenance of samples A29 and A30

Samples A29 and A30 share the same dominant age popu-
lation ranging from 65 to 300 Ma (Fig. 9). Comparison
between detrital zircon U-Pb ages of the two samples
reveals a close similarity, suggesting a common source.
Regional-scale obduction of the Neo-Tethyan oceanic
lithosphere is known to have taken place in the period
ca. 100-65 Ma (Agard et al. 2005, 2011; Searle and
Cox 1999; Whitechurch et al. 2013). However, much of
the Neo-Tethyan ophiolites has either been eroded and/
or later buried, except the Semail ophiolite in the Oman
Mountains (Agard et al. 2011; Searle and Cox 1999). Fur-
ther, a few obduction-related ophiolite remnants are found
in Kermanshah and Neyriz along the MZT (Ao et al.
2016, in press; Delaloye and Desmons 1980; Ghazi and
Hassanipak 1999). Therefore, the preferred provenance
of samples A29 and A30 is the presumed eroded and/or
buried ophiolites near Khorramabad. This implies that
the erosion of obducted Neo-Tethyan ophiolite likely fed
detrital basins in the study area. This deduction is also
supported by the petrography of samples A29 and A30,
which indicates that the Amiran and Kashkan formations
contain ophiolitic detritus including abundant radiolar-
ian chert fragments and a few serpentine grains. Moreo-
ver, the proposed source of the Neo-Tethyan ophiolite
to the north is consistent with measured S to SSW pale-
ocurrent directions (Homke et al. 2009). As for the age
correlation, the age of the Harsin/Sahneh ophiolite (part
of the Kermanshah ophiolite) is estimated at 86.3 & 7.8
and 81.4 £+ 3.8 Ma by “°K/°Ar dating (Delaloye and
Desmons 1980). The zircon U-Pb age should be theo-
retically more or less older than the “°K/*°Ar age due to
the higher closure temperature of the U-Pb isotopic sys-
tem. However, new precise zircon U-Pb data indicate that
the younger part of the Kermanshah ophiolite formed at
35.7 &£ 0.5 Ma and the older part at 79.3 £ 0.9 Ma (Ao
et al. 2016, in press). This confirms that the eroded ophi-
olite is even older than the remnant Kermanshah ophiolite.
This idea is supported by detrital zircon U-Pb data from
Cenozoic sediments of the Makran accretionary prism in
southeastern Iran, which reveal a main peak at ca. 104 Ma
(Carter et al. 2010). So the younger peaks at ca. 100 Ma
of samples A29 and A30 are consistent with ages of the
Neo-Tethyan ophiolite (Moghadam et al. 2013; Searle
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Fig. 7 Representative cathodoluminescence (CL) images of zircons from Cenozoic deposits in Lurestan Province, SW Iran. Circles indicate
positions of laser spots for age and Hf isotopic analyses. Analytical number, apparent age (underlined), and ey(t) value (in italics) are denoted

and Cox 1999). Meanwhile, zircons dated at ca. 100 Ma
from samples A29 and A30 have positive ey(f) values,
indicating a juvenile magma source. This is in accordance
with zircon ey(#) values of the Neo-Tethyan Kermanshah
ophiolite ranging between +1.1 and 4-12.1 at ~80 Ma (Ao
et al. 2016, in press). The Neo-Tethys between Arabia
and Eurasia began rifting during the early Permian and
separated the Cimmerian continent from Gondwanaland.
Continued stretching and abundant volcanism occurred
in the early to middle Triassic, coincides with the peaks
at ca. 245 Ma of samples A29 and A30 (Berberian and
King 1981; Mohajjel et al. 2003; Searle and Cox 1999;
Sengor et al. 1988; Sengor and Natal’in 1996; Stampfli
and Borel 2002). The wide range of zircon ey((f) values
at ca. 245 Ma maybe suggest isotopic inhomogeneity of
source rocks, probably owing to different degrees of con-
tamination from ancient crust.

