
introduction

Iranian ophiolites include remnants of both the Paleo-
Tethys (Paleozoic ophiolites) and Neo-Tethys (Mesozoic
ophiolites) oceanic lithosphere. Mesozoic ophiolites are
widespread in Iran and have classically been divided in
three groups (Takin, 1972; Stöcklin, 1974; McCall, 1997)
(Fig. 1): 1) ophiolites of the Zagros Suture Zone, including
the Neyriz, Kermanshah, and Sarve-Abad ophiolites, which
appear to be coeval with the Oman (Samail) ophiolite em-
placed onto the Arabian continental margin (e.g., Agard et
al., 2005; Babaie et al., 2006; Sheikholeslami et al., 2008;
Allahyari et al., 2010; 2014; Saccani et al., 2013; 2014); 2)
ophiolites of the Makran accretionary prism, which include
the Band-e-Zeyarat/Dar Anar and Fanuj-Maskutan com-
plexes (e.g., Najafzadeh et al., 2008; Moslempour et al.,
2015; Delavari et al., 2016; Saccani et al., 2017); 3) ophio-
lites and colored mélanges that mark the boundaries of the
central Iranian microcontinent (CIM), including Nain,
Baft, (e.g., Shafaii-Moghadam et al., 2009; 2013) Sabzevar
(Shojaat et al., 2003; Omrani et al., 2013, Khalatbari Jafari
et al., 2013a) and the ophiolites of the Sistan Suture zone
(i.e., Tchehel Kureh, Nehbandan, Iranshahr, Tirrul et al.,
1983; Saccani et al., 2010; Omrani et al., 2017). The
Sabzevar ophiolitic mélange includes a large variety of
ophiolitic and high pressure-low temperature (HP-LT)

metaophiolitic rock-types (e.g., Shojaat et al., 2003; Om-
rani et al., 2013, and references therein). The Sabzevar
ophiolitic mélange crops out in northeastern Iran and
marks the Neo-Tethys suture between the CIM, to the
south, and the Turan plate (i.e., the southern margin of
Eurasia), to the north (Fig. 1). 

Many studies have been carried out on the lithotypes
from Sabzevar ophiolitic mélange (e.g., Alavi-Tehrani,
1976; Lensch et al., 1977; Ohnenstetter, 1983; Lindenberg
et al., 1983; Spies et al., 1983; Rossetti et al., 2009; Omrani
et al., 2013; Khalatbari Jafari et al., 2013a; 2013b). Lensch
and Davoudzadeh (1982) identified different magmatic
affinities for the magmatic rocks included within the
Sabzevar ophiolitic mélange, including mid-ocean ridge
(MORB) and subduction zone affinities. Noghreyan (1982)
suggested that cumulate gabbros included into the mélange
were formed from a low-Ti tholeiitic magma and concluded
that the Sabzevar ophiolite formed in an immature arc set-
ting. Based on the composition the of pillow lavas, a simi-
lar conclusion was suggested by Baroz et al. (1984). Sho-
jaat et al. (2003) investigated the petrology, geochemistry
and tectonics of the Sabzevar ophiolite and identified
basaltic rocks with both normal MORB (N-MORB) and en-
riched MORB (E-MORB) chemical signatures, as well as
basaltic rocks with island arc affinity. In contrast to previous
works, Khalatbari Jafari et al. (2013a) recently suggested
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ABSTRACT

The Sabzevar ophiolite-bearing mélange mainly includes tectonic slices of ophiolites regarded as remnants of the Late Cretaceous oceanic basin located

between the northern margin of the Central Iran Microcontinent and the southern margin of the Turan (Eurasia) plate, as well as remnants of its northern con-

tinental margin. We present here new mineral chemistry and whole rock chemical data on the sheeted dyke complex and pillow lavas series from this ophio-

lite. The sheeted dykes consist of basalts and basaltic andesites showing island arc tholeiitic (IAT) affinity (Group 1). They display low TiO2 (0.37-0.81 wt%)

contents and N-MORB normalized incompatible element patterns featuring Th enrichment and Ta and Nb depletion. The pillow lavas show different chemical

features compared to the sheeted dykes and can be subdivided in two distinct geochemical groups. The first Group of pillow lavas (Group 2) mainly consists

of andesites showing a clear calc-alkaline (CA) affinity with low TiO2 (0.71-0.81 wt%) contents. Their N-MORB normalized incompatible element patterns

display marked enrichments in Th, U, La, and Ce, and depletion in Ta, Nb, and Ti. The second Group of pillow lavas (Group 3) is mainly represented by alka-

line basalts with high TiO2 (1.54-3.45 wt%) contents. N-MORB normalized incompatible element patterns show significant Th, Ta, and Nb enrichments.

Trace element modeling shows that CA primary melts were generated by 20% partial melting of a depleted lherzolite mantle source that had been enriched

by continental crust chemical components. IAT basalts were generated from various degrees of partial melting of either depleted lherzolitic or harzburgitic

mantle sources bearing no or negligible influence from continental crust components. Alkaline basalts were generated by polybaric partial melting of an en-

riched within-plate oceanic mantle source. A new tectono-magmatic model that can explain the different rock association cropping out in the Sabzevar ophio-

lite is proposed. This model implies the existence, on the southern margin of the Turan plate during the Late Cretaceous, of a continental arc-forearc system

where CA and IAT rocks were erupted, respectively. Alkaline basalts were erupted in a subduction-unrelated oceanic basin and then tectonically accreted to

the forearc as a consequence of the collision between the seamount and the arc-forearc system.
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that the extrusive rocks of the Sabzevar ophiolitic mélange
represent oceanic crust formed at an arc-backarc transition
zone. From above, it is clear that there is no general con-
sensus on the tectono-magmatic and geodynamic signifi-
cance of the Sabzevar ophiolite. In fact, different geody-
namic models for the evolution of the Neo-Tethys in the
northern margin of the CIM have been proposed in litera-
ture (e.g., Shojaat et al., 2003; Rossetti et al., 2009; Omrani
et al., 2013). Therefore, we present new petrological and
geochemical data on sheeted dykes and pillow lavas from
the Sabzevar ophiolitic mélange with the aim of constrain-
ing the petrogenetic processes and the characteristics of the
mantle source involved in the sea-floor accretion in the
Neo-Tethys branch north of the CIM. Finally, the data pre-
sented in this paper will also be used for testing and devel-
oping the models proposed for the evolution of this Neo-
Tethys branch.

geological setting

The Sabzevar ophiolite is the largest ophiolitic complex
in northeastern Iran (Lensch et al., 1977; 1979). This ophio-
lite builds up an east-west trending mountain range about
200 km long and 15 to 30 km wide (Fig. 2). The Sabzevar
zone is bordered to the north and south by the Meyamey and
Doruneh faults (Fig. 1), respectively (Khalatbari-Jafari et al.,
2013a). The Sabzevar ophiolite consists of a mélange com-
plex including a mixture of tectonic slices of ophiolitic and
supra-ophiolitic volcano-sedimentary rocks (Khalatbari-Ja-
fari et al., 2013a), as well as HP-LT metaophiolitic rocks
(Shojaat et al., 2003). All the different chronological and
lithological igneous, metamorphic (dynamothermal and
ocean-floor hydrothermal) and sedimentary units and forma-
tions in this ophiolite are divided into two general genetic
groups namely: the ophiolitic (Campanian-Maastrichtian)

Fig. 1 - Schematic tectonic map of Iran show-

ing the distribution of the main ophiolitic

complexes and the location of the study area

(SB). Modified from the 1:1,000,000 mag-

matic map of Iran (Emami et al., 1993) and

from the sedimentary-structural map of Iran

(Aghanabati, 2004). The locations of the main

ophiolitic complexes of Iran are shown.
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and the post- ophiolitic (Eocene- Quaternary) rock sequences
(Alavi-Tehrani, 1976; Figs. 3, 4). Along the southern
Doruneh fault, the Sabzevar ophiolite is strongly tectonized
and consists of a mixture of serpentinites, rodingitized dia-
bases, listvenites, altered gabbros, pillow lava fragments, ex-
otic blocks of crystalline limestones and amphibolites. The
central and northern parts of the Sabzevar ophiolite are also
intensely tectonized, but thick tectonic slices preserving orig-
inal internal structures can be recognized in places. 

