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ABSTRACT

The Nain ophiolite is a highly dismembered ophiolite complex cropping out at the north of the Nain town to the west of central Iran. The igneous rocks of
this complex consist of both mantle and crustal suites and include serpentinized peridotites, peridotites, harzburgites associated with dunite and lherzolite,
pegmatitic and isotropic gabbros, plagiogranites, sheeted dikes and pillow lavas. Several pyroxenite, wehrlite and rodingite dikes are present in the ultrabasic
rocks. The sheeted dikes include subalkaline basalts, basaltic andesites and andesites. Their magma was of sub-alkaline (low potassium tholeiite) type and
they are chemically similar to island arc tholeiitic basalts. The N-MORB-normalized incompatible elements for the sheeted dike samples indicate depletion in
most of the high field strength elements (HFSE). The concentrations of the large ion lithophile elements (LILE) in these rocks are all greater than those in the
N-MORB. Significant chemical characteristics of the these rocks are the positive anomaly for Th and negative anomaly of Nb that are considered to represent
a subduction zone component. The chondrite-normalized rare earth element (REE) patterns of these rocks show HREE enrichment and LREE depletion
[(Lay/Smy),,. = 0.63]. Their geochmistry also shows that the primary melt derived from high degrees of partial melting of a mantle source previously depleted
with respect to the source of mid-ocean ridge basalts, and were subsequently enriched by aqueous fluids driven off subducted oceanic lithosphere in an arc-

basin setting. We conclude that the Nain ophiolite is a supra-subduction zone type ophiolite.

INTRODUCTION

Sheeted dike complexes are present both in continental
and oceanic crust. This magmatism is the consequence of
partial melting in the upper mantle during lithospheric ex-
tension. The extensional processes may be either related to
continental and oceanic rifting or they are associated with
minor volcanic systems (Borgia and Treves, 1992; Ahijado
et al., 2001). Sheeted dike complexes also comprise a volu-
metrically significant portion of ophiolite complexes and are
thought to form a comparable fraction of the ocean crust as
well (e.g., Baragar et al., 1990; Alt, 1996; Francheteau et al.,
1992). Sheeted dikes at mid-ocean ridge volcanoes represent
the link between deep magma production and storage
processes, and shallow processes such as volcanism and hy-
drothermal activity. As such, they are crucial for the inter-
pretation of many data on mid-ocean ridges and other volca-
noes with pronounced rift zones, including their topography,
hydrothermal systems, petrology, and geochemistry (Staudi-
gel et al., 1999). The processes of dike emplacement are
critical to understand many aspects of crustal accretion at
mid-ocean ridges. For example, dike injection at fast and in-
termediate spreading ridges may control the distribution and
longevity of hydrothermal systems either through direct in-
troduction of heat into the extrusive layer or through en-
hanced permeability allowing access to deeper heat sources
(Pollard, 1987; Wilcock and Delaney, 1996; Cherkaoui et
al., 1997; Curewitz and Karson, 1998; Schiffman et al.,
1990). Dike propagation behaviour provides an indirect
means of examining the state of stress at mid-ocean ridges
(Pollard, 1987) and, indeed, may also play an important role
in modifying the stress field (Rubin and Pollard, 1987). Fi-
nally, dikes serve as conduits for delivery of magma for the
entire extrusive layer (Staudigel et al., 1999). The goal of
this paper is to use geochemical data including REE and in-
compatible trace element data to (i) chemically characterize
the sheeted dike unit of the Nain ophiolite, (ii) shed light on

the petrogenetic processes and, (iii) suggest a possible tec-
tonic environment of formation for this ophiolite.

