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The Neyriz ophiolite along the northeast flank of the Zagros fold-thrust belt in southern Iran is an excellent example of a
Late Cretaceous supra-subduction zone (SSZ)-related ophiolite on the north side of the Neotethys. The ophiolite comprises a
mantle sequence including lherzolite, harzburgite, diabasic dikes, and cumulate to mylonitic gabbro lenses, and a crustal
sequence comprising a sheeted dike complex and pillow lavas associated with pelagic limestone and radiolarite. Mantle
harzburgites contain less CaO and Al2O3, are depleted in rare earth elements, and contain spinels that are more Cr-rich than
lherzolites. Mineral compositions of peridotites are similar to those of both abyssal and SSZ- peridotites. Neyriz gabbroic
rocks show boninitic (SSZ-related) affinities, while crustal rocks are similar to early arc tholeiites. Mineral compositions of
gabbroic rocks resemble those of SSZ-related cumulates such as high forsterite olivine, anorthite-rich plagioclase, and high-
Mg# clinopyroxene. Initial εNd(t) values range from +7.9 to +9.3 for the Neyriz magmatic rocks. Samples with radiogenic
Nd overlap with least radiogenic mid-ocean ridge basalts and with Semail and other Late Cretaceous Tethyan ophiolitic
rocks. Initial 87Sr/86Sr ranges from 0.7033 to 0.7044, suggesting modification due to seafloor alteration. Most Neyriz
magmatic rocks are characterized by less radiogenic 207Pb/204Pb (near the northern hemisphere reference line), suggesting
less involvement of sediments in their mantle source. Our results for Neyriz ophiolite and the similarity to other Iranian
Zagros ophiolites support a subduction initiation setting for its generation.
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1. Introduction

Geochemical fingerprinting demonstrates that many ophio-
lites formed in supra-subduction zone (SSZ) environments
(e.g. Pearce et al. 1984; Pearce 2003). SSZ ophiolite lavas
have geochemical signatures that range from mid-ocean
ridge basalt (MORB) to volcanic arc basalt (VAB). SSZ
ophiolites include those formed in back-arc basins and
intra-arc basins in addition to those formed during subduc-
tion initiation (Pearce 1982). Whattam and Stern (2011)
built on these ideas to show that subduction initiation rule
(SIR) ophiolites form as a part of what becomes forearc
crust, during the earliest stages of subduction initiation.
After subduction initiation – if subduction continues for
>10 million years – the locus of igneous activity moves
away from the trench to form a magmatic arc. It can be
challenging to distinguish the different varieties of SSZ
ophiolites based on chemistry alone. Generally speaking,
back-arc basin basalts (BABBs) are geochemically similar
to N-MORBs, but with some differences in trace elements.
Geochemical data and chemostratigraphy allow us to dis-
tinguish between BABBs (e.g. Taylor and Martinez 2003)
and forearc basalts (FABs) (Reagan et al. 2010), although

boninites are generally present only in forearc settings
including the Bonin Islands in the Izu–Bonin arc (e.g.
Bédard et al. 1998; Ishizuka et al. 2006, 2011). Crustal
gabbros in SSZ ophiolites often include orthopyroxene-
bearing cumulate of depleted, boninitic-type parental melts
(Tsuchiya et al. 2013). Indeed, mantle peridotites from
forearcs and SSZ ophiolites are mostly depleted harzbur-
gite, containing spinels mostly with Cr# > 0.50 and low
TiO2 contents (Bloomer and Hawkins 1983; Parkinson and
Pearce 1998; Stern 2010).

Because of the difficulty in distinguishing BABB from
FAB in ophiolites on a chemical basis alone, such a dis-
tinction has to be made on the basis of detailed field
studies as well (e.g. the presence or absence of a volcanic
arc and its position relative to the ophiolite). BAB ophio-
lites should be behind the arc, SIR ophiolites should be in
front. If there is no evidence for a mature magmatic arc, it
must be a SIR ophiolite. Indeed, the forearc lithosphere of
modern intra-oceanic subduction systems is now consid-
ered by some to be the best analogue for most ophiolites
(e.g. Stern and Bloomer 1992; Shervais 2001; Stern et al.
2012). Furthermore, forearc lithosphere is much easier to
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obduct (emplace onto a subducting continental margin)
than is MOR or BAB lithosphere (Stern 2004), though in
the case of Cordilleran-type ophiolites, these are essen-
tially emplaced in situ (Shervais 2001). Most SSZ ophio-
lites include island-arc tholeiites (IAT) and MORB-like
FAB and some include boninites. If chemotemporal rela-
tions are clear (and they often are not), early lavas and
intrusions of SIR ophiolites are chemically similar to
MORB, but younger igneous rocks have chemical features
similar to IAT. In other cases, MORB-like and IAT lavas
may coexist, as seen for southwest Pacific SIR sequences
(e.g. Fiji and Tonga; Todd et al. 2012). Similar temporal
variations in the geochemical signatures of ophiolitic lavas
have previously been interpreted as evidence for two tec-
tonic settings for magmatism, an early episode at a MOR
or BAB spreading centre, and a later arc episode. This
interpretation has been reformulated as reflecting forma-
tion during a single episode of subduction initiation (see
Whattam and Stern 2011 and examples therein).

Late Cretaceous ophiolites in the Mediterranean east-
wards through Iran, Oman, and Iraq are fossil slices of
Neotethyan oceanic lithosphere (Figure 1). These ophio-
lites mainly show SSZ geochemical signatures, from man-
tle tectonites to overlying crustal plutonic rocks and lavas
(e.g. Alabaster et al. 1982; Hébert and Laurent 1990;
Sengor 1990; Lytwyn and Casey, 1993; Parlak et al.
1996, 2000, 2009; Yaliniz et al. 1996; Floyd et al. 1998;
Robertson 2002; Godard et al. 2003, 2006; Bagci et al.
2005, 2006, 2008; Babaie et al. 2006; Shafaii Moghadam
et al. 2010; Shafaii Moghadam and Stern 2011; Ali et al.

