
Journal of the Geological Society, London, Vol. 170, 2013, pp. 175 –184. doi: 10.1144/jgs2012-066.

175

Ever since ophiolites were recognized as oceanic lithosphere frag-
ments exposed on land, their formation has been debated. It is still 
controversial whether specific ophiolites are created at a mid- 
oceanic ridge or at a convergent plate margin, and, if at the latter, 
whether it was a forearc (protoarc) or back-arc basin (Miyashiro 
1975; Coleman 1984). Indeed, it has been found that many ophi-
olites, including Neotethyan ophiolites in the Eastern Mediterra-
nean region as well as the Indus–Yarlung Zangbo ophiolites in 
southern Tibet, show geochemical signatures that are typical of 
modern suprasubduction-zone environments (Elthon 1991; Pearce 
2003; Hebert et al. 2012).

As a result of studying Izu–Bonin–Mariana forearc crust 
(Reagan et al. 2010; Ishizuka et al. 2011) and from comparing this 
with the magma stratigraphy in well-preserved ophiolites (Whattam 
& Stern 2011) we are starting to better understand the relationship 
between ophiolites and the formation of new subduction zones. The 
process of subduction initiation and its relationship with ophiolite 
formation remain controversial, although it seems likely that the 
gravitational instability of old oceanic plates provides the primary 
force for subduction initiation (Vlaar & Wortel 1976; Davies 1999; 
Stern 2004; Gerya 2011).

One way to start a new subduction zone is via collapse of dense 
lithosphere on one side of a transform or fracture zone leading  
to asthenospheric upwelling over the subsiding slab, resulting  
in sea-floor spreading to form a proto-forearc (Leng & Gurnis 
2011), which ultimately may be emplaced as ophiolite. Thus, a 
good approach for studying subduction initiation is to study well- 
preserved ophiolites (Stern et al. 2012), which generally record 
these processes. This model was recently applied to Late Cretaceous 
ophiolites of Iran (Zagros ophiolites; Fig. 1) by Shafaii Moghadam 
et al. (2010) and Shafaii Moghadam & Stern (2011). Zagros ophi-
olites are part of one of the most extensive and best-studied ophi-
olite belts in the world, which can be traced for more than 3000 km 
along the SW margin of Eurasia, from Cyprus through SE Turkey, 

NW Syria, NE Iraq, SW Iran and northern Oman (Fig. 1). For  
the sake of brevity, we call this the Late Cretaceous Ophiolite  
Belt of SW Asia (LCOBSA). LCOBSA ophiolites are obducted 
onto the Arabian passive margin (e.g. Kizildag, Troodos, Oman, 
Kermanshah and Neyriz ophiolites) and/or are accreted against the 
Tauride–central Iranian block (e.g. Guleman and Goksun ophi-
olites of Turkey and Nain–Baft ophiolites of Iran) (e.g. Yilmaz 
1993; Yilmaz et al. 1993; Parlak et al. 2004; Bagci et al. 2005).

Our understanding of the tectonic origin of LCOBSA ophiolites 
is advancing rapidly. Recent geochemical and geochronological 
studies in the LCOBSA (including Zagros ophiolites) show a tem-
poral evolution in the volcanic sequence from mid-ocean ridge 
basalt (MORB)-like tholeiitic to calc-alkalic and boninitic suites 
(e.g. Shervais 2001; Dilek & Flower 2003; Dilek & Thy 2009; 
Parlak et al. 2009; Whattam & Stern 2011; and references therein). 
Troodos is somewhat different (its lower lavas have calc-alkaline 
affinities) perhaps because it formed at the edge of the new conver-
gent margin (Pearce & Robinson 2010). With this exception, 
LCOBSA magma stratigraphy is similar to that documented for the 
Izu–Bonin–Mariana convergent margin, where forearc crust 
formed via sea-floor spreading during subduction initiation 
(Reagan et al. 2010; Ishizuka et al. 2011).

The interpretation that the LCOBSA reflects a subduction initia-
tion event is controversial and needs further testing and refinement. 
One of the greatest challenges concerns understanding how long it 
took for subduction initiation to occur, where this instability first 
formed, and how the collapsing margin evolved. Because subduction 
initiation is likely to begin at one site and then propagate along strike, 
there should be an age progression. Understanding the age of ophi-
olites along the LCOBSA is thus a critical test of the general idea; this 
model predicts an age progression of ophiolite formation along the 
collapsing margin. For this reason, Zagros ophiolite ages are the ‘crit-
ical missing link’ in understanding the LCOBSA. The purpose of the 
present study is to contribute to understanding LCOBSA evolution by 
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reporting new thermal ionization mass spectrometry (TIMS) U–Pb 
zircon ages of the Nain and Dehshir ophiolites. These are the first 
U–Pb zircon ages reported for the Zagros ophiolites of Iran.

