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A B S T R A C T

The Late Cretaceous Sabzevar ophiolite represents one of the largest and most complete fragments of Tethyan
oceanic lithosphere in the NE Iran. It is mainly composed of serpentinized mantle peridotites slices; nonetheless,
minor tectonic slices of all crustal sequence constituents are observed in this ophiolite. The crustal sequence
contains a well-developed ultramafic and mafic cumulates section, comprising plagioclase-bearing wehrlite,
olivine clinopyroxenite, olivine gabbronorite, gabbronorite, amphibole gabbronorite and quartz gabbronorite
with adcumulate, mesocumulate, heteradcumulate and orthocumulate textures. The crystallization order for these
rocks is olivine � chromian spinel → clinopyroxene → plagioclase → orthopyroxene → amphibole. The presence
of primary magmatic amphiboles in the cumulate rocks shows that the parent magma evolved under hydrous
conditions. Geochemically, the studied rock units are characterized by low TiO2 (0.18–0.57 wt.%), P2O5 (<0.05
wt.%), K2O (0.01–0.51 wt.%) and total alkali contents (0.12–3.04 wt.%). They indicate fractionated trends in the
chondrite-normalized rare earth element (REE) plots and multi-element diagrams (spider diagrams). The general
trend of the spider diagrams exhibit slight enrichment in large ion lithophile elements (LILEs) relative to high field
strength elements (HFSEs) and positive anomalies in Sr, Pb and Eu and negative anomalies in Zr and Nb relative to
the adjacent elements. The REE plots of these rocks display increasing trend from La to Sm, positive Eu anomaly
(Eu/Eu* ¼ 1.06–1.54) and an almost flat pattern from medium REE (MREE) to heavy REE (HREE) region [(Gd/
Yb)N ¼ 1–1.17]. Moreover, clinopyroxenes from the cumulate rocks have low REE contents and show marked
depletion in light REE (LREE) compared to MREE and HREE [(La/Sm)N ¼ 0.10–0.27 and (La/Yb)N ¼ 0.08–0.22].
The composition of calculated melts in equilibrium with the clinopyroxenes from less evolved cumulate samples
are closely similar to island arc tholeiitic (IAT) magmas. Modal mineralogy, geochemical features and REE
modeling indicate that Sabzevar cumulate rocks were formed by crystal accumulation from a hydrous depleted
basaltic melt with IAT affinity. This melt has been produced by moderate to high degree (~15%) of partial
melting a depleted mantle source, which partially underwent metasomatic enrichment from subducted slab
components in an intra-oceanic arc setting.
1. Introduction

Ultramafic and mafic cumulate rocks are obvious evidence of the
presence of magma chambers and give information about the depth,
thermal history and size of magma reservoirs, as well as help to constrain
models of basalt differentiation. They are formed by the injection of
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basaltic melt from the underlying rising mantle and are regarded as
created by slow crystallization in a magma chamber (Gass, 1989). These
rocks are found in different tectonic environments, such as oceanic lower
crust generated at spreading ocean ridges, ophiolites in the active
orogenic regions, Alaskan-type complexes in the subduction-related en-
vironments and large stratiform complexes in non-orogenic domains
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(Deng et al., 2015; P�al-Moln�ar et al., 2015, and references therein).
Different petrological and geochemical features of ultramafic and mafic
cumulate sequences can be used to identify the tectonic environment,
constrain the nature of mantle source and provide new insights into the
processes controlling the formation and evolution of mantle-derived
melts (Meyer et al., 1989; Wilson, 1989; Greene et al., 2006; Jagoutz
et al., 2006; Tribuzio et al., 2008; Piccardo and Guarnieri, 2011, and
references therein; Gahlan et al., 2012; Allahyari et al., 2014; Deng et al.,
2015; P�al-Moln�ar et al., 2015; Tanirli and Rizaoglu, 2016; Camuzcuo�glu
et al., 2017; Dey et al., 2018).

Ophiolites are considered as sections of ancient oceanic lithosphere
that have been tectonically located along continental margins during
tectonic events such as collision and obduction (Coleman, 1977; Dilek,
2003; Dilek and Furnes, 2011, 2014; Saccani et al., 2015). They have
been generated in a wide variety of geotectonic settings, of which
mid-oceanic spreading ridges (MOR) and SSZ environments including
intra-oceanic arcs, continental arcs, fore-arcs and back-arcs are the major
ones (Sun and Nesbitt, 1978; Beccaluva et al., 1979; Saunders et al.,
1980; Serri, 1981; Shervais, 2001; Pearce, 2003, 2008; Stern, 2004;
Metcalf and Shervais, 2008; Dilek and Furnes, 2011; Saccani et al., 2011;
Saccani, 2015). Ophiolites are important sources of information for un-
derstanding processes acting at mid-ocean ridges, marginal basins and
subduction zone settings, as well as distinguishing rock types that form
oceanic lithosphere. Geochemistry of ophiolitic rocks is generally applied
to identify their tectonic settings and composition of parental magmas
and mantle sources.

The Sabzevar ophiolite is one of several remnants of Neotethyan
oceanic lithosphere in the northeast of Iran (Fig. 1a). This ophiolite is
tectonically dismembered but all the elements of a complete ophiolite are
present. Petrological studies on the different parts of the Sabzevar
ophiolite indicated formation in a SSZ setting and a IAT affinity for the
Sabzevar sheeted dikes, and N-MORB (normal mid–ocean ridge basalt),
E-MORB (enriched MORB), IAT and calc-alkaline to almost alkaline af-
finities for extrusive rocks of the Sabzevar ophiolite (Noghreyan, 1982;
Shojaat et al., 2003; Khalatbari Jafari et al., 2013a, 2013b; Shafaii
Moghadam et al., 2013, 2014; Rahmani et al., 2017; Rahmani, 2018;
Rezaei et al., 2018).

The Sabzevar ophiolite has a well-developed ultramafic and mafic
cumulate sequence. Cumulate rocks form a part of crustal section in some
of ophiolitic sequences. They are formed by slow crystallization mantle-
derived melts in magma chambers. Their geochemical and petrological
characters provide significant information about origin and tectonic
evolution of oceanic lithosphere and record the history of melt transport
and crystallization between mantle and seafloor (Pearce, 2008; Saccani,
2015). A previous study on the mineral chemistry of cumulate rocks from
the Sabzevar ophiolite indicated that they were formed in an
arc-related/SSZ setting as a consequence of high-to low-pressure crys-
tallization from a basaltic melt in an active magma chamber situated at
the base of the crust (Rahmani et al., 2017). In this study, we present new
geochemical data from whole rock and clinopyroxenes of the cumulate
rocks from the Sabzevar ophiolite to (1) provide a detailed study of their
geochemical characteristics of them, (2) show geochemical similarities
between the studied rock units and equivalents from different tectonic
settings and other ophiolites, (3) determine their original tectonic setting
and parental magma composition and (4) characterize the composition
and partial melting conditions of the mantle source.

2. Geological setting

Iranian ophiolites are part of the Middle East Tethyan ophiolites
(Hassanipak and Ghazi, 1999), which have been tectonically emplaced
into the thrust mountain belts of Iran. Based on their age and
geographical location, they have been classified into five groups (Fig. 1a)
(Torabi et al., 2011; Torabi, 2013; Shafaii Moghadam and Stern, 2015):
(1) Paleozoic metaophiolites that emplaced in the western part of the
Central-East Iranian Microcontinent (CEIM), including the Anarak,
2

Jandaq, Posht–e–Badam and Bayazeh ophiolites; (2) Paleozoic ophiolites
of northern Iran, which consists of the Aghdarband, Mashhad, Takab and
Rasht ophiolites; (3) Mesozoic ophiolites located along the Zagros thrust
zone including the Neyriz and Kermanshah ophiolites, which are regar-
ded as the extension of the Oman ophiolites that was emplaced onto the
Arabian continental margin; (4) Mesozoic ophiolites of the Makran
accretionary prism, including the Band-e-Zeyarat, Dar Anar, and
Fanuj-Maskutan complexes and (5) Mesozoic ophiolites and ophiolitic
m�elanges at the periphery of the CEIM including the Nain, Baft, Sabzevar,
Tchehel–Kureh and Birjand ophiolites. The Paleozoic ophiolites are
considered to be the Palaeotethys suture zones, while the Mesozoic
ophiolites represent the Neotethys suture zones. The main Neotethys
suture zone is placed along the Zagros Mountain range and is traceable
westward into Turkey, where it connects to the Izmir-Ankara suture zone
(Omrani et al., 2013, and references therein).