2012, 2013; Shafaii Moghadam et al. 2013). This ophio-
lite belt includes the Zagros Orogenic Belt (ZOB) of Iran
(Figure 2), exposed if not emplaced by early continental
collision between Arabia and Eurasia (e.g. Vernant et al.
2004 among others).

The ZOB is an important tectonic element in the tec-
tonic framework of Iran, and can be divided into nine major
tectonic zones (Figure 2), from north to south: (1) southern
Caspian Sea basin; (2) Kopet–Dagh zone in northeast Iran;
(3) Alborz zone in northwest Iran; (4) Central Iranian block;
(5) Eastern Iranian suture zone; (6) Urumieh–Dokhtar mag-
matic belt; (7) Zagros Fold-Thrust Belt (ZFTB); (8)
Sanandaj–Sirjan zone (SSNZ); and (9) Makran zone.
Structural and geological descriptions of each zone are
presented in Shafaii Moghadam and Stern (2014). ZOB is
an active orogeny that formed in response to the subduction
of Arabia beneath Iran, which began around 10–20 Ma
(McQuarrie et al. 2003). ZOB ophiolites define the evol-
ving suture between Arabia and Eurasia.

The Late Cretaceous Neyriz ophiolite is associated
with other ophiolites of similar age along the northeastern
flank of the ZFTB (Shafaii Moghadam and Stern 2011).
Zagros ophiolites can be subdivided into ‘outer belt’ and
‘inner belt’ ophiolites, respectively, for those along the
MZT Fault and along the southwestern fault periphery of
the Central Iranian block. The two belts are separated by
the SSNZ (Figure 2). The Outer Zagros Ophiolitic Belt
(OB) includes the Kermanshah, Neyriz, and Haji–Abad
ophiolites, from northwest to southeast (Figure 2). OB
ophiolites are an excellent example of SSZ ophiolites on

Figure 1. Simplified tectonic map of the eastern Mediterranean–Zagros region showing the distribution of the Neotethyan ophiolites and
suture zones (modified after Dilek et al. 2007).
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the northern aspect of the Neotethys, but their origins and
tectonic significance are controversial. Neyriz ophiolite
has been considered as a section of incipient Neotethyan
oceanic lithosphere generated at the foot of the Gondwana
passive margin (e.g. Ricou 1971, 1974) and/or as off-
scraped into an accretionary prism at a convergent plate
margin (e.g. Babaie et al. 2006). The Kermanshah ophio-
lite is described as a section of Tethyan oceanic litho-
sphere scraped off during NE-directed subduction
underneath the Iranian block (e.g. Braud 1987). In

contrast, the Haji-Abad ophiolite is argued to represent
forearc oceanic lithosphere developed during Late
Cretaceous subduction initiation on the southwestern mar-
gin of Eurasia (Shafaii Moghadam et al. 2012).

Several studies constrain the geochemical signature
and tectonomagmatic setting of the Neyriz ophiolite (e.g.
Ricou 1971, 1974; Arvin 1982; Babaie et al. 2006;
Rajabzadeh et al. 2013). It has traditionally been inter-
preted in terms of the classic Penrose definition (Anon
1972), with an ultramafic mantle section and an overlying
oceanic crustal section composed of sheeted dikes and
pillow lavas. However, little attention has focused on the
relationships between the various mantle units or the crus-
tal rocks of this ophiolite.

This paper describes the composite nature of the Neyriz
ophiolite and draws upon field relationships and geochem-
ical data to propose a model for the development of the
ophiolite and the tectonic processes that operated during
seafloor spreading. Our study of Neyriz volcanic and plu-
tonic as well as mantle rocks contributes to our understand-
ing of subduction zone petrology and the evolution of
oceanic arcs, including arc infancy and magmatism, which
eventually localized along the volcanic front of a mature
arc. New high-precision geochemical and geochronological
data for Zagros ophiolites have led to an increasingly
detailed understanding of the timing and composition of
magmatism, and are largely confirming the subduction
initiation model (e.g. Shafaii Moghadam and Stern 2011;
Shafaii Moghadam et al. 2013; Shafaii Moghadam and
Stern, 2014). The present study contributes to this advan-
cing understanding by focusing on the mineral-chemical
and whole-rock geochemical and radiogenic isotopic com-
position of the Neyriz ophiolite and compares it to other
Tethyan Zagros ophiolites. Consideration of similarities and
contrasts between the ophiolites formed at the same plate
margin at around the same time can provide new insights
into the associations of lava types produced during subduc-
tion initiation and arc infancy. This paper also includes
some relevant information on SSZ mantle petrogenesis.
This is the first systematic study on both the mantle and
crustal rocks of the Neyriz ophiolite.

2. Geological setting

The Neyriz ophiolite occurs as scattered outcrops over an
area of about 1500 km2 along the MZT fault. Three
imbricated sheets, from bottom (southwest) to top (north-
east) include: the Pichukan series (passive margin), the
ophiolite, and mélange units (Ricou 1971, 1976; Ricou
et al. 1977) (Figure 3). The Pichakun series consists of a
sequence of Late Triassic limestone, Middle Jurassic ooli-
tic limestone, and Lower–middle Cretaceous conglomera-
tic limestone, representing Neotethys pelagic sediments.
These sediments are analogous to the Bisotun limestone
and radiolarites of Kermanshah and Balambo Cretaceous

(A)

(B)

Figure 2. (A) Map showing the distribution of the Nain–Baft
(inner) Zagros ophiolitic belt, the Kermanshah–Neyriz–Haji–
Abad (outer) Zagros ophiolitic belt, the location of the
Urumieh–Dokhtar magmatic arc (Eocene–Quaternary), and the
Main Zagros Thrust (MZT). (B) Schematic cross-section show-
ing relations between the outer and the inner Zagros ophiolitic
belts and the Zagros thrust-fold belt (after Shafaii Moghadam
et al. 2010).