The different tectonic slices include mantle tectonites,
mafic and ultramafic layered cumulates, isotropic gabbros,
tonalites, plagiogranites and granophyres, sheeted dyke
complex and pillow lavas interbedded with oceanic fossilif-
erous pelagic limestones and radiolarites (Alavi-Tehrani,
1976; Figs. 3, 4). Mantle peridotites are the volumetrically
most abundant rock-type (Fig. 2) and occur as tectonic
slices over the ophiolitic extrusive sequence to the south,
and over the supra-ophiolitic sequence, as well as over the
Paleocene-Eocene conglomerates, epiclastic breccias, and
Eocene tuffs, to the north (Khalatbari-Jafari et al., 2013b).
Mantle peridotites mainly consist of serpentinized harzbur-
gites, clinopyroxene-rich harzburgites, and lherzolites, all
intruded by rodingitized individual pyroxenite and diabase
dykes. Harzburgites are locally associated with chromite-
bearing dunite lenses and pyroxenitic dykes (Shojaat et al.,
2003; Khalatbari Jafari et al., 2013b). Tectonic slices of
gabbros are delimitated by fault contacts. They commonly
consist of cumulate gabbros and wehrlites, which grades in-
to isotropic gabbros and gabbronorites, and are cut by pla-
giogranite dykes and rare individual diabase dykes (Ohnen-
stetter, 1983; Khalatbari Jafari et al., 2013b). Lensch et al.,
(1979: 1980) suggested that the plutonic sequence was orig-
inated in an immature island arc setting.

The sheeted dyke complex crops out at the top of the plu-
tonic crustal section of the Sabzevar ophiolite (Fig. 5a).
Dykes range in thickness from 25 cm to 4 m (Fig. 5b) and
extend up to 2.5 km. Dykes are characterized by increase in
the grain size, from the margins toward the core of the
dykes, which indicates rapid cooling along the margins
(Kalatbari-Jafari et al., 2013a). They occupy radiating frac-
tures possibly linked to conjugate faults or to extension
zones varying locally. In the Soleymaniyeh area, structural

features have revealed that the shape of the magma cham-
ber, its internal layering and the structure of the overlying
sheeted dykes are mainly controlled by faults (Ohnenstetter,
1980). A highly fragmented and sheared sheeted dyke com-
plex showing, however, clear dyke-into-dyke relationships,
can be seen near Baghjar.

Pillow and massive lavas occur as tectonic slices and are
predominantly gray-green to light green in colour (Fig. 5c,
d). Locally, individual diabase dikes cut the ophiolitic extru-
sive sequence. The main outcrops of pillow lavas are found
near the Baghjar, Soleymaniyeh, and Aliak villages (Fig. 3).
The few available K/Ar radiometric datings on lavas and di-
abases range from 81.2±4.1 Ma to 76.8±3.8 Ma (Lensch and
Davoudzadeh, 1982). The volcanic rocks exhibit a wide
compositional range including: 1) Normal and enriched
MORB-like basalts (Shojaat et al., 2003); 2) within-plate al-
kaline basalts and trachyandesites (Shojaat et al., 2003;
Khalatbari Jafari et al., 2013a); 3) IAT volcanic rocks (Sho-
jaat et al., 2003; Khalatbari Jafari et al., 2013a). Basalts are
locally intercalated with Late Cretaceous (Campanian-
Maastrichtian) limestones (Shojaat et al., 2003; Khalatbari
Jafari et al., 2013a).

The pillow lavas are locally overlain by Late Cretaceous-
Paleocene post-ophiolitic volcano-sedimentary sequences,
which were interpreted as an immature volcanic arc (Lensch
et al., 1979). The Aliak unit represents the oldest unit of the
volcano-sedimentary sequence. This unit is deformed into a
large anticline and includes from bottom to top: lava flows,
white breccias, tuffs and sedimentary rocks. The white brec-
cias consist of lava fragments, pillow debris and, rarely, iso-
lated pillows. The volcano-sedimentary sequence consists of
tuffs interbedded with greenish litharenites and limestones.
In both intrusive and volcanic rocks there is no evidence of
foliation or lineation indicating regional metamorphism.

PetrograPhy of the sheeted dykes 
and Pillow lavas

sheeted dyke complex

Dykes are hydrothermally altered under low-grade
greenschist-facies condition. Alteration commonly occurs
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Fig. 2. Geological map of the Sabzevar area showing the location of the study area (box). Modified from the 1:1,000,000 Magmatic Map of Iran (Emami et

al., 1993).
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through the pseudomorphic replacement of igneous phases
by secondary minerals, whereas igneous textures are pre-
served (Fig. 5e, f). These dykes mainly consist of por-
phyritic basalts, basaltic andesites and andesites. Some
dykes show intergranular, glomerophyric and intersertal

textures with phenocrysts of plagioclase and clinopyrox-
ene. Clinopyroxene is partly replaced by chlorite, and oc-
casionally by actinolite. Zeolite is also a common alter-
ation mineral. Fine-grained Fe-oxide is a ubiquitous acces-
sory phase. 

Fig. 3 - Geological map of the study area (modified from the 1:250,000 Sabzevar Geological Map, Sahandi, 1993).
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Pillow lavas

The pillow lavas are mostly basaltic to dacitic in compo-
sition and show porphyritic and aphyric texture with mi-
crolitic, hyalo-microlitic, and interstitial groundmass. They
are altered to some extent, but relict igneous textures are
well preserved (Fig. 5g, h). In the porphyritic varieties, the
phenoscryst assemblage consists of clinopyroxene and pla-
gioclase. In addition microphenocrysts of olivine altered in
iddingsite also occur. The groundmass consists of clinopy-
roxene, plagioclase, Fe-Ti oxides, and minor altered, or de-
vitrified volcanic glass. Pillow lavas usually display vesicu-
lar texture with vesicles (up to 1 cm in diameter) filled
mainly with calcite, chlorite, quartz, and epidote (Fig. 5h). 

analytical methods

Whole-rock major and some trace element were analyzed
by X-ray fluorescence (XRF) on pressed-powder pellets, us-
ing an ARL Advant-XP automated X-ray spectrometer. The
matrix correction methods proposed by Lachance and Trail
(1966) were applied. Volatile contents were determined as
loss on ignition (L.O.I.) at 1000°C. In addition, Rb, Sr, Zr,
Y, Nb, Hf, Ta, Th, U, and the rare earth elements (REE)
were determined by inductively coupled plasma-mass spec-
trometry (ICP-MS) using a Thermo Series X-I spectrometer.
The results are shown in Table 1. Moreover, for the discus-
sion of the geochemical characteristics, major element com-
position has been re-calculated on L.O.I.-free bases. The ac-
curacy of the data for XRF and ICP-MS analyses were eval-
uated using results for international standard rocks run as un-
known. The detection limits for XRF and ICP-MS analyses
were evaluated using results from several runs of twenty-

nine international standards. Results are given in Appendix
A. All whole-rock analyses were performed at the Depart-
ment of Physics and Earth Science, University of Ferrara. 