The ophiolites peripheral to the CEIM are considered as remnants of
oceanic basins related to the Neotethys including: (1) the Sistan Ocean, in
eastern Iran, that separated the CEIM from the Farah and Helmand
blocks, (2) the Fanuj Ocean, in the south and southwest of Iran, between
the CEIM and the Sanadaj-Sirjan/Afro-Arabian plate and (3) the Sabzevar
Ocean, in northern Iran, that separated the CEIM from the Kopeh-Dagh
zone (Turan plate) (Takin, 1972; St€ocklin, 1974; Berberian and king,
1981; Seng€or, 1990; Arvin and Robinson, 1994; Shojaat et al., 2003).
However, Rossetti et al. (2010) suggested that the Late Cretaceous Sab-
zevar and Nain ophiolites were parts of the same unit and formed in a
back-arc basin associated with the subduction of the Sistan Ocean.
Moreover, recent studies base on the paleomagnetic and paleogeography
of Central Iran and chemical features of volcanic rocks from different
ophiolites around the CEIM (Mattei et al., 2012, 2014; Pirnia et al., 2019)
proposed that Sabzevar and Nain ophiolites formed in the northwestern
prolongation sector of the Sistan Ocean.

The Sabzevar ophiolite is a dismembered ophiolitic complex, which
covers an area over 3000 km2 from 56�120 to 58�280 E and from 36�30 to
36�420 N (Fig. 1b). It has a general E-W trend and is part of the Mesozoic
ophiolites that mark the boundaries of the CEIM. The Sabzevar ophiolite
is situated to the north of Sabzevar town, northeastern Iran, along the
Meyamey fault between the CEIM to the south and the Turan plate (i.e.,
the southern margin of Eurasia) to the north (Fig. 1a).

Although the Sabzevar ophiolite is highly dismembered and often
characterized as a typical tectonic ophiolitic m�elange (Lensch, 1980;
Noghreyan, 1982; Baroz et al., 1983; Shojaat et al., 2003), schematic
stratigraphic column of the studied area show that the Sabzevar ophiolite
represents a complete oceanic lithospheric section and contains all the
rocks that are representative of an ophiolitic sequence (Fig. 2a) (Shafaii
Moghadam and Stern, 2015 and references therein). All the different
lithological units and formations in the Sabzevar ophiolitic m�elange are
divided into two general genetic groups including: the ophiolitic (Late
Cretaceous-Early paleocene) and the post-ophiolitic (Eocene to
Plio-Quaternary arc) sequences (Fig. 1b).

The ophiolitic sequence comprises of mantle peridotites, cumulate
peridotites, gabbros, diabasic dikes and volcanic, sedimentary and
metamorphic rocks. Mantle peridotites are the most widespread rock
type in the Sabzevar ophiolite. They occur as lherzolite, clinopyroxen-
bearing harzburgite, harzburgite, dunite and serpentinite. Abundant
rodingitized diabase, pegmatitic gabbro, micro-gabbro and amphibolite
dikes crosscut all lithologies in the mantle section. The harzburgite is the
volumetrically predominant mantle peridotite and hosts dunite bodies
and pyroxenite layers and veins (Rahmani, 2018). There are also large
masses of podiform chromitite inside mantle sequence that are especially
well-developed in the central and western parts of the Sabzevar ophiolite
(Shafaii Moghadam et al., 2013).

Cumulate peridotites, gabbroic rocks and plagiogranites form the
plutonic crustal sequence of the Sabzevar ophiolite. The gabbroic rocks
are largely found as isolated outcrops but can be divided into layered,
foliated, and isotropic gabbros. The diabasic dikes occur as both isolated
intrusive bodies, which cut mantle and plutonic crustal sequences, and



Fig. 1. (a) Main structural units of Iran and location of the study area, Modified after (Shafaii Moghadama et al., 2016); (b) simplified geological map of the Sabzevar
ophiolite, According to Sabzevar and Forumad 1:100,000 geological maps, Modified after (Shafaii Moghadama et al., 2016).
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Fig. 2. (a) Schematic stratigraphic column of the Sabzevar ophiolite, Modified after (Shafaii Moghadam and Stern, 2015); (b) 1:75,000 geological map of the study
area, Modified after (Khalatbari Jafari et al., 2013a).
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sheeted dike complex. The extrusive sequence of the Sabzevar ophiolite
consists of pillow lavas and sheet flows, which are intercalated with
oceanic fossiliferous pelagic limestone and volcano-sedimentary rocks
(Khalatbari Jafari et al., 2013b; Rezaei et al., 2018). The sedimentary
section of the Sabzevar ophiolite comprise a sequence of turbiditic and
volcano-sedimentary rocks and interlayers of oceanic fossiliferous
pelagic limestone and radiolarian chert. Metamorphic rocks associated
with the Sabzevar ophiolite are exposed mainly in the northern part of
the area (Soltan Abad metamorphic complex, Fig. 1b) and consist of
marble, greenschist, amphibolite, migmatitic mafic granulite and
lawsonite-bearing blueschist (Rossetti et al., 2010; Omrani et al., 2013).

According to paleontological studies, the Sabzevar ophiolite contains
Early to Late Cretaceous deep marine sediments (Lindenberg et al., 1984;
Shojaat et al., 2003) and pelagic limestones between the pillow lavas
contain microfossils, which show Late Campanian to Early Maastrichtian
ages (~75–68 Ma), indicating upper Cretaceous age for the youngest
basaltic assemblages (Shojaat et al., 2003; Khalatbari Jafari et al., 2013b;
Shafaii Moghadam et al., 2014).

Geochronological data from crustal sequence rocks of the Sabzevar
ophiolite show amphibole K–Ar ages of 81.2� 4.1 Ma and 76.8� 3.8 Ma
for the lavas and diabases, respectively (Lensch and Davoudzadeh,
1982), as well as zircon U–Pb ages of 99.9 Ma, 90.2 Ma and 77.8 Ma for
three plagiogranites (Fig. 2a), displying the crustal sequence rocks were
formed over a considerable period of time in Late Cretaceous time
(Shafaii Moghadam et al., 2014).

Rossetti et al. (2010) obtained zircon and titanite U–Pb ages of
107.4–105.9 Ma (Albian) for felsic segregations in the migmatitic mafic
granulites (Fig. 2a) and argued that the Sabzevar granulites formed
during subduction of Proto-Sabzevar Ocean in Late Early Cretaceous
time. Dating of Sabzevar metamorphic rocks that are located about 40 km
away from the granulite units yields ages of 58–61 Ma for amphibolites
and 51 Ma for gneiss (Baroz et al., 1983; Rossetti et al., 2014). The
amphibolites and associated blueschists are intruded by Late Paleocene
(ca. 57 Ma; Ar–Ar muscovite and U–Pb zircon method) high–pressure
adakitic granitoids, which are interpreted as slab melts emplaced at
depth within the Sabzevar subduction channel (Rossetti et al., 2014).
These metamorphic units are unconformably covered by
Fig. 3. Field photographs of (a) exposure of ultramafic and mafic cumulates, and shee
layered gabbro and sheeted dike complex, southeastern of Soleymanieh (B-Bʹ sect
tectonized contact, southwestern of Soleymanieh (A–Aʹ section in Fig. 2b); (d) magm
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non–metamorphic nummulite–bearing limestones containing rock clasts
coming from both the Sabzevar metamorphics and adakitic granitoids
(Omrani et al., 2013; Rossetti et al., 2014). In addition, the Sabzevar
ophiolite is intruded by widespread post-ophiolite stocks and dikes of
intermediate to felsic compositions that have arc signatures and show
mica Ar–Ar and zircon U–Pb ages 45–47 Ma (Shafaii Moghadama et al.,
2016). This age is contemporary with deposition of the nummuli-
te–bearing limestones that unconformably cover the Sabzevar ophiolite
(Rossetti et al., 2014) and indicates that the emplacement of the Sabzevar
ophiolitic m�elange onto the southern margin of the Turan (Eurasia) plate
occurred before Early Eocene times (47–45 Ma).

According to the above paleontological and geochronological data,
the Sabzevar oceanic basin existed at least since the Mid-Cretaceous and
was closed during Late Paleocene-Early Eocene times possibly due to
subduction of the Neotethys oceanic crust and subsequent CEIM-Eurasia
plate collision. It is simultaneous with the evolution of other oceanic
basins around the CEIM (Baroz et al., 1983; Arvin and Robinson, 1994;
Babazadeh and De Wever, 2004; Shafaii Moghadam, 2009; Torabi, 2010;
Brocker et al., 2013; Shirdashtzadeh et al., 2014).

3. Field relations and petrography

The best outcrops of the plutonic crustal sequence are located in the
eastern part of the Sabzevar ophiolite (Figs. 1b and 2b). The plutonic
crustal sequence consists of cumulate peridotite (Fig. 3a), layered gabbro
(Fig. 3b–d), foliated gabbro (Fig. 4a) and isotropic gabbro (Fig. 4b–d),
which are intruded by micro gabbro, pegmatitic to porphyritic gabbro,
porphyritic diorite and plagiogranite veins, and isolated diabasic dikes
(Fig. 4b–f). Plagiogranite also forms dikes and massive bodies at the top
of the plutonic crustal sequence and occurs as xenoliths in the sheeted
dikes. The cumulate rocks of the Sabzevar ophiolite crop out mostly in
the vicinity of Soleymanieh and Baghjar villages (Figs. 1b and 2b). In this
study, we selected two sections in the south of Soleymanieh and one
section in the east of Baghjar (Fig. 2b).