Geological setting

Late Cretaceous ophiolites along the Bitlis–Zagros suture zone are 
remnants of Neotethys oceanic lithosphere, which separated 
Gondwanaland from Eurasia. LCOBSA fragments in Cyprus 
(Troodos), Turkey (Kizildag, Goksun, Elazig), Syria (Baer–Bassit), 
Iran (Zagros ophiolites) and Oman (Semail) have suprasubduction-
zone geochemical affinities (e.g. Alabaster et al. 1982; Hébert & 
Laurent 1990; Sengor 1990; Lytwyn & Casey 1993; Parlak et al. 
1996, 2000, 2009; Yaliniz et al. 1996; Floyd et al. 1998; Robertson 
2002; Godard et al. 2003, 2006; Bagci et al. 2005, 2006, 2008; 
Warren et al. 2005; Babaie et al. 2006; Goodenough et al. 2010; 
Shafaii Moghadam et al. 2010; Shafaii Moghadam & Stern 2011). 
LCOBSA suprasubduction-zone affinities are also indicated by 
mineral compositions of gabbros and mantle peridotites (e.g. 
Umino et al. 1990; Bagci et al. 2005; Arai et al. 2006; Yamasaki 
et al. 2006; Python et al. 2008; Bagci & Parlak 2009; Shafaii 
Moghadam & Stern 2011; Uysal et al. 2012). LCOBSA ophiolite 
lavas show geochemical transitions up-sequence, from MORB-like 
to more island arc or boninite-like compositions, consistent with 
formation during subduction initiation (Whattam & Stern 2011).

Zagros ophiolites constitute the central parts of the LCOBSA 
and define two parallel belts along the NE flank of the Zagros fold–
thrust belt in Iran (Fig. 2; Sengor 1990; Robertson 1998, 2002; 
Garfunkel 2006; Robertson & Mountrakis 2006; Dilek et al. 2007; 
Dilek & Furnes 2011; Shafaii Moghadam & Stern 2011). Zagros 
ophiolites can be subdivided into an ‘Inner Belt’ (Inner Zagros 
Ophiolite Belt) and an ‘Outer Belt’ (Outer Zagros Ophiolite Belt), 
south of the Main Zagros Thrust Fault and along the SW periphery 
of the Central Iranian block, respectively (Stocklin 1977; Fig. 2). 
The two ophiolite belts are separated by metamorphic rocks of the 
Sanandaj–Sirjan Zone. Several hypotheses have been proposed for 
the genesis and evolution of Inner Belt ophiolites (the focus of our 
study), including an origin as a back-arc basin (Agard et al. 2006; 

Shafaii Moghadam et al. 2009; Agard et al. 2011) or in a proto-
forearc, during subduction initiation (Shafaii Moghadam et al. 
2010; Shafaii Moghadam & Stern 2011).

Northward subduction of Neotethyan ocean floor beneath Iran 
generated a 50–80 km wide Andean-type magmatic belt of 
Cenozoic intrusive and extrusive rocks, the Urumieh–Dokhtar 
magmatic assemblage or arc (Fig. 2; Falcon 1974; Berberian & 
Berberian 1981; Berberian & King 1981; Berberian et al. 1982; 
Alavi 1994; Shahabpour 2007). This magmatic assemblage includes 
a thick (c. 4 km) pile of early calc-alkaline and later shoshonitic as 
well as alkaline rocks (Alavi 2007).

Nain ophiolite

The Nain ophiolite lies in the northwestern part of the Inner Belt, 
where it covers about 600 km2. This ophiolite was first described by 
Davoudzadeh (1972) as a Late Cretaceous–Early Eocene coloured 
mélange. Recently, Rahmani et al. (2007) inferred a suprasubduc-
tion-zone tectonic environment for its formation, based on the com-
position of the sheeted dyke complex. The Nain ophiolite includes 
a well-preserved mantle sequence of depleted harzburgite with 
minor lherzolite. Pegmatite gabbros, isotropic gabbros and gab-
bronorites are common as small pockets (average 2 m × 3 m) within 
the mantle rocks. Pyroxenitic, gabbroic, gabbronoritic and doleritic 
dykes and sills crosscut the peridotites (Fig. 3a).

Nain ophiolitic rocks show geochemical signatures indicating a 
suprasubduction-zone origin, including depletion of Nb and REE 
relative to MORB. Shafaii Moghadam & Stern (2011) argued that 
these rocks formed in a proto-forearc during subduction initiation. 
The Nain sheeted dyke complex comprises mafic and felsic micro-
gabbroic, gabbronoritic, doleritic and dacitic dykes with mutually 
intrusive contacts. These dykes intrude host amphibole gabbros  
or microgabbro and plagiogranite (Fig. 4b) and/or are injected  
into other dykes. The Nain ophiolite is stratigraphically overlain  
by Upper Cretaceous Globotruncana-bearing (Coniacian–
Maastrichtian) pelagic limestones and radiolarites. Garnet amphi-
bolites occur SW of Ahmad-Abad village, intruded by tonalitic 
dykes (Fig. 4a) with sheared contacts against ultramafic rocks. 
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Fig. 1. Simplified tectonic map of the 
eastern Mediterranean–Zagros region 
showing the distribution of Neotethyan 
ophiolites and suture zones (modified 
after Dilek et al. 2007). The U–Pb zircon 
ages for Troodos ophiolite trondhjemites 
and gabbro are from Mukasa & Ludden 
(1987), for Kizildag from Dilek & Thy 
(2009), for Oman from Warren et al. (2005) 
and Goodenough et al. (2010), and for 
the Nain–Dehshir ophiolites are from this 
study. NAF, North Anatolian Fault; EAF, 
East Anatolian Fault.
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Geochemically the amphibolites have suprasubduction-zone affini-
ties, similar to pillow lavas and isotropic gabbros; hence they may 
have the same protolith. Tonalitic dykes intrude only amphibolites.