Major element compositions of mineral phases were deter-
mined by electron microprobe spectrometry using a CAME-
BAX and MS-46 in the Petrology Laboratory at the Universi-
ty of Nancy I in France. An accelerating voltage of 15 kV and
a beam current of 10 nA were applied for 25 seconds count-
ing interval, whereas the beam spot size was 5 µm. The major
element composition was corrected using an on-line ZAF
program, The results are shown in Tables 2 and 3.

whole rock chemistry

The geochemical features of the Sabzevar pillow lavas
and dykes are described here using those elements, which are
virtually immobile during low-temperature alteration and
metamorphism. They include some incompatible trace ele-
ments (e.g., Ti, P, Zr, Y, Sc, Nb, Ta, Hf, Th), middle (M) and
heavy (H) REE, as well as some transition metals (e.g., Ni,
Co, Cr, V) (Pearce and Norry, 1979). Large ion lithophile el-
ements (LILE) and major elements are commonly mobilized
during alteration (Pearce and Norry, 1979). In fact, the rela-
tive variations of Ba, Rb, SiO2, FeO, and CaO with respect to
immobile elements (e.g., Zr, Y), indicate appreciable
amounts of mobilization in many samples. Light REE
(LREE) may also be affected to some degree by alteration-
induced mobilization (e.g., Valsami and Cann, 1992). How-
ever, the close correlation between these elements and many
immobile elements indicate that LREE have not been mobi-
lized during the alteration processes. For example, the corre-
lation coefficient for La-Y covariation is r2 = 0.92.
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Fig. 4 - Reconstructed pseudo-stratigraphic

column of the Sabzevar ophiolite showing the

different lithologies of both ophiolitic

mélange and supra-ophiolitic sequence (mod-

ified from Shafaii Moghadam et al., 2014).
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Fig. 5 - Field occurrence and photomicrographs of sheeted dykes and pillow lavas: a) panoramic view of the sheeted dyke complex; b) close view of the sheet-

ed dyke complex; c) an outcrop of pillow lavas; d) typical pillow lavas with inter-pillow carbonatic rocks; e) intergranular texture (10x); f) porphyric texture,

groundmass includes clinopyroxene, plagioclase, quartz, and opaque minerals (10x); g) microlitic and fluidal texture (10x); h) vesicular texture with vesicle

filled by calcite, groundmass includes small laths of plagioclase, quartz, clinopyroxene, and opaque minerals (5x). Cpx- Clinopyroxene, Pl- Plagioclase, Opq-

Opaque.
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Table 1 - Major and trace element analyses of volcanic rocks and dykes from the Sabzevar ophiolite. 

bas- basalt; bas and- basaltic andesite; and- andesite; dac- dacite; trachy and- trachyandesite; b.d.l.- below detection limit. Mg# = 100 x Mg/(Mg+Fe2+). Fe2O3

is calculated assuming Fe2O3 = 0.15 x FeO. Normalizing values for REE ratios are from Sun and McDonough (1989). *: data from Noghreyan (1982). 
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Table 1 (continued)
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Table 1 (continued)
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Three main geochemical groups of volcanic and subvol-
canic rocks can be recognized in the Sabzevar ophiolitic
mélange (Table 1). Group 1 rocks are exclusively represent-
ed by dykes, whereas pillow lavas show two distinct compo-
sitions (Group 2 and Group 3). Group 1 dykes from both
Baghjar and Soleymaniyeh localities show similar composi-
tions. They are mainly represented by basaltic andesites
with minor occurrences of basalts and andesites. SiO2 con-
tents range between 51.23 and 56.44 wt% and Mg# range
between 83.7 and 60.6. These rocks display a sub-alkaline,
tholeiitic nature exemplified by variable, but generally low
Nb/Y ratios (Fig. 6), as well as by sharp Ti and Fe increase
from basalt to andesite (Fig. 7). They are characterized by
variable, but generally low TiO2 (0.37-0.81 wt%), P2O5

(0.02-0.08 wt%), Zr (28-52 ppm) and Y (11-23 ppm) con-
tents. Compatible element contents (Table 1) are very vari-
able (e.g., Cr = 21-394 ppm). Nonetheless, these elements
generally show low contents in most samples (Table 1). 
N-MORB normalized spider-diagrams (Fig. 8a) display 

157

Table 2 (continued)

Fig. 6 - Nb/Y vs. Zr/Ti discrimination diagram of Winchester and Floyd

(1977) modified by Pearce (1996) for volcanic rocks and dykes of the

Sabzevar ophiolite. 
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Table 3 - Representative analyses of plagioclase in volcanic rocks and dykes from the Sabzevar ophiolite (data from
Noghreyan, 1982).

Ab- albite; An- anorthite; Or- orthoclase. 

incompatible element patterns with Th relative enrichment
and marked Ta and Nb negative anomalies. P and Ti also
show negative anomalies, though comparatively less
marked. HFSE abundance is generally low ranging from 0.3
to 0.7 times N-MORB composition (Sun and McDonough,
1989). Most samples show REE patterns (Fig. 8b) slightly
increasing from LREE to HREE, as testified by the
(La/Sm)N and (La/Yb)N ratios (0.6-1.0 and 0.6-1.1, respec-
tively). By contrast, sample D4 (basaltic andesite) show
both LREE/MREE and LREE/HREE enrichment (LaN/SmN

= 1.7; LaN/YbN = 2.2). Eu display either slightly positive or
slightly negative anomalies. The overall geochemical fea-
tures of Group 1 rocks are similar to those of island arc
tholeiites (IAT) from many ophiolitic complexes, as evi-
denced in Fig. 8a, b. Based on Th-Co covariation, Group 1
rocks can be classified as IAT (Fig. 9). Accordingly, in the
discrimination diagrams in Fig. 10a they plot in the field for
IAT forming in volcanic arc settings with no significant
contribution from polygenetic crust (Fig. 10b). 

Group 2 rocks include pillow lavas from Aliak and Bagh-
jar localities. They are mainly represented by andesites and
subordinately by basaltic andesites and dacites. SiO2 contents
range between 62.69 and 67.69 wt%, whereas Mg# range be-
tween 56.8 and 45.3. These rocks display sub-alkaline nature

as testified by low Nb/Y ratios (Fig. 6). Ti and Fe show a
mild increase with increasing Zr (here used as fractionation
index) (Fig. 7). Although generally low, TiO2 (0.71-0.81
wt%) and Y (15-26 ppm) contents are comparatively higher
than those observed in Group 1 rocks. In contrast, P2O5 (0.26-
0.32 wt%) and Zr (136-167 ppm) contents are much higher
than those of Group 1 rocks. Compatible element contents
(Table 1) are very low (e.g., Ni < 2 ppm, Cr = 12-17 ppm).
The incompatible element abundance (Fig. 8c) exhibits pat-
terns, which are very similar to those of calc-alkaline basalts
generated at active continental margins (e.g., Pearce, 1983)
with marked positive anomalies in Th, U, La, and Ce, and
negative anomalies in Ta, Nb, and Ti. The chondrite-normal-
ized REE abundances (Fig. 8d) of the Group 2 pillow lavas
have sub-parallel patterns, regularly decreasing from LREE to
HREE. The enrichment in LREE compared to HREE is rather
uniform with (La/Yb)N ratios ranging from 4.9 to 5.3. La gen-
erally varies from ~ 50 to ~ 60 times chondrite abundance. In
addition, these rocks show a slight negative Eu anomaly. The
REE patterns (Fig. 8d) are consistent with a calc-alkaline
affinity for these rocks. In fact, Group 2 rocks plot in the field
for calc-alkaline basaltic andesites and andesites (Fig. 9). Ac-
cordingly, in both the discrimination diagrams shown in Fig.
9 these samples plot in the field for calc-alkaline basalts.
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Group 3 rocks are represented by pillow lavas from So-
leymaniyeh and Baghjar localities. This group mainly con-
sists of basalts with minor trachyandesites (Table 1, Fig. 6).
SiO2 contents range between 45.56 and 55.03 wt%, whereas
Mg# range from 69.3 to 33.0. The alkaline nature of these
rocks is evidenced in the Zr/Ti vs. Nb/Y diagram in Fig. 6,
where it can be observed that Nb/Y ratios range from 1.04
to 2.24. They are characterized by high to very high TiO2

(1.54-3.45 wt%), P2O5 (0.36-1.18 wt%), Zr (116-457 ppm),
Y (18-52 p.p.m.) contents, as well as Ti/V ratios (33-114).
TiO2, FeO, Co, Cr, V, and Sc contents in basalts increase
with increasing Zr values and sharply decrease in the tra-
chyandesite sample (Fig. 7). The incompatible element
abundance (Fig. 8e) is characterized by decreasing patterns,
from Rb to Yb, which are similar to those of typical within-
plate alkali basalts. No Th, Ta, and Nb anomalies can be
seen. Only the more evolved trachyandesite sample shows
slight negative anomalies in Hf and Ti, possibly reflecting
the crystallization and removal of Fe-Ti phases. Group 3
rocks display significant LREE enrichment with respect to
HREE (Fig. 8f), which is exemplified by their (La/Yb)N ra-
tios, ranging from 8.8 to 13.2. The overall geochemical data
indicate that these rocks are very similar to that of oceanic
within-plate basalts from various modern oceanic basins
(e.g., Schilling et al., 1983). In fact, in the discrimination di-
agram shown in Fig. 10a these rocks plot in the fields for al-
kaline oceanic within-plate basalts forming in subduction-
unrelated oceanic settings (Fig. 10b).