The cumulate peridotite occurs at the base of the sequence and
gradually grades upwards into layered gabbro. The layered gabbro is
composed of layers up to 0.5–40 cm thick and displays well-developed
ted dike complex, northeastern of Bagjer (C-Cʹ section in Fig. 2b); (b) exposure of
ion in Fig. 2b); (c) exposure of layered gabbro and mantle peridotite with a
atic layering in the layered gabbro, southwestern of Soleymanieh.



Fig. 4. Field photographs of (a) foliated gabbro, southwestern of Soleymanieh; (b–d) veins of micro gabbro, pegmatitic gabbro, porphyritic diorite and plagiogranite
within isotropic gabbro, southwestern of Soleymanieh; (e) pegmatitic gabbroic vein in layered gabbro, southeastern of Soleymanieh; (f) diabasic dike within cumulate
peridotite, northeastern of Bagjer.
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magmatic layering and rhythmic alternations of melanocratic and leu-
cocratic gabbro (Fig. 3d). It contains layers of medium-to coarse-grained
gabbro interbedded with thin layers of fine-grained gabbro, clinopyrox-
enite and anorthosite. The magmatic layering gradually decreases to-
wards the top of the sequence and layered gabbro is followed by foliated
and isotropic gabbro, plagiogranite and sheeted dikes.

The ultramafic cumulates consist of plagioclase-bearing wehrlite and
olivine clinopyroxenite with adcumulate, mesocumulate and heter-
adcumulate textures. Plagioclase-bearing wehrlite samples contain
olivine (50%–55%) and clinopyroxene (35%–40%) as cumulus phases
and plagioclase (7%–10%) and orthopyroxene (~5%) as intercumulus
phases. The intercumulus plagioclase surrounds clinopyroxene and
olivine crystals, forming a heteradcumulate texture (Fig. 5a and b). In-
clusions of olivine, clinopyroxene and plagioclase in the orthopyroxene
indicate their formation before orthopyroxene. In addition, fine in-
clusions of spinel are also seen in the olivines. The olivine clinopyrox-
enites consist of cumulus clinopyroxene (65%–70%) and olivine (20%–

15%) and intercumulus clinopyroxene, orthopyroxene (7%–10%) and
plagioclase (5%–10%) (Fig. 5c).

The mafic cumulates are represented by olivine gabbronorite, gab-
bronorite, amphibole gabbronorite and quartz gabbronorite with adcu-
mulate, mesocumulate, heteradcumulate and orthocumulate textures.
The olivine gabbronorites include olivine (15%–20%), clinopyroxene
(35%–40%), plagioclase (30%–35%) and orthopyroxene (10%–15%). In
these rocks, plagioclase occurs as both unzoned cumulus and inter-
cumulus phases, while orthopyroxene forms intercumulus phase
(Fig. 5d). In the cumulate rocks, layering is determined by variation of
6

modal amounts of the minerals. Decreasing relative proportion of olivine
is balanced by increasing amounts of orthopyroxene. The gabbronorites
consist of clinopyroxene (30%–35%) as cumulus phase, and plagioclase
(45%–50%) and orthopyroxene (15%–20%) as both cumulus and inter-
cumulus phases (Fig. 5e). The amphibole gabbronorites contain 5%–10%
amphibole, which surrounds clinopyroxene, orthopyroxene and plagio-
clase crystals as an intercumulus phase and forms heteradcumulate
texture (Fig. 5f). In these rocks, plagioclase occurs as both cumulus and
intercumulus phases and shows zoning. The quartz gabbronorites include
about 5% quartz as an interstitial mineral and have modal compositions
similar to the amphibole gabbronorite. Based on the petrographic ob-
servations, the crystallization order within the cumulate rocks of the
Sabzevar ophiolite is olivine � chromian spinel → clinopyroxene →
plagioclase → orthopyroxene → amphibole.

Opaque minerals, titanite and apatite are accessory minerals in the
mafic cumulates. The ultramafic and mafic cumulates of the study area
were modified by moderate to low degrees of hydrothermal alteration
and magmatic minerals were partly replaced by secondary minerals. The
main characteristic alteration features observed in these rocks are partial
to complete replacement of olivine to serpentine and magnetite
(Fig. 5a–d), partial alteration of pyroxenes to amphibole (Fig. 5e) and
variably alteration of plagioclase to sausserite (Fig. 5a). In some thin-
sections, elongate or fibrous amphibole (uralite) forms reaction rims on
pyroxenes, and is commonly associated with opaque minerals.

The pegmatitic gabbro dikes and veins that cut cumulate sequence of
the Sabzevar ophiolite display cumulate textures. They are amphibole
gabbronorite and contain plagioclase (5 mm size), clinopyroxene (6–12



Fig. 5. Photomicrographs of ultramafic and mafic cumulates from the Sabzevar ophiolite. (a) Heteradcumulate texture in the plagioclase-bearing wehrlite (sample g-
80), in which plagioclase poikilitically encloses olivine and clinopyroxene; (b) plane-polarized light of (a); (c) adcumulate texture in the olivine clinopyroxenite
(sample g-41); (d) mesocumulate texture in the olivine gabbronorite (sample g-75), where plagioclase occurs between the olivine and pyroxene; (e) mesocumulate
texture in the gabbronorite (sample g-10-2-2); (f) heteradcumulate texture in the amphibole gabbronorite (sample g-5), in which amphibole poikilitically encloses
plagioclase and clinopyroxene. Abbreviations: Act: actinolite; Amp: amphibole; Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Pl: plagioclase and Tr: tremolite.
Mineral abbreviation from Whitney and Evans (2010).
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mm size) and orthopyroxene (6 mm size), which are surrounded by
amphibole, forming a heteradcumulate texture. In addition, samples
frommicro grabbroic dikes and veins inside Sabzevar cumulate sequence
have microgranular and intergranular textures and contain plagioclase
and clinopyroxene with a grain size of about 0.2 mm.

4. Analytical methods

Based on the petrographic study, eighteen representative samples
were selected for geochemical analysis. Sixteen samples representing all
lithological types were chosen from the ultramafic and mafic cumulates,
along with two samples from the micro gabbroic dikes. The samples were
cut into small slabs to remove the thin traces of veins. Sample powders
were obtained by crushing rock slabs in a jaw crusher and powdering
fragments in an agate ring mill. Bulk rock major elements were analysed
7

by X–Ray Fluorescence (XRF) at the Instituto Andaluz de Ciencias de la
Tierra (IACT, Granada, Spain) using a Bruker AXS S4 Pioneer equipped
with three analyzers (LiF200, OVO-55, PET). Within–run precision (%
RSD), measured by repeated analyses of USGS reference materials BHVO-
2 and AGV-2 as external standards, was better than 1.5% for all elements
except P (2.7%).

Bulk rock trace elements (REEs, Cs, Rb, Ba, Th, U, Pb, Nb, Ta, Sr, Zr,
Hf, Y, Sc, and Cu) were analysed in solution using an Agilent 8800 QQQ
Inductively Coupled Plasma–Mass Spectrometer (ICP–MS) at IACT
(Granada, Spain). Sample digestion was performed following the HF/
HClO4 dissolution and analytical procedure described in detail by Ionov
et al. (1992) and Garrido et al. (2000). Bulk rock trace element con-
centrations were determined by external calibration, except for Hf that
was calculated using Zr measured by XRF and the chondritic Zr/Hf ratio.
Accuracy of the ICP–MS analyses was assessed from the results obtained
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for the international rock standards JP–1, UBN, PM–S, MRG-1 and
DNC–1a, analysed as an unknown during the same analytical runs as the
Sabzevar ophiolite samples. Our results (Supplementary Table 2) show
good agreement with working values for these reference materials (Fla-
nagan, 1984; Govindaraju, 1994; Dulski, 2001; Deschamps et al., 2010;
Debret et al., 2013; GeoReM database: http://georem.mpch-main
z.gwdg.de).

In situ trace element analyses of clinopyroxenes were carried out by
laser–ablation (LA) ICP–MS. Analyses were performed at IACT (Granada,
Spain) using a Agilent 8800 QQQ instrument coupled with a Photon
Machine Analyte G2 system equipped with a 193 nmwavelength excimer
laser. In each analytical setup, reference sample BIR–1G (basaltic glass
reference sample) was analysed as an external standard. Results show
good agreement with working values for this reference sample (GeoReM
database: http://georem.mpch-mainz.gwdg.de; Govindaraju, 1994)
except for Cs, Rb and U (Table 1).The laser was fired using an energy
density of 10.8 J/cm2 at a frequency of 10 Hz and using a spot size of 85
μm. Data were corrected using the Iolite software of Paton et al. (2011).