International Geology Review 1397



carbonates and Qulqula deep-water radiolarites from the
Iraqi Zagros ophiolites (Ali et al. 2012). The Pichakun
series is wedged between two thrust sheets of sheared
mélange (Pamic and Adib 1982; Babaei et al. 2001). The
mélange consists of exotic blocks of Permian–Triassic
Megalodon-bearing limestones associated with radiolarites
and alkaline to tholeiitic pillow lavas (Arvin 1982; Babaie
et al. 2006). The ophiolite and mélange sheets have been
transported over Cenomanian–Turonian shallow water car-
bonates (Sarvak Formation; Alavi 1994).

The Neyriz ophiolite is composed of mantle and crus-
tal units capped by Late Cretaceous (Cenomanian–
Turonian to early Santonian) pelagic anhydritic limestones
of the Tarbour Formation (James and Wynd 1965). The
ophiolite was thrust over the Pichakun series in Turonian
to Maastrichtian time (e.g. Ricou et al. 1977; Alavi 1994;

Babaie et al. 2006), exposing and allowing erosion of the
ophiolite and accumulation of such clasts in Late
Cretaceous–Palaeocene conglomerates (Haynes and
Reynolds 1980; Lanphere and Pamić 1983).

The Neyriz ophiolite mantle sequence contains
depleted to highly impregnated porphyroblastic to grano-
blastic and mylonitic harzburgite and lherzolite with
screens of residual dunite, podiform chromitite, pyroxeni-
tic to wehrlitic sills/dikes, pegmatite gabbros, gabbroic
dikes/sills, isotropic to coarse-grained melano- to leuco-
gabbro lenses, and diabasic-basaltic-andesitic dikes
(Figures 4 and 5A). Harzburgites and lherzolites are char-
acterized by high-temperature foliation, represented by
alignment of stretched orthopyroxene and rare spinel
grains. Dunites occur as variably sized discordant lenses
and dikes (2–3 m but mostly >50 m) within harzburgites.

Figure 3. Simplified geologic map of the Neyriz ophiolite (compiled after Sabzehei 1996).

1398 H. Shafaii Moghadam et al.



Dunite layers (40–50 cm wide) usually have subconcor-
dant contacts with host peridotites. The relationship
between harzburgite and dunite, including preservation of
pyroxene-rich domains within dunites, is similar to that

seen in the Oman ophiolite, which has been interpreted as
forming by in situ replacement due to melt/rock interac-
tion and subsequent incongruent orthopyroxene melting
(Kelemen et al. 1995). Podiform chromitites (with massive
or nodular texture) are found within depleted harzburgites,
typically enveloped by dunite bodies of varying size.
Furthermore, due to the high-temperature plastic deforma-
tion within the mantle, chromite bodies are elongated and
form stratiform deposits. At the top of the mantle sequence
there are highly impregnated peridotites with layered leu-
cogabbro, olivine-bearing melanogabbro, and pyroxenite
cumulate sills and lenses (Figures 5B and C). Abundant
centimetre- and metre-scale gabbroic (normal or pegmati-
tic) and pyroxenitic-wehrlitic dikes crosscut Neyriz harz-
burgites and dunites. Moreover, gabbros are found mostly
as lenses within mantle peridotites. They vary from oli-
vine-bearing melano-gabbros to plagioclase-rich leucogab-
bros. Mylonitic leucogabbros are commonly associated
with normal gabbros whereas mylonitic pyroxenites and
wehrlites are rare. Foliated gabbros (melano- and leuco-
gabbros) are represented by aligned clinopyroxene and
plagioclase grains and/or centimetre-scale layering similar
to layered gabbros (gabbronorites). These rocks contain
rare felsic dikes and sills. Late plagiogranitic intrusions in
places crosscut the gabbros. Garnet-bearing rodingitized
dikes are present in the mantle rocks. 40Ar/39Ar dating of
hornblendes in plagiogranite (Lanphere and Pamić 1983)
and gabbroic rocks (Babaie et al. 2006) yields 93–86 and
92–93 Ma ages, respectively. U–Pb zircon ages are needed
to confirm these ages.

Neyriz ophiolite

Tarbor Formation
Unconformity

massive lava
Late Cretaceous limestone

sheeted dike complex

pillow lava

coarse-grained gabbro

plagiogranite

wehrlite, pyroxenite,
gabbro cumulates

impregnated peridotite

isotropic gabbro-
leucogabbro

chromitite pod

pegmatite gabbro

gabbroic-diabasic dike/sill

harzburgite

amphibolitic sole

residual dunite

Figure 5A

Figure 5B

Figure 5C

Figure 5D

Figure 4. Simplified stratigraphic columns displaying idealized
internal lithologic successions in the Neyriz ophiolite.
Approximate positions of field photographs (Figure 5) are also
shown.

Figure 5. Field photographs of the Neyriz ophiolite. (A) Diabasic dike within mantle harzburgite. (B) Layered leucogabbro, olivine-
bearing melanogabbro, and pyroxenite cumulate sills within Neyriz mantle sequence. (C) Leucogabbroic sill within mantle harzburgite.
(D) Late Cretaceous pelagic limestone between pillow lavas.
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Diabasic to andesitic dikes (av. 3–6 m thick) with
chilled margins are abundant in the Neyriz ophiolite man-
tle section (Figure 5A). Marble and skarn-type rocks are
found at the contact of the gabbroic intrusions with
depleted harzburgite and above gabbroic dikes, attesting
to interaction between high-temperature fluids released
from gabbroic dikes intruding peridotite with exotic
blocks of Triassic Megalodon-bearing limestones. These
marbles could have been thrust into place and then heated
by mafic intrusions.

The Neyriz ophiolite crustal sequence is best
represented by an ~700–900 m thick, highly fragmented
sheeted dike complex and pillowed to massive lavas asso-
ciated with chert and Late Cretaceous pelagic limestone
(Figure 5D). The sheeted dike complex contains both
mafic (diabasic) dikes and felsic (dacitic to andesitic)
dikes, and the abundance of felsic dikes is noteworthy.
Pillow lavas are highly fragmented but their contact with
pelagic sediments is sometimes preserved. Pelagic
sediments contain Cenomanian–Turonian to early
Santonian microfaunas. The oldest lavas are MORB-like
and evolved with time to late-erupted boninite (Shafaii
Moghadam and Stern 2011). The mantle rocks northeast
of Bakhtegan Namakzar (Figure 3) are dominated by
harzburgite-dunite grading upward into dunite-wehrlite-
dominated mantle transition zone with abundant podiform
chromitites (Rajabzadeh et al., 2013). Pillow lavas,
radiolarites, and Globotruncana-bearing limestones
(Turonian–Maastrichtien) occur west and southwest of
the ophiolite (Rajabzadeh et al., 2013).