mineral chemistry 
and geothermobarometry

clinopyroxene

It is commonly accepted that clinopyroxene composi-
tions represent a suitable indicator of the magmatic affinity
of basalts from different tectonic settings (Leterrier et al.,
1982), as well as from different ophiolitic types (Beccaluva
et al., 1989). In fact, clinopyroxene chemistry, although
controlled by crystal-chemical constrain, is strongly influ-
enced by the composition of magmas from which they crys-
tallize. Fresh primary clinopyroxenes were found in a few
samples of Group 1 dykes and Group 3 volcanic rocks,
whereas no fresh minerals were found in Group 2 rocks.
Representative analyses of fresh clinopyroxene crystals are
given in Table 2.

In Group 1 dykes, clinopyroxenes show augitic composi-
tion and do not show any Fe-enrichment trends from basalts
to basaltic andesites (Fig. 11). Clinopyroxenes from Group 1
rocks are characterized by low TiO2 (0.07-0.51 wt%) and
Na2O (0.07-0.24 wt%) contents, and high Mg# (80.5-90.3).
Cr2O3 contents are rather variable and from 0 to 0.53 wt%.
The Ti/Al ratio is assumed to vary as a function of the Ti-Al
substitution in pyroxene which, in turn, is strongly controlled
by the magma composition. Ti/Al ratios displayed by
clinopyroxenes from Group 1 basalts display a wide range of
variation, but are generally very low (0.02-0.12). Ti, Na and
Al are negatively correlated with increasing Mg#, though
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Fig. 7 - Variation in selected major and trace elements vs. Zr for volcanic rocks and dykes of the Sabzevar ophiolite. Major element oxides are recalculated on

anhydrous bases. Arrows indicate inferred fractionation trends for the different volcanic and subvolcanic rock-types.
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clinopyroxenes from different samples show different degree
of correlations (Table 2). A marked negative correlation be-
tween Ti and Cr is also observed. Using Ti-(Ca+Na),
(Ti+Cr)-Ca, and Al-Ti covariation diagrams of Leterrier et al.
(1982), clinopyroxenes from Group 1 volcanic rocks plot in
the fields for tholeiitic-type volcanic arc basalts (Fig. 12b).
Accordingly, in the TiO2-SiO2-Na2O discrimination diagram
of Beccaluva et al. (1989) they plot in the fields for volcanic
arc tholeiites and basaltic andesites/andesites (Fig. 13). 

Clinopyroxenes from Group 3 basalts plot in the diopside
field (Fig. 11). They show very high TiO2 (1.33-3.00 wt%)
and Na2O (0.30-0.46 wt%) contents. Accordingly, Ti/Al ra-
tios (0.16 to 0.27) are generally higher than those observed
in Group 1 rocks. Mg# values range from 71.4 to 82.3.
Cr2O3 show values much lower than those observed in
clinopyroxene from Group 1 rocks. Except for one mineral
analysis, this element is always less than 0.06 wt% (Table
2). As seen in clinopyroxenes from Group 1 rocks, Ti, Na

160

Fig. 8 - N-MORB normalized incompatible element patterns (a, c, e) and chondrite-normalized REE patterns (b, d, f) for volcanic rocks and dykes of the

Sabzevar ophiolite. The composition of island arc tholeiites (IAT) from the Vourinos (Saccani et al., 2008b) and Kudi (Yuan et al., 2005) ophiolites and mod-

ern Lau Basin (Ewart et al., 1994), as well as backarc basin basalts (BABB) from the Guevgueli (Saccani et al., 2008a), Caucasus (Rolland et al., 2009), Kudi

(Yuan et al., 2005), and Lau Basin (Ewart et al., 1994) are shown for comparison. Normalizing values and the compositions of modern normal-type mid-

ocean ridge basalt (N-MORB) and ocean island basalt (OIB) are from Sun and McDonough (1989).
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and Al are negatively correlated with increasing Mg#.
Based on the Ti-(Ca+Na) covariation (Leterrier et al., 1982),
clinopyroxene from Group 3 rocks plot in the field for alka-
line basalts (Fig. 12a). In the TiO2-SiO2-Na2O discrimina-
tion diagram of Beccaluva et al. (1989) they plot in the field
for oceanic within-plate alkaline basalts (Fig. 13). 

Pearce and Norry (1979) noted that Ti in clinopyroxenes

reflects the degree of depletion of the mantle source, as well
as the Ti activity of the parental magma that generated the
volcanic rocks. The low Ti content in clinopyroxenes from
Group 1 dykes suggests that they crystallized from primary
magmas generated from mantle sources, which underwent
Ti removal by previous partial melting events (Hébert and
Laurent, 1990). By contrast, the high Ti content of clinopy-
roxenes from Group 3 basalts suggests that they crystallized
from primary magmas generated from mantle sources,
which did not experienced previous partial melting events.

Plagioclase

Fresh plagioclase crystals were found in a few samples of
Group 1 and Group 3 volcanic rocks, whereas no fresh pla-
gioclase was found in Group 2 rocks. Representative analy-
ses of preserved plagioclase are presented in Table 3. Pla-
gioclases from Group 1 rocks range in composition from
bytownite (An = 72-83%) in basalts to labradorite-bytown-
ite (An = 60-73%) in basaltic andesites (Table 3). The pla-
gioclases from Group 3 basalts are bytownite in composi-
tion with the anorthite content ranging from 70 to 77%
(Table 2). Most of the studied plagioclases are deeply al-
tered and, therefore, only few fresh plagioclase crystals as-
sociated with clinopyroxene can be found. Nonetheless, the
anorthite contents of fresh plagioclases from Group 1 rocks
plotted against the Mg# of the co-existing clinopyroxenes
(Fig. 14) display compositions similar to those of SSZ-type
basalts.
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Fig. 9 - Th-Co discrimination diagram (Hastie et al., 2007) for Group 1 and

Group 2 volcanic rocks and dykes of the Sabzevar ophiolite.

Fig. 10 - N-MORB-normalized Th vs. Nb discrim-

ination diagram of Saccani (2015) for volcanic

rocks and dykes of the Sabzevar ophiolite. a) rock

types; b) tectonic setting interpretation. MORB-

mid-ocean ridge basalt; N- normal type; E- en-

riched type; D- depleted type; IAT- island arc

tholeiite; CAB- calc-alkaline basalt; OIB- alkaline

oceanic within-plate basalt; BABB- backarc basin

basalt; SSZ-E- supra-subduction zone enrichment;

AFC- assimilation-fractional crystallization; OIB-

CE- OIB component enrichment; FC- fractional

crystallization. Normalization values, as well as

the composition of typical N-MORB, EMORB,

and OIB (crosses) are from Sun and McDonough

(1989).
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Fig. 11 - Pyroxene quadrilateral diagram (Morimoto, 1989) showing

clinopyroxene compositions of volcanic rocks and dykes from the Sabze-

var ophiolite.

Fig. 13 -. TiO2-Na2O-SiO2/100 diagram for discriminating Ca-clinopyrox-

enes of basalts from different oceanic settings (Beccaluva et al., 1989).

WOPB- within oceanic plate basalts; MORB- mid-ocean ridge basalts;

IAT- island-arc tholeiites; BA-A- basaltic andesites and andesites; BON-

boninites.

