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ABSTRACT

The Mesozoic ophiolitic mélanges of Nain and Ashin-Zavar are located in the western part of the Central-East Iranian microcontinent (CEIM), along the
major faults of Nain-Baft and Dorouneh. They contain two different groups of highly metamorphosed rocks (amphibolitic rocks, schists, marbles and
quartzites) formed through metamorphism of oceanic basaltic and sedimentary units, and also some less metamorphosed rocks (sheeted dikes, pillow lavas,
limestones and radiolarian cherts), that were tectonically melanged. These features show that they formed in two distinct phases.

Geochemical data point to an island arc tholeiitic affinity for the amphibolitic rocks, and to a MORB nature for the pillow lavas and sheeted dikes that are
related to a back-arc basin. Accordingly, oceanic crust extensional processes should have been active during two phases:

a- In Early Jurassic, the Nain and Ashin-Zavar oceanic crust segments started spreading and producing diabasic dikes and pillow lavas, covered by pelagic
sediments, then they suffered a high-grade metamorphism during the closure of this oceanic sector around the Middle Jurassic.

b- During Early-Late Cretaceous to Paleocene, oceanic spreading produced sheeted dikes, massive basalts, and basaltic pillow lavas throughout the Austri-
an orogenic phase. There is no evidence of high-grade metamorphism as amphibolitic rocks. Radiolarian cherts and Globotruncana limestones of Late Creta-

ceous age cover the basaltic rocks.

INTRODUCTION

Ophiolites are windows into the geological history of the
Earth and clues to the distribution of continental masses and
oceans. They provide important data on how ocean basins
formed and disappeared in the past and how the dynamic pa-
leogeography looked like in many millions of years ago
(Dilek et al., 2000). In Iran, ophiolites of different ages crop
out in the Northern and Central regions. In 1994, Arvin and
Robinson classified them into two groups: the less abundant
Paleozoic and the more abundant Mesozoic ophiolites.
Stocklin (1974) on the other hand, divided Iranian ophiolites
into four groups: (1) ophiolites of the Zagros, (2) ophiolites
(colored mélanges) of northwestern Iran, (3) ophiolites and
colored mélanges that mark the boundaries of the Central-
Eastern Iranian microcontinent (CEIM), and (4) ophiolites at
the northern foot of the Alborz Range. The ophiolites of
CEIM include Nain (100 Ma), Shahr-e-Babak (120 Ma),
Baft, Sabzevar in north-central Iran (98-70 Ma) and
Tchehel-Kureh on the eastern boundary of CEIM (Ghazi and
Hassanipak, 2003). Previous geochemical data on Iranian
ophiolites are relatively scarce, but most of the older works
suggest that they have mid-ocean ridge basalt (MORB) and
island arc tholeiite (IAT) affinities (Davoudzadeh, 1972;
Alavi-Tehrani, 1977; Desmon and Beccaluva, 1983; McCall
and Kidd, 1981, and Lippard et al., 1986).

Two ophiolitic complexes will be considered in this pa-
per: Nain (= Naein) and Ashin-Zavar. The ophiolite of Nain
lies west of the Nain-Baft fault (NBF) and northeast of the
Isfahan Province, the ophiolite of Ashin-Zavar crops out
west of the Dorouneh fault (= Great Kavir fault) (Fig. 1).
The Central-Eastern Iranian Microcontinent (CEIM) and its
surrounding ophiolitic mélanges are separated from the
Central Iran zone by the faults of Nain-Baft and Dorouneh,
which are connected together, representing a long major

fault. Due to tectonic fragmentation and mixing, the rela-
tionships between different units of these two ophiolites are
no longer recognizable. However, both ophiolite sequences
of Nain and Ashin-Zavar are mainly made of pelagic lime-
stones, basaltic lava flows and pillow lavas, diabasic dikes,
plagiogranites, gabbros, pyroxenites, chromitite and mantle
peridotites. Syn- and post-tectonic events produced various
metamorphic rocks (Torabi, 2009b; 2010; Shirdashtzadeh et
al., 2010). The presence of some non-metamorphosed and
slightly metamorphosed rock units together with highly
metamorphosed units, mixed together, makes it difficult to
reconstruct their geological history.

Several papers have addressed ophiolite related meta-
morphic rocks (e.g., Coleman, 1977; Nicolas, 1989; Dilek
and Newcomb, 2003; Celik and Delaloye, 2006, etc.). They
classify the metamorphic processes of ophiolites into inter-
nal (serpentinization and thermal metamorphism) and exter-
nal (related to tectonic emplacement and orogenesis), as can
be observed in both Nain and Ashin-Zavar (Shirdashtzadeh
et al., 2010; Torabi et al., 2011a and 2011b). Metamorphic
rocks are the fundamental clues to determine the P-T evolu-
tion of terrains in most orogenic belts (Spear, 1993).

In the Nain and Ashin-Zavar ophiolites, non- to slightly-
metamorphosed rocks, predominantly including Cretaceous
limestones, pillow lavas, and sheeted dikes, are associated
with some highly metamorphosed rocks of mainly amphi-
bolitic grade. These metamorphic rocks of both ophiolite
units were studied a little in previous reports (Davoudzadeh
et al., 1981; Lensch and Davoudzadeh, 1982, and Sharkovs-
ki et al., 1984). These studies suggest that all the metamor-
phic rocks of the Nain and Ashin-Zavar ophiolites were tec-
tonically transported there from the metamorphic massif of
Anarak-Khur (northeast of the study area). On the contrary,
Torabi (2004) noticed that just some small exotic blocks of
meta-alkali granites and highly foliated schists derived from
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the Anarak-Khur metamorphic massif since they cannot be
associated with the geological suites known from that area.
Moreover, there is no field evidence for inverted metamor-
phic gradients to define these rocks as a metamorphic sole
(Torabi et al., 2006; 2007 and Shirdashtzadeh, 2007). Re-
gardless of their complex metamorphic history, these ophi-
olitic units can be a helpful clue in formulating a new sce-
nario for the Central Iran tectonic events.

This paper presents a geochemical comparison between
non highly metamorphosed basic rocks (sheeted dikes and
pillow lavas) and highly metamorphosed rocks (amphi-
bolitic rocks) of Nain and Ashin-Zavar aimed at developing
a model for the Mesozoic tectonics of CEIM ophiolites that
distinguishes two stages of magmatism in Jurassic and Early
to Late Cretaceous.

GEOLOGIC OUTLINE

The Nain and Ashin-Zavar Mesozoic ophiolitic mélanges
are relics of the Neotethys Ocean (Torabi et al., 2011a and

2011b). The Nain-Zavar ophiolitic zone is located along the
Nain-Sabzevar suture zone, about 1400 kilometers long,
from Sabzevar (Northeast of Iran) to Nain (Central Iran) and
the Jazmoorian basin (Southeast Iran) (Stocklin, 1968;
Davoudzadeh et al., 1981) (Fig. 1).