Dehshir ophiolite

The Dehshir ophiolite is exposed discontinuously over c. 150 km2 
near the centre of the Inner Belt, about 200 km SE of the Nain  

ophiolite (Shafaii Moghadam et al. 2010). Its lava sequence is con-
formably capped by Turonian–Maastrichtian (93.5–65.5 Ma) 
Globotruncana-bearing pelagic limestones. The mantle sequence 
is represented by harzburgite with minor cumulate rocks including 
plagioclase lherzolite, clinopyroxenite, leucogabbro and pegmatite 
gabbro. Doleritic dykes and isotropic gabbros intrude the harzbur-
gite (Fig. 3b).

The Dehshir ophiolite crustal section comprises pillowed basalts, 
basaltic to andesitic massive flows and a basaltic–dacitic sheeted 
dyke complex (Fig. 3b). Amphibole gabbros and diorites make up 
most of the crustal sequence (Fig. 3b). Plagiogranite occurs as dyke-
lets injected into amphibole-bearing isotropic gabbro and diorite 
(Fig. 4c). Slightly metamorphosed lavas and their pyroclastic equiv-
alents include greenschists (with island-arc tholeiitic signature). 
Tonalitic plugs (of Cenomanian age; see next section for U–Pb 
ages) intrude the greenschists (Fig. 4d). Dehshir ophiolite magmatic 
rocks show Nb depletions, indicating generation from a subduction-
modified mantle source (Shafaii Moghadam et al. 2010).

Analytical methods

To constrain the timing of crystallization of Zagros ophiolites, two 
plagiogranitic or tonalitic samples from the Nain ophiolite and 
three plagiogranitic and dioritic samples from the Dehshir ophiolite 
were dated by the U–Pb zircon isotope dilution (ID)-TIMS tech-
nique at the University of Oslo (Table 1). The rocks were crushed 
in a jaw crusher and hammer mill, and the heavy minerals were 
concentrated using a succession of Wilfley table, free fall and high 
gradient magnetic separation, and methylene iodide density separa-
tion. Further selection was carried out by hand-picking under a bin-
ocular microscope and mechanical abrasion (Krogh, 1982) to 
remove discordant domains. Some fractions were also subjected to 
chemical abrasion based on the study by Mattinson (2005) but fol-
lowing approximately the procedure of Schoene et al. (2006) with 
an annealing stage of 3 days at 900 °C, a partial dissolution step 
with HF (+ HNO3) at 194 °C overnight, and a 2 h hotplate step in 
6N HCl after removal of the solution and some rinsing. The disso-
lution was carried out following Krogh (1973) as described by 
Corfu (2004) but using a mixed 202Pb–205Pb–235U spike. The data 
have been corrected for 230Th disequilibrium (Schärer 1984) assum-
ing Th/Umagma = 4; this increases 206Pb/238U ages by about 0.1 Ma. 
Calculations were carried out with the decay constants of Jaffey  
et al. (1971) and the Isoplot program of Ludwig (2003).

Sample descriptions and results

Nain ophiolite: sample N09-21 (tonalitic dyke in amphibolite)

Tonalitic dykes cut garnet amphibolites of the basal metamorphic 
sole, south of the Kud-Zard village (Fig. 4a). Tonalitic dykes 
mainly consist of deformed quartz and plagioclase phenocrysts. 
Quartz defines the stretching lineation of the rock and shows ser-
rated margins that bulge into neighbouring crystals, suggesting 
grain boundary migration owing to recrystallization. Plagioclase 
shows deformation twins and is partially altered to sericite, calcite 
and epidote. This highly deformed texture indicates that dykes 
were injected into shear zones during ophiolite emplacement and 
formation of the metamorphic sole. These dykes thus date emplace-
ment of the ophiolite rather than ophiolite igneous activity.

Garnet, muscovite and amphibole are minor minerals. The 
sample has very low REE contents with concave-upward pat-
tern (Fig. 5a) and slight positive Eu anomaly. The dyke also 
shows negative Nb–Ti anomalies relative to normal (N)-MORB, 
characteristic of suprasubduction-zone magmas (Fig. 5b).
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Fig. 2. Principal geological features and ophiolites of Iran. (a) Map 
showing the distribution of the inner (Nain–Dehshir–Baft–Shahr-
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ophiolitic belts, the location of the Urumieh–Dokhtar magmatic arc 
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Zircon in sample N09-21 occurs as euhedral prismatic crystals 
(Fig. 6), mostly broken fragments. The four U–Pb analyses form two 
clusters (101.2 ± 0.2 and 102.8 ± 0.3 Ma; Table 1). The younger clus-
ter is defined by a zircon tip and a fraction of flat prisms, whereas the 
older cluster includes a short prism and a fraction of several prisms 
(Fig. 6). The data can be interpreted in two ways: (1) the two younger 
analyses were affected by Pb loss and the two older analyses better 
reflect the age of crystallization, or (2) the two older analyses are 
affected by some inheritance (perhaps from Iranian continental crust) 
whereas the younger reflect the age of clean magmatic zircon. The 
second alternative is preferred because all grains were subjected to 
chemical abrasion, which generally removes parts affected by Pb 
loss in zircons of such good quality and age, and, on the other hand, 
because one of the zircons giving the older ages revealed some inter-
nal heterogeneity after partial dissolution, supporting the presence of 
an inherited core (the other fraction consistent of several grains). In 
our preferred interpretation, the mean 206Pb/238U age of 101.2 ± 0.2 Ma 
of the two younger analyses is considered to date crystallization of 
the dyke (Fig. 6). The low Th/U ratio of these analyses (0.02–0.03) is 

common for zircon of highly evolved tonalitic magmas. These types 
of tonalites are not in situ differentiated rocks and their occurrence 
type, mineralogy, texture and age are consistent with derivation from 
partial melting of amphibolites during ophiolite emplacement. 
Therefore, we take this age to approximate the time of ophiolite 
emplacement.