@ Springer

Provenance of sample A28

The age distribution pattern of sample A28 is characterized
by a mixed provenance from a Neo-Tethyan obduction-
related ophiolite (or recycled underlying the Amiran—Taleh
Zang—Kashkan Formations) and Iranian magmatic rocks
(Eurasian affinity). The major peak at ca. 58 Ma is corre-
lated with the late Paleocene—Eocene magmatic “flare-up”
in Iran (Chiu et al. 2013; Verdel et al. 2011). Moreover,
the Early Tertiary Magmatic Domain (ETMD) is proposed
to define this magmatic activity (Agard et al. 2011). The
ETMD is well exposed near the study area, having formed
in Paleocene—Early Eocene time on the Eurasian side of
Neo-Tethys (to the south of the SSZ), probably as a result of
slab break-off (Agard et al. 2011; Whitechurch et al. 2013).
The younger minor peak at 107 Ma is consistent with the
major peaks of samples A29 and A30, while the older minor
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Fig. 8 Compound U-Pb concordia diagrams of samples collected from Cenozoic deposits in Lurestan Province, SW Iran. Ages are in Ma and

ellipses show lo errors. Highly discordant analyses are not included

peak at 284 Ma might be related to a metamorphic complex
in Central Iran (Bagheri and Stampfli 2008). The evidence
for mixed provenances in this sample is supported by multi-
ple age groups and various zircon ey(f) values.

Provenance of samples A26 and A27

The SSZ shows two characteristic peaks of magmatism at ca.
40 Ma and ca. 170 Ma (Fig. 9) (Chiu et al. 2013). The strong
correlation between the timing of magmatism in the SSZ and
the age peaks of samples A26 and A27 lead us to conclude
that the SSZ is the main provenance of the uppermost Gach-
saran Formation and the Agha Jari Formation. The detailed
source areas are probably connected upstream to the Ali-
goodarz granitoid, the Malayer—Borujerd granitoid complex
and the Alvand pluton (near Hamedan). Zircon U-Pb analy-
ses of the Aligoodarz granitoid yield a crystallization age of
ca. 165 Ma (Esna-Ashari et al. 2012). Most samples taken
from the Malayer—-Borujerd granitoid complex yield zircon
U-Pb ages of ca. 170 Ma, while one sample collected from
a small outcrop yields a zircon U-Pb age of 35 Ma (Ahad-
nejad et al. 2011; Ahmadi Khalaji et al. 2007; Mahmoudi

et al. 2011). The zircon U-Pb age of the Alvand pluton is ca.
165 Ma (Chiu et al. 2013; Mahmoudi et al. 2011; Shahbazi
et al. 2010). Therefore, due to their similar age distribution
patterns, all these magmatic rocks from the SSZ are pro-
posed to be the principal source area. This view is in agree-
ment with westward paleocurrent directions (Emami 2008).
Zircon U-Pb geochronological studies around Sanandaj sug-
gest that there were three magmatic events at 157-144, 55
and 37 Ma (Azizi et al. 2011a, b; Mahmoudi et al. 2011).
These plutons may provide a limited contribution to samples
A26 and A27 as a distant igneous source. Furthermore, Mid-
dle to Late Jurassic I-type granitoids in the SSZ show a het-
erogeneous isotopic affinity with variable zircon ey(f) values
between —5 and 412 (Chiu 2013). It fits well with zircon
eye(?) values at ca. 175 Ma of samples A26 and A27. Overall,
the sediment provenance of samples A26 and A27 is there-
fore well constrained by recent publications and our data.

Provenance of sample A25

Detrital zircon age spectra of sample A25 are more
complicated than those of other samples. Zircons with
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Fig. 9 Detrital zircon geochro-
nology of Cenozoic samples
from the Zagros Orogen in
Lurestan Province, SW Iran.
U-Pb age spectra plotted as
histograms and kernel density
estimates (Vermeesch 2012).
Horizontal axis shows age in
Ma, vertical axis the counts of
the histogram. N = number of
concordant ages. The age dis-
tribution patterns of Cenozoic
sedimentary rocks from Makran
(Carter et al. 2010), Aeolian
dune samples from Arabia (Gar-
zanti et al. 2013), and published
data from SSZ (Ahadnejad

et al. 2011; Ahmadi Khalaji

et al. 2007; Azizi et al. 2011a,
b; Carter et al. 2010; Chiu et al.
2013; Esna-Ashari et al. 2012;
Garzanti et al. 2013; Mahmoudi
et al. 2011; Shahbazi et al.
2010) are also shown in green
for comparison

a Pan-African (950-500 Ma) signature account for up
to sixty percent of the dated samples. A comparison of
provenance can be made between our results and those
from Arabia (Fig. 9). Samples of beach sands from the

@ Springer

\ Arabia  (N=426)

Aeolian dunes on passive margin

a chamna

= Pan-African orogen

A25 (N=111)
Lower Bakhtyari Fm.
MI‘/\ A fMAA AI\M M

A26 (N=114)
Middle Agha Jari Fm.