The Mesozoic ophiolites of Nain and Ashin-Zavar were
emplaced before the Paleocene, since Paleocene-Eocene
sediments cover them (Davoudzadeh, 1972). Their emplace-
ment has been inferred to be Late Cretaceous (Stocklin,
1974; Stoneley, 1974 and 1975). Torabi (2004) described
the plagiogranites of the Ashin-Zavar ophiolite as the prod-
ucts of magmatic differentiation of the basic melts.
Sharkovski et al. (1984) determined on them a K-Ar age of
98 Ma. In addition, three *°Ar/**Ar ages of 101.2+0.9,
99.7+0.9, 99+1.2 Ma, for crystallization of the hornblende
gabbros, suggest the late Albian for the magmatic formation
of the Nain ophiolite (Hassanipak and Ghazi, 2000; Ghase-
mi and Talbot, 2006). Moreover, an age of 93.4 Ma (Ceno-
manian) was determined on amphiboles from an amphibo-
lite of the Nain massif by Shafaii Moghadam et al. (2009).

Geochemical studies on volcanics of Iran ophiolite com-
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plexes (Ghazi and Hassanipak, 1999a and 1999b, Hassani-
pak and Ghazi, 2000, and Babaie et al., 2001) indicate a
suprasubduction zone (SSZ) geochemical affinity for the
Nain ophiolites, and suggest their formation in an intra-
oceanic island arc environment. In fact, the presence of dif-
ferent extrusive rocks (e.g., basaltic andesite and andesite)
intercalated with Late Cretaceous sedimentary rocks, reveal
that the Nain ophiolite has both island arc and intra-oceanic
components (Hassanipak and Ghazi, 2000) characteristic of
a supra-subduction zone (Pearce et al., 1986). Recent geo-
chemical studies on the basaltic and mafic lavas of the Nain-
Dehshir ophiolites (Shafaii Moghadam et al., 2008 and
2009), and on the mantle peridotites of Nain (Rahgoshay et
al., 2009; Pirnia et al., 2010, and Mehdipour Ghazi et al.,
2010) have related the Nain ophiolite to an extensional
back-arc basin.

In both ophiolitic complexes, metamorphic rocks includ-
ing marbles, schists, quartzites, skarns, banded metacherts,
spilites, metagabbros, amphibolites, serpentinites, rodingites
and listwaenites are enclosed in a matrix of serpentinite ma-
trix (Sharkovski et al., 1984; Torabi et al., 2006; Shir-
dashtzadeh et al., 2010).

Amphibolitic rocks of the Nain ophiolite are exposed in
Soheil-e-Pakuh, Abyaneh-e-Nain, south of Separab, south
of Kuh-e-Zard, near the Soucheh farm (Fig. 2a). Amphi-
bolitic rocks of Ashin-Zavar crop out in the south of the
Chah-e-Senjed and Sorkh Shad roads (Fig. 2b). Shir-
dashtzadeh (2007) and Torabi et al. (2011b) divided the am-
phibolitic rocks of Nain and Ashin-Zavar into two distinct
groups, based on their occurrence, morphology and pro-
toliths: first, those that formed by regional metamorphism
from diabasic dikes, and second, those produced by meta-
morphism of basalts and basic pillow lavas. In this paper,
the first group is defined as “amphibolitic dikes” and the
second one as “amphibolites”. The amphibolites of Nain
show two foliations, S, and S, (Torabi et al., 2006). In Nain,
some scattered small volumes of skarn rocks on the amphi-
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bolites also occur. These skarns are in sharp contact with the
underlying amphibolitic rocks (Torabi et al., 2006; Shir-
dashtzadeh, 2007). In fact, the oceanic basalts have turned
into amphibolites and their overlying carbonate layers into
skarns (Torabi et al., 2006). Locally some small fragments
of amphibolites are reported in these skarns but S, is the on-
ly foliation in them. Because of these features, Shir-
dashtzadeh (2007) concluded that the basic protoliths of the
amphibolites were older than the skarns. Torabi et al. (2007)
and Shirdashtzadeh (2007) linked foliations S, and S, to two
regional metamorphic phases defined as RM, and RM,, re-
spectively, and they suggested that the RM, caused forma-
tion of the amphibolites and of their S, foliation, afterwards,
the RM, regional metamorphism affected both amphibolitic
rocks and skarns and was recorded by foliation S,.

Other basic rocks in Nain and Ashin-Zavar are sheeted
dikes and pillow lavas. Pillow lavas and the pelagic sedi-
ments on top (Radiolarian cherts and Globotruncana lime-
stones) clearly provide evidence of sub-marine volcanism.
They underwent spilitization and sub-sea floor metamor-
phisms (Abdullahi, 2007; Torabi et al., 2008a). Pillow lavas
are found mostly close to sheeted dikes as they are exposed
in the southwest of Soheyl-e-Pakuh and near Kuh-e-Zard (in
the Nain ophiolite, see Fig. 2a), and Chah-e-Senjed, Chah-e-
Logeh, Douzakh-Dareh and to the south of the marble mine
(in the Ashin-Zavar ophiolite, Fig. 2b).

In Ashin-Zavar, sheeted dikes crop out near Chah-e-Lo-
geh and Tangeh-Zaqi (Torabi, 2004), and in Nain, around
Separab, north of Nain, east of Kuh-e-Zard, and Ahmadabad
(Rahmani et al., 2007) (Fig. 2).

ANALYTICAL METHODS

Mineralogical analyses were conducted by a wave-
length-dispersive electron probe micro analyzer (EPMA,
model JXA-8800R) at the Cooperative Centre of Kanazawa
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University and under an accelerating voltage of 15 kV and a
beam current of 15 nA. JEOL software made ZAF correc-
tions for data reduction. Natural and synthetic minerals of
known composition were used as standards. The Fe** con-
tent of minerals was estimated assuming mineral stoichiom-
etry (Droop, 1987). Representative analyses of the minerals,
calculated structural formulas and selected mineral end-
members are shown in Table 1. Neutron activation analysis
(NAA) was used for analysing the whole rock geochemistry
of the amphibolitic rocks from Nain (at the Neutron Activa-
tion Center, Isfahan, Iran). Amphibolitic rocks and pillow
lavas of Ashin-Zavar were analyzed by means of inductive-
ly coupled plasma mass spectrometry (ICP-MS) at the Uni-
versity of Nancy, France. Geochemical data for sheeted
dikes and pillow lavas of Nain are taken from Rahmani et
al. (2007) and Abdullahi (2007).

HIGHLY METAMORPHOSED ROCKS:
AMPHIBOLITES AND AMPHIBOLITIC DIKES

Petrography

Amphibolites and amphibolitic dikes are green to dark
green rocks (sometimes yellowish, where altered to epi-
dosite). In both ophiolites, the amphibolitic dikes are linked
to amphibolites and disappear in them after crossing a ma-
trix of serpentinized mantle peridotites (Fig. 3). Amphi-
bolitic dikes are supposed by Shirdashtzadeh (2007) to have
fed these amphibolitic bodies before being metamorphosed.

In general, the mineralogy of amphibolites and amphi-
bolitic dikes of Nain and Ashin-Zavar are completely simi-
lar and mainly consist of quartz, hornblendes that are along
the schistosity and plagioclase laths that occupied the
spaces among them. However, garnet and clinopyroxene are
only observed in the amphibolites and amphibolitic dikes of
Nain. Garnets formed during high-grade metamorphism,
but along their margins and cracks they have been replaced
by low degree minerals like chlorite, epidote, actinolite and
calcite.

