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ABSTRACT

The Nain-Baft ophiolitic suture, along the active margin of the Central Iranian continental block (the Sanandaj-Sirjan zone) features back-arc extension
during the Late Mesozoic. This ophiolitic belt is characterized by occurrence of mafic lavas including pillow lavas, diabasic dikes and layers, massive basaltic
lavas and basaltic-andesitic rock fragments in the volcanic breccias. These mafic lavas display both calc-alkaline and island-arc tholeiitic affinities with en-
richment in LILE and depletion in HFSE. Conventional K-Ar measurements on amphibole indicate the Middle Cretaceous for the creation and evolution of
the Nain-Baft back-arc basins. As a result of oblique subduction of the Tethyan Ocean, a narrow transtensional back-arc basin could start to open along large

transcurrent faults in the active margin of the Iranian continental block.

INTRODUCTION

The Upper Mesozoic geologic evolution of the Central
Iranian continental block was dominated by the opening and
extension of the Nain-Baft back-arc basin (Agard et al.,
2006; Shafaii Moghadam et al., 2007). The Nain-Baft ophi-
olitic belt has been described as a tectonic mélange com-
posed of blocks of oceanic origin (e.g., Davoudzadeh, 1972;
Stocklin et al., 1972; Berberian and King, 1981; Desmons
and Beccaluva, 1983; Arvin and Robinson, 1994; Arvin and
Shokri, 1996). These complexes are organized as a pile of
slices, stacked during the Late Cretaceous, crosscut by
strike-slip faults. These slices comprise mantle peridotites
(Iherzolites, harzburgites and dunites), pegmatite gabbroic
pockets, pillow lavas, basaltic-andesitic flows, amphibolites,
diabasic dikes and layers, gabbro-norites, dacites, pla-
giogranites and cherts associated with pelagic limestones.
The pieces of oceanic crust are covered by both Senonian
limestones and also younger (Middle Paleocene to Early
Eocene) transgressive detritic limy-sediments. The Nain-
Baft ophiolitic belt has been interpreted as 1- a narrow
oceanic basin, opened between the Lut block and the active
margin of the Central Iranian block, the Sanandaj-Sirjan
zone (e.g., Berberian and King, 1981; Davoudzadeh, 1972),
2- a Cretaceous arc basin related to the Tethyan subduction
(e.g., Desmons and Beccaluva, 1983), 3- the Upper Creta-
ceous Nain-Baft back-arc basin (e.g., Shahabpour, 2005;
Agard et al., 2006). In this study we will focus i) on the geo-
chemical signature of mafic lavas in the Nain-Baft ophio-
lites (including Nain, Dehshir, Shahr-e-Babak and Baft
complexes), ii) on dating more precisely the crystallization
age of these ophiolites, iii) on proposing a consistent erup-
tive environment for these ophiolites.

TECTONIC HISTORY OF THE CENTRAL IRANIAN
CONTINENTAL BLOCK

The tectonic history of the Central Iranian block began
with the detachment of the Mega-Lhasa block (Ricou, 1994)
from Gondwana during Permian-Triassic. Collision of the
Central Iranian block with Eurasia (Turan Plate) took place
in the Middle Triassic during the early Cimmerian phase. As
soon as the continental collision between Central Iranian
block and Eurasia was accomplished, subduction of Neo-
Tethys started south of the Central Iranian block in Late Tri-
assic-Early Jurassic times. This subduction caused the
Sanandaj-Sirjan zone to became an active continental mar-
gin of the Central Iranian block (Fig. 1), as evidenced by the
occurrence of Mesozoic calc-alkaline lavas and plutons
(Berberian and Berberian, 1981; Berberian and King, 1981).
Reconstruction of the Tethyan realm suggests an oblique
subduction (Berberian and King, 1981; McClay et al.,
2004), with fundamental changes during the Late Creta-
ceous, following the exhumation of blueschists from the Es-
fandagheh region (Agard et al., 2006).

FIELD OCCURRENCE AND MINERAL
ASSEMBLAGE OF THE MAFIC LAVAS

The Nain ophiolites are characterized by occurrence of
pillow lavas and diabasic dikes. In places, pillow lavas are
overlain stratigraphically by cherts and reddish siliceous
limestones of Maastrichtian age. Diabasic dikes occur both
as dike swarm complex and as isolated dikes, crosscutting
the mantle peridotites. Clinopyroxene (Wo,, , En., , Fs )
(Table 1) and plagioclase (An,, ,,) (Table 2) phenocrysts as-
sociated with plagioclase microlites are the main primary
constituents of pillow lavas. In the diabasic dikes clinopy-
roxene grains (Wo,, .-En ) are segregated between
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Fig. 1 - Schematic map showing the distribu-
tion of the Nain-Baft ophiolites and the align-
ment of the Urumieh-Dokhtar, Eocene - Plio-
Quaternary magmatic arc, and the Mesozoic
arc of the Sanandaj-Sirjan zone.