5. Mineral chemistry

5.1. Major element compositions

In a previous paper (Rahmani et al., 2017), we presented major
element chemical characteristics of minerals from the studied ultramafic
and mafic cumulate rocks. It shows that the forsterite (Fo) contents of
olivine in the ultramafic and mafic cumulate samples range from 81.6%–

89.8% and 80.5%–84.1% for, respectively, ultramafic and mafic cumu-
lates. The composition of clinopyroxenes from ultramafic cumulate
samples is diopside (En50.7-47.1FS7.0-4.1Wo48.0-42.3), whereas
Table 1
Trace elements and REE concentrations of clinopyroxene in cumulate samples from t

Lithology Plagioclase bearing wehrlite Olivine gabbronorite

Sample No. g-80 g-80 g-80 g-75 g-75 g-62 g-

Point No. 1 2 3 1 2 1 2
Li (ppm) 0.62 0.68 0.55 0.66 0.69 1.31 1.
Sc 38.4 44.1 41.7 45.8 41.8 37.1 41
Cs 0.012 0.015 0.002 0.048 0.002 0.029 0.
Rb 0.027 0.031 0.009 0.028 0.017 0.21 0.
Ba 0.057 0.047 0.023 0.056 0.068 0.24 0.
Th 0.002 0.001 0.002 0.001 0.002 0.013 0.
U 0.0000 0.0007 0.0009 0.0006 0.0003 0.057 0.
Nb 0.001 0.003 0.002 0.004 0.004 0.008 0.
Ta 0.0002 0.0002 0.0004 0.0003 0.0007 0.0006 0.
La 0.040 0.070 0.051 0.055 0.060 0.088 0.
Ce 0.21 0.37 0.24 0.28 0.29 0.30 0.
Pb 0.003 0.020 0.010 0.010 0.016 0.14 0.
Pr 0.051 0.092 0.060 0.075 0.070 0.059 0.
Sr 4.3 4.7 4.8 4.1 4.4 4.3 4.
Nd 0.34 0.61 0.39 0.49 0.45 0.38 0.
Zr 1.2 2.1 1.3 1.6 1.7 1.3 2.
Hf 0.066 0.12 0.069 0.087 0.079 0.12 0.
Sm 0.23 0.41 0.26 0.35 0.33 0.21 0.
Eu 0.091 0.16 0.11 0.13 0.13 0.090 0.
Gd 0.40 0.57 0.45 0.58 0.51 0.40 0.
Tb 0.073 0.13 0.090 0.11 0.098 0.069 0.
Dy 0.52 0.88 0.60 0.83 0.69 0.51 0.
Y 2.7 4.5 3.1 4.1 3.7 3.0 4.
Ho 0.11 0.20 0.13 0.17 0.15 0.11 0.
Er 0.31 0.52 0.36 0.47 0.42 0.31 0.
Tm 0.040 0.069 0.047 0.066 0.058 0.043 0.
Yb 0.27 0.42 0.30 0.43 0.37 0.29 0.
Lu 0.036 0.061 0.045 0.060 0.056 0.039 0.
Eu/Eu* 0.91 0.90 0.96 0.91 0.93 0.96 0.
(La/Sm)N 0.11 0.11 0.12 0.098 0.11 0.27 0.
(La/Yb)N 0.10 0.12 0.12 0.089 0.11 0.21 0.
(Gd/Yb)N 1.2 1.2 1.2 1.1 1.1 1.1 1.

N: normalized to chondrite after Sun and McDonough (1989); Eu/Eu* ¼ Eu(N)/[Sm(
GeoReM database: http://georem.mpch-mainz.gwdg.de; *: values from Govindaraju
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clinopyroxenes from the mafic cumulates show weak Fe enrichment
(En49.1-40.6FS14.2-6.0Wo46.4-41.5) with differentiation and have composi-
tion of diopside to augite. Clinopyroxenes have high Mg number [Mg#¼
100 � Mg/(Mg þ Feþ2)] (91–98 and 77–96 for ultramafic and mafic
cumulates, respectively). Orthopyroxenes are enstatite and Mg# of them
range from 90–93 in the ultramafic and 75–89 in the mafic cumulates.
Compositionally, plagioclase ranges from anorthite to bytownite
(An93.0-91.4 to An92.7-87.6) for the ultramafic and mafic cumulates,
respectively. According to nomenclature of the amphibole-supergroup
minerals from Hawthorne et al. (2012), the composition of amphibole
from Sabzevar cumulate rocks ranges from Ti-rich magnesio-ferri-horn-
blende to magnesio-ferri-hornblende.
5.2. Trace element compositions of clinopyroxenes

Trace element data of clinopyroxenes from the plagioclase-bearing
wehrlite, olivine gabbronorite and pegmatitic gabbro dike are given in
Table 1. The chondrite–normalized REE patterns of the clinopyroxenes
from different lithologies are similar. The clinopyroxenes have low REE
contents and highly fractionated chondrite–normalized REE patterns
(Fig. 6a and c) with a strong LREE depletion compared to MREE and
HREE [(La/Sm)N ¼ 0.10–0.27 and (La/Yb)N ¼ 0.08–0.22]. Normalized
REE concentrations of the clinopyroxenes uniformly increase from LREE
to MREE and have an almost flat pattern in the MREE to HREE region
[(Gd/Yb)N ¼ 1–1.25]. Clinopyroxenes from the plagioclase-bearing
wehrlite and olivine gabbronorite samples show very small negative Eu
anomalies (Eu/Eu* ¼ 0.90–0.96) that indicate their precipitation from
the melt that was little fractionated by plagioclase crystallization (e.g.,
Greene et al., 2006; Drouin et al., 2009; Gahlan et al., 2012). Clinopyr-
oxene from the pegmatitic gabbro dike has larger negative Eu anomalies
he Sabzevar ophiolite.

Pegmatitic gabbro LA-ICP-MS standard

62 g-32 BIR-1G BIR-1G (GeoReM database) RSD (%)

1 n ¼ 5 mean
17 1.27 3.2 3.2 1
.1 52.4 44.1 43.0 2
11 0.68 0.057 0.005* 1040
38 5.5 0.18 0.25* �29
24 0.099 6.5 7.1 �9
030 0.005 0.029 0.032 �8
011 0.0003 0.019 0.010 93
005 0.005 0.51 0.55 �7
0006 0.0005 0.036 0.036 �1
14 0.077 0.60 0.62 �2
54 0.42 1.9 1.9 �1
037 0.023 3.4 3.1 9
11 0.11 0.36 0.37 �4
4 4.1 110.0 109.0 1
69 0.77 2.2 2.4 �9
6 2.4 14.0 14.0 0
12 0.14 0.57 0.58 �2
42 0.47 1.1 1.1 0
15 0.18 0.52 0.53 �2
64 0.81 1.8 1.9 �2
12 0.16 0.36 0.36 �1
84 1.1 2.5 2.5 �1
3 5.2 14.6 15.6 �6
18 0.25 0.57 0.56 2
52 0.71 1.7 1.7 1
070 0.11 0.24 0.25 �3
42 0.67 1.6 1.7 �2
058 0.084 0.25 0.25 �1
90 0.87
20 0.10
22 0.080
3 1.0

N) � Gd(N)]0.5.
(1994); RSD (%): relative standard deviation (percentage).

http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de


Fig. 6. Chondrite-normalized REE and PUM-normalized trace element patterns of clinopyroxene (Cpx) from the Sabzevar ophiolite cumulate rocks, (a and b)
plagioclase-bearing wehrlite; (c and d) olivine gabbronorite and pegmatitic gabbro. Normalizing values from Sun and McDonough (1989). PUM: primitive
upper mantle.
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(Eu/Eu* ¼ 0.87), which may suggest higher degrees of crystal fraction-
ation for pegmatitic gabbros. The investigated clinopyroxenes display
similar primitive upper mantle (PUM)-normalized trace element patterns
with a flat pattern in MREE to HREE and negative anomalies in Zr, Nb, Ba
and Pb compared to the adjacent elements. They also show a marked
depletion in trace element concentrations relative to PUM, except for
MREE concentrations in one plagioclase-bearing wehrlite sample (Fig. 6b
and d). Normalisation to PUM reveals that in all clinopyroxenes, Nb, Zr,
Hf and Ta are depleted relative to HREE and Y. The clinopyroxenes also
show slight Sr negative anomaly that is in accordance with crystallization
of interstitial plagioclase in these rocks.