Chloritization, epidotization, prehnitization and transfor-
mation of clinopyroxenes into amphiboles is common in
amphibolitic rocks, and it is testified by the presence of
chlorite, epidote, actinolite, prehnite, calcite and sphene as
accessory minerals. Sphene mostly occurs along the lin-
eation formed by amphiboles. Prehnite, chlorite and calcite
are also seen in veinlets as secondary products. Other miner-

Amphibolitic dikes

Amphibolite

als such as pectolite, actinolite, garnet, xonotlite and chlorite
also developed in fractures especially those of some amphi-
bolites that were locally transformed into rodingites.

Mineral chemistry

Amphiboles are the main mineral in the amphibolitic
rocks and they include tschermakitic hornblende in Nain
and magnesio-hornblende in Ashin-Zavar (Table 1). They
mainly have a nematoblastic texture but granuloblastic and
poikiloblastic textures are also common.

Clinopyroxene in the amphibolites and amphibolitic
dikes of Nain is diopside with an average composition of
En,, ,,Wo0,4 55Fs,; 5, (Table 1). In their margins, amphiboles
show how they were transformed via metamorphic reac-
tions. Berger et al. (2005) suggested to use the diagram of
Al vs. Ti + Cr + Na to distinguish metamorphic from ig-
neous clinopyroxenes in the amphibolites of the Limousin
ophiolite. Clinopyroxenes from the Nain amphibolitic rocks
and pillow lavas studied in this paper plot within the ig-
neous clinopyroxene field of this diagram (Fig. 4).

In the Nain ophiolite, plagioclases are mostly albite and
have a high content of Na,O (Table 1) because they have
been affected by sub-sea floor metamorphism and spiliti-
zation; in the fresh samples, instead, the feldspar is ande-
sine. Samples from Ashin-Zavar have plagioclases of an-
desine-oligoclase composition (Table 1). In contrast to the
amphibolitic dikes, the amphibolites have higher Na val-
ues in plagioclases. This is because of stronger spilitiza-
tion on the primary pillow lavas and basalts than on the di-
abasic dikes. Garnets that are only in the Nain samples
have high almandine content. They are mostly almandine-
grossular (Table 1).

Mineralogical analysis shows that clinopyroxenes and
calcic plagioclases were two common primary igneous min-
erals but amphiboles and albites were produced from those
minerals by later metamorphic and spilitization processes.

Geothermobarometry

Application of the hornblende-plagioclase geothermome-
try (Holland and Blundy 1994) and Al geobarometry in pla-
gioclase (Schmidt 1992) for amphibolites, indicate an aver-
age pressure of 7.3 Kbars and temperatures of 727.15 °C in
Nain, and 6.8 Kbars and 675.8 °C in Ashin-Zavar, respec-
tively (Torabi et al., 2008b).

Fig. 3 - Field photos of Nain and Ashin-Zavar. Amphibolitic dike within serpentinized mantle peridotites: (a) Nain ophiolitic mélange, north of the Nain city;
(b) Ashin-Zavar ophiolitic mélange, Chah-e-Senjed. (FD- Foliated amphibolitic dikes; MP- mantle peridotites; AM- amphibolites).
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1 Fig. 4 - Clinopyroxenes compositions from amphi-
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These intermediate to high pressure and temperature val-
ues confirm that initial basaltic and diabasic rocks have been
turned into amphibolitic units by high-grade regional meta-
morphism in P-T conditions of amphibolite to lower gran-
ulite facies. This regional metamorphism is defined as RM,.

Whole rock geochemistry

Based on the geochemical data, the SiO, content is about
41-49% for Nain and 44-55% for the Ashin-Zavar samples.
Therefore, they commonly show a basaltic to picrobasaltic
composition. However, spilitization caused alteration of the
alkalis.

The amphibolite samples show an alkaline character on
the total alkali versus silica diagram of Irvine and Baragar
(1971) because they have been possibly affected by alkali
enrichment before/during metamorphism (spilitization and
sub-sea floor metamorphism) of the primary rocks that
strongly changed their whole rock major elements geo-
chemistry.

The chemical variations of major elements make it hard
to interpret the geochemical data, especially regarding major
elements and fluid mobile elements. Immobile elements da-
ta can be more successful in interpreting the original ocean-
ic character of these ophiolitic basic rocks.

On the chondrite normalized REE patterns, the samples
from Nain have more variable frequency range of Rare
Earth elements than those from Ashin-Zavar. Amphibolites
from both areas display a relatively flat pattern, suggesting
an arc related origin (Fig. 5a), while the amphibolitic dikes
show LREE depletion implying a mid-ocean ridge setting
(Fig. 5b). On the other hand, their low LREE contents con-
firm that they did not form from alkaline magmas.

On elemental ratio diagrams such as Ta/Yb vs. Th/Yb
(Fig. 5e), calc-alkaline basalts (CAB) have higher Th/Yb
than island arc tholeiitic (IAT) basalts. This provides further
evidence of the chemical effects of fluids derived from the
subduction zone carrying Th to the mantle-wedge source of
arc basalts (Pearce 1996). Whereas MORB and WPB plot

bolitic rocks of the Nain ophiolite. The composi-
0.10 tional gap between metamorphic and magmatic py-
roxenes has been defined by Berger et al. (2005).

near the mantle array, arc basalts (both CAB and IAT) have
lower Ta/YDb than rift-related basalts and typically plot
above the mantle array.

Nevertheless, the Nain amphibolitic units have slightly
higher Ta/Yb and Th/Yb ratios in contrast to the samples
from Ashin-Zavar (Fig. 5e). This diagram clearly shows that
they must have originated from a relatively depleted mantle
source with an oceanic rift-related and tholeiitic affinity.

Summing up, the geochemical data indicate that diabasic
dikes, pillow lavas, and massive basalts have been generated
in a mid oceanic ridge related to a back arc basin, then they
have been metamorphosed to the present amphibolitic units.
Thus, their current composition is a consequence of spiliti-
zation, sub-sea floor metamorphism and RM, regional meta-
morphism and, as it will be explained later, the retrograde
metamorphism of RM,.

NOT HIGHLY METAMORPHOSED ROCKS:
PILLOW LAVAS AND SHEETED DIKES

Pillow lavas and sheeted dikes of Ashin-Zavar have
been studied by Torabi (2004). A comparable research on
pillow lavas and basic sheeted dikes of the Nain ophiolite
by Abdullahi (2007) and Rahmani et al. (2007) shows that
generally these rocks partially suffered greenschist facies
metamorphism.

PILLOW LAVAS
Petrography

In the Nain and Ashin-Zavar ophiolitic mélanges, pillow
lavas are green, dark green to brown and occur as spherical
and elliptical masses ranging between 40 cm and 2 m in di-
ameter. Volcanoclastic and marine sediments mostly occupy
the spaces between pillows. Polygonal fractures, produced by
sudden cooling, are observed on the pillow surface and ap-
pear radial in section (Abdullahi, 2007; Torabi et al., 2008a).