Table 1 - Representative composition of clinopyroxene grains in the Nain-Baft mafic rocks.

Massif Nain Nain Dehshir Dehshir Sh.Babak Sh.Babak Sh.Babak Baft Baft Baft
Rock-type diab. dike pillow lava diab. dike pillow lava pillow lava basalt diabase and.frag and.frag bas.flow
Sampl BS05-16 BPV-2 AZ06-29 AZ06-2 Ri6-4 R06-32 RO6-14 BT06-10 BT06-10 BT06-15
si02 51.76 5149 5228 507 5236 5007 4758 52.85 53.13 5197
Tio2 0.26 0.77 0.36 029 0.56 051 1.25 0.3 036 024
Al203 29 4.38 1.99 226 308 426 753 095 2.12 23
FeO 8.48 677 795 8.11 6.13 8.66 9.04 10.16 18.56 527
Cr203 0 063 0.1 028 0.19 0.08 0.06 0 0.01 062
MnO 02 0.14 02 038 0.13 025 021 043 055 0.18
NiO 0.09 0 0.16 0 0.05 0.03 0 007 0 0.01
MgO 17.27 165 16.85 18.79 15,62 13.82 12.32 1423 2254 16.09
Ca0 18.13 19.62 1845 1796 2249 21.39 21.88 2091 209 2134
Na20 0.15 0.19 0.29 027 0.17 035 025 034 0.02 0.16
K20 0.04 0.02 0.02 0 0 0 0 0.03 0 0
Total 99.28 100.53 98.65 99.03 100.8 9943 100.12 100.25 99.38 932

Table 2 - Representative composition of plagioclase grains in mafic rock units of the

Nain-Baft ophiolites.

Rock-type pillow lava pillow lava pillow lava basalt basalt and.fragm and fragm
Massil Nain Nain Dehshir Sh.Babak Sh.Babak Baft Baft
Sampl BPV-2 BPV-2 AZ06-2 R06-32 R06-32 BT06-10 BT06-10

Si02 503134 50,0039 66.053 53.88 49.606 45177 56.719
TiO2 0.0509 0.0002 0.062 ] 0.037 0.068 0.075
Al203 30.1065 29.8015 213 27.376 29.556 34.907 26.441

FeQ 05716 0.3734 0418 0.449 0.78 0612 0.768
MnO 0.0002 0.0627 0.018 ] 0 0 0.031

MgO 0.3139 0.2804 0.03 0.066 0.101 0.041 0.066

CaO 14.6143 14.9777 2372 11.346 14.865 18.472 8.555

Na20 3.2403 3.0037 10.592 461 2997 0976 6414

K20 0.0001 0.0049 0.563 0.405 0.3 0.007 0.369

Total 99.2112 98.5084 101.41 98.13 98.24 100.26 99.44

to magnesio hornblende) (Table 3).

In the Dehshir ophiolites, the mafic rocks are character-
ized by the presence of pillow lavas, diabasic dikes and
massive lava flows. Pillow lavas (and massive basalts) are
stratigraphically overlain by cherts and/or show fault con-
tacts with a dike (dacitic-andesitic) swarm complex. Diaba-
sic dikes occur isolated, crosscutting the peridotites, the

gabbros and even the pillow lavas. Clinopyroxene (Wo,,
45BN, . Fs;5 ) (Table 1) and highly sericitized-albitized
Abg, o) (Table 2) plagioclases are the main rock-forming
minerals of pillow lavas. In the diabasic dikes, plagioclase
laths are dominant, altered into clay minerals and epidote.
Clinopyroxens (Wo,, ,.En,, ,,F display alteration into

euralite and chlorite.
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Table 3 - Representative composition of amphibole grains in
the Nain-Baft mafic rocks.