Nain ophiolite: sample N09-28 (plagiogranite)

This type of plagiogranite is found mainly near the Ahmad-Abad vil-
lage. It intrudes amphibole gabbros that host the sheeted dyke com-
plex. Sheeted dyke complex dolerites intrude both amphibole gabbro 
and plagiogranite (Fig. 4b). These types of plagiogranite occur near 
the gabbro-sheeted dyke complex boundary. Plagiogranite is coarse-
grained with a granular texture and is mainly composed of quartz and 
plagioclase with minor alkali feldspar and hornblende. Feldspars are 
altered to clays and sericite, with minor epidote and titanite. Chlorite 
is common at the expense of hornblende. The plagiogranite has a frac-
tionated but flat REE pattern (Fig. 5a), and is enriched in large ion 
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Fig. 4. Field photographs of the dated 
samples from the Nain and Dehshir 
ophiolites. (a) Nain ophiolite, tonalitic 
dyke (sample N09-21) intruding garnet 
amphibolite, south of Kud-Zard village.  
(b) Nain ophiolite, contact of sheeted 
doleritic dyke intruding plagiogranite 
(sample N09-28) near Ahmad-Abad  
village. (c) Dehshir ophiolite, injection  
of plagiogranitic dykes (sample AZ06-25) 
into isotropic diorites (sample AZ06-24) 
SW of Aziz-Abad village. (d) Dehshir 
ophiolite. Outcrop of tonalitic plug  
(sample DZ05-6) intruding metamorphosed 
lavas and pyroclastic equivalents near 
Zoolouzar village.
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lithophile elements (LILE) and depleted in high field strength ele-
ments (HFSE) relative to N-MORB, similar to island-arc tholeiites 
(Fig. 5b). Its REE and trace elements patterns are similar to those of 
Nain arc tholeiitic gabbros (Shafaii Moghadam 2008). The various 
models suggested for plagiogranite formation in ophiolitic complexes 
and/or oceanic crust (Juteau et al. 1988; Koepke et al. 2004) include 
fractional crystallization of basaltic melts, hydrous partial melting of 
gabbroic rocks and hydrous anatexis of an altered sheeted dyke com-
plex. REE and trace element similarities between Nain plagiogranites 
and island-arc tholeiitic gabbros suggest that these plagiogranites are 
residual melts produced during fractional crystallization of tholeiitic 
gabbros, and thus can provide only a minimum constraint on the 
timing of ophiolite formation.

Zircon occurs mainly as broken euhedral prisms, with rare fully 
preserved crystals (Fig. 6) containing 403–594 ppm U and with 
Th/U ratios of 0.48–0.55 (Table 1). The four analyses define a 

mean 206Pb/238U age of 102.8 ± 0.3 Ma (Fig. 6). The high MSWD of 
3.4 is caused by slight discordance of two analyses, possibly as a 
result of a xenocrystic component. Exclusion of these two points 
reduces the age to 102.7 ± 0.2 Ma, which we take as approximating 
that of Nain ophiolite formation.

Dehshir ophiolite: sample AZ06-25 (plagiogranite dyke)

Plagiogranite dykes in the Aziz-Abad diorite (including AZ06-24) are 
composed of altered plagioclase, quartz, orthoclase, amphibole and 
chlorite. The rock has a concave-up REE pattern with positive Eu 
anomaly, suggesting plagioclase accumulation (Fig. 5a). Depletion of 
Nb and Ta and LILE enrichment are characteristic of the dyke, indi-
cating suprasubduction-zone affinity (Fig. 5b). The plagiogranite also 
has Sr/Y c. 60, similar to adakite, suggesting that these are anatectic 
melts of amphibolite (Shafaii Moghadam et al. 2010).

Table 1. U–Pb data for zircon from felsic plutonic rocks of the Nain and Dehshir ophiolites

Zircon 
characteristics1

Weight2 
(µg)

U2 
(ppm)

Th/U3 Pbc4 
(pg)

206Pb/ 
204Pb5

207Pb/ 
235U6

±2σ (abs) 206Pb/ 
238U6

±2σ (abs) rho 207Pb/ 
206Pb6

±2σ 206Pb/ 
238U6 (Ma)

±2σ 207Pb/ 
235U6 (Ma)

±2σ

N09-21, tonalitic dyke (Separo), Nain ophiolite (33°07′87"N, 53°02′19")

eu tip CA [1] 9 80 0.03 1.3 587 0.1061 0.0015 0.01582 0.00004 0.46 0.04864 0.00062 101.2 0.3 102.4 1.3

eu flat prisms 
CA [7]

34 67 0.03 2.0 1140 0.10620 0.00085 0.01583 0.00004 0.52 0.04865 0.00034 101.3 0.3 102.5 0.8

eu short prism 
CA [1]

17 48 0.10 1.9 441 0.10869 0.00202 0.01610 0.00007 0.43 0.04895 0.00085 103.0 0.4 104.8 1.9

eu long prisms 
CA [12]