These fractures speeded up the spilitization process. Radio-
larian cherts and then Globotruncana limestones covered
these rocks.

Pillow lavas of Nain and Ashin-Zavar contain plagio-
clase and chloritized olivine as main minerals and clinopy-
roxene, chromian spinel, chlorite, pumpellyite, calcite, am-
phibole and magnetite as accessory minerals, with common
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intersertal, variolitic, and porphyric microtextures (Abdul-
lahi, 2007; Torabi et al., 2008a). Pillow lavas from Ashin-
Zavar are mainly made up of plagioclase and olivine, but
clinopyroxene, chlorite, pumpellyite, chromian spinel, cal-
cite and magnetite are also present in minor amounts. In the
Nain samples, clinopyroxenes and chromian spinels were
not strongly affected by metamorphism, while olivines are
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Fig. 5 - Whole rock compositions of amphibolitic rocks (Torabi, 2004; Shirdashtzadeh, 2007), sheeted dikes (Rahmani et al., 2007) and pillow lavas (Torabi,
2004; Abdullahi, 2007): (a) and (b) Chondrite-normalized REE plots for amphibolites and amphibolitic dikes from the Nain and Ashin-Zavar ophiolitic
mélanges (normalizing values from Sun and McDonough, 1989); (c) and (d) Chondrite-normalized REE plots for pillow lavas and sheeted dikes from the
Nain and Ashin-Zavar ophiolitic mélanges (normalizing values from Sun and McDonough, 1989); (e) and (f) Ta/Yb vs. Th/Yb tectonomagmatic discrimina-
tion diagrams for amphibolites, amphibolitic dikes, pillow lavas and sheeted dikes in the ophiolitic mélanges of Nain and Ashin-Zavar (from Pearce, 1982).
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entirely chloritized. Clinopyroxenes are surrounded by pla-
gioclase laths. This mineral assemblage shows a greenschist
facies low-grade sub-seafloor metamorphism.

Mineral chemistry

The Nain clinopyroxenes (that are primary and igneous,
see Fig. 4) changed into amphiboles and even pumpellyite
(Torabi et al., 2008a), but the fresh ones have a composition
of augite with Mg# of 0.85 (Table 1). The spinels are brown
fine-grained and euhedral with Cr# of 0.39 to 0.47 (Torabi
et al., 2008a).

The Ashin-Zavar spinels have Cr# of 0.40 to 0.44 (Tora-
bi, 2004) and they sometimes contain inclusions of amphi-
boles (magnesio-hornblende) and chlorites (Table 1). Pla-
gioclases are mostly albitized primary basic plagioclases
and show Na enrichment (~ 2.25-7.2 wt%, see Table 1) that
classifies them chemically as labradorite to albite, but the
fresh samples are labradorites (Table 1; Abdullahi, 2007;
Torabi et al., 2008a).

Whole rock geochemistry

According to whole rock data, the SiO, content is about
45-58% in the Nain pillow lavas and 44 to 54% in the
Ashin-Zavar ones. Pillow lavas from Nain show a basaltic
to andesitic composition (Torabi et al., 2008a) whereas they
are mostly olivine-basalt to andesite in Ashin-Zavar (Torabi,
2004).

Pillow lavas underwent sub-sea floor metamorphism and
spilitization, so they show Na enrichment in both plagio-
clase and whole rock compositions (~ 1.49-4.49%, see
Table 2) due to the Na and some other major elements mo-
bility (i.e., Mg, K, and Fe) (Pearce, 1982). Because of this,
despite being subalkaline rocks, they display a close similar-
ity to alkaline rocks on the K,O + Na,O vs. SiO, diagram,
especially in the Ashin-Zavar samples.

The low Mg# of pillow lavas in Nain and Ashin-Zavar,
which is less than 0.40, together with the abundance of
clinopyroxenes indicate that these rocks were not primary
melts (Allan et al., 1988). Some immobile elements can be
mobile to some extent during hydrothermal alteration in
submarine hydrothermal systems (Nesbitt et al., 1999 and
Jiang, 2000). Thus, the best geochemical data can be ob-
tained by studying the HFS elements.

On the chondrite normalized REE spider diagram (Fig.
5¢), the samples from Ashin-Zavar show more REE enrich-
ment than the samples from Nain. Similarity in LREEs is
more apparent rather than in HREEs. They roughly display
an identical tendency to island arc tholeiites. On the Ta/Yb-
Th/Yb diagram (Fig. 5f) they show a depleted mantle source
and rift-related tholeiitic affinity.

Therefore, the whole rock geochemistry of pillow lavas
shows an island arc tholeiitic affinity, suggesting their ori-
gin in a mid ocean ridge setting related to a back arc basin.

Chromian spinel geochemistry

Many authors (i.e. Arai, 1992; Lanaz and Kamenetsky,
2000; Barnes and Roeder, 2001; Kamenetsky et al., 2001;
Matsumoto and Arai, 2001) utilized chromian spinels to
monitor magma evolution in different tectonic settings. The
mineralogical and compositional variations of the pillow
lavas, and the metamorphic events that affected them,
caused uncertainty in whole rock geochemistry, therefore,

only chromian spinels are considered here as reliable petro-
genetic indicators. In pillow lavas of Nain and Ashin-Zavar,
chromian spinels occur either as micro phenocrysts or as in-
clusions in other phenocryst minerals. Three major types of
magmas, including within-plate basalts, MORB and island
arc basalts, have been discriminated based on the TiO, con-
tent of spinels against their Fe**# [= Fe**/(Cr + Al + Fe*)]
(Arai, 1992). In fact, TiO, occurs in very small amount (pos-
sibly up to 0.5 vol%) in MORBs and it seems to be restrict-
ed to the most primitive olivine-rich basalts with picritic
character and other Cr-rich primitive melts (Sigurdsson and
Schilling, 1976). Typical low FeO/(FeO + MgO) ratios of
this magma type mentioned to no significant fractionation
during the ascent (Yong, 1999). Spinels of MORBs appear
to be Al-rich (Sigurdsson and Schilling, 1976) and with a
range of Cr# of 0.2 to 0.6 in a not wide range of Mg# and
low Ti (Dick and Bullen, 1984).

Chromian spinels in pillow lavas are used to compare the
Nain and Ashin-Zavar ophiolites genesis. In Fig. 6, spinels
from two areas fall in the MORB field. Consequently, spinel
compositions suggest that pillow lavas from Nain and
Ashin-Zavar were produced in an identical tectonic setting:
a mid oceanic ridge with tholeiitic magmas.

SHEETED DIKES
Petrography and mineral chemistry

These rocks have been investigated chiefly by Torabi
(2004) in Ashin-Zavar and by Rahmani et al. (2007) in the
Nain ophiolites. These authors found that the sheeted dikes
have andesite, quartz-dolerite to basalt compositions in
Nain, and diabase, diorite to quartz-diorite compositions in
Ashin-Zavar.