GEOLOGICAL SETTING

A number of ophiolitic complexes were mapped and de-
scribed in Iran. Iranian ophiolites are part of the Tethyan
ophiolite belt of the Middle East; they are important because
of their unique geographic location that links the Middle
Eastern and Mediterranean Hellenides-Dinarides ophiolites
(e.g. Turkish, Troodos, Greek and East European) to more
easterly Asian ophiolites (Hassanipak and Ghazi, 1999). The
locations of the major Iranian ophiolites are depicted in Fig.
1. Based on their age and abundance, the Iranian ophiolites
form two distinct groups: the less abundant ones are of Paleo-
zoic age (Weber-Diefenbach et al., 1986) (ophiolites of north-
ern Iran along the Alborz Range), the more abundant ones are
the Mesozoic ophiolites (Alavi, 1991; Arvin and Robinson,
1994). The Mesozoic ophiolites have been divided into three
sub-belts (Takin, 1972; Stocklin, 1974; 1977; McCall, 1997):
(i) ophiolites of the Zagros Suture Zone, including the Neyriz
and Kermanshah ophiolites, which appear to be coeval with
the Oman (Samail) ophiolite emplaced onto the Arabian con-
tinental margin, (ii) unfragmented ophiolites of the Makran
accretionary prism which includes Band-e-Zeyarat, Dar Anar
and Mokhtar Abad (southeast Iran), and (iii) ophiolites and
“Coloured Mélanges” that mark the boundaries of the Central
Iranian microcontinent (CIM), including Shahr-e-Babak,
Nain, Baft, Sabzevar and Tchehel Kureh ophiolites (Fig. 1).
Most geochemical studies on the Iranian ophiolites show the
occurrence of both mid-ocean ridge basalt (MORB) and is-
land arc tholeiite (IAT) affinities (Davoudzadeh, 1972; Alavi-
Tehrani, 1977; McCall and Kidd, 1981; Desmons and Becca-
luva, 1983; Arvin and Robinson, 1994; Hassanipak et al.,
1996; Wampler et al., 1996; Ghazi et al., 1997; Ghazi and
Hassanipak, 1999a; Shojaat et al., 2003).
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Fig 1 - (a) Distribution of Cretaceous Neo-
Tethyan ophiolites around the Arabian
promontory along the Bitlis-Zagros Suture
Zone (Dilek and Delaloy, 1992). 1- Troodos
(Cyprus), 2- Baer-Bassit (Syria); 3- Kizildag
(Turkey); 4- Guleman (Turkey); 5- Cilo
(Turkey); 6- Kermanshah (Iran); 7- Neyriz
(Iran); 8- Esphandagheh (Iran); 9- Band-e-
zerayat (Iran); 10- Samail (Oman). (b) Distri-
bution of the ophiolite belts in Iran after
Emamie et al. (1993): KH- Khoy; KR- Ker-
manshah; NY- Neyriz; BZ- Band-e-zeyarat;
NA- Nain; BF- Baft; SHB- Shahr-e-Babak;
ES- Esphandagheh; FM- Fanuj; IR- Iran-
shahr; MS- Mashhad; SB- Sabzevar; TK-

|- 30°N
-

T
60°E

The Nain ophiolite mélange, approximately 480 km? in
area, is part of the ophiolite belt around CIM that is located
at the north of the Nain town, along the Nain-Baft fault
zone. This fault zone crops out on the western side of the
central Iranian microcontinent, which contains several other
relatively dismembered fragments of Neo-Tethyan ophi-
olitic massifs (Shojaat et al., 2003). Other major complexes
of this zone include the Shahr-e-Babak ophiolite to the east
(Ghazi and Hassanipak, 1999b), and the Baft ophiolite to
the southeast (Arvin and Robinson, 1994). Most studies on
the central Iranian ophiolites (Nain-Baft) suggest that they
originated in a narrow basin which separated the central
Iranian microcontinent from Eurasia (Stocklin, 1974;
Berberian and King, 1981; Knipper et al., 1986; Arvin and
Robinson, 1994; Arvin and Shokri, 1997; Shojaat et al.,
2003). According to Davoudzadeh (1972) the area north of
Nain has been divided into three geological units: (I) a
“Coloured Mélange” zone with north-northwest trend
through the middle of the area, (II) a Tertiary volcanic zone
associated with small Tertiary dioritic intrusions in the west,
and (IIT) a Tertiary sedimentary zone in the east (Fig. 2). Al-
though the ophiolite stratigraphy in the Coloured Mélange
zone is largely dismembered, it contains all the rocks that
are representative of an ophiolite suite. The ophiolite is
chiefly composed of ultrabasic rocks consisting of dunite,
harzburgite, lherzolite, chromite-bearing serpentinite and
pyroxenite. All members of the peridotite-pyroxenite group
are partly serpentinized. Harzburgites and serpentinites pre-
dominate. Pegmatitic and isotropic gabbros, plagiogranites,

Tchehel Kureh; RS- Rasht.

sheeted dikes and pillow lavas subordinately occur. Several
dikes of pyroxenite, wherlite and rodingite are present in the
ultrabasic rocks (Davoudzadeh, 1972; Rahgoshay and
Shafaii, 2004a). Many metamorphic rocks and metamor-
phosed ophiolitic rocks are distinguished in this zone (Rah-
goshay and Shafaii, 2004b). Reddish Globotruncana lime-
stones of Campanian-Mastrichtian age, containing thin chert
layers, are the oldest sedimentary rocks in this zone. The
youngest sedimentary rocks are Nummulites-Alveolina lime-
stones and sandy limestones of Lower Eocene age. The
ophiolitic sequence falls into the Paleocene to Early Eocene
interval (Davoudzadeh, 1972). In the northern part of the
Coloured Mélange is the Kuh-e-Zard zone mostly composed
of Upper Cretaceous limestone and Paleocene to Lower
Eocene sequences (Fig. 2).