30 65 0.02 12.8 172 0.10986 0.00240 0.01619 0.00006 0.28 0.04922 0.00104 103.5 0.4 105.8 2.2

N09-28, plagiogranite (Ahmad-Abad), Nain ophiolite (32°55′93"N, 53°05′67"E)

eu fr A [15] 13 566 0.51 1.0 7099 0.10646 0.00031 0.01605 0.00003 0.80 0.04811 0.00009 102.6 0.2 102.7 0.3

eu fr A [13] 16 594 0.55 1.1 8898 0.10655 0.00029 0.01605 0.00003 0.84 0.04814 0.00007 102.7 0.2 102.8 0.3

eu fr A [19] 28 403 0.52 1.0 11791 0.10707 0.00032 0.01612 0.00004 0.81 0.04817 0.00009 103.1 0.2 103.3 0.3

eu fr A [8] 22 411 0.48 1.1 8499 0.10682 0.00028 0.01607 0.00003 0.82 0.04820 0.00007 102.8 0.2 103.0 0.3

AZ06-25, plagiogranite (AzizAbad), Dehshir ophiolite (31°16′23"N, 53°56′43"E)

fr (eu) A [17] 140 49 0.55 2.5 2721 0.10406 0.00038 0.01571 0.00004 0.71 0.04805 0.00012 100.5 0.2 100.5 0.3

fr (eu) A [25] 137 100 0.57 2.2 6057 0.10426 0.00037 0.01568 0.00004 0.83 0.04823 0.00010 100.3 0.2 100.7 0.3

fr (eu) A [38] 84 103 0.54 1.8 4616 0.10392 0.00037 0.01568 0.00003 0.69 0.04807 0.00012 100.3 0.2 100.4 0.3

fr (eu) A [31] 119 82 0.46 1.4 6678 0.10335 0.00029 0.01560 0.00003 0.82 0.04804 0.00008 99.8 0.2 99.9 0.3

AZ06-24, diorite (host of plagiogranite AZ06-25) (AziAbad), Dehshir ophiolite (31°16′23"N, 53°56′43"E)

eu broken 
prism A [1]

2 303 0.68 2.9 224 0.10563 0.00293 0.01576 0.00011 0.43 0.04862 0.00124 100.8 0.7 102.0 2.7

eu broken 
prism A [1]

2 165 0.50 1.6 228 0.10423 0.00397 0.01577 0.00007 0.50 0.04793 0.00173 100.9 0.5 100.7 3.6

eu broken 
prism A [1]

4 207 0.50 1.2 709 0.10482 0.00127 0.01578 0.00005 0.47 0.04819 0.00053 100.9 0.3 101.2 1.2

eu broken 
prism A [5]

3 462 0.42 1.3 1357 0.14001 0.00166 0.01949 0.00020 0.88 0.05210 0.00029 124.4 1.3 133.1 1.5

DZ05-6, tonalite (Zouluzar), Dehshir ophiolite (31°17′32"N, 53°53′67")

eu tip CA [1] 1 157 0.29 2.1 92 0.1065 0.0102 0.01552 0.00011 0.68 0.04977 0.00455 99.3 0.7 102.8 9.3

eu long prism 
CA [1]

1 231 0.81 3.6 81 0.0971 0.0084 0.01549 0.00012 0.53 0.04546 0.00376 99.1 0.8 94.1 7.7

eu short prism 
A [1]

1 160 0.70 0.6 291 0.1077 0.0044 0.01538 0.00014 0.45 0.05079 0.00192 98.4 0.9 103.9 4.0

eu long clear 
tip CA [1]

1 184 0.28 0.7 259 0.1011 0.0037 0.01531 0.00006 0.53 0.04791 0.00164 98.0 0.4 97.8 3.4

eu tip A [1] 1 161 0.31 1.7 108 0.0987 0.0084 0.01498 0.00009 0.64 0.04779 0.00390 95.9 0.6 95.6 7.8

1eu, euhedral; fr, fragment; CA or A, treated with chemical abrasion or air abrasion; numbers in brackets indicate number of grains.
2Weight and concentrations are known to better than 10%, except for those near and below the c. 1 µg limit of resolution of the balance.
3Th/U model ratio inferred from 208/206 ratio and age of sample.
4Pbc is the total common Pb in sample (initial + blank).
5Raw data corrected for fractionation.
6Corrected for fractionation, spike, blank, initial common Pb and initial 230Th disequilibrium (assuming Th/U magma = 4) ; error calculated by propagating the main sources of uncertainty.
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The abundant zircon population consists of short prisms with 
prominent {211} pyramids (Fig. 6). Three analyses yield a mean 
206Pb/238U age of 100.4 ± 0.1 Ma, whereas a fourth point is slightly 
younger, suggesting Pb loss. We take this age as approximating the 
age of formation of the Dehshir ophiolite.

Dehshir ophiolite: sample AZ06-24 (diorite)

Isotropic diorites with crosscutting plagiogranite dykes (including 
AZ06-25, above) crop out SW of Aziz-Abad village (Fig. 4c). These 

diorites are found as lenses with fault contacts with overlying pillow 
lavas. Plagioclase and amphibole (magnesio-hornblende) are the 
main rock-forming minerals. Plagioclase is altered to sericite and 
clays whereas amphiboles are altered to chlorite. The sample has a 
light REE (LREE)-depleted pattern with slight positive Eu anomaly 
(Fig. 5a). The diorite displays positive anomalies in Rb, Ba, U, Th 
and Pb and negative anomalies in Nb and Ta relative to N-MORB, 
indicating a suprasubduction-zone affinity (Fig. 5b).