A K\M

A27 (N=111)
Upper Gachsaran Fm.
AA A o aAMA A

A28 (N=90)
Lower Gachsaran Fm.

AWM AnA  ann A AN mn

261
0_“
8-
A AsA
0
181
9-
o m
127
6
0 /
=——m37-57 Ma
157 magmatism in
] SSZ &ETMD
74
0
==170 Ma
381 magmatism
| in SSZ
191

Eurasia (N=69)
Magmatismin SSZ of Iran

A29 (N=70)
Middle Kashkan Fm.
6
0 A A A A_AA A A
=240 Ma
207 Cimmerian A30 (N=103)
b magmatism Upper Amiran Fm.
10
0 MA a8 o o Ao 2A m
==05 Ma
321 Neo Tethyan Eurasia  (N=280)
b P Oligocene-Miocene sandstones
161 Makran accretionary prism

300 Ma

600 1200 1800 2400 3000 Ma

Arabian passive continental margin are dominated by
Pan-African sources with subordinate contribution
of zircons at ca. 1.0 and 2.5 Ga (Garzanti et al. 2013).
The characteristics of sample A25 are consistent with
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Fig. 10 ey(¢) values plotted against U-Pb ages for detrital zircon grains from Cenozoic deposits in Lurestan Province, SW Iran. Zircon U-Pb
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derivation from Arabia because its age distribution pat-
tern is very similar to that of Arabian samples, while the
age distribution patterns of the other five samples differ
markedly from that of Arabian samples. Zircons from
sample A25 with ages between 500 and 1100 Ma exhibit
Hf isotopic data, which is analogous to published Hf data

from U-Pb dated detrital zircons of the Cambrian—Ordo-
vician sandstone which tops the juvenile Neoproterozoic
basement of the Arabian-Nubian Shield in Israel and Jor-
dan (Morag et al. 2011). Besides this age group, sample
A25 also shows some small multiple age groups with
Eurasian affinity.

@ Springer



1234

Int J Earth Sci (Geol Rundsch) (2017) 106:1223-1238

Fig. 11 Simplified tectonic
evolution model (Hypothesis A)
showing the amalgamation his-
tory of the Neo-Tethys indicat-

Pre-collision

Hypothesis A

— NE ca. 100 Ma

ing convergence between Arabia
and Iran (Eurasia) since Late
Cretaceous time (Agard et al.
2005, 2011; Whitechurch et al.
2013; Wrobel-Daveau et al.
2010). Blue horizontal lines
indicate sea level. Dark purple
blocks indicate Neo-Tethys
ocean relict. Red lines represent
incipient thrusts, while black
lines represent obduction
thrusts. See text for details

Arabia

Pre-collision

Kashkan Fm.
Amiran Fm.

sediment
transport

Arabia

Post-collision

Tectonic implications

Our study presents detrital zircon U-Pb and Hf isotopic
data from Cenozoic deposits from the Lurestan Province,
SW Iran in the Zagros Orogen. On the basis of our new
field, geochronology, and Hf isotopic data, combined with
those from published literature, we might be able to test
two hypotheses outlined below in order to highlight the
possible key events of the Neo-Tethyan amalgamation his-
tory (Figs. 9, 10).