Fig. 12 - a) Ti vs. (Ca+Na); b) (Ti+Cr) vs. Ca, and c) Ti vs. Altot diagrams

of Leterrier et al. (1982) showing the composition of clinopyroxenes from

volcanic rocks and dykes of the Sabzevar ophiolite. 
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geothermobarometry

The thermobarometric method proposed by Putirka
(2008) based on clinopyroxene-whole rock equilibrium and
the single clinopyroxene thermometer of Bertrand and
Mercier (1985-1986) are the only methods that can be used
for estimating crystallization temperatures and pressures for
the studied rocks, as fresh clinopyroxene is represented in
all rock-types. The different thermometers used gave very
similar estimated crystallization temperatures (Table 2). Us-
ing the method proposed by Putirka (2008), the estimated
magmatic temperatures for Group 1 rocks range from
1231±5°C for the basalt to 1134±14°C for the more evolved
andesite. Interestingly, the estimated temperatures gradually
decrease from basalt to basaltic andesite and andesite. Like-
wise, the estimated pressures broadly decrease from the
basalt (P = 0.32±0.01 GPa) to the basaltic andesites and an-
desites (P = 0.10±0.02 - 0.20±0.04 GPa) (Table 2). The esti-
mated temperatures obtained with the method of Bertrand
and Mercier (1985-1986) gave comparable results. Howev-
er, no regular decrease in temperature from basalt to an-
desite can be observed using this method (Table 2). Accord-
ing to these calculations, clinopyroxenes in Group 1 rocks
were generated at depths ranging from ~ 11 km (for basalt)
to ~ 3 km (for the more fractionated rocks). According to
the calibration of Putirka (2008), the estimated temperatures
for Group 3 basalt 11-5-7 is 1171±5°C with a pressure of
0.39±0.03 GPa (Table 2). Using the method of Bertrand and
Mercier (1985-1986), clinopyroxenes from Group 3 basalts
crystallized from 1230°C to 1082°C. The calculated pres-
sure suggest a clinopyroxene crystallization at ~ 12 km
depth.

discussion

melt petrogenesis and mantle sources

As shown in the previous section, the Sabzevar ophiolite
studied in this paper includes three different rock-types.

These rock-types can be used for determining the nature and
tectonic significance of the magmatic events that occurred
in the oceanic sector of the Neo-Tethys north to the CIM.
According to Pearce and Norry (1979) and Pearce (1983),
trace element (particularly, incompatible element) composi-
tion depends on the composition of mantle source and the
degree of its melting rather than shallow-level crustal
processes such as fractional crystallization and rock assimi-
lation. The trace element composition of the different mag-
ma-types is therefore primarily related to different source
characteristics that are associated, in turn, with distinct
tectono-magmatic settings of formation. Thus, we will focus
our petrogenetic discussion to the identification of the possi-
ble mantle sources and related tectonic setting of formation
of the three distinct rock-groups cropping out in the dyke
and pillow units of the Sabzevar ophiolite. Some trace ele-
ments contents (e.g., Nb, Th, and REE) and their degree of
depletion or enrichment, as well as trace element ratios
(e.g., Nb/Yb, Th/Ta, Th/Nb, Ba/Th) are moderately affected
by fractional crystallization of predominantly olivine +
clinopyroxene + plagioclase (Allègre and Minster, 1978).
Therefore, in presence of moderate amounts of fractiona-
tion, they are believed to represent the elemental ratios in
the source (e.g., Allègre and Minster, 1978; Beker et al.,
1997). For this reason, the following discussion will be
based on the relatively less fractionated basalts and basaltic
andesites of the different magmatic groups. 

A first distinction of the possible mantle sources associ-
ated with the different lava groups can be seen in Fig. 15a,
which shows that Group 3 (alkaline) basalts were generated
from an enriched-type mantle source, whereas, Group 1
(IAT) and Group 2 (calc-alkaline) rocks were generated
from depleted-types mantle sources. Fig. 15a shows that
Group 1 and Group 2 rocks plot in the fields for volcanic arc
basalts and show variable extents of Th enrichment relative
to Nb, which suggest variable addition of subduction-de-
rived components. These conclusions are fully supported by
the Th/Ta ratios and Zr composition (Fig. 15b). This Figure
shows that the influence from subduction components is
moderate for Group 1 dykes and comparatively more signif-
icant for Group 2 andesites. 

We have applied trace element modelling in order to find
the mantle peridotite compositions that best fit the composi-
tions of the less fractionated basaltic rocks for each mag-
matic type. A rigorous quantification of the melting process-
es (i.e., composition of mantle sources and degrees of partial
melting) generating the different rock-types is not possible
as the mantle source compositions cannot be constrained in
detail. However, semi-quantitative modelling of some trace
elements can place some solid constraints. Due to the very
different nature of Group 1 and Group 2 rocks (i.e., subduc-
tion-related), and Group 3 basalts (i.e., subduction-unrelat-
ed), we use different models. 

IAT and calc-alkaline rocks are commonly interpreted as
originating from partial melting of sub-arc residual peri-
dotites that experienced Nb depletion during previous par-
tial melting events followed by Th and LREE enrichment
carried by subduction-derived fluids or melts (e.g., Pearce,
1982; 1983; Gribble et al., 1996; Parkinson and Pearce,
1998). In these settings, the fluid flux from a subducted slab
may be either localized or pervasive, and fluid-mobile trace
elements may be added at every melting increment (see
Barth et al., 2003). In addition, compositions and the amounts
of subduction-related trace elements incorporated into the
overlying mantle wedge depend on a number of factors, such

Fig. 14 - Anorthite (plagioclase) vs. Mg# (clinopyroxene) diagram for

Group 1 sheeted dykes of the Sabzevar ophiolitic mélange. The composi-

tional variation for mid-ocean ridge basalts (MORB) and supra-subduction

zone (SSZ) basalts, basaltic andesites and andesites (B-BA-A), are report-

ed for comparison (E. Saccani, personal unpublished data).
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as the mineralogical compositions of the subducting rocks
(in turn, mostly depending on their alteration degrees), tem-
peratures, pressures, and distance from a subduction zone
(Pearce and Parkinson, 1993; Gribble et al., 1996; Dilek and
Furnes, 2011). Finally, the trade-off between the rate of ex-
tensional tectonics in the upper slab and the slab sinking is
also important in facilitating fluid transfer (e.g., Flower and
Dilek, 2003). Given these uncertainties, the extent and tim-
ing of fluid-induced refertilization in Th and LREE is diffi-
cult to constrain. Therefore, an alternative method for esti-
mating the degree of depletion and degree of melting of the
mantle source(s) is to plot a compatible versus an incompat-
ible element. In fact, compatible element abundance is not
significantly modified during the progressive mantle source
depletion, whereas abundance of incompatible elements is
closely related to source depletion and degree of melting
(Pearce, 1982; 1983). To this purpose, the Cr vs. Y diagram
in Fig. 16 (Pearce, 1983) is used for estimating the composi-

tion of mantle sources and the degrees of partial melting
generating Group 1 and Group 2 rock-types. In this Figure,
three possible mantle sources are assumed according to
Murton (1989): 1) source S1 represents a MORB-type man-
tle source; 2) source S2 represents a depleted mantle source
residual after 20% MORB-type melt extraction, which cor-
responds to a depleted lherzolitic composition; 3) source S3
represents a very refractory mantle source residual after
12% melt extraction from source S2 and corresponding to a
fertile harzburgitic composition.

In contrast, Group 3 basalts plot along the N-MORB-OIB
array (Fig. 10a) suggesting no influence from crustal materi-
al. Their composition is compatible with a genesis from pri-
mary magmas originating from enriched within-plate ocean-
ic mantle source. In addition, the high MREE/HREE ratios
displayed by these basalts (Fig. 8f) suggest an involvement
of a garnet peridotite source (Beker et al., 1997). Therefore,
in order to semi-quantitatively estimate the mantle peridotite
composition and the degree of partial melting that best fit
the composition of the less fractionated Group 3 basaltic
rocks we use a melting model based on LREE/HREE (i.e.,
La/Yb) vs. MREE/HREE (i.e., Dy/Yb) ratios (Fig. 17),
which are particularly useful for distinguishing between
melting in the spinel and garnet stability fields (e.g., Thirl-
wall et al., 1994). This diagram has the advantage to com-
bine two types of information in a single plot. The abun-
dance of La is used to evaluate the enrichment of the source,
whereas the Dy/Yb and La/Yb ratios are sensitive to the
presence of residual garnet in the source. Partial melting of
a mantle source in the spinel-facies produces little change in
Dy/Yb ratios in melts with respect to melt fraction. In con-
trast, mantle partial melting in the garnet-facies produces
large changes in Dy/Yb ratios with melt fraction. In both
cases, La/Yb ratios are particularly responsive to melt frac-
tion change (Fig. 17). Another important feature of these
plots is that mixing between different melt fractions formed
from garnet-facies and spinel-facies mantle will generate
linear mixing arrays (see Beker et al., 1997).