Massif Nain Nain Sh.Babak Sh.Bahak
Sample BS05-16 BS05-16 RO6-14 RO6-14
Rock type diab.dike diab.dike diab diab:
Si02 52.892 46.347 39.795 41.924
TiO2 0.076 0.678 2912 2.167
Al203 3218 2.701 13.598 11.552
FeO 11.374 12.648 15.766 15.132
Cr203 0 0 0 0.006
MnO 0.128 0.492 0.336 0316
MgO 14.147 14.441 10.675 12.227
Ca0 12.688 16.283 10.7 10817
Na20 0.201 0.567 2.356 2259
K20 0.046 .16 0.754 0.677
Total 94,77 94317 97.24 97 48

Magmatism in the Shahr-e-Babak ophiolites is bimodal,
with predominant basalt (pillow lavas, basaltic flows or lay-
ers and diabasic layers) and rhyolite, and negligible occur-
rence of andesite and trachyandesite. Pillow lavas occur as
small, local outcrops and in places alternated with thin pelag-
ic limestone and/or chert layers. Basaltic sheet flows are ei-
ther intercalated with pillow lavas and/or interbedded with
rhyolitic-diabasic layers. Moreover, diabasic rocks are found
as layers with various thicknesses, alternated with basaltic,
andesitic and pelagic limestone layers. Plagioclase and
clinopyroxene phenocrysts (Wo,En Fs , to Wo,En, Fs ),
along with plagioclase microlites are the main primary con-
stituents of pillow lavas. Moreover, the basaltic flows have
clinopyroxene grains (Wo,En,Fs,. to Wo,,En, Fs ) segre-
gated between plagioclase (An, ,,) laths. In diabasic layers,
plagioclase microlites are the dominant phase, and show al-
teration into sericite and clay minerals, while clinopyroxene
grains (Wo, En,.Fs,  to Wo ,En,Fs ) are occasionally found
in a less altered state. Pargasite is the other rock-forming
phase of these diabasic layers (Table 3).

In addition to pillow lavas and diabasic dikes, volcanic
breccias with basaltic-andesitic fragments, alternating with
basaltic layers are common in the Baft ophiolites. The
basaltic-andesitic fragments consist of uralitized clinopyrox-
enes (Wo,,En, Fs . to Wo,,En,Fs ) (Table 1), minor
amounts of orthopyroxene (Wo EnFs, to Wo EnyFs,)
and plagioclases. Plagioclases form lath-shaped phenocrysts
with oscillatory zoning (An,,, ) (Table 2) and/or ground-
mass microlites. Basaltic layers have clinopyroxenes rang-
ing in composition from Wo,En Fs, to Wo, En Fs
(Table 1).

ANALYTICAL METHODS

The ICP-MS and ICP-AES analyses were performed at
the “Centre de Geochimie de la surface”, Strasbourg
(France). About 1 g of agate-crushed sample was dried first
at 110°C and then charred at 1000°C for 3 hours. After-
wards, 100 mg of the charred sample was mixed with 750
mg of lithium tetraborate in the graphite furnace. This mix-
ture was melted at 1000°C for 30 minutes. After cooling, the
obtained bead was directly dissolved in furnace by a solvent
containing diluted nitric acid and glycerin. The final solu-
tion is 4g/1 (100 mg of rock in 25 ml of solvent), after filter-
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ing directly entered into ICP-AES. The same solution, dilut-
ed 10 times, was entered into ICP-MS. In this way, major
elements and Ni, Cr, V, Sc, Y, Zr, Ba, Sr were measured by
ICP-AES, whereas other trace and rare earth elements were
determined by the ICP-MS technique. Otherwise, the com-
position of minerals in the mafic lavas of the Nain-Baft
ophiolites were measured by a Cameca SX-50 in Paris VI
University. For this purpose, the accelerating voltage and
beam current were 12keV and 10nA respectively. On the
other hand, K-Ar measurements were performed in Ecole et
Observatoire des Sciences de la Terre (Strasbourg) follow-
ing method described by Montigny (1989).

GEOCHEMISTRY OF THE MAFIC LAVAS

Some of the analyzed samples have a high loss on igni-
tion (Table 4), indicating alteration and high volatile con-
tents. Otherwise, Na,O values also show high concentration
in some samples, a characteristic feature of spilitic basalts.
Hydrothermal ocean floor metamorphism affected the Nain-
Baft ophiolite belt to various degrees. The distribution of
hydrous assemblages during spilitization, is thought to pre-
dominantly reflect ocean floor processes. The effect of hy-
drothermalism on the geochemistry of the mafic samples
was evaluated by plotting various elements against the im-
mobile element zirconium (not shown). The mafic lavas
show good correlations against zirconium for all elements
except for Na,O, CaO, FeO,, Rb, Sr, K, Pb and Cs. Nonethe-
less, despite the relatively consistent behaviour of the large
ion lithophile elements, we mostly use immobile trace ele-
ments (such as REE and HFSE) for the paleotectonic inter-
pretation of the mafic lavas.