6. Whole rock geochemistry

Representative whole rock major and trace element concentrations of
the ultramafic and mafic cumulates and micro grabbroic samples are
Fig. 7. Classification of cumulate rocks from the Sabzevar ophiolite based on the majo
(b) ternary AFM diagram (Irvine and Baragar, 1971). Fields of cumulate and non-cu
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presented in Supplementary Table 1.
6.1. Major element compositions

The LOI values range from 1.73 wt.% to 6.12 wt.% for the ultramafic
cumulate and from 0.54 wt.% to 5.07 wt.% for the mafic cumulate
samples. These values vary depending on the abundance of primary and
secondary alteration phases (serpentine group minerals, epidote, calcite,
chlorite and amphibole). The geochemical data show that the SiO2
content is 40.64–43.38 wt.% in plagioclase-bearing wehrlite and
45.93–53.51 wt.% in olivine clinopyroxenite and mafic cumulates. Sab-
zevar ultramafic and mafic cumulate samples characterized by low TiO2
(0.18–0.57 wt.%), P2O5 (<0.05 wt.%), K2O (0.01–0.51 wt.%) and total
alkali contents (0.12–3.04 wt.%). In the discriminate diagram based on a
variation of TiO2 versus mafic index [FeOt/(FeOt þ MgO)] (Serri, 1981),
Sabzevar cumulate samples mostly plot in the low-Ti ophiolite field
r and minor elements, using (a) TiO2-FeOt/(FeOt þMgO) diagram (Serri, 1981);
mulate rocks are from Beard (1986).
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(Fig. 7a).
The studied rocks range from highly magnesian (31.48–28.77 wt.%)

in plagioclase-bearing wehrlite to less magnesian (20.42–6.41 wt.%) in
olivine clinopyroxenite and more evolved rocks such as olivine gab-
bronorite, gabbronorite, amphibole gabbronorite and quartz gab-
bronorite which have high CaO (10.64–16.66 wt.%) and Al2O3
(8.29–20.77 wt.%) contents. Fig. 8 shows selected major element vari-
ations of the ultramafic and mafic cumulates with MgO (assumed here as
a differentiation index). In general, there is a positive correlation be-
tween Fe2O3 and MgO contents, whereas SiO2, Al2O3, Na2O, CaO and
TiO2 values of majority of studied cumulate rocks increase with
decreasing MgO contents and only show minor disturbances, which can
be explained by the alteration of minerals and/or cumulate nature of
these rocks. The general trend from Mg-rich to Ca- and Al-rich cumulates
is as a consequence of magmatic accumulation of olivines, clinopyrox-
enes and plagioclase and the progressive differentiation in the Sabzevar
ophiolite magma chamber. The major element compositions of Sabzevar
cumulate rocks in the ternary (FeOþ Fe2O3)–(Na2Oþ K2O)–MgO (AFM)
diagram of Irvine and Baragar (1971) overlap with field of arc-related
ultramafic and mafic cumulates of Beard (1986) (Fig. 7b).

The micro grabbroic dike samples have 50.88–51.53 wt.% SiO2,
7.77–12.63 wt.% MgO, 13.28–17.53 wt.% Al2O3 and 10.23–10.95 wt.%
CaO values. They contain low TiO2 (0.55–0.59 wt.%), P2O5 (0.04–0.05
wt.%) and K2O (0.07–0.63 wt.%) contents.
6.2. Trace element compositions

Chondrite-normalized REE patterns for the ultramafic and mafic
cumulate samples are parallel and increase in abundance systematically
from plagioclase-bearing wehrlite, olivine gabbronorite and olivine cli-
nopyroxenite [(0.4–5) � chondrite] through gabbronorite, amphibole
gabbronorite and quartz gabbronorite [(1–6) � chondrite] (Fig. 9a, c, e
and g). This suggest that the different rock types are related to each other
by differentiation of the same primary magma (e.g., Kelemen et al., 1997;
Fig. 8. Plots of selected major elements of ultramafic and mafic cumulate from
the Sabzevar ophiolite against MgO as a differentiation index.
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Marchesi et al., 2006). The REE patterns show increasing trend from La to
Sm, positive Eu anomaly (Eu/Eu*¼ 1.06–1.54) and an almost flat pattern
from MREE to HREE region [(Gd/Yb)N ¼ 1–1.17]. The positive Eu
anomaly in these rocks is due to the accumulation of calcic plagioclases
and clearly reflect their cumulate nature (e.g., Berger et al., 2001; Greene
et al., 2006). Moreover, the flat HREE patterns shown by the samples are
in accordance with the existence of considerable amounts of clinopyr-
oxene (e.g., Berger et al., 2001). The plagioclase-bearing wehrlites,
olivine clinopyroxenite, olivine gabbronorites (except for sample g-62)
and gabbronorites display noticeably LREE depletion relative to MREE
and HREE [(La/Sm)N ¼ 0.25–0.55 and (La/Yb)N¼ 0.19–0.43] (Fig. 9a, c,
and e). The REE patterns progressively flatten with increasing REE
abundance in the amphibole gabbronorites and quartz gabbronorites
[(La/Sm)N ¼ 0.64–0.75 and (La/Yb)N ¼ 0.60–0.76] (Fig. 9g). Sample
g-62 has higher LREE abundances compared to other olivine gab-
bronorite samples and displays lower LREE depletion relative to MREE
and HREE [(La/Sm)N ¼ 0.8 and (La/Yb)N ¼ 0.8].

The most abundant trace element in the studied cumulate rocks is Sr,
from 14.50 to 74.50 ppm in the ultramafic, and from 55.26 to 233.20
ppm in the mafic cumulate rocks and increases markedly with decreasing
MgO, probably due to higher amount of plagioclase in the mafic cumu-
lates (e.g. Grove and Baker, 1984; Beard, 1986; Kelemen et al., 2003). Sc
shows considerable variation in both ultramafic (17.1–50.9 ppm) and
mafic (22.2–51.9 ppm) cumulates, which most likely correlates with the
fractionation of clinopyroxene (e.g. Ross et al., 1954; Borisenko, 1967;
Ballantyne, 1992). The investigated cumulate samples display similar
PUM-normalized trace element patterns with a flat pattern in MREE to
HREE, positive anomalies in Sr, Pb and Eu and negative anomalies in Zr
and Nb relative to the adjacent elements (Fig. 9b, d, f and h). The general
trend of the spider diagrams exhibit slight enrichment in the LILEs
relative to the HFSEs and enrichment of Sr compared to PUM (except in
one plagioclase-bearing wehrlite sample g-51).

The plagioclase-bearing wehrlite, olivine clinopyroxenite, olivine
gabbronorite and gabbronorite samples are mostly depleted in LREEs,
LILEs such as Cs, Rb and Ba, as well as some of HFSEs including U, Th, Ta,
Zr, Hf and Nb relative to PUM (Fig. 9b, d and f). The low abundances of
the incompatible trace elements can be result of the high proportion of
cumulus minerals and the low amounts of intercumulus liquid in the
magma chamber (e.g., Parlak et al., 1996, 2000; 2002; Berger et al.,
2001). The incompatible trace element values gradually increase in
amphibole gabbronorite and quartz gabbronorite samples (Fig. 9h). It
could represent the intercumulus liquid becoming more evolved as other
phases (olivine, cpx and plagioclase) are progressively fractionated. The
trace element concentrations of the remaining liquid should increase
with this fractionation. It is noteworthy that the pegmatitic gabbro
samples have chondrite-normalized REE and PUM-normalized trace
element patterns similar to the amphibole gabbronorites (more evolved
cumulate rocks) (Fig. 9g and h).

The micro grabbroic dike samples exhibit REE enrichment compared
to the chondrite composition [(5–10) � chondrite] (Fig. 9g). Chondrite-
normalized REE patterns of them indicate slightly LREE depletion with
respect to MREE and HREE [(La/Sm)N ¼ 0.65–0.75 and (La/Yb)N ¼
0.62–0.78], negligible positive Eu anomaly (Eu/Eu*¼ 1.08–1.12) and an
almost flat pattern from MREE to HREE region [(Gd/Yb)N ¼ 1.11–1.14].
These samples have low Zr/Hf ratios (28.30–30.36) and PUM–normal-
ized trace elements diagram of them show Nb and Pb negative anomalies
and Sr positive anomaly relative to neighboring elements (Fig. 9h).