Group 1

In the Cr-Y model (Fig. 16), Group 1 basalts and basaltic
andesites are compatible with a wide range of mantle source
compositions, as well as a wide range of partial melting de-
grees. Samples with the relatively higher Y contents (i.e.,
samples D4, D13, D26) are compatible with about 15-18%
partial melting from a depleted lherzolite mantle source,
residual after 20% MORB-type melt extraction (source S2).
Samples with relatively lower Y contents (i.e., samples D1,
D3, D10, D15, D29, D30) are compatible with > 30% partial
melting of source S2, which is however an unreasonably high
partial melting degree. In fact, these samples have HREE
content slightly lower than samples having relatively higher
Y contents (Table 1; Fig. 8b). However, modeling using
HREE contents indicate that > 30% partial melting of mantle
source S2 with chondrite-normalized (Sun and McDonough,
1989) YbN = 1.9 would generate concentrations of HREE in
the melt that are much lower (YbN = 3 - 4) than values ob-
served in our samples (YbN = 8 - 9). Alternatively, the Cr-Y
composition of these samples can be explained assuming
lower degrees of partial melting (about 10%) of a harzbur-
gitic mantle source (source S3). Accordingly, HREE model-
ing assuming ~ 10% of partial melting of an harzburgitic
mantle source with YbN = 1.8 would generate concentrations
of HREE in the melt that are similar to those observed in
basaltic andesites with comparatively lower Y contents. 
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Fig. 15 -(a) Nb vs. Zr and b) Th/Ta vs. Zr diagram for volcanic rocks and

dykes of the Sabzevar ophiolite. Only the relatively less fractionated

basaltic and metabasaltic rocks are plotted in b). Stars indicate the compo-

sitions of: average pelitic sediments (APS); upper continental crust (UCC);

average calc-alkaline basalts and basaltic andesites (CA-B-BA); average

island arc tholeiitic basalts (IAT); normal-type mid-ocean ridge basalt (N-

MORB); enriched-type mid-ocean ridge basalt (E-MORB); alkaline ocean

island basalt (OIB). Data source: N-MORB, E-MORB, and OIB are from

Sun and McDonough (1989); APS and UCC are from Taylor and McLen-

nan (1985); IAT and CA-B-BA are calculated from 249 and 244 samples,

respectively of basaltic rocks from various ophiolitic complexes (see Table

1 in Saccani, 2015 for references).
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Group 1 samples show crosscutting incompatible ele-
ment and REE patterns (Fig. 8a, b) suggesting that they
were generated from distinct mantle sources having little
differences in their trace element composition. Likewise,
different (La/Sm)N ratios (0.62-1.71), as well as Th/Ta ratios
(Fig. 15b) suggest that the distinct mantle sources under-
went variable LREE and Th enrichments. In any case, the
LREE/MREE depleted nature of most samples suggests that
hydration of the sub-arc mantle wedge was accompanied by
a moderate transfer of LREE-enriched subduction zone
components (e.g., Barth et al., 2003). The only exception to
this conclusion is represented by sample D4, which display
a moderate LREE/MREE enrichment (Fig. 8b). The low
fractionation of HREE with respect to MREE observed in
Group 1 is consistent with melting of peridotite in the
spinel-facies (see Saccani et al., 2015 and references there-
in). In summary, it can be postulated that the primitive mag-
mas producing these rocks were originated from a spinel-fa-
cies depleted mantle.

Group 2 

These rocks are highly enriched in Th with respect to Nb
and Ta (Figs. 10, 15b) and are strongly enriched in LREE
(Fig. 8d). The high abundance of LILE relative to N-MORB
(Fig. 8c) clearly indicates imprints of subduction-related
processes, whereas depletions in Nb, Ta, and Ti indicate a
residual nature of the mantle source (Pearce, 1982). Al-
though Group 2 rocks represent rather fractionated melts, in
the model shown in Fig. 16, these rocks are compatible with
about 20% partial melting from a depleted lherzolite mantle
source (source S2). The marked enrichments in Th and
LREE indicate that the mantle source was significantly meta-
somatized by subduction-related components. In fact, Fig. 15
shows that these rocks bear strong subduction-component in-
fluence, possibly related to addition of melts derived from
pelitic sediments. HREE/MREE depleted patterns (Fig. 8d)
are consistent with melting of peridotite in the garnet-facies
(McKenzie and O’Nions, 1991). It can therefore be postulat-
ed that the primitive magmas producing these rocks were
originated at depth from a depleted mantle source.

Group 3

The high MREE/HREE ratios displayed by these basalts
(Fig. 8f) suggest an involvement of a garnet peridotite
source (see Saccani et al., 2015 and references therein).
Moreover, the high La/Yb ratios imply a source significant-
ly enriched in LREE compared to the depleted MORB-type
mantle (DMM) source. In fact, variable degrees of partial
melting of a DMM source in both the spinel-facies and in
the garnet-facies cannot generate the observed La/Yb and
Dy/Yb ratios (not shown). In consequence, the most appro-
priate solution is to hypothesize a more enriched source than
DMM, although it is impossible to assess the exact compo-
sition of this source. Therefore, in Fig. 17 we assume an hy-
pothetical LREE-enriched source (Beker et al., 1997) with
(La/Yb)N = 1.32 and (Dy/Yb)N = 1.49, and Yb concentration
equal to that of DMM (YbN = 2.08). The covariation in
La/Yb-Dy/Yb systematics of Group 3 basalts cannot howev-
er be explained by variable degrees of partial melting of this
enriched source in either the spinel- or garnet-facies. Melt-
ing in the garnet-facies produces melts with much higher
Dy/Yb ratios than those of Group 3 samples at reasonable
degrees of melting (i.e., < 15%). Alternatively, the mantle
source would require an unusually low Dy/Yb ratio if the
samples were to be simply the product of garnet-facies mantle
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Fig. 16 - Cr vs. Y diagram of Pearce (1982) for Group 1 and Group 2 vol-

canic rocks and dykes of the Sabzevar ophiolite. N-MORB- normal-type

mid-ocean ridge basalt; IAT- island arc tholeiite. Mantle source composi-

tions and melting paths for incremental batch melting are calculated ac-

cording to Murton (1989). S1- MORB-type mantle source; S2- residual

mantle source after 20% MORB melt extraction from source S1; S3- resid-

ual mantle source after 10% melt extraction from source S2. The fractional

crystallization trends are also shown (tick marks indicate 10% fractional

crystallization steps). 