The best exposure of the sheeted dike complex, which is
about 5 km?, is located northeast of the Separab village (Fig.
2). The thickness of the exposure ranges between 10 cm to 3
m. These dikes cut high-level amphibole gabbros and pene-
trate upward into plagiogranites; the dikes are in turn in-
cluded by rhyolitic veins and covered by pillow lavas. Be-
cause of tectonic processes (faults), sheeted dikes are not
observed clearly inside pillow lavas.

ANALYTICAL METHODS

A total of 8 representative samples from sheeted dikes
and 1 sample from the high-level gabbro unit (for compari-
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son) were analysed for major and trace elements at Acme
Labs in Canada. All samples were dried at 60°C and were
jaw crushed to 70% passing 10 mesh (2 mm), a 250 g
aliquot pulverized to 95% passing 150 mesh (100 ym) in a
mild-steel ring-and-puck mill. A 0.2 g samples aliquot was
weighed into a graphite crucible and mixed with 1.5 g of Li-
BO, flux. Crucibles were placed in an oven and heated for
15 minutes at 1050°C. The molten sample was dissolved in
100 mL of 5% HNO, (ACS grade nitric acid diluted in dem-
ineralised water). The solution was shaken for 2 hours then
an aliquot was poured into a polypropylene test tube. Cali-

Fig. 3 - Compositions of: a. plagioclases (cal-
culated on the basis of 32 oxygens), and b.
clinopyroxenes (calculated on the basis of 6
oxygens), from the sheeted dikes of the Nain

ophiolite. Ab
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bration standards, verification standards and reagent blanks
were added to the sample sequence. Sample solutions were
aspirated into an ICP emission spectrograph (Jarrel Ash
AtomComp Model 975) for determination of major oxides
elements. For the determination of trace elements, sample
solutions were aspirated into an ICP mass spectrometer
(Perkin-Elmer Elan 6000). Loss on ignition (LOI) was de-
termined by igniting a 1 g sample split at 950°C for 90 min-
utes then measuring the weight loss. Standard reference ma-
terials (SO-17 and CSB) and blanks were prepared using
similar techniques. Standard SO-17 was certified in-house
against 38 certified reference materials including CANMET
SY-4 and USGS AGV-1, G-2, GSP-2 and W-2.

Several standard representative thin sections were used
for chemical analyses of plagioclase, clinopyroxene,
opaque, amphibole and chromian spinel minerals. The
analyses were performed by Energy Dispersive Spectrome-
try (EDS) at the University of Dallas. The analyses were ob-
tained with a Cameca SX-50 field-emission scanning elec-
tron microscope (FESEM) with super ultra-thin windows
(SUTW) detector. The analyses were done at an accelerat-
ing voltage of 25 kV. The FESEM images were obtained
with an accelerating voltage of 25 kV.

PETROGRAPHY AND MINERAL CHEMISTRY

The petrographic studies show that the sheeted dikes of
the Nain ophiolite are composed of basalt (dolerite), quartz
dolerite, andesite, and dacite. They are fine-grained rocks
and exhibit intergranular, intersertal, glomeroporphyritic
and porphyritic textures. Dolerites are formed by plagio-
clase + clinopyroxene + opaque. Sphene, apatite and chro-
mian spinel are accessory minerals in these rocks. Quartz
dolerites have primary amphibole and quartz. Clinopyrox-
ene is a minor phase in andesites, whereas dacites lack
clinopyroxene. Plagioclase forms lath-shaped, groundmass
microlite, and phenocryst crystals, generally unzoned. Both
simple and multiple twins are common. Plagioclase com-
positions vary from labradorite (An,,.Ab,. .,Or, ) in do-
lerites, to oligoclase (An,, (Ab,, ,.Or, ) in dacites (Fig.
3a). Representative clinopyroxene, amphibole and chromi-
an spinel compositions from the Nain ophiolite sheeted
dikes are given in Table 1. The clinopyroxenes mostly oc-
cur as euhedral to subhedral phenocrysts alone or as clus-
ters of closely packed crystals (glomeroporphyritic), gener-
ally smaller than 0.5 mm on their longest axes. In the Wo-
En-Fs diagram (Deer et al., 1978), the clinopyroxenes dis-
play augite compositions (Fig. 3b) and are in the range of
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Table 1 - Representative chemical analyses of clinopyroxenes, amphiboles and chromian spinels from the Nain ophiolite