Hypothesis A Using a previously published scenario
(Agard et al. 2005, 2011; Whitechurch et al. 2013; Wrobel-
Daveau et al. 2010), Hypothesis A is proposed with three
main periods (Fig. 11). The predominance of 65-300 Ma
zircons in samples A29 and A30 fits with regional-scale
obduction of the Neo-Tethyan oceanic lithosphere at ca.
100-65 Ma onto Arabia, which is similar to timing of
emplacement of the Semail ophiolite in Oman (Saura et al.
2015; Searle and Cox 1999). Based on the ocean island-arc
signature of the Harsin ophiolite, obduction of the Neo-
Tethyan lithosphere during Late Cretaceous time is sug-
gested to have developed from the volcanic arc (Agard
et al. 2005). Formation of the ETMD could be triggered by
slab break-off and the melting of the metasomatized sub-
continental lithosphere in the Early Paleocene (Agard et al.
2011; Chiu et al. 2013; Verdel et al. 2011; Whitechurch
et al. 2013). Meanwhile, erosion of obducted ophiolite and
abundant early to middle Triassic volcanism fed the detri-
tal basins forming the shallowing upwards Amiran—Taleh
Zang—Kashkan detrital succession (Homke et al. 2009;
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Saura et al. 2011). Continued subduction of the remnant
oceanic crust then led to closure of the Neo-Tethys Ocean.
After strong and long weathering and erosion, the limited
remnants of the obducted ophiolite were not able to sup-
ply appreciable detritus to the Gachsaran and Agha Jari
Formations. In contrast, abundant zircons from the ETMD
and SSZ were transported into the basin and deposited after
collision between Arabia and Eurasia. Based on the prov-
enance analysis of the sediments, the initial continental
collision of Arabia and Eurasia plates is suggested to have
occurred before 18 Ma, the depositional age of sample A28.
This inference is also consistent with petrographic and
thermochronological studies in the Fars Province, which
indicates that the collision is constrained to be no younger
than 19.7 Ma (Khadivi et al. 2012). This age is the deposi-
tional age of the base of the Razak Formation, the lateral
equivalent of the evaporitic Gachsaran Formation (Khadivi
et al. 2012). The age pattern for sample A25 probably sug-
gests a strong Arabian basement source that was entering
the foreland basin at ca. 5 Ma.

ca.20 Ma

Eurasia

Hypothesis B Hypothesis B is developed from Farhoudi
(1978) (Fig. 12), which using present arc models (Makran
Arc System) suggests a new trench was located at the
margin of the Persian Gulf in the Fars province. The Late
Permian—Triassic opening of Neo-Tethys separated the
Cimmerian continent from Gondwanaland with abundant
Early-Middle Triassic volcanism. This was followed by the
amalgamation and/or welding together of oceanic crust to
Triassic volcanic rocks, during Late Cretaceous intra-ocean
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Fig. 12 Simplified tectonic evolution model (Hypothesis B) showing the amalgamation history of Neo-Tethys since Paleocene. Basin type
changed (as indicated) during each period of the tectonic evolution shown. See text for details

subduction forming the Neo-Tethyan ophiolitic accretion-
ary complex. In Paleocene—Eocene time this complex was
the source for sediment supplied to the wedge-top basin.
The lithospheric-scale reconstruction for this event is simi-
lar to that proposed in Hypothesis A except for the differ-
ent locations of the Amiran-Taleh Zang—Kashkan detrital
successions. An intra-ocean accretionary complex and
its overlying sediments started to collide with Eurasia in
the Early Miocene. This might have led to a tectonic set-
ting similar to the present-day accretionary prisms in the
Makran area. The trench slope break migrated oceanward
to the new trench along with continued subduction of the
remnant oceanic crust, which then led to closure of the
Neo-Tethys ocean. In Hypothesis B, samples A26—-A30 are
characterized by a transition from the northern Neo-Teth-
yan ophiolitic accretionary complex or Eurasian domains
and carry obviously no inputs from the southerly Arabian
plate. Although Pan-African sources are also observed in
the detrital age populations of samples A26, A27 and A28,
according to the paleocurrent direction information these
old zircons were probably sourced from Iran reflecting
the East African Orogen (Horton et al. 2008). Therefore,
we propose that the initial continental collision of the Ara-
bia and Eurasia plates was post 11.2 Ma (the depositional
age of sample A26). While the provenance of sample A25