The zircon population consists of a mix of long-prismatic 
and short-prismatic to euhedral crystals, commonly occurring as 

La   Ce    Pr   Nd   Sm  Eu   Gd   Tb   Dy   Ho   Er   Tm  Yb    Lu 

0.01 

0.1 

1 

10 

100 

Rb       Th      Nb       K        Ce       Pr        P         Zr       Ti        Yb
Ba        U       Ta        La       Pb       Sr       Nd      Hf        Y 

B 

1 

10 

100 

0.1 
A 

Plagiogranite (AZ06-25) 
Tonalitic plug (DZ05-6)

Sa
m

pl
e/

ch
on

dr
it

e 

Sa
m

pl
e/

N
-M

O
RB

 

Tonalitic dike (N09-21)
Plagiogranite (N09-28) 

Diorite (AZ06-24) 

Fig. 5. (a) Chondrite-normalized REE patterns (chondrite abundances are from McDonough & Sun 1995) and (b) normal mid-ocean ridge basalt (N-MORB)-
normalized multi-element patterns (N-MORB concentrations are from Sun & McDonough 1989) for dated rock units of Nain and Dehshir ophiolites. The 
whole-rock data for the Nain and Dehshir ophiolites are from Shafaii Moghadam (2008) and Shafaii Moghadam et al. (2010), respectively.
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Fig. 6. Zircon photomicrographs and stacked concordia diagrams displaying U–Pb data from the Nain (N09-21 and 28) and Dehshir (AZ06-24 and 25, 
ZDZ05-6) ophiolites. Ellipses represent 2σ errors. The scale bar in the zircon images represents 100 µm.
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broken fragments (Fig. 6). Three single grain analyses (Table 1) 
overlap on concordia giving a mean 206Pb/238U age of 100.9 ± 0.2 Ma. 
A multigrain fraction is discordant owing to a xenocrystic compo-
nent, whose age is indicated by the projection of the data point 
(outside the field shown in Fig. 6) towards about 835 Ma. The older 
age with respect to the 100.4 ± 0.1 Ma plagiogranite is consistent 
with the observed crosscutting relationships. These diorites occur 
with the sheeted dyke complex (although contacts are faulted), and 
geochemically are similar to Dehshir crustal gabbros and lavas (see 
Shafaii Moghadam & Stern 2011), and so far we can take this age 
as approximating that of Dehshir ophiolite formation.

Dehshir ophiolite: sample DZ05-6 (tonalitic plug within 
metamorphosed lavas and their pyroclastic equivalents)

Small tonalitic plugs intrude ophiolitic metamorphosed rocks (met-
amorphosed basaltic lava flows and their pyroclastic equivalents) 
near Zoolouzar village (Fig. 4d). The rocks have been metamor-
phosed to greenschist facies. These ophiolitic metamorphic rocks 
have faulted contacts with serpentinites, harzburgites and crustal 
amphibole gabbros. Small tonalite veins are also injected into 
amphibole gabbros. Geochemically the metavolcanic rocks have an 
island-arc tholeiitic signature similar to the overlying pillow lavas 
and isotropic gabbros. The tonalitic rocks are mainly composed of 
plagioclase, quartz, amphibole, biotite and chlorite, with U-shaped 
REE patterns (Fig. 5a). Positive anomalies in Rb, Ba, Th, U, Pb, K, 
Zr and Hf as well as depletions in Nb–Ta–Ti indicate a suprasu-
bduction-zone affinity (Fig. 5b). REE and trace element patterns of 
these tonalites suggest hydrous partial melting products of tholei-
itic gabbros during ophiolite emplacement.

Sample DZ05-6 contains few colourless long and short euhedral 
prisms (Fig. 6). The analyses are not very precise because of the 
small sample size, and they also show discordance. Three analyses 
yield a mean 206Pb/238U age of 99.0 ± 1.1 Ma, which dates intrusion 
of the plug and thus constrains the age of ophiolite emplacement. 
The other two analyses are more discordant, probably as a result of 
Pb loss.

Discussion

These U–Pb zircon ages indicate that the Nain and Dehshir ophi-
olites formed c. 100 Ma, with Nain (102.9 ± 0.3 Ma) being c. 1 Ma 
older than Dehshir (100.9 ± 0.2 Ma; 100.4 ± 0.1 Ma), and that these 
ophiolites developed a metamorphic sole during emplacement soon 
after formation (Nain emplacement 101.2 ± 0.2 Ma; Dehshir 
emplacement 99.0 ± 1.1 Ma). One uncertainty is whether tonalitic 
dykes intruding Nain garnet amphibolites are related to Eocene 
magmatism (Urumieh–Dokhtar arc) or are parts of the Nain ophi-
olite, because they intrude only amphibolites but not other ophi-
olitic units, nor Upper Cretaceous pelagic sediments. The 
geochemical characteristics of the tonalitic dykes differ from those 
of younger, Eocene calc-alkaline granitic rocks of the Urumieh–
Dokhtar magmatic arc, so we conclude that these dykes are part of 
the ophiolite. The 100–102 Ma U–Pb zircon ages of the Nain and 
Dehshir ophiolites (Fig. 7) are consistent with biostratigraphic ages 
no older than Cenomanian–Coniacian (99.6–89.3 Ma) of conform-
ably overlying pelagic sediments above both Inner and Outer Belt 
ophiolites (Table 2). These U–Pb zircon ages are 3–10 Ma older 
than existing K–Ar and up to 16 Ma older than 40Ar/39Ar ages for 
Zagros ophiolites, as discussed further below. Nain–Baft (Inner 
Belt) amphibolites and hornblende ophiolitic gabbros yield K/Ar 
hornblende ages of 93.4 ± 3.6 and 93.8 ± 8.7 Ma, respectively 
(Shafaii Moghadam et al. 2009), whereas dolerite and hornblende 
gabbro of the Outer Belt Neyriz ophiolite yield 40Ar/39Ar horn-
blende ages of 85.9 ± 3.8 and 94.9 ± 7.6 Ma, respectively (Lanphere 