Rahmani et al (2007) examined the general mineralogy
of the sheeted dikes from Nain which includes plagioclase
(labradorite to oligoclase), clinopyroxene (augite) and
opaque minerals (magnetite, titanomagnetite and chalcopy-
rite). Sphene, apatite and chromian spinel are also present as
accessory minerals. High Mg and low Ti chromian spinels
in the Ashin-Zavar sheeted dikes can testify the high partial
melting of a depleted mantle (cf. chromian spinel data by
Rahmani et al., 2007).

In Ashin-Zavar, the sheeted dikes are composed mainly
of plagioclase (bytownite to albite) and include clinopyrox-
ene, amphibole (actinolite), chlorite, quartz and magnetite as
minor minerals (Torabi, 2004).

Whole rock geochemistry

Sheeted dikes from both areas show the effects of spiliti-
zation. However, their geochemistry suggests that they were
originally subalkaline rocks.

Their chondrite normalized REE patterns are approxi-
mately identical to those of MORBs (Fig. 5d). They have
not undergone high-grade metamorphism as amphibolitic
rocks. In the sheeted dikes, the average chondrite normal-
ized amount of La/YDb is about 0.587 whereas it is 0.330 in
the amphibolitic dikes. Thus, their LREE depletion is higher
than in the amphibolitic dikes and they show a relatively
higher affinity to MORB. Moreover, the sheeted dikes (and
pillow lavas) have higher Ta/Yb and Th/Yb contents (in
contrast to amphibolitic rocks).

On the Ta/Yb vs. Th/Yb diagram, they are distributed in
MORB and depleted mantle fields (Fig. 5f).
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Table 2 - Major and trace element compositions of amphibolitic rocks, pillow lavas and sheeted dikes taken from Nain and
Ashin-Zavar ophiolitic mélanges.

Sample Si0, TiO, ALO, Fe,0;* MnO MgO Ca0Q Na,0 K,O LOI Total Mg#
Nain — Amphibolites:

39 42.89 1.75 12.62 14.08 0.21 8.44 14.90 3.88 0.20 1.02 99.99 0.37
44 42.31 2.17 13.02 15.78 0.23 8.16 15.63 1.19 0.36 1.15 100.00 0.34
45 41.07 2.27 12.87 14.90 0.17 8.60 17.45 1.21 0.25 1.21 100.00 0.37
63 48.37 0.63 14.31 9.36 0.14 11.06 10.23 2.53 2.01 1.35 99.99 0.54
Ashin-Zavar — Amphibolites:

225 45.14 2.07 13.64 13.70 0.26 8.99 11.42 2.83 1.08 0.87 100.00 0.40
F-269-1 48.62 1.78 13.77 13.06 0.24 6.76 10.80 2.59 0.84 1.20 99.66 0.34
372 55.20 1.12 13.87 10.19 0.21 4.64 8.49 3.73 1.20 1.34 99.99 0.31
374 54.94 1.43 13.99 10.62 0.21 4.66 7.99 3.83 1.08 1.25 100.00 0.30
376 44.08 0.98 13.61 12.67 0.22 10.46 13.96 1.91 0.61 1.49 99.99 0.45
Nain - Amphibolitic Dikes:

42 49.25 0.52 16.40 9.61 0.17 8.62 10.59 2.20 0.54 2.10 100.00 0.47
66 41.93 0.72 11.53 11.47 0.18 15.90 16.16 0.98 0.20 0.93 100.00 0.58
Ashin-Zavar - Amphibolitic Dikes:

239 49.43 0.48 15.93 8.68 0.15 7.56 12.56 2.55 0.28 2.37 99.99 0.47
F-239-1 47.60 0.60 15.26 9.27 0.15 7.88 14.23 1.87 0.14 2.76 99.76 0.46
251 51.36 0.82 1599 8.61 0.15 7.16 9.40 3.84 0.76 1.91 100.00 0.45
397 55.41 0.85 15.93 9.28 0.17 4.19 7.54 4.07 1.10 1.46 100.00 0.31
Nain - Pillow Lavas (taken from Abdullahi 2007):

pl 54.95 0.45 14.36 8.56 0.13 4.05 10.58 322 0.55 3.14 99.99 0.32
p2 54.89 0.73 15.82 895 0.14 4.43 8.45 3.13 0.55 291 100.00 0.33
p4 54.03 0.92 14.50 8.89 0.14 4.49 10.28 3.11 0.60 3.03 99.99 0.34
plo 54.75 0.98 15.48 10.77 0.18 3.68 5.93 4.34 0.71 3.18 100.00 0.25
pll 53.37 1.23 15.46 11.47 0.19 3.51 6.60 4.49 0.71 297 100.00 0.23
pl8 55.28 0.63 15.44 8.76 0.15 3.66 9.44 271 0.72 3.20 99.99 0.29
pl9 57.63 0.70 14.02 7.61 0.12 3.68 9.75 3.18 0.26 3.03 99.98 0.33
pl9-1 57.99 0.63 14.74 8.14 0.13 3.43 8.83 2.80 0.31 2.99 99.99 0.30
p22 56.85 0.80 14.46 9.04 0.13 3.80 9.39 2.25 0.18 311 100.01 0.30
Ashin-Zavar - Pillow Lavas:

f 45.13 2.12 13.61 11.55 0.21 5.85 12.72 3.90 1.82 3.10 100.01 0.34
171 45.58 1.57 16.61 7.01 0.13 2.72 10.86 6.42 0.29 8.82 100.01 0.28
246 45.74 1.18 14.14 9.11 0.19 4.68 13.11 4.04 0.46 7.35 100.00 0.34
271 47.14 1.00 15.89 8.78 0.15 4.23 12.96 3.09 1.20 5.56 100.00 0.33
165 49.54 1.22 17.71 9.31 0.17 5.34 11.28 3.23 0.39 1.82 100.01 0.36
168 50.37 1.33 15.99 9.09 0.13 531 9.65 4.19 0.59 3.34 99.99 0.37
164 51.93 1.13 15.57 9.02 0.15 5.32 9.46 4.27 0.27 2.87 99.99 0.37
255 52.63 0.83 15.33 7.95 0.65 3.08 8.44 3.68 1.81 5.61 100.01 0.28
284 52.78 1.03 13.42 9.78 0.22 3.60 8.27 5.66 0.24 5.00 100.00 0.27
321 54.97 1.43 14.57 9.06 0.15 2.44 6.30 7.58 0.30 3.20 100.00 0.21
Nain - Sheeted Dikes (taken from Rahmani et al. 2007):

RS 6-1 51.06 0.47 15.25 8.74 0.17 8.43 7.39 4.06 0.21 4.10 99.88 0.49
RS 6-9 51.66 1.06 13.69 10.69 0.21 7.11 8.34 4.20 0.04 2.80 99.80 0.40
RS 7 50.71 0.70 15.17 12.50 0.13 8.21 4.34 4.52 0.17 3.40 99.85 0.40
RS 13 53.51 0.51 15.60 8.84 0.15 6.75 599 5.42 0.04 3.10 99.91 0.43
RS 20A 47.25 0.51 14.51 8.84 0.21 13.76 7.23 1.91 0.84 4,70 99.76 0.61
Ashin Zavar - Sheeted Dikes:

1 40.47 1.15 11.98 13.11 0.19 476 2547 1.60 0.08 1.18 99.99 0.27
4 44 .87 1.32 14.36 13.74 0.21 6.25 14.33 3.38 0.11 1.43 100.00 0.31
2 48.50 1.52 14.00 13.02 0.21 5.30 12.42 3.30 0.22 1.50 99.99 0.29
F2-1 48.58 1.21 13.96 12.20 0.19 4.67 12.84 2.89 0.16 0.09 96.79 0.28
3 49.25 1.53 13.64 13.50 0.22 6.37 10.91 3.36 0.12 1.10 100.00 0.32
5 50.64 1.27 13.82 13.61 0.19 5.74 9.49 3.92 0.24 1.09 100.01 0.30
241 51.29 0.52 13.89 6.83 0.11 11.22 10.45 3.42 0.12 2.14 99.99 0.62
248 55.97 0.53 15.61 10.48 0.17 3.60 7.09 3.44 0.88 228 100.00 0.26
208* 42.84 1.23 18.82 15.00 0.15 5.47 12.69 1.64 0.46 1.69 99.99 0.27
200% 62.37 0.42 14.57 6.48 0.05 4.97 5.01 4.85 0.24 1.04 100.00 0.43
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Table 2 (continued)

Sample Ta Th La Ce Nd Sm Eu Gd Th Dy Ho Tm Yb Lu
Nain — Amphibolites:
39 0.61 0.41 3.81 8.83 8.04  3.66 1.14 4.39 0.65 3.95 1.28  0.58 379 074
44 0.61 0.41 5.83 13.84 13.71 410  2.00 5.69 122 849 2.20 1.24 6.60 098
45 0.69 0.49 6.08 17.97 1423 5.04 1.72 5.50 1.12 7.67 212 0.86 649 099
63 0.50 0.34 2.21 4.54 3.67 1.51 0.69 1.98 0.52 3.39 058 035 1.82 037
Ashin-Zavar — Amphibolites:
225 <0.30 <0.30 2.88 8.46 3.21 1.34 5.26 0.93 6.37 1.43 0.69 4,57 0,70
F-269-1 0.19 0.18 3.59 11.60 4.44 1.60 5.72 1.05 7.09 1.53  0.65 446 0.69
372 <0.30 <0.30 4.67 10.56 3.00  0.93 375 075 452 <090 041 250 041
374 0.46 <(.30 5.13 12.58 3.23 1.13 4.62 0.83 5.49 1.08 0.45 2.93 0.43
376 <(.30 <0.40 2.33 6.33 216 0.50 311 065 4.16 094 043 298 048
Nain - Amphibolitic Dikes:
42 0.55 0.38 0.55 1.5 3.27 1.21 0.40 1.49 0.32 1.9 0.41 0.29 1.66  0.30
66 0.55 038 0.66 2.5 343 144 0.65 1.74 0.37 2.6 045 033 1.61 0.26
Ashin-Zavar - Amphibolitic Dikes:
239 <0.30 <0.20 0.90 2.80 128 0352 2.07 035 244 <052 028 1.71 0.25
F-239-1 0.04 0.00 0.93 3.23 .62  0.65 2.28 044  3.02 0.66 030 2.07 033
251 <0.26 <0.20 0.85 2.72 .15 0356 2.08 038 266 <056 027 1.95 029
397 <0.27 <0.33 1.38 3.70 1.59  0.69 2.39 044 326 062 031 1.83  0.32
Nain - Pillow Lavas (taken from Abdullahi 2007):
pl 0.65 0.61 2.06 4.74 4.02 1.44 1.10 036 232 0.25 1.80  0.27
p2 0.73 0.72 1.39 2.76 3.30 132 058 040 294 0.30 195 028
p4 0.72 0.70 322 6.29 4.41 1.64 0.86 0.39 2.99 0.31 2.01 0.30
plo 0.69 0.67 2.96 6.20 450  2.11 0.86 044 310 0.33 238 037
pll 0.79 0.73 2.44 5.40 492 202 098 0.41 3.17 0.36 256 041
pl8 0.62 0.63 1.62 3.43 3.68 142 072 0.35 2.60 0.28 1.73 027
pl9 0.69 0.65 1.94 4.88 3.97 1.37  0.55 034 232 0.29 1.87  0.28
pl9-1 0.56 0.57 1.90 4.34 3.98 143 0.65 032 26l 0.28 1.80 029
p22 0.66 0.67 2.02 5.07 4.03 146 077 036 273 0.27 .56  0.25
Ashin-Zavar - Pillow Lavas:
7 327 10.48 47.33 81.34 8.55 1.83 5.67 1.01 6.17 <1.00 049 342 0353
171 1.00 1.43 15.49 28.35 3.20 1.11 3.42 0.58 3.94 0.85 040 3.01 0.54
246 <0.27 <0.25 5.51 12.42 228 1.00  <3.17 054  4.03 0.80 040 235 037
271 <0.26 <0.30 227 7.44 2.60 0.88 4.06 0.79 4.23 1.04 0.40 2.11 0.40
165 <0.26 <0.26 3.21 8.58 2.02 1.00 3.20 065 391 1.08 045 3.02 050
168 <0.25 <0.25 3.50 7.70 1.87  0.73 3.07 0.60  3.90 087 043 245 045
164 <0.30 <0.26 2.10 4.67 196 0.72 3.10 056 413 076 042 262 050
255 <0.25 <0.20 1.99 6.50 1.56 0.76 <3.15 0.60 3.54 0.85 0.37 2.08 0.29
284 <0.40 <0.30 4.00 8.86 226 095 431 0.64 431 090 044 2.41 0.35
321 <022 <0.27 2.51 7.19 268  0.98 3.13 0.65 545 <100 043 243 050
Nain - Sheeted Dikes (taken from Rahmani et al, (2007):
RS 6-1 <0.1 0.4 1.4 2.8 2.6 1.0 042 1.71 0.30 1.97 047 0.8 157 023
RS 6-9 <0.1 <0.1 1.7 4.8 43 B S 291 0.58 3.82 0.84 0.29 223 030
RS 7 <0.1 02 1.3 3.6 33 1.2 062 2.07 0.42 2.82 0.65 025 1.73 027
RS 13 <0.1 <().1 1.1 29 26 0.8 0.49 1.40 0.32 1.84 0.42 0.22 1.30 0.20
RS 20A <0.1 <0.1 <5 1.0 1.7 1.1 0.37 1.86 0.35 2.38 0.56 0.24 1.92 0.25
Ashin Zavar - Sheeted Dikes:
| <0.40 <0.38 2.08 6.89 235 1.05 3.57 0.68  4.41 <0.95 043 3.05 046
4 <0.40 <0.40 242 6.91 298 1.20 434 0.72 460 097 044 292 047
2 <0.40 <0.38 2.88 8.08 2.20 0.93 3.77 0.72 4.80 1.02 0.45 3.10 0.49
F2-1 0.09 0.13 2.29 7.19 2.97 1.15 3.96 074  5.02 1.07 048 329° 051
3 <0.41 <0.40 222 6.25 236 0.96 331 064 412 <095 043 284 044
5 <0.45 <0.41 2.15 5.84 230 0.99 3.39 066  4.13 L.00 041 293 043
241 <0.25 <0.25 1.73 4.54 0.77  0.25 0.91 <0.18 123 <026 0.12  <0.84 0.14
248 <0.25 <0.25 5.46 11.16 1.56 050 1.83 035 251 055 024 1.77 028
208* <0.30 <0.23 0.74 <1.70 057 030 <119 0.24 1.89 045 020 135, 022
209+ <0.20 0.3 2.40 5.61 2.11 1.07 4.10 0.87 5.91 1.24  0.62 426  0.68