was most likely derived from Arabia because of its dis-
tinctly similar age distribution pattern with contributions
from Eurasia. So, we conclude that sample A25 located
on the Zagros foreland basin represents post-collisional
sediments with mixed provenance. This finding implies
that the Arabia—Eurasia continental collision was pre-5 Ma,
i.e., the depositional age of sample A25. Therefore, in this
hypothesis, the initial continental collision between Arabia
and Eurasia most likely occurred in SW Iran at some time
between 11.2 and 5 Ma. This significantly younger age is
similar to that proposed by Talebian and Jackson (2004)
and is represented by the regional angular unconformity
between the Agha Jari and Bakhtyari Formations, which
was previously considered to date the peak time of orog-
eny in the Zagros (Hessami et al. 2001). Furthermore, we
recognize that the MZT is the boundary between the accre-
tionary complex and Eurasia. Accordingly, the actual suture
(trench) in Hypothesis B could be located at the SW mar-
gin of the Lurestan province and buried under Quaternary
desert sand. Therefore, the Cryptic Suture is a ‘plane’ sepa-
rating Eurasian accretionary units from Arabian basement,
representing termination of the consumed ocean (Fig. 12).
That means not all ophiolites represent the exact places
of the suture, and the suture position may lay on the bot-
tom of the accretionary complex. As Dewey et al. (1986)
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remarked, the recognition and understanding of continental
collision depend upon our ability to recognize and under-
stand collisional sutures, whose position is not always read-
ily apparent, sutures may be exceedingly cryptic.

Our data could at first glance be reconciled with either
of the two alternative hypotheses, each of which implies a
different amalgamation history for the Neo-Tethys. How-
ever, only a few Pan-African sources and pre-Neoprotero-
zoic signatures are observed in the detrital age populations
of samples A26—A30. The age distribution pattern of these
samples therefore differs markedly from that of Arabian
samples. Also some blocks in the Neo-Tethys were rifted
from southerly Gondwana and joined Eurasia in the Meso-
zoic, such as Cimmerian continent, which may have car-
ried some Pan-African sources and/or pre-Neoproterozoic
signatures. Therefore, for a Cenozoic collision event, minor
Pan-African sources and/or pre-Neoproterozoic signa-
tures would not be necessarily a diagnostic criterion for
the source from Arabia, in particular when they are minor.
Furthermore, only the youngest sample A25 is dominated
by zircons showing a Pan-African signature together with
minor input from Eurasia. These facts are, however, incon-
sistent with Hypothesis A, in which Arabian-Nubian Shield
should have consistently contributed considerable zircons
to all overlying Cenozoic deposits since 18 Ma, which is
not the case.

Although we can assume that, the reason why these
samples have so few old zircons could be that Arabia
became a vast low-relief surface and could not provide
sufficient material following strong and long weathering
and erosion. The fact is that the upper Permian to Ceno-
zoic succession in Arabia thickens eastward to more
than 8 km, reflecting continuous subsidence of the Ara-
bian passive margin facing Neo-Tethys (Garzanti et al.
2013). As Arabia remained as a stable platform during
this period, this suggests that quartz and feldspar as well
as heavy minerals could have been transported to coastal
areas. To be compatible with this observation a remnant
ocean separating Arabia from the basins containing the
Kashkan and Amiram Formations is therefore proposed
in Hypothesis B, a multiple extensional tectonic scenario
which has been compatible with an intra-oceanic meta-
morphic complex from 79 to 36 Ma (Ao et al. 2016, in
press). Meanwhile, subduction of the remnant oceanic
crust led to closure of the Neo-Tethys Ocean. Then the
continued post-collisional underthrusting of the Ara-
bian basement is suggested as a mechanism for generat-
ing shallow earthquakes by the outward migration of the
trench slope break (Farhoudi 1978), because continental
crust is less dense than oceanic crust. This suggestion is
supported by the focal mechanism of earthquakes recently
observed along the Zagros Orogen (Nissen et al. 2011;
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Nowroozi 1976; Talebian and Jackson 2004). Further, the
thickness of the Bakhtyari Molasse increases rapidly from
a few meters to 2500 m southwestwards to the northeast-
ern edge of the Mesopotamian Depression, which was
suggested by Bird et al. (1975) to be the site of continen-
tal underthrusting. Finally, the most direct evidence sup-
porting Hypothesis B is that it fits well with geological
observation, for instance, most asymmetric folds in the
ZFTB display steeper SW limbs (Talebian and Jackson
2004), sediments in the ZFTB becoming progressively
younger from northeast to southwest (Saura et al. 2015).
From the foregoing we conclude that Hypothesis B is our
preferred tectonic scenario.
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