Using the LOI versus Na,O and SiO, diagrams (not
shown) we selected the samples with less than 4% LOI to
avoid alteration effect. In Na,O + K,O against SiO, diagram
(Le Bas et al., 1986) most rocks plot in the basalt, basaltic
andesite, trachybasalt and basaltic trachyandesite fields (Fig.
2). The exceptions are two pillow lavas from the Dehshir
(61.5 SiO,%wt) and the Baft (60.8 SiO,%wt) ophiolites,
with andesite and trachyandesite compositions. Most mafic
lavas of the Nain-Baft ophiolites are characterized by con-
siderable low TiO, contents and in TiO, versus FeO/MgO
diagram cover the IAT (Island-arc tholeiite) field (Fig. 3).
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Fig. 2 - Classification of the mafic rock units of the Nain-Baft suture in
Na,O + K, O against SiO, diagram (TAS diagram) of Le Bas et al. (1986).
In this diagram, we have selected the mafic samples with less than 4% LOI
for plotting.
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Fig. 3 - TiO, versus FeO/MgO diagram for discriminating the mafic lavas
of the Nain-Baft ophiolitic belt.
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Fig. 4 - Hf-Th-Nb discriminative diagram (Wood, 1980) documents the
affinity of the mafic rocks to fall in the field of island-arc basalts.
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Fig. 5 - Geochemistry of the rock units of the Nain-Baft suture based on the chondrite-normalized REE patterns (normalized values from McDonough and

Sun, 1995).
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Fig. 6 - Geochemistry of the rock units of the Nain-Baft suture based on the primary mantle-normalized trace elements patterns (normalized values from Mc-

Donough and Sun, 1995).

On the basis of trace element composition and Th-Hf-Nb
diagram of Wood (1980), the Nain basaltic rocks fall in the
arc tholeiitic field (and/or in N-MORB field), whereas the
mafic lavas of the Dehshir, Shahr-e-Babak and Baft ophio-
lites show tendency to plot in both the arc tholeiites and
calc-alkaline fields (Fig. 4). The most striking feature of this
diagram is the strong calc-alkaline signature of the Baft and
Shahr-e-Babak lavas.

Chondrite-normalized (McDonough and Sun, 1995) REE
patterns for the Nain pillow lavas are relatively flat with
slight LREE depletion (LagN)/Yb N = 0:48-0.89). Most of the
diabasic dikes have relatively iow contents of bulk REE
(Fig. 5). They feature flat or slightly LREE depleted pattern.
When the <incompatible elements are taken into account for
these mafic lavas, they display enrichment in Ba, Rb, U, Pb,
K and Sr and depletion in Nb, Ta, Th and Ti (Fig. 6).

The Dehshir pillow lavas, diabasic dikes and basaltic
massive lavas are characterized by both flat pattern and dif-
ferentiated pattern with LREE depletion, indicating the dif-
ferent degree of partial melting (Fig. 5). The bulk REE con-
tent varies from considerable low to high concentrations,
consistent with fractional crystallization and/or two melting
stages of the mantle source(s). Depletion in HFSE is a
prominent feature of the Dehshir lavas. Two samples of pil-
low lavas (A06-2 and A06-3 samples) show enrichment in
LREE along with depletion in Nb, Ti, and enrichment in Pb,
U, and Th, showing the calc-alkaline signature (Fig.6).

Three different types of patterns can be observed in the
chondrite-normalized diagram of the mafic lavas of the
Shahr-e-Babak ophiolites. i)- differentiated patterns with
strong LREE enrichment (basaltic lavas and diabasic lay-

ers). ii)- flat patterns characteristic of pillow lavas and one
of basaltic massive lavas (R06-24). iii)- LREE depletion for
basaltic lavas and diabasic layers (Fig. 5). All these rocks
are depleted in HFSE and show enrichment in LILE. There-
fore, two distinct types of lavas are recognized: lavas with
IAT affinity and lavas with calc-alkaline properties.

The mafic lavas in the Baft ophiolites are characterized
by both flat patterns (especially for the basaltic layer) and
LREE enriched patterns (for the rock fragment in volcanic
breccia, pillow lavas and diabasic dikes), suggesting IAT
and calc-alkaline geochemical signatures respectively (Fig.
5). Enrichment in Pb, U, Ba, Rb, Sr, K (and Th for the calc-
alkaline series) and depletion in Nb, Ta, Ti are the special
properties of these lavas (Fig. 6).