& Pamic 1983). 40Ar/39Ar ages of 92.1 ± 1.7, 93.2 ± 2.5 (Babaie 
et al. 2006) and 99.1 ± 1.7 Ma (Jannessary 2003) have been reported 
from Inner Belt Neyriz hornblende gabbros (Babaie et al. 2006). 
Given that the new U–Pb zircon ages are best interpreted as mag-
matic crystallization ages, the significance of K/Ar and 40Ar/39Ar 
ages for these rocks needs to be critically re-examined.

The U–Pb zircon ages for Zagros ophiolites are older than those 
from other LCOBSA localities, with crystallization ages of 92 Ma 
for the Troodos ophiolite on Cyprus (Mukasa & Ludden 1987) and 
94.4–98 Ma for Oman (Tilton et al. 1981; Warren et al. 2005). The 
younger age (94.4 Ma) is thought to reflect younging of the ophiolite 
across strike (Warren et al. 2005). Recent U–Pb zircon dating of 
United Arab Emirates (UAE) ophiolites (northern parts of Semail 
ophiolite) from younger, late stage micro-gabbroic dykes (crosscut-
ting ophiolite crustal section as well as mantle rocks) and associated 
tonalitic rocks have yielded concordia ages of 95.74 ± 0.32 to 
96.40 ± 0.29 and 95.26 ± 0.31 Ma, respectively (Goodenough et al. 
2010). These geochronological data indicate that crystallization of 
late magmatic rocks occurred along the length of the Oman ophi-
olites over a period of around 1.2 Ma between c. 96.40 and 95.26 Ma 
(Warren et al. 2005; Goodenough et al. 2010). The U–Pb zircon 
ages overlap with 40Ar–39Ar hornblende ages between 93.6 ± 0.5 and 
96.3 ± 1.3 Ma from Oman trondhjemites and nearby gabbros, inter-
preted as formation ages (Hacker et al. 1997).

LCOBSA ophiolites were emplaced soon after sea-floor spread-
ing ended. The longest time span between formation and emplace-
ment is seen for the Troodos ophiolite, where metamorphic rocks 
have 40Ar–39Ar amphibole ages (75.7 ± 0.3 to 88.9 ± 0.8 Ma) that are 
as much as 16 Ma younger than U–Pb zircon ages. Similarly, Baer–
Bassit in Syria gives 40Ar–39Ar ages of 71.7 ± 0.5 to 88.4 ± 0.4 Ma on 
hornblende of amphibolites (Chan et al. 2007). In contrast, only a 
few million years separate igneous activity and emplacement of the 
Semail ophiolite. Hornblendes from the amphibolites-facies meta-
morphic sole of the Semail ophiolite yields 92.6 ± 0.6 and 
94.9 ± 0.5 Ma (Hacker 1994; Hacker & Gnos 1997; Hacker et al. 
1997). This agrees with 40Ar/39Ar ages on hornblende from Oman 
metamorphic sole amphibolites and its associated melt segregations 
of 94.5 ± 0.28 and 94.5 ± 0.33 Ma, respectively (Warren et al., 2005). 
These ages are interpreted as dating cooling of the metamorphic sole 
after ophiolite emplacement. Muscovite 40Ar–39Ar dating yielded 
cooling ages between 90.9 and 93.4 ± 0.3 Ma for Semail metamor-
phic rocks (Gnos & Peters, 1993). Potassium–argon ages from Oman 
metamorphic rocks associated with the Semail ophiolite are 95–
100 Ma (Montigny et al. 1988). Metamorphic rocks of the Tauride 
belt ophiolites of southern Turkey yield 40Ar–39Ar ages of 90.7 ± 0.5 
to 93.9 ± 0.9 Ma for the Lycian ophiolite, 93.0 ± 1.0 to 93.8 ± 1.7 Ma 
for the Antalya ophiolite, 90.9 ± 1.3 to 91.5 ± 1.9 Ma for the Beysehir 
ophiolite, and 91.3 ± 0.4 to 96.0 ± 0.7 Ma for the Mersin ophiolite 
(Dilek et al. 1999; Parlak & Delaloye 1999; Celik et al. 2006).