sheeted dikes.
sample RS RS RS RS RS RS RS RS RS RS RS RS RS RS
14 14 159 159 159 155 155 155 1 20A 20A 20A 20A 20A
Mineral clinopyroxene amphibole chromian spinel
No. 1 2 1 2 3 1 2 3 1 2 1 2 3 4
Sio, 52.74 50.25 52.67 5243 52.37 52.30 53.30 53.20 55.03 52.35 <0.10 <0.10 <0.10 <0.10
TiO, 0.29 0.20 0.30 0.26 0.32 <0.10 0.30 0.36 <0.1 <0.10 <0.10 <0.10 0.53 0.62
ALO; 587 6.65 591 6.54 5.16 538 337 272 39 9.65 31.09 28.59 21.06 28.56
Cr,0; <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 33.18 38.50 4451 36.14
V,05 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.87 <0.10 <0.10 <0.10
Fe203"  5.04 6.53 7.54 6.77 7.19 7.63 6.99 7.17 15.00 10.01 17.54 17.00 18.65 16.50
MnO <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.18 0.18 0.18
MgO 18.84 17.45 16.37 1522 16.76 16.86 17.77 18.15 14.60 16.00 17.33 15.68 15.20 18.10
CaO 16.18 16.63 16.61 18.29 17.47 17.78 17.57 17.65 11.28 9.50 <0.10 <0.10 <0.10 <0.10
Na,O 1.24 1.49 0.70 0.74 0.83 <0.10 <0.10 <0.10 0.20 2.50 <0.10 <0.10 <0.10 <0.10
TOTAL 10001  99.40 100.00  99.99 100.03 100.00  99.00 99.09 100.01 100.01 100.01  99.95 100.13 100.10

< = below detection limit.

En,,Fs.Wo., to En,Fs,;Wo,,. They are mainly high in
Si0, (50.25-53.30 wt%), MgO [15.22-18.84 wt%; Mg#
0.88-0.99 (Mg/Mg+Fe*? = Mg#)] and low in TiO, (< 0.36
wt%) (Table 1). A significant chemical characteristic of the
clinopyroxene samples is their low-Ti content. Several au-
thors have proposed the composition of primary magmatic
clinopyroxenes as an alternative parameter in paleotectonic
reconstructions of the ophiolites, since the composition of
clinopyroxene survives unchanged in ophiolitic rocks, even
in those with low-grade metamorphism (Nisbet and Pearce,
1977; Hebert and Laurent, 1987; Capedri and Venturelli,
1979; Beccaluva et al., 1989). Beccaluva et al. (1989) re-
ported that Ti differences in ophiolites correspond well to
distinct magma types of different modern oceanic settings,
and are grouped as high-Ti, low-Ti and very low-Ti ophio-
lites. They discovered that high-Ti ophiolites compare fa-
vorably with the magmatic association occurring at mid-
ocean ridges and well developed marginal basins, whereas
low-Ti and very low-Ti ophiolites are best equated with the
magmatic series of tholeiitic island arc and bonintic types
respectively, generated in supra-subduction zone (SSZ)
settings.

The results presented in this paper concern the nature of
the low Ti content of Nain lavas and the classification of
this ophiolite into the low-Ti group, because Ti in clinopy-
roxenes is thought to reflect the degree of depletion of the
mantle source and the Ti activity of the parent magma
(Pearce and Norry, 1979). The clinopyroxenes of Nain ophi-
olite sheeted dikes have similar geochemical characteristics
to those of the other Eastern Mediterranean ophiolites such
as Troodos, Vourinos, Pindos, Oman (Beccaluva et al.,
1989) and Sarikaraman (Yaliniz and Gonciioglu, 1999)
which show high-Mg and low-Ti island-arc affinity. The
amphiboles are yellow-green and pleochroic. They are cal-