Fig. 17 - Melt curve model based on Dy/Yb vs. La/Yb applied to Group 3

pillow lavas from the Sabzevar ophiolite. Melt curves are calculated using

non-modal, batch melts of a theoretical enriched (OIB-type) mantle source

in the garnet- and spinel-facies lherzolitic mantle. Garnet lherzolite mode

is: 0.598 ol, 0.211 opx; 0.076 cpx, 0.115 gt that melts in the proportions

0.05 ol, 0.20 opx, 0.30 cpx, 0.45 gt. Spinel lherzolite mode is: 0.578 ol,

0.270 opx, 0.119 cpx, 0.033 spl that melts in the proportions 0.10 ol, 0.27

opx, 0.50 cpx, 0.13 spl. Mantle mode and melting proportions are from

Thirlwall et al. (1994). Arrays representing the mixing between various

proportions of melt fractions from the garnet-facies mantle and melt frac-

tions from spinel-facies mantle are also shown. Distribution coefficients

are from Irving and Frey (1984) with the exception of those for spinel,

which are from McKenzie and O’Nions (1991). Normalizing values are

from Sun and McDonough (1989).
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melting. By contrast, melting in the spinel-facies produces
melts with both La/Yb and Dy/Yb ratios lower than those of
Group 3 basalts. Therefore, the simplest model to account
for the REE systematics of these rocks involves mixing of
small melt fractions from garnet-facies enriched mantle with
relatively larger melt fractions from spinel-facies (Fig. 17).
This Figure shows that the La/Yb-Dy/Yb systematics of
Group 3 basalts can be explained by mixing of small degree
melts (~ 0.5-2%) and larger degree melts (~ 5%) from gar-
net- and spinel-facies mantle, respectively. Finally, it should
be noted that variations in the degree of partial melting in
the spinel field are difficult to constrain due to the small
range in both Dy/Yb and La/Yb ratios generated by spinel-
facies melting. Some scatter in the La/Yb - Dy/Yb systemat-
ics (Fig. 17) might be accounted for by small fluctuations in
the degree of melting of garnet-facies mantle. In any case,
from a semi-quantitative point of view, melt fractions in the
garnet field are restricted to < 2% whereas those in the
spinel field are around 5%. The possible influence of crustal
contamination can be excluded as the Th-Nb compositions
of all rock-types plot within the MORB-OIB array (Fig.
10a). Other geochemical indicators further support this con-
clusion. For example, high Th/Ta and low Nb/U ratios are
effective indicators of crustal contamination. Group 3
basalts show very low Th/Ta (1.35-2.02) and Nb/U (33-41)
ratios. These Nb/U ratios are comparable to those of the typ-
ical OIB (Nb/U = 47) of Sun and McDonough (1989).

tectono-magmatic significance

The petrological evidence presented in the previous sec-
tion allows to conclude that the geochemically distinct
groups of volcanic and subvolcanic rocks from the Sabzevar
ophiolite are related to different mantle source compositions
and partial melting degrees. Group 1, and Group 2 rocks
were formed from primary melts generated, in turn, from
depleted mantle sources that experienced variable subduc-
tion-related metasomatisms prior to melting. Therefore, all
these rocks were likely generated in volcanic arc tectonic
settings. Nonetheless, the different nature of the inferred
mantle sources associated with each single rock-group sug-
gests that they likely represent different types of volcanic
arc settings or in different portions of the same volcanic arc
setting. The calc-alkaline nature and the marked influence
from continental crust materials shown by Group 2 rocks
(Figs. 10a and 15b) suggest formation in a continental arc
tectonic setting. Calc-alkaline rocks generated in continental
arc tectonic settings are not very common in ophiolitic com-
plexes. However, some scattered occurrences of calc-alka-
line rocks associated with ophiolitic sequences or included
in ophiolitic mélanges are recorded from the Carpathian belt
in Romania (e.g., Bortolotti et al., 2002; 2013; Nicolae et
al., 2003; Ionescu et al., 2009), to the Hellenic belt in
Greece (e.g., Koglin et al., 2009), the Ankara Mélange and
Kızıldağ ophiolites, in Turkey (e.g., Parlak et al., 2009) and
the south Caspian area in Iran (e.g., Salavati, 2008). The is-
land arc tholeiitic affinity of Group 1 rocks and their moder-
ate subduction-type geochemical signature suggest that
these rocks were little influenced by continental crust mater-
ial and likely formed in the forearc sector of a volcanic arc
setting. In any case, Group 1, and Group 2 rocks represent
materials incorporated into the Sabzevar ophiolite from the
upper plate. 

The formation of Group 3 alkaline rocks implies the oc-
currence of mantle sources strongly metasomatized by

OIB-type (plume type) components. Two alternative hy-
potheses can account for such OIB-type metasomatized
mantle: 1) the existence of plume activity in the region dur-
ing Cretaceous times and 2) the existence of deep mantle
heterogeneously modified by previous mantle plume activi-
ty. In the first case, Group 3 basalts likely represent
seamount material originated in an oceanic within-plate set-
ting. In the second hypothesis, they may have been formed
in an oceanic mid-ocean ridge setting by tapping strongly
enriched local portions of an heterogeneous mantle, as doc-
umented in some Mediterranean Tethys ophiolitic complex-
es (e.g., Bortolotti et al., 2017). Alternatively, they may rep-
resent volcanic rocks erupted at ocean-continent transition
zones during the continental rift phase preceding the oceanic
spreading, as observed in many Mediterranean Tethys ophi-
olitic complexes (e.g., Saccani et al., 2003; 2015). Nonethe-
less, the petrogenetic mechanism for the formation of Group
3 rocks implies polybaric partial melting starting in the deep
mantle and continuing in the shallow level mantle. Such a
mechanism is commonly observed in within-plate tectonic
settings and in continental rift settings, whereas is rarely ob-
served in mid-ocean ridge settings (see Saccani et al., 2015
and references therein). It follows that Group 3 alkaline
basalts were likely formed in seamount setting. The data
presented in this paper do not allow a conclusive identifica-
tion of the original tectonic setting of formation of these
basalts to be made. However, in any case they represent
fragments of oceanic crust that were incorporated into the
Sabzevar ophiolite from the subducting plate. 

geodynamic implications

The data presented in this paper together with literature
data (e.g., Baroz and Macaudiere, 1984; Lensch et al., 1977;
1979; Shojaat et al., 2003; Khalatbari Jafari et al., 2013b;
Omrani et al., 2013) indicate that the Sabzevar ophiolite in-
cludes a wide range of both mantle and magmatic rocks.
The geochemical and petrological diversity of these rocks
suggests that several distinct tectono-magmatic events took
place in the Sabzevar oceanic basin, as well as in its conti-
nental margins that is, the CIM, to the south, and the Turan
plate (Eurasian plate), to the north. 

Different tectonic models have been proposed in previ-
ous literature for explaining the formation of the distinct
magmatic rocks in the Sabzevar ophiolite. Stöcklin (1974)
argued that the Sabzevar ophiolite represents remnants of
the Sabzevar basin, which was a branch of the Neo-Tethys
Ocean that formed between the CIM (to the south) and the
Eurasian plate (to the north) during the Early Jurassic and
reached its maximum extent during the Late Cretaceous.
Sengor (1990) suggested that the Sabzevar Ocean was the
northern part of a seaway that entirely surrounded the CIM.
The other parts are (Fig. 18a): 1) the Fanuj (Makran) Ocean,
which was located on the west-southwest and separated the
CIM from the Sanandaj-Sirjan/Bajgan-Durkan blocks; 2)
the Sistan Ocean that was located to the east and separated
the CIM from the Afghan block.

Khalatbari Jafari et al. (2013a) suggested that the IAT
and alkaline volcanic rocks of the Sabzevar ophiolitic
mélange were originated in a backarc tectonic setting devel-
oped in the Late Cretaceous, whereas the sheeted dyke com-
plex was formed in a forearc setting. Rossetti et al. (2009),
studying upper Early Cretaceous (107 Ma) migmatitic mafic
granulites cropping out along the northern margin of the
Sabzevar ophiolite, suggested that these rocks formed during
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that the subduction of the Sistan Ocean to the east of the
CIM (Fig. 18a). They also concluded that the Late Creta-
ceous Sabzevar and Nain ophiolites (Fig. 18a) were origi-
nated in a backarc basin associated with the subduction of
the Sistan Ocean. This conclusion is based on the assump-
tion that the Sabzevar and Nain ophiolites are parts of the
same unit, and formed in a Late Cretaceous backarc basin,
which closed during the Paleocene-Eocene subduction of
the Arabian plate under the Iranian plate.

In contrast, Baroz et al. (1984) and Lensch et al. (1979;
1980) studying the middle part of the Sabzevar ophiolite at-

tributed the composition of pillow lavas to an immature is-
land arc and suggested these ophiolites represent remnants
of an active margin. Accordingly, Shojaat et al. (2003),
studying the petrology and geochemistry of the volcanic
rocks in the Sabzevar ophiolite, proposed that this ophiolite
was formed in a subduction-related setting as a consequence
of the closure of the Sabzevar Ocean through a northeast-
dipping subduction zone. Similar conclusions were obtained
by Omrani et al. (2013), who studied the high pressure-low
temperature metamorphic rocks (i.e., blueschists) cropping
out in the northern part of the Sabzevar ophiolite. 