The differences in U–Pb zircon ages between the Zagros and 
the other Eurasian ophiolites are consistent with differences in 
biostratigraphic ages for associated pelagic sediments. Coniacian–
Cenomanian (99.6–89.3 Ma) pelagic sediments above Zagros 
ophiolites are slightly older than late Cenomanian–early Turonian 
(c. 93.5 Ma) limestone layers within Semail ophiolite volcanic 
rocks (with some overlap) and significantly older than Santonian 
(85.8–83.5 Ma) pelagic sediments on top of the Semail ophiolite 
(e.g. Robertson & Fleet 1986; Garfunkel 2006) (Table 2). This is 
also true for Turonian–Maastrichtian pelagic limestones above 
Troodos ophiolitic lavas. This supports the older U–Pb zircon ages 
of Zagros ophiolites and further suggests that subduction was first 
initiated at or near the Zagros margin and propagated to the east 
and west. Westward propagation rates of c. 15 cm a−1 (from Zagros 
to Cyprus) and eastward rates of c. 7 cm a−1 (from Zagros to 
Semail) can explain the observed U–Pb zircon ages (Fig. 7).
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More U–Pb zircon ages for Zagros ophiolites are needed to test 
the idea that a new subduction zone began in Late Cretaceous time 
on the SW margin of Eurasia and to constrain the rate at which sub-
duction initiation propagated along this margin. We especially need 
U–Pb zircon ages for Zagros Outer Belt ophiolites to test the idea 
that the two Zagros belts were once parts of a single coherent forearc 
lithosphere. We also need to understand how Zagros forearc igneous 
activity related to subduction initiation evolved into the mature 
magmatic arc now represented by the Urumieh–Dokhtar arc. 
Radiometric ages for igneous rocks of this arc are rare but recent 

studies yield a Rb–Sr isochron age of 33 ± 1 Ma for arc granitic rocks 
(Dargahi et al. 2010). The presence of pyroclastic rocks associated 
with Late Cretaceous pelagic sediments just above the Balvard–Baft 
ophiolite (southernmost ophiolite of the Inner Belt), along with the 
observation that these pyroclastic rocks thicken to the NE, suggests 
that an arc like the Urumieh–Dokhtar magmatic arc existed in Late 
Cretaceous time (Shafaii Moghadam & Stern 2011). These observa-
tions further indicate that the Urumieh–Dokhtar magmatic arc can 
be interpreted as the arc that formed following Late Cretaceous sub-
duction initiation as discussed above.
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Table 2. Characteristics and ages of Late Cretaceous Tethyan ophiolites

Age of overlying sediments (Ma) Isotopic dating  
results (Ma)

Type of dated rock Dating method References

Troodos
Turonian–Maastrichtian 92 Plagiogranite Zircon U–Pb TIMS Mukasa & Ludden 1987
(93.5–65.5) 76–89 Metamorphic sole Amphibole Ar–Ar Chan et al. 2007

Kizildag
Maastrichtian (65.5) 91–92 Plagiogranite Zircon U–Pb TIMS Dilek & Thy 2009

Kermanshah (OB)
Turonian–Maastrichtian (93.5–65.5) 83–86 Doleritic dyke Amphibole K–Ar Delaloye & Desmons 1980

Neyriz (OB)
Cenomanian–Turonian 92–93 Amphibole gabbro Amphibole Ar–Ar Babaie et al. 2006
to Early Santonian 86–93 Amphibole gabbro Amphibole Ar–Ar Lanphere & Pamic 1983
(99.6 to 89.3–85.8) 99 Amphibole gabbro Amphibole Ar–Ar Jannessary 2003

Nain (IB)
Coniacian–Maastrichtian 93 Amphibole gabbro Amphibole K–Ar Shafaii Moghadam et al. 2009
(89.3–65.5) 101–102 Plagiogranite Zircon U–Pb TIMS This study

Dehshir (IB)
Turonian–Maastrichtian 67–94 Amphibole gabbro Amphibole K–Ar Shafaii Moghadam et al. 2009
(93.5–65.5) 99–100 Plagiogranite Zircon U–Pb TIMS This study

Balvard–Baft (IB)
Turonian–Maastrichtian (93.5–65.5) 72–94 Amphibole gabbro Amphibole K–Ar Shafaii Moghadam et al. 2009

Oman
Late Cenomanian–Early Turonian 93–98 Plagiogranite Zircon U–Pb TIMS Tilton et al. 1981
to Early Santonian 96–95 Gabbroic and tonalitic rocks Zircon U–Pb TIMS Goodenough et al. 2010
(93.5–85.8) 96–94 Trondhjemite Zircon U–Pb TIMS Warren et al. 2005
 92–95 Metamorphic sole Amphibole Ar–Ar Hacker et al. 1997
 93–96 Trondhjemite and gabbro Amphibole Ar–Ar Hacker et al. 1997
 94 Amphibolite and felsic 

segregations
Zircon U–Pb TIMS Warren et al. 2005

Fig. 7. Compilation of U–Pb zircon dating 
results for igneous rocks from the Late 
Cretaceous Neotethyan ophiolites along the 
3000 km long Bitlis–Zagros suture zone. 
(For U–Pb age references see Table 2.) 
Biostratigraphic ages indicate the oldest 
reliable age for sediments either within or 
stratigraphically overlying the ophiolites.
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Conclusions

New U–Pb zircon geochronological data for Nain and Dehshir 
ophiolites (Zagros Inner Belt ophiolites) provide new insights on 
the timing of Late Cretaceous subduction initiation to generate 
ophiolites along the Zagros–Bitlis suture zone. Our results indicate 
that Zagros ophiolites are significantly older than other ophiolites 
along this suture. Consequently, a diachronous tectonic evolution 
for Neotethyan ophiolites along the SW Eurasian margin has to be 
considered, whereby subduction began near present-day Iran and 
propagated from there to the east and west.
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