cic and display actinolite-hornblende to magnesio-horn-
blende compositions, and developed as euhedral to subhe-
dral and sometimes polygonal discrete grains. Opaque min-
erals include magnetite, titaniferous-magnetite and chal-
copyrite. Chromian spinels only occur in dolerites. They are
Al and Mg-rich and Ti-poor. Cr# (Cr/Cr+Al) in the chromi-
an spinels vary from 0.42-0.58. It is believed that occur-
rence of this mineral is likely an indirect evidence of high
degrees partial melting of the mantle source. Almost all the
sheeted dikes have been overprinted by low-grade hy-
drothermal metamorphism ranging from zeolite facies to
greenschist facies. This process is characterized by forma-
tion of tremolite-actinolite (generally rimming relict
clinopyroxenes) with epidote, chlorite, albite, prehnite,
sericite, zeolite, quartz and sphene. Prehnite, calcite, epidote
and chlorite also occur as crosscutting veins. The high-level
gabbros are coarse-grained rocks and exhibit granular tex-
ture. They include primary hornblende and to a lesser extent
plagioclase.

GEOCHEMISTRY

Lava compositions have been used by many workers to
infer the tectonic environment during formation of ophio-
lites (Miyashiro, 1973; Nisbet and Pearce, 1973; Pearce and
Cann, 1973; Pearce, 1975; Pearce and Norry, 1979; Saun-
ders et al., 1980; Pearce, 1982; Shervais, 1982; Arvin and
Robinson, 1994). The geochemical characteristics of sheet-
ed dikes from the Nain ophiolite can also help to interpret
the tectonic environment in which this ophiolite formed.
The results of major and trace element analyses for the
sheeted dike complex and high-level gabbro unit of the Nain
ophiolite are given in the Table 2.
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Table 2 - Whole rock (major and trace element) chemical analyses of the sheeted dike complex and high-level gabbro unit of
the Nain ophiolite.