7. Discussion

7.1. Evaluation of the alteration and crystal accumulation effects on whole
rock composition

The examined cumulate rocks are affected by various degrees of
alteration, between low to modrate, which led to different extent of
replacement of the primary igneous phases and an increase in the loss on



Fig. 9. Chondrite-normalized REE and PUM-
normalized trace element patterns of cumulate
rocks and micro grabbroic dike samples within
cumulate sequence of the Sabzevar ophiolite; (a
and b) plagioclase-bearing wehrlite and olivine
clinopyroxenite; (c and d) olivine gabbronorite;
(e and f) gabbronorite; (g and h) amphibole
gabbronorite, quartz gabbronorite, pegmatitic
gabbro and micro grabbroic dike samples.
Normalizing values from Sun and McDonough
(1989). The detection limit was below 0.000001
ppm for all elements except for Rb and Zr which
were 0.000005 and 0.000008 ppm, respectively.
PUM: primitive upper mantle.
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ignition (LOI ¼ 0. 54–6.12 wt.%). The plagioclase-bearing wehrlites and
one of olivine gabbronorite sample have the highest amounts of LOI
(3.55–6.12 wt.%), which is mainly due to partial to complete alteration
of olivine to serpentine. The alteration degree in the other mafic cumu-
lates is weak and LOI content of them is not significant and never exceeds
2.3 wt.%. During alteration, LIL elements, LREE and many major ele-
ments generally show some degrees of mobilization while HFS elements
(e.g., Ti, P, Zr, Y, Sc, Nb, Ta, Hf and Th), MREE and HREE are approxi-
mately immobile and retain the typical igneous concentration levels and
are therefore suitable for petrogenetic and geotectonic investigation
(Rollinson, 1993; Jiang, 2000; Salvi et al., 2000; Jiang et al., 2003;
Karakaya, 2009). In addition, investigations on the behavior of isovalent
trace elements (Y, REEs, Zr and Hf) in magmatic and aqueous systems
(Bau, 1996) have shown that in pure silicate melts, elements with similar
charge and radius such as the Y–Ho and Zr–Hf twin pairs show coherent
behavior and retain chondritic ratio. In contrast, in aqueous systems and
their precipitates, Y–Ho and Zr–Hf twin pairs show non-coherent
behavior. Sabzevar cumulate rocks have always well preserved the pri-
mary magmatic textures (Fig. 5) and show minor chemical disruption of
the major element contents (Fig. 8). Moreover, plotting of the samples on
11
Zr vs. Hf, Y vs. Ho and La vs. La/Yb diagrams (as indicators of alteration
and fractionations) and calculating the correlation coefficients (r2) show
these twin pairs have a good linear correlations (r2 ¼ 0.85–0.99). These
features, along with the parallelism of most trace element patterns
(Fig. 9), indicate that few of the geochemical characteristics of the
studied cumulate rocks have been modified by alteration and they
significantly preserve the characteristics of primary igneous.

The major and trace element compositions of cumulate rocks are
mainly controlled by modal proportions and assemblages of cumulus
minerals and intercumulus phases in these rocks. Investigations on the
trace elements composition of minerals from mafic and ultramafic cu-
mulates (Otamendi et al., 2016) indicated that olivine and Cr–Al spinel
are the major hosts of Ni and Co. In addition, olivine is also a host for Li,
Sc and U, while spinel is also repository of Cr, V and Zn. With decreasing
of modal proportion of olivine, orthopyroxene becomes a major phase for
those trace elements hosted by olivine. These investigations revealed that
majority of trace elements including LILE (Rb, Ba, Sr, U, Th), HFSE (Nb,
Ta, Zr, Hf) and REEs are highly incompatible with most of the silicates
and oxides. Clinopyroxene is the predominant host for Sc, MREE and
HREE, and to a variable degree, Ti and Cr. Plagioclase is the main host of
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Sr and Pb, as well as Ba, Eu, La and Ce. Inaddition, crystallization of
magmatic amphibole in a hydrous cumulate system fractionates Ti, Y,
MREE and HREE from other incompatible elements. In contrast, late
magmatic to sub solidus amphibole has no effect on the differentiation of
a primary magma.

Primitive mantle and chondrite-normalized trace and rare earth
element patterns of Sabzevar ultramafic and mafic cumulate rocks are
highly similar, suggesting that these rocks were generated by differen-
tiation of the same primitive magma. The trace and rare earth element
contents progressively increase from plagioclase-bearing wehrlite,
olivine gabbronorite (except for sample g-62) and olivine clinopyrox-
enite through gabbronorite, amphibole gabbronorite and quartz gab-
bronorite, in accordance with increasing modal abundances of
clinopyroxene and plagioclase as cumulus and amphibole as inter-
cumulus phases.

Olivine gabbronorite sample g-62 has higher LREE, LILE, Nb, Ta and
Zr abundances compared to other olivine gabbronorite samples, while its
MREE and HRRE contents are similar to other olivine gabbronorite
samples (Fig. 9c and d). Generally, different REE and trace element
patterns in cumulate rocks reflect variations in the proportion of cumulus
phases (olivine, pyroxene and plagioclase) and small amounts of inter-
cumulus melt, which is highly enriched in incompatible elements
compared to cumulate phases and essentially control the whole-rock
composition despite being small amounts (Berger et al., 2001; Borghini
and Rampone, 2007; Allahyari et al., 2014; Tanirli and Rizaoglu, 2016).
Sample g-62 largely consists of olivine and clinopyroxene and has higher
MgO contents (19.12 wt.%) relative to other olivine gabbronorite sam-
ples (18.33–15.22 wt.%). Therefore, it is difficult for variations in min-
eral proportion to explain its LREE, LILE, Nb, Ta and Zr abundances.
These abundances are possibly related to the proportion of intercumulus
minerals, which crystallized in equilibrium with a trapped melt fraction
with geochemical characteristics similar to parental melt.

7.2. Inferred parental melt

7.2.1. Petrography and major elements geochemistry approach
The petrographical and geochemical characteristics show that Sab-

zevar cumulate rocks formed by fractional crystallization and differen-
tiation. The general differentiation trend is from highly magnesian
ultramafic cumulates to mafic cumulates rich in Al2O3 and CaO (Sup-
plementary Table 1; Fig. 8b and c). Whole-rock geochemical composi-
tions indicate that the ultramafic and mafic cumulate samples can be
classified as low-Ti ophiolite related rocks (Fig. 7a). By using the frac-
tionation trends of both gabbroic rocks, dikes and basalts from ophiolitic
suites (Miyashiro, 1973, 1975; Serri, 1981) and distinct magma types of
the modern oceanic setting (Beccaluva et al., 1989), ophiolites have been
grouped into high-Ti, low-Ti and very low-Ti ophiolite types. The High-Ti
ophiolites disply typical characteristics of MORB-like magmas, occurring
at mid-ocean ridges andwell developedmarginal basins, while the low-Ti
and very low-Ti ophiolites are comparable to IAT and boninitic-like
magmas, respectively, typically form in intra-oceanic island arc settings
(Beccaluva et al., 1989). In arc-related ophiolites, clinopyroxene and
orthopyroxene are common minerals in crustal plutonic rocks (e.g.,
Elthon et al., 1982; Beccaluva et al., 1983; Parlak et al., 1996, 2002), but
the crystallization order of minerals differs in IAT and boninitic magmas.
The crystallization order in IAT magmas is: olivine � Cr-spinel → cli-
nopyroxene → plagioclase → orthopyroxene, whereas in boninitic
magmas is: olivine � Cr-spinel → clinopyroxene → orthopyroxene →
plagioclase. The petrographic observations show crystallization order in
the studied rocks is olivine � chromian spinel → clinopyroxene →
plagioclase→ orthopyroxene→ amphibole, correspond to crystallization
order observed in IAT magmas.

Pearce and Norry (1979) demonstrated that Ti contents of clinopyr-
oxene indicate the degree of depletion of the mantle source and the Ti
activity of the parental melt. Geochemical studies indicate that clino-
pyroxenes fromMORB cumulates have 0.6–1.4 wt.% TiO2 (Elthon, 1987;
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Niu et al., 2002), while those from IAT and boninitic cumulates have
0.18–0.54 wt.% and <0.15 wt.% TiO2 contents, respectively (Greene
et al., 2006; Tribuzio et al., 2008). TiO2 contents of clinopyroxenes from
Sabzevar cumulate rocks vary from 0.14 wt.% to 0.52 wt.% (Rahmani
et al., 2017) and are comparable to those from IAT cumulates, which
crystallized from a low Ti melt (e.g. Greene et al., 2006). Other studies
have shown that partial melting and remelting of mantle peridotites can
lead to the removal of Ti from mantle clinopyroxenes and the generation
Ti-poor magmas (Duncan and Green, 1980; H�ebert and Laurent, 1990).
Accordingly, it is suggested that Sabzevar cumulate rocks have been
crystallized from a low Ti parental melt, which formed by partial melting
of already depleted mantle peridotite. Low Ti magma was the source for
the ophiolitic basalts and plutonic rocks that formed in SSZ settings
(Camuzcuo�glu et al., 2017 and references therein).

Experimental results show that crystallization of plagioclase is
repressed relative to olivine and clinopyroxene in water-rich tholeiitic
magmas (Gaetani et al., 1993; Falloon and Danyushevsky, 2000; Koepke
et al., 2004; Berndt et al., 2005; Feig et al., 2006; France et al., 2013).
This is favorable to cumulate rocks from SSZ settings, where hydrous
parental melts are generated by fluid-increased melting due to the sub-
ducted slab (Beccaluva and Serri, 1988; Shervais et al., 2004; Koepke
et al., 2009). Early crystallization of clinopyroxene relative to plagioclase
in combination with the presence of primary magmatic amphibole in
Sabzevar cumulate rocks cannot be explained easily by fractional crys-
tallization of dry MORB melts, where plagioclase crystallizes before cli-
nopyroxene, and suggests that investigated rocks are cumulates derived
frommelts that were richer in H2O compared toMORB parent melts (e.g.,
Liu et al., 2014 and references therein).