DISCUSSION simply shows that these metamorphic rocks formed

Two distinct oceanic phases have been recorded in the
Mesozoic ophiolites (Nain and Ashin-Zavar) of Central
Iran. In the following chapter we discuss the petrographic
and geochemical data and compare them to interpret the
geochemistry of not highly metamorphosed (sheeted dikes
and pillow lavas) and highly metamorphosed rocks (amphi-
bolitic dikes and amphibolites):

a. In the Nain and Ashin-Zavar ophiolites, the presence of
amphibolitic dikes in amphibolites and mantle peridotites

through metamorphism of igneous basic sequences
(sheeted dikes and basic rocks).

. Clinopyroxenes of highly metamorphosed rocks (amphi-

bolitic rocks) and not highly metamorphosed rocks (pil-
low lavas and sheeted dikes) have different composi-
tions, diopside and augite, respectively.

. In both areas, the protoliths of amphibolitic rocks had a

basaltic composition while the pillow lavas and sheeted
dikes were mostly basalt to andesite, based on major ele-
ments chemistry and petrography.
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. Geochemical data on pillow lavas and sheeted dikes from

both regions reveal lower Mg, Mg# and Ti and higher Na
and K contents than in their equivalent high-grade meta-
morphic rocks (amphibolites and amphibolitic dikes,
Table 1).

Although in both areas, the amphibolites are geochemi-
cally similar in part to island arc tholeiites (Fig. 5a and
5c), a MORB affinity is evident in the pillow lavas.
Moreover, chromian spinels compositions of pillow lavas
reveal a MORB origin (Fig. 6).

The amphibolites are a little enriched in REE compared
to pillow lavas (Fig. 5a and c).

. The amphibolitic dikes have slightly lower REE concen-

trations than the sheeted dikes (Fig. 5b and d).

. There is a marked LREE depletion especially in the

sheeted dikes that causes a closer similarity to mid ocean
ridge magmas (Fig. 5b and d). In fact, in the sheeted
dikes the average chondrite normalized amount of La/Yb
is about 0.587, whereas it is 0.330 in the amphibolitic
dikes. Thus, their LREE depletion is higher than in the
amphibolitic dikes.

. In addition, the amphibolitic units (compared to pillow

lavas and sheeted dikes) have lower contents of Ta/Yb
and Th/Yb ratios (Fig. 5Se and f) and are closer to the is-
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Fig. 6 - Chromian spinels compositions of pillow lavas from Nain (data
from Abdullahi, 2007) and Ashin-Zavar: (a) TiO, vs. Cr# diagram (Arai,
1992; Yong, 1999); (b) TiO, vs. Fe**# diagram (Arai, 1992); (c) Cr# vs.
Mg# diagram (after Yong, 1999).

land arc tholeiite field, which supports their MORB and

tholeiitic affinity.

j- Before the RM, phase in Early Jurassic, chert and shale-
limestone successions covered the protolith of the amphi-
bolites, whereas in Late Cretaceous, Radiolarian cherts
and pelagic Glaubotruncana limestones covered the spili-
tized basaltic rocks (Shirdashtzadeh, 2007). These dis-
tinct features suggest that sedimentation took place in
two different sedimentary basins.

k. Not highly metamorphosed rocks (sheeted dikes and pil-
low lavas) formed later, so they were not affected by
high-grade metamorphism of the RM, and even RM,
phases, based on the mineralogy and on the lack of S,
and S, foliations (Shirdashtzadeh, 2007).

Thus, these two rock groups should have formed in dif-
ferent times and magmatic settings. Ghasemi and Talbot
(2005) sketched the tectonic evolution of the South Sanan-
daj-Sirjan Zone (SSZ) and Nain-Baft Ocean and ophiolitic
mélange. The authors of the present paper made some
changes in this scheme to display their findings on it. Both
Nain and Ashin-Zavar ophiolites lie along the west CEIM
margin and have an identical history; just the Nain one is
mentioned in this scheme. The tectonic evolution illustrated
in Fig. 7, is described briefly as follows:
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Late Paleozoic

The extensional phase in Late Paleozoic caused simple
shears and rifting processes that lead to sea-floor spreading
and rift volcanism (Fig. 7a and b, Ghasemi and Talbot 2006).

Early Mesozoic

Based on field and laboratory observations, in Late Pale-
ozoic/Early Mesozoic (Sharkovski et al., 1984; Mohajjel et
al., 2003; Torabi 2009a and 2010), the Nain-Baft 1 oceanic
crust started to spread along the active continental margin of
the Central Iranian microplate, as documented in the Nain
and Ashin-Zavar ophiolites. Paleomagnetic data (Soffel and
Forster, 1984) indicate that the Central-East Iranian Micro-
continent rotated counter-clockwise during the Jurassic
opening of the Nain-Baft Ocean (Sengor, 1990). This rifting
(R,) produced diabasic dikes and basalts (i.e., the basic
source of the amphibolitic rocks) and then pelagic sedimen-
tary rocks including banded cherts, limestones and a shale
succession covered them (Shirdashtzadeh, 2007).

According to the whole rock data on the metabasic rocks
(Fig. 5a and b), the igneous protolith of amphibolites and
amphibolitic dikes had an arc related tholeiitic and MORB
character, respectively and they all originated from a deplet-
ed mantle in an oceanic setting (Fig. Se and f).

Early to Middle Jurassic

Sharkovski et al. (1984) obtained an age of 188 Ma (Early
Jurassic) for the closure of this oceanic basin, based on K-Ar
dating (Torabi, 2004). During closure, the oceanic crust suf-
fered metamorphism in amphibolite facies. The following
lithological changes occurred due to RM, metamorphism: di-
abasic dikes were transformed into foliated amphibolitic
dikes, basalts and pillow lavas into amphibolites, banded
cherts into banded meta-cherts, and limestone-shale succes-
sions into marble-shale successions. A later high-grade meta-
morphic phase caused the complete disintegration of fossil
relics and other structures in the sedimentary units.

Davoudzadeh (1972), Lensch and Davoudzadeh (1982),
and Sharkovski et al. (1984) claimed that the metamorphic
rocks might represent exotic blocks in the Nain ophiolite
transported from the metamorphic massif of Anarak-Khur (in
the northeast) thorough the counter-clockwise rotation of the
Dorouneh fault; instead, field observations show that they are
not exotic blocks but they are metamorphic rocks formed
through metamorphism of the different ophiolitic rock units.
In non highly tectonized areas of both the Nain and Ashin-
Zavar ophiolites, it is possible to track the amphibolitic dikes
in the mantle peridotites and to observe how they intrude into
the amphibolites and gradually disappear in them. This fea-
ture is seen in both areas, and demonstrates that the present
amphibolitic dikes were originally diabasic dikes that cut
through the overlying basalts and pillow lavas, which then
were metamorphosed and presently occur as amphibolites.