Rock Gabbro basalt basaltic-andesitic andesite dacite SO-17

Sample RS-22 RS-20A RS-109 RS-6-1 RS-6-9 RS-7 RS-13 RS-1 RS-100 Meas. Offic.
SiO;a 54.28 47.25 51.51 51.06 51.66 50.71 53.51 60.85 63.30 61.68 61.17
TiO, 047 0.51 0.53 047 1.06 0.70 0.51 0.67 0.80 0.60 0.59
Al,O4 14.17 1451 15.38 15.25 13.69 15.17 15.60 15.67 13.45 13.86 13.72
Fe, 05" 9.23 8.84 11.24 8.74 10.69 12.50 8.84 7.26 5.89 5.85 5.80
MnO 0.17 0.21 0.20 0.17 0.21 0.13 0.15 0.07 0.12 0.52 0.53
MgO 6.99 13.76 5.71 8.43 7.11 8.21 6.75 301 2.00 2.24 2.33
CaO 8.37 7.23 743 7.39 8.34 4.34 5.99 3.15 4.80 4.53 4.64
Na,O 4.34 191 4.62 4.06 4.20 4.52 542 7.92 5.80 4.09 4.16
K,O 0.14 0.84 0.24 0.21 0.04 0.17 0.04 0.04 0.04 141 1.37
P,O5 0.01 0.01 0.05 0.05 0.11 0.06 0.04 0.10 0.10 1.00 0.98
Mg# 0.51 0.66 0.39 0.61 0.47 0.48 0.55 0.39 0.30
LOI 1.70 4.60 3.00 4.10 2.80 3.40 3.10 1.20 3.50 3.40 3.40
SUM 99.89 99.93 99.92 99.95 99.91 99.95 99.93 99.91 99.77 99.75 98.77
SCippm) 48.00 31.00 40.00 37.00 38.00 35.00 34.00 26.00 19.00 21 24
Ba 19.10 75.30 67.2 41.1 10.80 21.40 22.40 6.60 7.50 388.80 398.00
Co 34.90 48.20 36.40 34.80 38.70 41.40 31.10 16.90 18.30 18.00 18.70
Cs <0.10 0.50 <0.10 0.30 <0.10 <0.10 <0.10 <0.10 <0.10 3.90 3.80
Ga 9.70 12.30 12.00 14.20 12.70 13.30 15.30 11.10 14.90 18.50 20.30
Hf <0.50 <0.50 <0.50 <0.50 1.20 1.00 0.90 1.60 1.90 12.80 12.10
Nb <0.50 <0.50 <0.50 0.60 <0.50 <0.50 <0.50 <0.50 0.60 24.90 25.70
Rb 1.40 7.20 2.10 3.40 <0.50 1.60 <0.50 <0.50 <0.50 23.20 23.70
Sr 108.50 84.50 178.40 82.00 106.20 129.00 67.90 70.90 60.70 319.70 307.50
Ta <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 4.30 4.40
Th <0.10 <0.10 <0.10 0.40 <0.10 0.20 <0.10 <0.10 <0.10 11.90 11.50
U <0.10 <0.10 <0.10 <0.10 0.10 <0.10 0.20 <0.10 <0.10 11.30 11.40
A% 260.00 198.00 294.00 253.00 337.00 272.00 268.00 162.00 51.00 126.00 132.00
Cr 82.10 780.00 68.42 88.90 20.52 164.20 82.10 0.00 6.84 3078.97 ;962'6
Zr 5.20 11.60 10.40 17.40 32.90 23.40 19.50 42.40 47.30 356.70 358.00
Y 12.10 16.70 11.10 13.60 24.20 17.60 12.30 30.10 26.60 27.70 27.20
La 0.60 <0.50 0.80 1.40 1.70 1.30 1.10 1.40 2.40 10.90 11.00
Ce 1.30 1.00 1.90 2.80 4.80 3.60 2.90 4.80 7.20 23.90 23.50
Pr 0.30 0.270 0.30 047 0.84 0.61 048 0.95 1.19 3.00 2.90
Nd 1.60 1.70 2.10 2.60 4.30 3.30 2.60 5.10 6.80 13.60 13.60
Sm 0.70 1.10 0.70 1.00 1.90 1.20 0.80 2.00 2.40 3.40 3.30
Eu 0.31 0.37 0.34 042 0.75 0.62 049 0.53 091 1.02 1.04
Gd 1.44 1.86 1.44 1.71 291 2.07 1.40 3.53 3.77 3.86 3.81
Tb 0.24 0.35 0.29 03 0.58 042 0.32 0.68 0.63 0.65 0.66
Dy 1.58 2.38 1.58 1.97 3.82 2.82 1.84 4.48 4.53 4.16 4.24
Ho 042 0.56 043 047 0.84 0.65 042 0.99 1.03 0.94 0.93
Er 1.31 1.79 1.21 1.36 2.51 1.89 1.26 2.97 3.05 2.70 2.73
Tm 0.20 0.24 0.17 0.18 0.29 0.25 0.22 0.45 0.46 0.44 0.42
Yb 1.30 1.92 1.23 1.57 2.23 1.73 1.30 2.98 3.20 2.80 2.90
Lu 0.18 0.25 0.16 0.23 0.30 0.27 0.20 047 048 0.43 0.44
Cu 7.30 113.10 50.80 114.60 18.70 11.50 192.1 12.00 235.40 140.60" 142.30"
Pb 0.40 0.40 0.30 0.40 0.40 0.50 0.40 0.20 0.40 24.80" 25.00"
Zn 21.00 71.00 41.00 79.00 40.00 53.00 74.00 12.00 74.00 138.00" 137.00"

Normalizing values for REE are from Sun and McDonough (1989).
< = below detection limit. An indication of the accuracy is given by measured (Meas.) and official (Offic.) values for the SO-17 standared. * Measured and
official values for the DS5 standared.
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The studied samples have SiO, contents ranging between
47-63 wt%, although most of the samples fall between 50-
54 wt% SiO,. Mg#s (Mg/Mg+Fe*?) range from 0.30 to 0.66
in these samples. The samples have low K,O (< 0.3 wt%)
and TiO, (0.4-1 wt%) contents. MgO shows a good negative
correlation with silica (Fig. 4a), conform to the role of frac-
tional crystallization in the evolution of the magma. Plot of
wt% FeO+Fe,O, versus wt% SiO, shows iron enrichment in
the early stages of evolution of the magma (Fig. 4b). The
studied samples plot within the subalkaline/tholeiitic field of
the AFM diagram (after Irvine and Baragar 1971) (Fig. 5).
In general, it is considered that fractionation under reducing
conditions suppresses crystallization of magnetite, thus pro-
moting iron enrichment in the early stages (tholeiitic trend)
(Wilson, 1989). In a few samples, the presence of alteration
is reflected in the abundances of the more mobile elements
and LOI. However, one alkali-silica plot (Fig. 6) shows rela-
tively minor amounts of scatter in the total alkali content of
the samples, indicating that the effects of alteration are min-
imal. Selected minor and trace elements (e.g. Ti, Zr, Y, Th
and Nb), believed to be relatively immobile under condi-
tions of metasomatism and low-grade hydrothermal meta-
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Fig. 5 - AFM diagram (after Irvine and Baragar, 1971) plotting the sheeted
dikes (diamonds) and high-level gabbro (triangle) in the field of subalka-
line/tholeitic rocks.
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morphism, are used to characterize extrusive rocks with re-
spect to their original composition and possible tectonic en-
vironment of formation (Pearce and Cann, 1973; Winchester
and Floyd, 1977; Pearce and Norry, 1979; Meschede, 1986;
Jenner, 1996; Pearce, 1996;).