7.2.2. Trace elements geochemistry approach
In Fig. 10, the REE patterns and spider diagrams of Sabzevar ultra-

mafic and mafic cumulate rocks are compared to those from crustal cu-
mulates from mid ocean ridges (Ross and Elthon, 1997; Hart et al., 1999)
and island arc (Greene et al., 2006), as well as fore-arc (boninitic) ul-
tramafic and depleted mafic crustal cumulates from the Sarve-Abad
ophiolites (Iran) and the Massif du Sud ophiolite (New Caledonia),
respectively (Marchesi et al., 2009; Allahyari et al., 2014). Sabzevar
cumulate rocks display chondrite-normalized REE patterns, which are
very different from the fore-arc boninitic crustal cumulates, but are
comparable with ocean ridge and island arc crustal cumulates (Fig. 10a
and c). However, comparing both the spider and REE diagrams
(Fig. 10a–d) clearly shows that Sabzevar cumulate samples have char-
acteristics most similar to island arc crustal cumulates. On the other
hand, chondrite-normalized REE patterns of clinopyroxenes from Sab-
zevar ultramafic and mafic cumulates show depletion in REE concen-
trations compared to clinopyroxenes from ocean ridge cumulates
(Fig. 11a) and overlap with clinopyroxenes from island arc and boninitic
cumulates (Fig. 11b and d). Although, increasing trend from LREE to
MREE and flat pattern in the MREE to HREE region show that clino-
pyroxenes from Sabzevar cumulates have close similarities with those
from island arc crustal cumulates (Fig. 11b) and are different from cli-
nopyroxenes from boninitic and fore-arc depleted mafic cumulates
(Fig. 11c and d).

Typically, the magmatic affinity of the parental melt of cumulus rocks
can be determined by chemical composition of igneous clinopyroxenes,
using suitable mineral–liquid distribution coefficients to calculate the
trace element composition of equilibrium melt (e.g., De Hoog et al.,
2011). Clinopyroxenes, which form during the early crystallization stage
of a mantle-derived magma preserve important information regarding
the composition of the parental melt and the melt source (Muravyeva
et al., 2014). It is important to choose clinopyroxenes with the
best-preserved igneous composition that were not affected by late
post-cumulus crystallization. In order to minimize these effects, we have
only considered the trace element abundances measured in cores of large
cumulus clinopyroxenes from plagioclase-bearing wehrlite (samples
g80–1 and g80-3) and olivine gabbronorite samples (samples g-75-2 and



Fig. 10. Chondrite-normalized REE and PUM-normalized trace element patterns of cumulate rocks from the Sabzevar ophiolite compared to (a and b) ocean ridge and
island arc crustal cumulates; (c and d) fore-arc (boninitic) ultramafic and depleted mafic crustal cumulates. Data source, ocean ridge cumulates: Ross and Elthon
(1997) and Hart et al. (1999); island arc crustal cumulates: Greene et al. (2006); fore-arc (boninitic) ultramafic cumulates: Allahyari et al. (2014); fore-arc depleted
mafic crustal cumulates: Marchesi et al. (2009); Normalizing values: Sun and McDonough (1989). PUM: primitive upper mantle.

Fig. 11. Chondrite-normalized REE patterns of clinopyroxenes (Cpx) in the cumulate rocks from the Sabzevar ophiolite compared to Cpx composition in (a) ocean
ridge cumulates; (b) island arc crustal cumulates; (c) fore-arc (boninitic) depleted mafic cumulates; (d) boninitic cumulates. Data source, ocean ridge cumulate Cpx:
Ross and Elthon (1997); island arc crustal cumulate Cpx: Greene et al. (2006); fore-arc depleted mafic cumulate Cpx: Marchesi et al. (2009); boninitic cumulate Cpx:
Tribuzio et al. (2008); Normalizing values: Sun and McDonough (1989).
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g-62-1), which have the lowest REE concentrations (i.e., the lowest Yb
contents) and negligible Eu anomalies (Table 1). The trace element
composition of melts in equilibrium with the clinopyroxenes was calcu-
lated using the cpx/melt partition coefficients of Ionov et al. (2002) and
Tribuzio et al. (2008).
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The calculated melts indicate chondrite-normalized REE patterns
either slightly depleted or slightly enriched in LREE relative to MREE and
HREE [(La/Sm)N ¼ 0.74–1.08 and (La/Yb)N ¼ 0.87–1.1] (Fig. 12). They
also show low fractionation of HREE with respect to MREE [ (Sm/Yb)N ¼
1.09–1.26] that is consistent with melting of mantle peridotite in the



Fig. 12. Chondrite-normalized REE (a–c) and PUM-normalized trace element patterns (d) of calculated melts in equilibrium with clinopyroxenes of cumulate rocks
(plagioclase-bearing wehrlite and olivine gabbronorite) from the Sabzevar ophiolite compared to composition of micro grabbroic dike samples within cumulate
sequence of the Sabzevar ophiolite, Sabzevar sheeted dikes, clinopyroxenes in the plagioclase-bearing wehrlite and olivine gabbronorite and basaltic magmas from
different tectonic settings. Data source, Partition coefficients: Ionov et al. (2002) and Tribuzio et al. (2008); fore-arc and back-arc basalts: Nicholson et al. (2000);
low-K IAT basalts: Pearce et al. (1995); Sabzevar sheeted dikes: Rezaei et al. (2018); Normalizing values, N-MORB and E-MORB: Sun and McDonough (1989). PUM:
primitive upper mantle.
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spinel-facies (e.g., Saccani et al., 2015 and references therein). The REE
composition of the calculated melts has been compared to the REE
composition of Sabzervar sheeted dikes and the micro grabbroic dike
samples within Sabzevar cumulate sequence (samples g-1 and g-18;
Supplementary Table 1) (Fig. 12a), fore-arc and back-arc basalts (Nich-
olson et al., 2000) (Fig. 12b), N-MORB and E-MORB (Sun and McDo-
nough, 1989), and low-K IAT basalts (Pearce et al., 1995) (Fig. 12c). The
results indicate that chondrite-normalized REE pattern of the computed
melts is parallel to but lower in abundance than that of the micro grab-
broic dike samples, as well as Sabzervar sheeted dikes, and coincides
with the compositions of low-K IAT basalts. The calculated melts have
REE contents clearly lower than those of the MORBs.

The equilibrium melts exhibit high positive Th, Pb and Ba and
negative Nb, Ta and Zr anomalies in the PUM-normalized diagram and
are enriched in LILE, Pb and LREE but depleted in HFSE such as Nb, Zr
and Ta relative to HREE (Fig. 12d). The PUM-normalized trace element
patterns of the calculated melts overlap with those of low-K IAT basalts
and are different from N-MORB. They are enriched in Ba, Th and Pb, and
depleted in HFSEs and REEs with respect to N-MORB (Fig. 12d). These
features indicate that parental melt of Sabzevar cumulate rocks was
derived from partial melting of a metasomatized mantle source previ-
ously depleted by at least one episode of basaltic melt extraction.

The above characteristics strongly suggest that cumulate rocks from
the Sabzevar ophiolite were generated by crystal accumulation from a
hydrous depleted basaltic/tholeiitic magma, corresponding to IAT-type
magmas. This is consistent with mineral chemistry data from the previ-
ous study (Rahmani et al., 2017) and the published data geochemistry of
co-genetic sheeted dikes and some of basaltic units, which also indicate
an IAT affinity (Noghreyan, 1982; Shojaat et al., 2003; Khalatbari Jafari
et al., 2013a; Shafaii Moghadam et al., 2014; Rezaei et al., 2018).

7.3. Petrogenesis and tectonic setting

The first phase that crystallizes after olivine in a cumulate sequence is
defined by the degree of partial melting that occurred in the mantle
source (Jacques and Green, 1980), as well as crystallization pressure and
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water content. Olivine → plagioclase (Plagioclase-type cumulate) is
consistent with low, olivine → clinopyroxene (clinopyroxene-type
cumulate) is consistent with medium and olivine → orthopyroxene
(orthopyroxene-type cumulate) is consistent with high degrees of partial
melting. Moreover, Ishiwatari (1985) displayed that the TiO2 content of
clinopyroxene varies in these three types of cumulates. Plagioclase-type
cumulates are characterized by high TiO2 (0.6–0.8 wt.%),
clinopyroxene-type cumulates by moderate TiO2 (0.4 wt.%) and
orthopyroxene-type cumulates by low TiO2 (0.1 wt.%) of clinopyroxene.
The crystallization order and the TiO2 contents of clinopyroxenes
(0.14–0.52 wt.%; Rahmani et al., 2017) from cumulate rocks of the
Sabzevar ophiolite are correspond to a parental magma being produced
by a moderate to high degree of partial melting, leaving a mantle residue
represented by the harzburgite (e.g. Jacques and Green, 1980).