3. Petrography of the Neyriz rocks

3.1 Mantle rocks

Porphyroclastic harzburgites are characterized by large
grains of serpentinized olivine, orthopyroxene, trace
(<2% vol.) clinopyroxene, and blackish-brown vermicular
subhedral spinel (Figures 6A and B). Lherzolites have
more clinopyroxene (>4% vol.) than harzburgites.
Mylonitic harzburgites contain highly deformed and
kinked orthopyroxene porphyroclasts with deformed and
fine-grained (microcrystalline) olivine and orthopyroxene
neoblasts. Dunites are dominated by deformed olivine
porphyroclasts and euhedral spinel grains; most olivines
are serpentinized. Clinopyroxenites and wehrlites show
adcumulate to heteroadcumulate textures, respectively,
with large grains of clinopyroxene and interstitial olivine.
Plagioclase is a minor phase in some wehrlites. Mylonitic
gabbros contain stretched clinopyroxene and plagioclase,
while amphibole is rare. Plagioclase shows deformation
twinning while clinopyroxene shows bending and defor-
mation (kink) bands. Clinopyroxene and plagioclase neo-
blasts are common due to the re-crystallization of highly
deformed early clinopyroxene and plagioclase. Ilmenite is
the major opaque oxide in mylonitic gabbros. Chlorite and
abundant sphene (titanite) are secondary phases. Olivine
gabbros occur as layered mafic-ultramafic sills within
mantle peridotites and have a granular-cumulate texture
with plagioclase, clinopyroxene, and olivine as the main
constituents (Figure 6C). Clinopyroxene oikocrysts con-
tain plagioclase chadocrysts in olivine gabbros.
Leucogabbros have more plagioclase than clinopyroxene

Figure 6. Back-scattered electron images of selected Neyriz ophiolite rock units. (A) Coexisting olivine and large subhedral spinel in
harzburgite. (B) Small clinopyroxene between large orthopyroxene porphyroclasts in harzburgite. (C) Olivine gabbro with coarse
plagioclase, olivine, and clinopyroxene. (D) Plagioclase and clinopyroxene phenocrysts in diabasic dikes within mantle peridotites.

1400 H. Shafaii Moghadam et al.



while melanogabbros have more clinopyroxene with oli-
vine as the major phase. Layered gabbroic rocks show a
granular to foliated texture and contain plagioclase, clin-
opyroxene, and orthopyroxene with traces of amphibole.
Clinozoisite in these rocks is secondary. Diabasic-andesitic
dikes within the mantle harzburgites contain plagioclase
and interstitial clinopyroxene within a chlorite ground-
mass, showing an intergranular to sub-ophitic texture
(Figure 6D).

3.2 Crustal rocks

Most felsic dikes in the Neyriz sheeted dike complex
contain epidote and fine-grained quartz. Diabases within
the sheeted dike complex have a microgranular texture and
dioritic composition, with plagioclase, amphibole, and rare
quartz and chlorite as rock-forming minerals. Pillow lavas
are characterized as having an intersertal to pilotaxitic and
occasionally intergranular (and even amygdaloidal) tex-
ture, with plagioclase and clinopyroxene as the major
constituents. Chlorite, palagonite, and fine-grained quartz
and calcite are common.

4. Geochemistry of the Neyriz ophiolite

4.1 Mineral chemistry

4.1.1 Olivine

Olivine grains in lherzolites are 91% forsterite, while
harzburgite olivines are 91–92% Fo. Olivine NiO content
varies from 0.36–0.39% in lherzolite and 0.36–0.41% in
harzburgites (Supplemental Table S1; see http://dx.doi.org/
10.1080/00206814.2014.942391). Olivine in olivine gab-
bros is less magnesian, with two clusters (a) 78–79% Fo
(~0.1 wt.% NiO) in gabbroic rocks with less modal olivine
(sample N10-24) and (b) ~82–84% Fo (~0.1–0.2 wt.%
NiO) in melanogabbros with more modal olivine (samples
N10-6, N10-7, and N10-40) (Supplemental material).

4.1.2 Spinel

Lherzolites have lower Cr# (=100Cr/Cr + Al) spinels
(~40) while harzburgites spinels have higher Cr# (~50).
Neyriz spinels plot in the SSZ peridotite field, although
their compositions overlap with those of abyssal peridotite
(Figure 7A). Dunite spinels have higher Cr# (~80), similar
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Figure 7. Compositional variations of spinels of Neyriz peridotites and olivine gabbros in (A) Cr# versus Mg# (modified after Dick and
Bullen 1984), (B) olivine Fo versus. spinel Cr# (Arai 1994), and (C) TiO2 versus Cr# diagrams (after Tamura and Arai 2006).
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to those of boninite. Spinels in olivine gabbros have vari-
able Cr# ranging from 50 to 80, with high Fe content
(Figure 7A). On a plot of spinel Cr# against olivine Fo
content, Neyriz lherzolites appear to be residual after
about 13–15% partial melting whereas harzburgite spinel
composition suggests 15–20% partial melting (Figure 7B).
Lherzolite and harzburgite spinels show low TiO2 content
(0–0.07 wt.%), while dunite spinels have higher TiO2

abundance (0.1–0.2 wt.%). Spinel in olivine gabbros con-
tains 0.3–3.1 wt.% TiO2 (Figure 7C; Table S1).