Based on the Zr/TiO,-Nb/Y diagram (Winchester and
Floyd, 1977) the sheeted dikes from the Nain ophiolite have
subalkaline basaltic, basaltic-andesitic and andesitic compo-
sitions (Fig. 7). The Ti-Zr diagram (Pearce and Cann, 1973)
confirms that their magma is of low potassium tholeiite type
(LKT) (Fig. 8). Chemical discriminations for the tectono-
magmatic environment of the Nain ophiolites sheeted dikes,
using selected diagrams based on immobile elements, are
presented in Fig. 9. These digrams are consistent with an is-
land arc geodynamic setting. These patterns are similar to
those obtained by Rahgoshay and Shafaii (2004a) for basalts
from the Nain ophiolite and also to the patterns for mafic
dike swarms of the Pozanti-Karsant1 ophiolite (Parlak,
2000). The N-MORB-normalized incompatible elements for
the sheeted dike and high-level gabbro samples indicate de-
pletion of most of the high field strength (HFS) elements
with respect to N-MORB. The concentrations of the large
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Fig. 6 - Total alkalis versus SiO, diagram showing the pervasive but weak
nature of alteration in the Nain ophiolte shheted dikes.
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Fig. 9 - Selected tectonomagmatic discrimination diagrams for the sheeted dikes and high-level gabbro: a. after Pearce and Norry (1979), b. after Shervais

(1982). Symbols as in Fig. 5.

ion lithophile (LIL) elements in these rocks are all greater
than those in the N-MORB (Fig. 10). The LIL elements are
those most readily mobilized by a fluid phase, and their en-
richment in island-arc basalts has been attributed to metaso-
matism of their mantle source by hydrous fluids derived
from the subducted oceanic crust (Wilson, 1989). The low
abundances of HFS elements have been variously attributed
to: (I) high degree of partial melting of the mantle source
(Pearce and Norry, 1979), (I) stability of minor residual
phases (e.g. rutile, zircon and sphene) in the mantle source
(Dixon and Batiza, 1979), and (III) remelting of an already
depleted mantle source (Green, 1973).

One of the most conspicuous features of the diagram of

Fig. 10) is the positive Th anomaly and negative anomaly of
Nb and Zr. Briqueu et al. (1984) observed that the negative
Nb anomalies in modern arc volcanics were independent of
the degree of fractional crystallization. Remarkable Th en-
richment and Nb depletion relative to other incompatible el-
ements are considered to represent a subduction zone com-
ponent (Wood, 1980; Pearce, 1983; 1996). In this case, the
presence of clearly arc-type rocks in combination (Fig. 9)
with depletion of both Nb and Zr (Fig. 10) suggests an arc-
like tectonic environment for the Nain ophiolite oceanic
lithosphere. The N-MORB-normalized incompatible ele-
ments patterns for the Nain ophiolite sheeted dikes are simi-
lar to those obtained by Nicholson et al. (2000) for the
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Tangihua ophiolite lavas. The chondrite-normalized rare
earth element (REE) patterns for the sheeted dike and high-
level gabbro samples of the Nain ophiolite are shown in Fig.
11. The high-level gabbro has the lowest concentrations of
REE (2-8 x chondrite) and the convex upward pattern is
characterized by LREE depletion (La,/Smy = 0.54) and en-
richment in MREE and HREE. A small negative Eu anom-
aly (Ew/Eu" = 0.94) can be observed. The overall concentra-
tions of REE in the sheeted dikes are slightly higher (2-20 x
chondrite), however Eu/Eu” ratio varies between 0.61-1.4,
and the dikes also show LREE depletion [(La/Smy), . =
0.63] and HREE enrichment. The partition cofficients (D)
for REE and other trace elements between melt or fluid and
phases are different according to the minerals concerned
(Abe et al., 1998).
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Fig. 10 - Incompatible element patterns of the sheeted dikes and high-level
gabbro, normalized to N-type MORB (Sun and McDonough, 1989). Sym-
bols as in Fig. 5.
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Fig. 11 - Chondrite-normalized REE patterns for the sheeted dikes and
high-level gabbro. Normalizing values from Sun and McDonough (1989).
Symbols as in Fig. 5.