As mentioned above, the amphibolitic rocks within man-
tle-peridotites of the Nain and Ashin-Zavar ophiolitic
mélanges have a S, foliation (reported by Shirdashtzadeh et
al., 2010). This foliation could have formed by compres-
sional stress during the closure of the Nain-Baft 1 oceanic
basin and the RM, metamorphic phase, in the middle Cim-
merian orogeny in Middle Jurassic (Fig. 7d). Aghanabati
(2006) and Torabi et al. (2011a and 2011b) suggested that
the amphibolitic rocks are metamorphic products of the
mid-Cimmerian (Middle Jurassic) orogenic phase that
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caused a sedimentation gap, metamorphism and erosion.

Amphibole and garnet formed during the high-grade
RM, metamorphism (at P-T conditions of amphibolite to
lower granulite facies, based on thermobarometry and min-
eralogy). The presence of clinopyroxene and garnet in the
Nain samples suggests higher RM; metamorphism correlat-
ed with the granulite facies in the Nain ophiolite, in contrast
to the amphibolite metamorphic facies in Ashin-Zavar.

Late Jurassic

In Late Jurassic, the late Cimmerian and other later com-
pressive orogenic phases affected the amphibolites and their
associated rocks (banded metacherts, marbles and schists;
Shirdashtzadeh, 2007) causing the later metamorphism
(RM,) until oceanic spreading reactivated and produced
sheeted and swarm dikes, massive basalts and pillow lavas
in the Cretaceous (Fig. 7d).

Foliation S, in the amphibolitic units and skarns, chloriti-
zation, epidotization, prehnitization and transformation of
clinopyroxenes into amphiboles support the idea of a retro-
grade metamorphism (defined as RM,) in both study areas.
RM, has a metamorphic grade up to greenschist facies and
correlates with pre-tectonic events of the second phase of the
Nain-Baft 2 oceanic rifting (R,) in Early to Late Cretaceous.

Early to Late Cretaceous

Oceanic magmatism resumed producing sheeted and
swarm dikes, massive basalts and pillow lavas in the late
Albian (Hassanipak and Ghazi, 2000; Ghasemi and Talbot,
2006), in correlation with the Austrian orogeny (Fig. 7¢). A
plagiogranite from the Ashin-Zavar ophiolite (Sharkovski et
al., 1984; Torabi, 2004) yielded a K/Ar age of 98 Ma. More-
over, three “°Ar/3°Ar ages of 101.2+0.9, 99.7+0.9, 99+1.2
Ma have been obtained for the crystallization time of horn-
blende gabbros from Nain (Hassanipak and Ghazi, 2000 and
Ghasemi and Talbot, 2006).

Shafaii Moghadam et al. (2009) proposed a back-arc
spreading phase in the Nain-Baft basin, lasting a maximum
of 45 Ma from Cenomanian to Paleocene. Fig. 7e shows that
in early Late Cretaceous, pillow lavas and sheeted dikes
might have been produced in the younger rifting system of
the Nain-Baft 2 Ocean in which Radiolarian cherts and
Globotruncana limestones covered all the oceanic rock units
in Late Cretaceous.

Therefore, a new oceanic spreading phase could have
started in the upper part of the Early Cretaceous (i.e., Alban-
ian) in both areas, based on datations and on the presence of
Late Cretaceous sedimentary rocks (Radiolarian cherts and
Glaubotruncana limestones) over the massive basalts and
pillow lavas. Pillow lavas and sheeted dikes from both areas
are similar in petrography, whole rock geochemistry and
chromian spinels compositions (Figs. 5 and 6). Mineralogi-
cally, they underwent spilitization and low-grade sub-
seafloor metamorphism (Fig. 7d).

According to the extended RM, regional metamorphism,
if pillow lavas and sheeted dikes were produced concurrent-
ly with the amphibolitic units, then they must have experi-
enced amphibolitic metamorphism too. Nevertheless, RM,
and RM, did not affect the Late Cretaceous limestones and
basic rocks (sheeted dikes and pillow lavas), so they should
have been formed during the second oceanic rifting phase
(R,) (Fig. 7d). Their different metamorphic degree and their
different geochemical and mineralogical features suggest
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that they formed in a different times.

However, Fig. 7e shows the possible occurrence of older
and highly metamorphosed units (e.g., amphibolitic rocks)
beside the younger non highly metamorphosed units (e.g.,
pillow lavas and sheeted dikes).

CONCLUSION

The main result of this study is a metamorphic and tec-
tonic model for two important ophiolites of Central Iran
(Nain and Ashin-Zavar), and for the formation of metamor-
phic rocks in the ophiolitic mélanges through metamor-
phism of oceanic crust and its overlying sediments.

This study points out that the Jurassic and Cretaceous
lithologic sequences are different in Nain and Ashin-Zavar.
In fact, there are amphibolites, metamorphosed diabasic
dikes (amphibolitic dikes), schists, marbles and quartzites
(first formed in rifting R, in Early Jurassic and then meta-
morphosed during later orogenic phases in Middle Jurassic
and later) together with spilitized pillow lavas, diabasic
dikes and non-metamorphosed limestones (produced via
rifting R, in Early to Late Cretaceous, dated by Hassanipak
and Ghazi 2000, etc.).

Mineralogical and geochemical data revealed that not
highly metamorphosed (sheeted dikes and pillow lavas) and
highly metamorphosed rocks (amphibolitic dikes and am-
phibolites) formed in two distinct extensional phases:

A. In Early Jurassic the Nain and Ashin-Zavar oceanic crust
started spreading and diabasic dikes and pillow lavas were
produced in fissures within the rift. They were covered by
pelagic sediments (banded cherts, and then a limestone
and shale succession) and they suffered high-grade meta-
morphism during the closure of this oceanic basin in the
mid-Cimmerian orogeny (Middle Jurassic). In Late Juras-
sic, the late Cimmerian and other later compressive oro-
genic phases caused the amphibolites and their concurrent
rocks (banded metachert, marble and schist) to experience
a later metamorphism (RM,) until oceanic spreading re-
sumed and produced sheeted dikes and pillow lavas in the
Cretaceous. Chloritization, epidotization, prehnitization
and conversion of clinopyroxenes into amphiboles in am-
phibolitic rocks were also related to the RM, phase. RM,
reaches a metamorphic grade up to greenschist facies and
was correlated with pre-tectonic events of the second
phase of oceanic rifting (R,) in Early to Late Cretaceous.

B. In Early to Late Cretaceous to Paleocene, a new ocean
spreading phase occurred and sheeted dikes, massive
basalts, and basaltic pillow lavas were generated. They
hold no evidence of RM, high-grade metamorphism nor
of S, foliation, developed during RM,. They just experi-
enced sub-seafloor metamorphism and spilitization and
were covered by Late Cretaceous Radiolarian cherts and
Glaubotruncana limestones.
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