4.1.3 Clinopyroxene

Clinopyroxene in lherzolite and harzburgite is diopside
with En(0.5–0.7)Fs(0.03–0.06)Wo(0.26–0.49). Its Mg# (100Mg/
(Mg + Fe2+) varies between 92 and 95 (Table S1).
Peridotite clinopyroxenes have lower Al2O3 contents
than those of abyssal peridotites, ranging 1.3–3.7 wt.%
(Table S1); lherzolites show slightly higher Al2O3 contents
(Figure 8A). Peridotite clinopyroxenes also contain low
TiO2 and Na2O abundances, ranging 0–0.1 and 0–0.4
wt.%, respectively (Table S1).

Clinopyroxene in olivine gabbros is diopside with
variable TiO2, Na2O, and Al2O3 abundances. Sample
N10-14 contains low TiO2 (0.01–0.05 wt.%), Na2O
(0.20–0.24 wt.%), and Al2O3 (2–2.3 wt.%), while clino-
pyroxenes of other olivine gabbros have higher contents of
these oxides (0.2–0.5 wt.% TiO2, 0.2–0.4 wt.% Na2O, and
1.7–3.2 wt.% Al2O3). TiO2 and Na2O contents of most

clinopyroxenes from olivine gabbros resemble those in
equilibrium with MORB (Figure 8C). Clinopyroxene
from mylonitic gabbros displays variable Al2O3 and
TiO2 abundances – 0.1–2.4 and 0–0.53 wt.%, respectively
(Figure 8C and D; Table S1). This variation is due to the
variation in occurrence of clinopyroxene in these rocks:
early porphyroclasts are depleted in Na and Ti compared
with later neoblasts. Clinopyroxene from diabasic dikes
(injected into mantle harzburgite) has higher Al2O3 (1.7–
4.4 wt.%) and TiO2 (0.3–0.9 wt.%) abundances (Figure
8D and Table S1).

4.1.4 Orthopyroxene

Neyriz mantle orthopyroxenes are enstatite, with
Mg# = 90–92 and 1.3–3.2 wt.% Al2O3 (Table S1).
Lherzolite Opxs have higher Al2O3 than those of harzbur-
gite (Figure 8B). Orthopyroxene from olivine gabbros is
characterized by lower Mg# (81–84) and Al2O3 (1.3–1.6
wt.%).

4.1.5 Plagioclase

Plagioclase from olivine gabbros is calcic, characterized
by anorthite (An) that can be unusually calcic, ranging
82–99.8% (Table S1). Mylonitic gabbros have homoge-
nous and unusually calcic plagioclase, An 95–99
(Table S1).

(A)

(C) (D)

(B)

Figure 8. (A) wt.% Al2O3 against Mg# for Cpx. (B) wt.% Al2O3 versus Mg# for Opx. (C) wt.% Na2O versus TiO2. (D) wt.% Al2O3

versus TiO2 for Cpx for the Neyriz mantle peridotites, gabbros, and diabasic dikes within peridotites.
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4.1.6 Minor minerals

Mylonitic gabbros contain trace ilmenite with 52–54 wt.%
TiO2 (Supplemental material). These gabbros contain
sphene (titanite) with 37–39 wt.% TiO2 and ~29 wt.%
CaO. Olivine gabbros contain occasionally fine-grained
amphiboles (pargasite) with high contents of TiO2 (1.5–
1.6 wt.%), Al2O3 (11.8–12.3 wt.%), and Na2O (~2.7
wt.%) (Supplemental material).

4.2 Trace element concentration of peridotite
clinopyroxene

Clinopyroxene in Neyriz lherzolites exhibits different REE
patterns to those of abyssal peridotite, which are similar to
those of MORB cumulates (Ross and Elthon 1993) but
with lower total REE contents (Figure 9A). Extended trace
element patterns show Zr depletion and slight Sr enrich-
ment (Figure 9B). Neyriz harzburgite clinopyroxenes are
depleted in REEs and show strongly LREE-depleted pat-
terns, similar to those of highly depleted SSZ peridotites
(Figure 9C–D), although sample N10-39 is slightly
enriched in HREEs (Tb-Lu) compared with lherzolite clin-
opyroxenes. These patterns are also similar to those of
Hess Deep wehrlite clinopyroxenes in equilibrium with

ultra-depleted primary melts (Arai and Takemoto 2007)
(Figure 9).

4.3 Whole-rock geochemistry

4.3.1 Mantle peridotites

Seven Neyriz mantle harzburgites have low contents of
CaO (<0.97 wt.%) and Al2O3 (<0.96 wt.%) similar to
depleted IBM forearc peridotites (Figure 10A), whereas
three lherzolites contain more CaO (1.5–1.75 wt.%) and
Al2O3 (1.43–2.4 wt.%) (Table S3). Neyriz harzburgites
show highly depleted REE patterns, with steep slopes
from Gd to Lu (Figure 11A) (with U-shaped REE pat-
terns), again resembling IBM highly depleted forearc harz-
burgites (Parkinson and Pearce 1998). REE abundances
are generally very low in Neyriz harzburgites but the
samples show LREE enrichment (Figure 11A). Their U-
shaped patterns resemble the most refractory peridotites
sampled in ophiolites (Godard et al. 2008). Such selective
LREE enrichment indicates that these are not residues
after partial mantle melting. Two major mechanisms are
proposed to account for this LREE enrichment: (1) meta-
somatism of LREE-depleted residues by slab-derived
fluids in the mantle; and (2) alteration during ophiolite

(A) (B)

(C) (D)

Figure 9. Rare earth and trace element abundances of clinopyroxene in lherzolite (A, B) and harzburgite (C, D) from the Neyriz
ophiolite. Chondrite-normalization values are from Sun and Mcdonough (1989). Fields for abyssal and supra-subduction zone (SSZ)
peridotite Cpx are from Johnson and Dick (1992) and Johnson et al. (1990). The composition of ultra-depleted melt (MAR) is from
Sobolev and Shimizu (1993), and the field for MOR cumulate Cpx is from Ross and Elthon (1993).
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obduction (Prinzhofer and Allègre 1985; Bodinier et al.
1990; Gruau et al. 1998). In contrast, Neyriz lherzolites
are less refractory, as shown by slightly higher REE con-
tents relative to the harzburgite, LREE depletion, and
steep slope from Sm to Lu, and LREE enrichment is less
conspicuous relative to harzburgites. Enrichment in U, Rb,
Ba, Sr, Zr, and Hf relative to LREEs is characteristic of
Neyriz mantle peridotites (Figure 11B).