Formation of the Nain sheeted dikes was dominated by
clinopyroxene fractionation and presence of hornblende.
Plagioclase crystallization has typically only minor effects
on the REE of the melt, except for the large positive anom-
aly in the Europium distribution coefficient, which will con-
tribute to a negative Eu anomaly in the melt (Hanson, 1989).
The REE patterns for these rocks are similar to those ob-
tained by Shojaat et al. (2003) for NMORB-like basalts
from the Sabzevar ophiolite and also to the patterns for a
group of pillow basalts from the Khoy ophiolite (Hassani-
pak and Ghazi, 1999) and from the Samail ophiolite sheeted
dikes (Pallister and Knight, 1981). The Cr-Y diagram
(Pearce, 1982; Malpas et al., 1994; Lippard et al., 1986)
shows a simple equilibrium partial melting adapted to model
primary melt composition from a simple mantle lherzolite
having about 2000 ppm Cr (Fig. 12). When applied to the
data from the Nain ophiolite sheeted dikes, this model
shows that the rocks have IAT affinity. Furthermore, the
model also suggests that these rocks formed from a melt that
was produced by 30 to 40% partial melting of a mantle lher-
zolite. Similarly, Lippard et al. (1986) suggested 20-30%
partial melting to produce the melt for the Cpx-phyric basalt
unit of the Semail ophiolite.

DISCUSSION AND CONCLUSIONS

Ophiolites are thought to form in diverse tectonic settings
including: mid-oceanic ridge spreading centers, supra-sub-
duction zones (SSZ), back arc basin and fore arc extensional
regimes (Pearce et al., 1984; Lytwyn and Casey, 1995;
Katzir et al.,1995; Thompson et al., 1997). Moreover, in
some cases, the various constituents of ophiolites are pro-
posed to have been originated in different and contrasting
tectonic regimes (Berhe, 1990; Helmstaedt and Scott, 1992;
Lytwyn and Casey, 1995). MORBs are the characteristic
rock type of the mid-oceanic ridge spreading centers ophio-
lite, whereas in supra-subduction zones ophiolites, lavas
have geochemical characteristics of island arc tholeiites
(Pearce et al., 1984). Distinguishing between back-arc lava
and MORB signatures is difficult, especially if the samples
have undergone some degree of metamorphism, but nega-
tive anomalies in the HFS elements are widely accepted as
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Fig. 12 - Cr-Y diagram (Pearce 1982; Malpas et al., 1994; Lippard et al.,
1986) showing the Nain ophiolite sheeted dikes. MORB- mid ocean basalt;
WPB- within plate basalt; IAT- island arc tholeiite.



indicators of a subduction zone setting (Nicholson et al.,
2000). Furthermore, boninites are the characteristic rock
type of the forearc regions of modern oceanic arcs
(Cameron et. al., 1979; Meijer, 1980). Lavas that erupted at
destructive plate boundaries are commonly considered to
derive from mantle sources previously depleted with respect
to the sources of mid-ocean ridge basalts, and subsequently
enriched by aqueous fluids driven off subducted oceanic
lithosphere in an arc-basin setting. (Pearce, 1980; Gill,
1981; Knittel and Oles, 1994). The assumption of previous-
ly depleted sources is supported by the presence of harzbur-
gites at the inner trench walls of several island arcs (Bonatti
and Michael, 1989) and by the eruption of boninites, which
undoubtly derive from very depleted sources (Crawford et
al., 1989).

Geochemical and petrological studies confirm that the
Nain ophiolite represents a supra-subduction zone type
ophiolite. Their magma is sub-alkaline (low potassium
tholeiite) and chemically similar to island arc tholeiitic
basalts. The geochemistry also shows that the primary melt
of these rocks derived from high degrees of partial melting
of a mantle source previously depleted with respect to the
source of mid-ocean ridge basalts, and are subsequently en-
riched by aqueous fluids driven off subducted oceanic
lithosphere in an arc-basin setting.
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