In SSZ environments, various types of basaltic magmas can be
generated, which indicate a geochemical evolution through time and/or
space (Saccani, 2015). They generally begin withMORB-typemagma and
evolve to boninitic, IAT and calc-alkaline magmas. IAT magmas are
typically generated in intra-oceanic island arc environments by partial
melting of depleted mantle sources that have experienced metasomatic
enrichment through addition of subduction-derived components.
Therefore, they show depletion in HFSEs and REEs compared to PUM and
variable enrichments in LILEs relative to HFSEs, MREEs and HREEs (De
Hoog et al., 2011; Saccani, 2015 and references therein). The low con-
centrations of HFS elements in subduction zone magmas can be result of:
(1) high degree of partial melting of the mantle source (Saccani, 2015
and references therein), (2) stability of minor residual phases (e.g., rutile,
zircon and titanite) in the mantle source (Dixon and Batiza, 1979; Pearce,
1996; Wallin and Metcalf, 1998), and (3) remelting of an already
depleted mantle source (Green, 1973; Duncan and Green, 1980; H�ebert
and Laurent, 1990; Koepke et al., 2009).

The LREE depletion relative to HREE, as well as low HFSE contents
along with very low content of Ti inthe studied clinopyroxenes indicate
the origin of Sabzevar cumulate rocks from a depleted source. Moreover,
crystallization order and the presence of primary amphibole in the
studied rocks indicate crystallization from hydrous magmas. Such



Fig. 13. Ba/Th vs. Th/Nb diagram for cumulate rocks from the Sabzevar
ophiolite. Data source, average pelitic sediments (APS): Taylor and McLennan
(1985); N-MORB: Sun and McDonough (1989).

Fig. 14. Chondrite-normalized REE patterns of calculated melts in equilibrium
with clinopyroxenes from Sabzevar cumulate rocks compared to calculated
parental melts derived from theoretical mantle source by semi-quantitative
modelling of REE from Pirnia et al. (2019). The REE values of seawater have
been multiplied by 106. Data source, average pelitic sediments (APS): Taylor and
McLennan (1985); seawater: Deng et al. (2017); Nain sheeted dike: Pirnia et al.
(2019); lherzolite A19: Saccani et al. (2017); Source and melting olivine:or-
thopyroxene:clinopyroxene:spinel modal proportions in the spinel stability field
0.65:0.28:0.06:0.08 and 0.1:0.64:0.25:0.02, respectively (Kostopoulos and
Murton, 1992); Normalizing values: Sun and McDonough (1989). Labels indi-
cate partial melting degrees.
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magmas are particularly generated in the intra-oceanic subduction zones,
predominantly in island arcs, where hydrous mantle melting was facili-
tated by the addition of volatiles from the subducting slab (Koepke and
Seidel, 2004; Kocak et al., 2005).

In general, two distinct components from the subducted slab have
been recognized in island arc magmas, including: (1) a melt generated
from the subducted sediments and (2) a fluid flux originated from the
dehydration of the down-going oceanic crust (Hochstaedter et al., 2001;
Elliott, 2003; Ikeda et al., 2016). The most important component of this
fluid is water including seawater released from sediments and altered
oceanic crust during compaction process and released water from
dehydration of hydrous minerals (Kelley et al., 2003; Saffer and Tobin,
2011). A number of experimental studies have indicated that aqueous
solutions are only enriched with water-soluble trace elements such as
LILE, Pb and U, while hydrous melts can be enriched with all fluid-mobile
trace elements, including LREE, LILE, Pb, U and Th (Zheng and Hermann,
2014). In general, the addition of sediment-derived hydrous melts to the
mantle wedge increases LREE, LILE, Th, U and Pb enrichmen and has a
considerable role in transporting the water-insoluble elements from
subducting slab to the mantle wedge (Elliott et al., 1997; Plank and
Langmuir, 1998). Trace elements ratios such as Th/Nb and Ba/Th are
little affected by different degrees of partial melting and fractional
crystallization, and are commonly used to determine the contributions of
subduction-derived components to themantle source. Ba is highly mobile
in slab-derived fluids, therefore it is used as an index of fluid contribu-
tion, while Th is used as an index of sediment-drived melt contribution
because it is mobile in the melt and enriched in subducted sediments
(Brenan et al., 1995; Johnson and Plank, 1999).

In order to determine of subduction components contribution to the
mantle source of Sabzevar cumulate rocks, the Ba/Th ratios are plotted
vs. Th/Nb ratios (Fig. 13). This plot shows that the magma source of these
rocks was influenced by adding both aqueous fluid and sediment-drived
melt.

Pirnia et al. (2019) suggested that arc-related rocks of the Nain
ophiolite were formed in a geotectonic setting similar to equivalents in
the Sabzevar ophiolite. Therefore, to constrain the petrological processes
during the genesis of parental melt of the studied cumulate rocks, we
used the diagram of semi-quantitative modelling of REE from Pirnia et al.
(2019) to provide some constraints on the petrogenesis of basaltic melts
in subduction-related settings (Fig. 14). This model has been presented
for Nain sheeted dikes, which have IAT affinity and REE compositions
comparable with those in Sabzevar sheeted dikes and the calculated
melts in equilibrium with clinopyroxenes from Sabzevar cumulate rocks.
In this model, the REE composition of the possible mantle source has
been computed by adding 0.1% aqueous fluid component and 0.2% melt
component of derived from subducted slab to the depleted lherzolite A19
from the Othrys ophiolite in Greece. Lherzolite A19 is a residual mantle
after ~20% MORB-type melt extraction and doesn’t show traceable
enrichment from subducted slab components (Saccani et al., 2017). In
Fig. 14, the REE patterns of calculated melts in equilibrium with clino-
pyroxenes from Sabzevar cumulate rocks are compared to curves calcu-
lated for non-modal fractional melting of the computed theoretical
mantle source in the spinel lherzolite facies according to source and
melting olivine:orthopyroxene:clinopyroxene:spinel modal proportions
0.65:0.28:0.06:0.08 and 0.1:0.64:0.25:0.02, respectively (Kostopoulos
and Murton, 1992) and partition coefficients of REE from McKenzie and
O’Nions (1991). This diagram indicates that the REE composition of the
calculated melts in equilibrium with clinopyroxenes is consistent with
~15% partial melting of the calculated theoretical mantle source in the
spinel stability field.

The geochemical and petrological evidences presented in this study
indicate that cumulate rocks from the Sabzevar ophiolite were formed in
an arc tectonic setting by crystal accumulation from a primary IAT melt,
which was originated from depleted mantle sources that underwent
metasomatisms by the subduction-related components prior to melting. It
is consistent with previous studies on the crustal section of the Sabzevar
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ophiolite (Noghreyan, 1982; Shojaat et al., 2003; Khalatbari Jafari et al.,
2013a, 2013b; Shafaii Moghadam et al., 2014; Rahmani et al., 2017),
which suggested intra-oceanic subduction was responsible for producing
the SSZ related magmas within the Sabzevar oceanic lithosphere, fol-
lowed by initiation nucleation and growth of a mature arc. The arc
signature of the plutonic crustal rocks of the Sabzevar ophiolite, as well
as the occurrence of a well-developed crustal section consist of
high-pressure cumulate rocks, gabbroic rocks, sheeted dikes and basaltic
units with IAT to calc-alkaline affinities (Shafaii Moghadam et al., 2014,
and references therein; Rahmani et al., 2017), which was generated over
a considerable period of time (~20 Ma; section 1; Shafaii Moghadam
et al., 2014) and intruded by post-ophiolite arc-related felcic stocks and
dikes (Shafaii Moghadama et al., 2016) suggest that the Sabzevar
ophiolite is similar to volcanic arc-type ophiolite of Dilek and Furnes
(2011).

8. Conclusions

The petrological and geochemical study of mafic and ultramafic
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cumulate rocks from eastern part of the Sabzevar ophiolite yields the
following conclusions:

(1) The mafic and ultramafic cumulate rocks comprise plagioclase-
bearing wehrlite, olivine clinopyroxenite, olivine gabbronorite,
gabbronorite, amphibole gabbronorite and quartz gabbronorite.
Based on the petrographic observations, the crystallization order
within the cumulate rocks of the Sabzevar ophiolite is olivine �
chromian spinel→ clinopyroxene→ plagioclase→ orthopyroxene
→ amphibole, correspond to the crystallization order observed in
a low Ti and hydrous tholeiitic melt.

(2) The crystallization order and whole-rock major and trace element
chemistry, as well as the trace element composition of clinopyr-
oxenes and the calculated equilibrium melts indicate these rocks
were produced from an island arc tholeiitic (IAT) magma.

(3) The primarymelt of Sabzevar cumulate rocks (hydrous and low Ti,
REE and HFSE melt) was generated by a moderate to high degree
of partial melting a depleted mantle source, which partially un-
derwent metasomatic enrichment from subduction-derived com-
ponents prior to melting.

(4) Geochemical and petrological features of the mafic and ultramafic
cumulate rocks together with the previous tectonic reconstruction
of this region suggest the Sabzevar ophiolite has been formed in an
intra-oceanic arc setting.
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