4.3.2 Gabbros, diabasic dikes, and lavas

Gabbroic rocks have variable Al2O3 (10.4–25.8 wt.%),
MgO (5–16.3 wt.%), and CaO (11.7–22.9 wt.%) contents
and Mg# (55–84), reflecting different extents of fractiona-
tion and modal contents of olivine, clinopyroxene, and
plagioclase. Gabbroic rocks are Ti-poor, with ~0.1–2
wt.% TiO2 (Table S4). Most gabbros have low Ti/V simi-
lar to boninite (Figure 10B; Shervais 1982). Samples with
high Ti contents are ilmenite-titanite-rich mylonitic gab-
bros. Neyriz ophiolite gabbroic rocks can be divided into
enriched gabbros with U-shaped REE patterns similar to
volcanic rocks (but with depleted LREEs) and depleted
gabbros similar to boninites. Most mylonitic gabbros have

high REE concentrations compared with olivine-bearing
cumulate gabbros (Figure 11C), which are depleted in
LREEs (La(n)/Yb(n) = 0.3–0.8). Mylonitic gabbros have
spoon-shaped REE patterns which are flat from Sm to Ho
(Figure 11C). Depletion in Nb and Zr and enrichment in U
and Sr relative to LREEs is characteristic of these rocks
(Figure 11D). Olivine-bearing cumulate gabbros are
highly depleted in bulk REEs and show LREE-depleted
patterns (La(n)/Yb(n) = 0.1–0.4). These rocks are depleted
in Nb and Zr (and slightly depleted in Ti) and enriched in
Sr, Ba, and U (Figure 11D). Although the cumulate gab-
bros are not suitable for plotting on diagrams constructed
for tectonic discrimination of basalts, their mineral com-
positions also confirm an arc-like geochemistry.
Otherwise, the mylonitic gabbros are fine-grained and
more likely show melt composition.

Diabasic dikes within Neyriz mantle rocks are fractio-
nated basalts with ~43–50% SiO2 and low Mg# (26–32).
These rocks have high TiO2 contents (1.1–1.7 wt.%) and
in the V versus Ti diagram (Shervais 1982) resemble
Izu–Bonin–Mariana forearc basalts (early arc tholeiites)
(Figure 10B). Low Nb/La, similar to arc tholeiites, is
characteristic of these dikes (Figure 10C). On the

(A) (B)

(C) (D)

Figure 10. (A) wt.% Al2O3 versus CaO diagram (volatile free, normalized to 100% total) for Neyriz ophiolitic peridotites. The
composition of abyssal and IBM forearc peridotites is also shown for comparison. (B) Plot of Neyriz lavas on the Ti versus V diagram
(after Shervais 1982). (C) Nb/Yb versus Nb/La for Neyriz ophiolite showing arc tendency of Neyriz lavas. (D) TiO2/Yb versus Nb/Yb
diagram for the Neyriz lavas (modified after Pearce 2008). Fields for the V1 (lower, Geotimes unit) and V2 (upper, Lasail unit) lavas of
the Oman ophiolite are from Alabaster et al. (1982) and Godard et al. (2006). Data for the Izu–Bonin–Marian forearc basalts are from
Reagan et al. 2010).

1404 H. Shafaii Moghadam et al.



(A) (B)

(C) (D)

(E) (F)

(G) (H)

Figure 11. Chondrite-normalized REE patterns (chondrite abundances from McDonough and Sun 1995) and N-MORB normalized
multi-element patterns (N-MORB) concentrations from Sun and Mcdonough 1989) for rock units of the Neyriz ophiolite. Mantle
harzburgite trace elements are normalized relative to primary mantle. IBM peridotite data are from Parkinson and Pearce (1998).
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TiO2/Yb versus Nb/Yb diagram (Pearce 2008), the rocks
resemble Oman V1 lavas (Godard et al. 2003, 2006) and
IBM forearc lavas (Reagan et al. 2010) (Figure 10D). On
chondrite-normalized REE patterns, diabasic dikes are
represented by slightly LREE-depleted patterns (La(n)/
Yb(n) = 0.7–0.9) (Figure 11E) with slight negative anoma-
lies in Nb and positive anomalies in Sr, Ba, and Rb
relative to LREEs (Figure 11F).

Crustal rocks including pillow lavas and dikes of the
sheeted dike complex have andesitic to dacitic composi-
tions (SiO2 = 53–64 wt.%). Their Mg# and TiO2 contents
vary between 5–21 and 1.2–1.9 wt.%, respectively (Table
S4). These rocks are MORB-like, resembling IBM forearc
basalts (Figure 10B). On the Nb/Yb versus Nb/La dia-
gram, lavas are characterized by Nb depletion, similar to
arc tholeiites, whereas on the TiO2/Yb versus Nb/Yb dia-
gram they have low Nb/Yb similar to Oman V2 lavas
(Godard et al. 2003, 2006) (Figure 10D). These rocks
have flat to slightly LREE-depleted patterns (La(n)/
Yb(n) = 0.5–0.9) with Nb depletion and enrichment in
large-ion lithophile elements (LILEs) (Figure 11G–H).

4.4 Sr-Nd-Pb isotopes

Initial εNd(t) calculated at 95 Ma (the approximate crystal-
lization age of Neyriz ophiolite) ranges from +7.5 to +9.3
for Neyriz magmatic rocks (Table S5). Olivine-bearing
gabbro (N10-29) is more radiogenic compared with other
samples whereas mylonitic gabbro (N1–30) is slightly less
radiogenic. Neyriz crust samples mostly overlap with the
least radiogenic area of the MORB domain and with
Oman ophiolitic rocks (Figure 12A). Most Neyriz rocks
have less radiogenic Nd compared with IBM forearc
basalts (Figure 12A). The less radiogenic characteristic
of Neyriz rocks is an indicator of Indian mantle domain
compared with IBM foerarc basalts.