Fig. 18 - a) Schematic tectonic framework of the Central Iran microcontinent (CIM) and surrounding oceanic and continental areas during the Late Creta-

ceous; b) two-dimensional geodynamic reconstruction of the transect across northern CIM - Sabzevar oceanic basin - southern N Iran (Eurasia) continental

margin at Late Cretaceous times. Both figures were drawn based on models proposed by Shojaat et al. (2003); Saccani et al., (2010; 2014); Omrani et al.

(2013); Allahyari et al. (2014). MORB- mid-ocean ridge; HP-LT- high pressure-low temperature; IAT- island arc tholeiite; CA- calc-alkaline. 
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From the above outline of the tectonic models previous-
ly proposed in literature, it is quite clear that there is no
general consensus about the tectonic setting of formation of
the Sabzevar ophiolite. The new data presented in this pa-
per allow us to discuss and improve the tectonic models so
far presented. A possible tectono-magmatic model that can
explain the formation of the different magmatic rock-types
in the Sabzevar ophiolite is shown in Figure 18b. In this
model, a northward subduction the Sabzevar Ocean below
the southern margin of the Turan plate (Eurasia) is assumed
according to Shojaat et al. (2003) and Omrani et al. (2013).
No data allow the age of the inception of the subduction
and associated arc magmatism to be defined in detail.
Therefore, we reasonably assume that the subduction start-
ed between the Middle and Late Cretaceous (not shown).
The chemistry of IATs indicates that tectonic setting of for-
mation was characterized by no or negligible chemical in-
fluence from continental crust components (Fig. 15b). This
implies that IATs formed onto oceanic crust in the forearc
sector of a continental arc during Late Cretaceous (Figs.
18b). IATs are represented by plutonic rocks (see Lensch et
al., 1979; 1980), as well as by sheeted dykes. This suggests
that the forearc setting was characterized by extensional
tectonics, as observed in many Tethyan ophiolitic complex-
es (e.g., Dilek and Furnes, 2011). In contrast, the chemistry
of calc-alkaline volcanic rocks indicates that they have
been strongly influenced by continental crust chemical
components (Figs. 15b), suggesting that these rocks were
erupted onto the southern realm of the Turan continental
domain. 

Khalatbari Jafari et al. (2013a) suggested that the alkaline
basalts of the Sabzevar ophiolite were originated in a
backarc tectonic setting. This conclusion is mainly based on
the occurrence, in the Afchang area (~ 15 km to the west of
Soleymaniyeh), of alkaline basalts covered by volcanoclas-
tic sedimentary rocks intercalated with tuffs showing char-
acteristics of subduction zone volcanism. However, these al-
kaline basalts are found as tectonic slices, which are sand-
wiched between harzburgitic tectonic masses. The tectonic
contacts between basalts and peridotites are characterized
by the occurrence of small tectonic slices of pelagic sedi-
ments in between. In addition, in the areas studied in this
paper, the alkaline pillow lavas are not associated with the
volcanosedimentary sequence described by Khalatbari Jafari
et al. (2013a). Alkaline volcanic rocks are very common in
many supra-subduction zone (SSZ) ophiolites or ophiolitic
mélanges as, for example, in the Dinarides (e.g., Bortolotti
et al., 2004; Saccani et al., 2011; Chiari et al., 2012) and
Oman (Chauvet et al., 2011) ophiolites. However, these al-
kaline rocks are not genetically related to the SSZ ophio-
lites, as they represent fragments of the subduction-unrelat-
ed oceanic crust tectonically accreted to the forearc setting.
Therefore, we favour the hypothesis that alkaline volcanic
rocks from the Sabzevar ophiolite represent remnants of
seamounts. In fact, these rocks are more buoyant than
oceanic crust formed at a mid-ocean ridge and therefore
they have a greater potential to be ‘peeled off’ and accreted
on to island arcs and active continental margins. The local
occurrence of subduction-related volcano-sedimentary se-
quences associated with seamount-type alkaline basalts can
easily be explained. Once these basalts reached the trench
zone and were accreted to the forearc region, they were lo-
cally covered by volcanoclastic sediments and pyroclastic
deposits originated from the arc front (Fig. 18b). Likewise,
although rare, the occurrence of N-MORB-type rocks

(Shojaat et al., 2003) point out for their incorporation into
the accretionary wedge in the forearc region of a subduction
system. In addition, the formation of high pressure-low tem-
perature rocks (Omrani et al., 2013) is also compatible with
an accretionary wedge-forearc-arc system such as that
shown in Fig. 18b. Unfortunately, no chemical analyses are
available on these rocks and therefore it cannot be estab-
lished if they represent materials from the subducting ocean-
ic crust or materials from the forearc dragged in depth by
processes of subduction erosion of the accretionary wedge
and then exhumed as HP metamorphic slices (e.g., Huene
and Scholl, 1991). In any cases, the Sabzevar ophiolitic
mélange bears rocks from lower and upper plate of a trench-
forearc system, including the remnants of an accretionary
wedge, i.e. the HP metamorphic rocks. This type of mélange
typically developed during the final closure of the oceanic
basin when the rocks from lower and upper plate are tecton-
ically mixed together into the mélange.

conclusions

The Sabzevar ophiolite represents remnants of the Late
Cretaceous oceanic basin located between the northern mar-
gin of the Central Iran Microcontinent and the southern
margin of the Turan (Eurasia) plate. This ophiolite consists
of an ophiolitic mélange including ultramafic mantle tec-
tonites, mafic and ultramafic layered cumulates, isotropic
gabbros, plagiogranites, a sheeted dyke complex and pillow
lavas interbedded with pelagic limestones and radiolarites,
as well as high pressure-low temperature metamorphic
rocks. In this paper, the sheeted dyke complex and the pil-
low lava series are investigated through mineral chemistry,
geochemical, and petrological study. The main conclusions
can be summarized as follows:

1) The sheeted dykes and pillow lavas include three
chemically distinct groups of rocks. The sheeted dyke com-
plex consists of basalts and basaltic andesites showing IAT
affinity (Group 1). The pillow lavas include andesites and
minor basaltic andesites and dacites showing a clear calc-al-
kaline affinity (Group 2) and basalts and very minor tra-
chyandesites, all showing alkaline within-plate affinity
(Group 3). Clinopyroxene chemistry fully supports the
above conclusions for Group 1 sheeted dykes and Group 3
pillow lavas but, unfortunately, no fresh clinopyroxene min-
erals were found in Group 2 pillow lavas. 

2) Trace element modeling shows that some of the IAT
basalts were generated from relatively high degrees (15-
18%) of partial melting of a depleted lherzolite mantle
source, residual after 20% MORB-type melt extraction. In
addition, some other IAT basalts may have been generated
by relatively lower (10%) partial melting of a harzburgitic
mantle source. The trace element composition of calc-alka-
line primary melts is compatible with about 20% partial
melting from a depleted lherzolite mantle source. REE mod-
eling shows that alkaline basalts were generated from poly-
baric partial melting of an enriched within-plate oceanic
mantle source that started to melt in the garnet-facies mantle
and continued to melt in the spinel-facies mantle.

3) The petrological evidence suggests that both IAT and
calc-alkaline rocks were generated in a subduction-related
tectonic setting. The chemistry of calc-alkaline pillow lavas
indicates a significant influence by continental crust chemi-
cal components, which suggest that these rocks were erupt-
ed onto the southern realm of the Turan continental domain.
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In contrast, the chemistry of IAT sheeted dykes indicates
that their tectonic setting of formation was characterized by
no or negligible chemical influence from continental crust
components, implying that these rocks formed onto the
oceanic forearc sector of a continental arc. Alkaline rocks
represent fragments of seamounts erupted in the subduction-
unrelated oceanic basin and then tectonically accreted in the
forearc setting. 
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