As mentioned above, all mafic lavas in the Nain-Baft
ophiolites are of calc-alkaline and/or island-arc tholeiitic
affinities, as marked particularly by enrichment in LILE and
depletion in HFSE. It is noteworthy that the higher degree
of LILE enrichment (high LILE/HFSE ratio) is consistent
with partial melting of a subduction-contaminated mantle
wedge (McCulloch and Gamble, 1991; Saunders and Tar-
ney, 1991; Taylor and Martinez, 2003). Furthermore, deple-
tion in Nb, Ta and Ti is ascribed to arc-derived lavas (e.g.,
Hawkesworth et al., 1991; McCulloch and Gamble, 1991).
Geochemically, lavas from the Nain-Baft show similarity to
lavas erupted in back-arc basin environments, such as the
Mariana Trough (Stern et al., 1990) and/or the Lau basin
(Frenzel et al., 1990). Different degrees of partial fusion
along with melting of different mantle sources are supposed
to be responsible for generating LREE depleted, flat and/or
LREE enriched patterns.
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EVOLUTION OF THE NAIN-BAFT BACK-ARC
BASIN THROUGH TIME

The first K-Ar ages performed on amphibole grains from
gabbros and amphibolites yielded ages ranging from 67 and
113 Ma (Table 5). These ages are somewhat widespread with
a high uncertainty, due to the nature of the amphiboles, part-
ly transformed into actinolite and sometimes into chlorite.
The best defined ages are comprised between Aptian-Albian
to Cenomanian-Turonian (middle Cretaceous) and in Senon-
ian-Maestrichtian (Late Cretaceous). The well-defined ages
(middle to Late Cretaceous) are in agreement with the ages
obtained from the microfaunas of the Nain-Baft pelagic
limestones (e.g., Davoudzadeh, 1972; Dimitrijevic, 1973).
Therefore the birth and evolution of the Nain-Baft back arc
basin can be ascribed to the middle Cretaceous. This basin
underwent extension with carbonate sedimentation until the
Late Cretaceous, as evidenced by the presence of the Upper
Cretaceous pelagic limestones. The Early Paleocene repre-
sented the closing time of the Nain-Baft basin, favored by
sedimentation of the basal brecciated sediments and detritic
limestones of Middle Paleocene to Early Eocene age. The
southern part of the Nain-Baft basin was tectonically active
through the Late Cretaceous, as testified by the presence of
volcanic breccias in the Baft complex, stratigraphically over-
lain by a thick sequence of pelagic limestones.

DISCUSSION AND CONCLUSION

Following oblique subduction of the Tethyan Ocean, dur-
ing the middle Cretaceous (Agard et al., 2006), a narrow
transtensional back-arc basin started to open, along large
transcurrent faults, in the active margin of the Iranian conti-
nent. The lack of pelagic sediments older than Senonian,
and the K-Ar ages are evidence for a middle Cretaceous age
of the back-arc spreading. This event was probably the re-
sult of anticlockwise rotation of the Lut block (Soffel and
Forster, 1984; Soffel et al., 1996). Depletion in HFSE and
enrichment in LILE are the peculiar properties of lavas that
were erupted in the back-arc basin. The lavas of the Nain-
Baft ophiolites are characterized by both calc-alkaline and
island-arc tholeiitic signature. Calc-alkaline affinity increas-
es from the Nain complex into the Baft ophiolite. This
change and evolution through the lavas is probably related
to various degrees of contribution of the slab in the mantle
source(s) of these lavas. Therefore, an inhomogeneous slab
with high dip in the north (in the case of the Nain ophiolite)
and low dip in the south (Baft ophiolite) is thought to be the
main agent of these variations.

The position of the Nain-Baft Cretaceous back-arc basins
to the north of the Upper Triassic-Jurassic marginal basins
of the Esfandagheh region including the Soghan, Sikhoran
and Kahnuj complexes (Ghasemi et al., 2002; Kananian et
al., 2002; Ahmadipour et al., 2003) indicates the alternance
of extension followed by intensive erosion and compression
of the active margin of the Iranian continent (the Sanandaj-
Sirjan zone), reflecting strong changes in the subduction
regime during the middle Cretaceous. Using the isotopic
dates and an evaluation of the original distances between the
arcs (the Sanandaj-Sirjan and the Urumieh-Dokhtar arcs)
and marginal basins (the Esfandagheh and the Nain-Baft
marginal basins) from Late Triassic to Cretaceous, we esti-
mate the global migration of the subduction to the north at a
rate between 2 to 5 mm/year.
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