Initial 87Sr/86Sr calculated at 95 Ma ranges from
0.7033 to 0.7044 (Table S5), higher than for oceanic
tholeiites. It is not clear how much of the slightly elevated
87Sr/86Sr reflects subduction inputs and how much reflects
exchange between rock and seawater during alteration
(McCulloch et al. 1981; Kawahata et al. 2001). To resolve
this question for ZOB will require separation and analysis
of alteration-resistant Sr-bearing phases such as
clinopyroxene.

Pb isotopic concentrations are not corrected for radio-
genic growth and thus must be regarded as maxima for
eruption values. The 206Pb/204Pb and 208Pb/204Pb values
are nearly constant, ranging 17.94–18.18 and 37.74–
38.16, respectively (Table S5). Most samples have low
207Pb/204Pb relative to the Northern Hemisphere
Reference Line (NHRL) (Hart 1984) (Figure 12B), ran-
ging from 15.46 to 15.53. Neyriz magmatic rocks plot
above but near the NHRL on the 208Pb/204Pb versus
206Pb/204Pb diagram (Figure 12C). They plot between

t

et al

Figure 12. (A) εNd versus 87Sr/86Sr for Neyriz magmatic rocks,
corrected for 100 Ma of radiogenic growth. The dashed line
indicates the effects of contamination by Cretaceous seawater
for different water/rock ratios (modified after Godard et al.
2006). (B) 207Pb/204Pb and (C) 208Pb/204Pb against 206Pb/204Pb
for Neyriz ophiolites (modified after Godard et al. 2006 and Liu
et al. 2014). Data for Oman lavas are from Godard et al. (2006),
Balvard-Baft ophiolite from Shafaii Moghadam et al. (2013), and
IBM forearc basalts from Reagan et al. (2010).
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less radiogenic Oman lavas and highly radiogenic
Balvard–Baft ophiolite (IB ophiolites), and show only a
marginal presence of subducted sediments in their mantle
source.

5. Discussion

5.1 The geochemical signature of the Neyriz ophiolite:
a SSZ-type ophiolite

Neyriz harzburgites show strongly depleted REE pat-
terns whereas lherzolites are less refractory. Peridotite
spinels Cr# can be used to determine the degree of
partial melting and hence tectonomagmatic setting (e.g.
Dick and Bullen 1984; Hellebrand et al. 2001). With
increasing extent of melting, spinel Cr# increases, the
Al content of orthopyroxene decreases, and the forsterite
content of olivine increases. On a plot of spinel Cr#
against Mg#, Neyriz spinels plot in the field overlapping
SSZ and abyssal peridotites (Figure 7A). Dunite spinels
have higher Cr# (~80), similar to those crystallized from
boninitic melts. In the olivine-spinel mantle array
(OSMA) diagram (Arai 1994), Neyriz peridotites appear
to be residual after >13% to ~20% partial melting
(Figure 7B).

In SSZ ophiolites, clinopyroxene and sometimes
orthopyroxene usually crystallize before plagioclase,
whereas the reverse is true for MORB ophiolites
(Pearce et al. 1984). Crystallization of clinopyroxene
and orthopyroxene before plagioclase is also observed
for the Neyriz ophiolite. Ishiwatari (1985) concluded
that high TiO2 (0.6–0.8 wt.%) content characterizes clin-
opyroxenes in MORB-type cumulate rocks whereas mod-
erate to low (0.4–0.1 wt.%) TiO2 content typifies SSZ-
type cumulates. Therefore, variation in TiO2 content
between MORB-type cumulate and SSZ-type cumulate
could be caused by different degrees of partial melting
and/or differences in source composition. Average TiO2

contents of clinopyroxenes (0.01–0.5 wt.% in olivine
gabbros and 0.01–0.69 wt.% in mylonitic gabbros) for
Neyriz ophiolite cumulates are consistent with the par-
ental magma being generated by moderate to high
degrees of partial melting of harzburgitic mantle and/or
partial melts from compositionally different sources.

Plagioclase compositions also contain petrotectonic
information. Burns (1985) concluded that plagioclase
compositions of gabbroic rocks from subduction-related
settings differ from those of mid-ocean ridge and back-arc
basin gabbros. Plagioclase An versus orthopyroxene Mg#
and olivine Fo for Neyriz gabbroic rocks are presented in
Figure 13. Mineral compositions of the gabbroic rocks in
the Neyriz ophiolite differ from those of oceanic cumu-
lates and are similar to those of SSZ gabbros such as the
Troodos ophiolite (Hébert and Laurent 1990) and the
Pozanti-Karsanti (Parlak et al. 2000) and Kizildag

ophiolites (Bagci et al. 2005) of Turkey. The high An
content of plagioclase (82–91% for olivine gabbros and
95–99% for mylonitic gabbros) indicates that Neyriz
cumulate gabbros did not crystallize under low-pressure
anhydrous conditions. High PH2O causes elevated An
content of plagioclase (Yoder 1969; Johannes 1978).
Plagioclase An versus clinopyroxene Mg# from Neyriz
gabbroic rocks also tends to plot in the field of SSZ
igneous rocks (Figure 13C). Thus it is clear that Neyriz
ophiolite gabbroic rocks are similar to those of arc-related
gabbro and differ from mid-ocean ridge gabbroic rocks in
terms of the high An content of plagioclase. Anorthite
contents of mylonitic gabbro plagioclase are quite high, a
factor that shows either higher H2O activity in a SSZ
environment or is partly related to the mylonitic texture
of gabbros and hence the metamorphic nature of the
plagioclase. On the other hand, Mylonitic gabbros have a
fine-grained texture (probably similar to melt, not related
to the accumulation of cumulus minerals) compared with
olivine gabbros and therefore have higher rare earth and
trace element contents (Figure 11).

Field observations show that felsic dikes dominate the
sheeted dike complex. As shown in Figure 11, the lavas
and dikes within the mantle rocks and in sheeted dike
complexes show slightly LREE-depleted patterns similar
to N-MORBs, but Nb depletion distinguishes them from
typical N-MORBs. Depletion in high field strength ele-
ments and enrichment in LILEs like that seen in Neyriz
lavas and dikes characterize convergent margin magmas
(e.g. Pearce and Peate 1995). These geochemical charac-
teristics are similar to early arc tholeiites or forearc basalts
of Reagan et al. (2010). Incompatible element ratios such
as Nb/La (0.4–0.6) and La/Sm (0.8–1.3) for Neyriz lavas
and dikes are comparable to those of early arc basalts or
forearc basalts. Further support for this interpretation is
seen on the Ti versus V diagram (Shervais 1982), where
most Neyriz crustal rocks plot similarly to IBM forearc
basalts while cumulate gabbros are similar to boninites
(Figure 10B). Moreover, Neyriz lavas show little influence
of subducted sediments as revealed by less radiogenic
207Pb/204Pb.

Our geochemical results show that Neyriz lavas have
the geochemical signature of early arc tholeiitic suites
whereas gabbroic rocks have more boninitic signatures.
The main question concerning the chemostratigraphy of
Neyriz ophiolite is: are the boninitic-like gabbros really
younger than MORB-like lavas? Whether or not this is
true is key to establishing the chemotemporality of the
Neyriz suite. Precise U-Pb zircon dating of gabbros (and
associated felsic rocks) is needed to determine whether
boninitic gabbros are younger than lavas with intercalated
Cenomanian–Turonian to early Santonian pelagic lime-
stones, to trace the precise chemostratigraphy of the
Neyriz ophiolite through arc infancy.
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5.2 Geodynamic implications

Both the Neyriz ophiolite and other Zagros ophiolites are
fossil remnants of the Neotethys. This ocean began to
form during late Permian–Early Triassic time, with rifting
on the north of Gondwana. Neotethys opening was accom-
panied by early OIB-type (alkaline) gabbros, dikes, and
lavas (e.g. Saccani et al. 2013). Other evidence of Permo-
Triassic rifted margins includes turbidites, deep-water radi-
olarites, and platform carbonates along with plume-related
alkaline lavas like those interbedded with Kermanshah
radiolarites, Bisotun limestones (Kermanshah), Pichakun
series (Neyriz), and the Hawasina complex of Oman.
Geochemical and geochronological data for Late
Cretaceous Zagros ophiolites indicate that most magmatic
rocks have strong SSZ signatures and formed during less
than 10 million years, as expected for SSZ ophiolites
(Dilek and Furnes 2011).

Some models consider that Late Cretaceous Zagros
ophiolites, along with Troodos and Oman ophiolites, con-
stitute a long, broad, and continuous tract of oceanic litho-
sphere, created at about the same time during the Late
Cretaceous along the southern margin of Eurasia (Shafaii
Moghadam and Stern 2011). In this model, Late
Cretaceous Zagros ophiolites were generated when a new
subduction zone began to form on the southern flank of
Eurasia; this subduction initiation event was accompanied
by extension and incipient arc igneous activity, which
started with the seafloor spreading to form a broad ophio-
litic forearc crust before a magmatic arc localized well to
the north, where the Urumieh–Dokhtar arc is today. This
model is supported by strong SSZ affinities of most
Zagros ophiolitic rocks, especially for the most diagnostic
lithologies of mantle harzburgite, diabase dikes, and lavas.
This model was also applied to Tethyan ophiolites,
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Figure 13. (A) Anorthite content in plagioclase (mol.%) versus enstatite content in orthopyroxene (mol.%). (B) Anorthite content in
plagioclase (mol.%) versus Fo (mol.%) content in olivine. (C) An content versus clinopyroxene Mg# in the gabbroic cumulates for the
Neyriz ophiolite. The Troodos ophiolite data are from Hébert and Laurent (1990), Pozanti-Karsanti ophiolite from Parlak et al. (2000),
and Kizildag ophiolite from Bagci et al. (2005). Fields of MORB and arc gabbro are from Burns (1985).
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including Troodos and Semail, by Whattam and Stern
(2011) and Osozawa et al. (2012). The data that we have
presented in this study support this interpretation.

6. Conclusions

The Late Cretaceous Neyriz ophiolite within the outer
Zagros ophiolitic belt is a slice of Neotethys lithosphere.
A complete if disrupted Penrose sequence, including vari-
ably depleted mantle peridotites with diabasic dikes and
cumulate gabbroic sills/lenses, a sheeted dike complex,
and pillow basalts, represent the main rock units of the
Neyriz ophiolite. A thick layer of gabbro is noticeably
absent. Mantle peridotites are characterized by moderate
to high Cr# spinels similar to those from forearc and
abyssal peridotites. Neyriz cumulate gabbros have strong
SSZ affinities, but the source of lavas was less influenced
by subducted slab inputs, suggesting that lavas are older.
Nd isotopic compositions of Neyriz magmatic rocks reflect
a depleted mantle source with minor involvement of sub-
ducted sediments, similar to forearc basalts associated with
subduction initiation to form the Izu–Bonin–Mariana fore-
arc. Lead isotopic compositions plot near or slightly above
the NHRL. Zagros outer and inner belt ophiolites and
other Late Cretaceous Neotethyan ophiolites along the
Bitlis–Zagros suture zone show many similarities includ-
ing the age of overlying sediments, age of magmatism,
lithological variations, and geochemical evolution. The
similarity of ages for magmatic rocks and overlying sedi-
ments suggests that Zagros inner and outer ophiolite belts
are the exposed limbs of a single deformed sheet, which
formed as a magmatic forearc to the Cretaceous and
younger igneous rocks of the Urumieh–Dokthar arc and
also acted as a backstop to the growing Zagros accretion-
ary prism (Figure 2B). In this scenario, Zagros ophiolites
formed when NE-directed subduction began beneath
southern Eurasia, from Cyprus to Oman, beginning about
100 Ma and thus recorded the beginning of a complex
history of subduction beneath SW Eurasia.

Supplemental data

Supplemental data for this article can be accessed at http://
dx.doi.org/10.1080/00206814.2014.942391.
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