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The poorly known Sabzevar–Torbat-e-Heydarieh ophiolite belt (STOB) covers a large region in NE Iran, over
400 km E-W and almost 200 km N-S. The Sabzevar mantle sequence includes harzburgite, lherzolite, dunite
and chromitite. Spinel Cr# (100Cr/(Cr + Al)) in harzburgites and lherzolites ranges from 44 to 47 and 24 to 26
respectively. The crustal sequence of the Sabzevar ophiolite is dominated by supra-subduction zone (SSZ)-type
volcanic as well as plutonic rocks with minor Oceanic Island Basalt (OIB)-like pillowed and massive lavas. The
ophiolite is covered by Late Campanian to Early Maastrichtian (~75–68 Ma) pelagic sediments and four
plagiogranites yield zircon U–Pb ages of 99.9, 98.4, 90.2 and 77.8 Ma, indicating that the sequence evolved
over a considerable period of time. Most Sabzevar ophiolitic magmatic rocks are enriched in Large Ion Lithophile
Elements (LILEs) and depleted inHigh Field Strength Elements (HFSEs), similar to SSZ-typemagmatic rocks. They
(except OIB-type lavas) have higher Th/Yb and plot far away from mantle array and are similar to arc-related
rocks. Subordinate OIB-type lavas show Nb–Ta enrichment with high Light Rare Earth Elements (LREE)/Heavy
Rare Earth Elements (HREE) ratio, suggesting a plume or subcontinental lithosphere signature in their source.
The ophiolitic rocks have positive εNd (t) values (+5.4 to +8.3) and most have high 207Pb/204Pb, indicating a
significant contribution of subducted sediments to their mantle source. The geochemical and Sr–Nd–Pb isotope
characteristics suggest that the Sabzevar magmatic rocks originated from a Mid-Ocean Ridge Basalt (MORB)-
type mantle source metasomatized by fluids or melts from subducted sediments, implying an SSZ environment.
We suggest that the Sabzevar ophiolites formed in an embryonic oceanic arc basin between the Lut Block to the
south and east and the Binaludmountains (Turan block) to the north, and that this small oceanic arc basin existed
from at least mid-Cretaceous times. Intraoceanic subduction began before the Albian (100–113 Ma) and was
responsible for generating Sabzevar SSZ-related magmas, ultimately forming a magmatic arc between the
Sabzevar ophiolites to the north and the Cheshmeshir and Torbat-e-Heydarieh ophiolites to the south-southeast.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ophiolites represent fragments of oceanic crust and upper mantle
that were tectonically emplaced onto continents during orogenic
events. They are generally exposed along suture zones, and play a key
role in identifying ancient oceanic lithosphere and in paleogeographic
reconstructions of orogenic belts (e.g., Coleman, 1977; Dilek, 2003;
Dilek and Furnes, 2011). Ophiolites are particularly important for un-
derstanding the geologic evolution of Iran. The formation of modern
Iran entailed closingfirst the Paleotethys and then theNeotethys oceans
and accretion of Gondwana fragments (Cimmerian blocks) to the SW
flank of Asia, a process which still continues today (Berberian and
du.ac.ir (H.S. Moghadam).
King, 1981; Knipper et al., 1986; Shafaii Moghadam and Stern, 2011;
Shafaii Moghadam et al., 2013a). Iranian ophiolites demonstrate when
and where ocean basins opened and closed and are widely distributed
within Iran; the most well-known are the Paleotethys ophiolites in N
and NE Iran and Neotethys ophiolites along the Bitlis–Zagros, Makran,
Birjand–Nehbandan, Khoy–Maku and Sabzevar–Torbat-e-Heydarieh
suture zones (Fig. 1).

The Sabzevar–Torbat-e-Heydarieh ophiolite belt (STOB) is situated
in NE Iran (Fig. 1). It extends E-W for over 400 km and is bordered to
the north by the major Sangbast–Shandiz strike–slip fault delimiting
the Binalud Mountains (Kopet Dagh). To the south, this belt is bounded
by the major Dorouneh sinistral strike–slip fault, separating it from the
Lut Block (Nozaemet al., 2013). In this region,Neoproterozoic basement
is also exposed (Fig. 2). Thefirst detailed descriptions of these ophiolites
were presented by Baroz et al. (1984) and post-ophiolitic Eocene
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Fig. 1. Simplified geological map of Iran emphasizing the main ophiolitic belts (thick dashed lines) (colored on-line).
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magmatic and younger rocks were studied by Lensch et al. (1980). The
structure, petrography, and tectonic setting of the STOB were further
studied by Ohnenestetter and Sider (1982), Baroz et al. (1983),
Desmons and Beccaluva (1983), Shojaat et al. (2003) and Rossetti
et al. (2010, 2013). The STOB contains ophiolitic remnants along four
alignments (Fig. 2), separated by the Paleocene–Eocene Oryan sedi-
mentary basin. These four alignments include: 1) ophiolites N and NW
of Sabzevar town (Sabzevar and Forumad ophiolites); 2) ophiolites
SSW of Sabzevar (Oryan–Bardaskan or southern Sabzevar ophiolites);
3) ophiolites north of Torbat-e-Heydarieh; and 4) thin ophiolitic slices
SW of Neyshabour. These ophiolites are overlain by Upper Cretaceous
to Paleocene extrusive rocks, volcanoclastic sediments, pelagic lime-
stones and radiolarian cherts. To the NNE, the Sabzevar ophiolite is
associated with an exhumed subduction zone with mafic protoliths
metamorphosed to lawsonite-bearing blueschist (lawsonite, epidote,
albite, crossite, phengite, garnet), granulite and greenschist (Omrani
et al., 2013; Rossetti et al., 2010). The U–Pb age of these rocks is 106–
107 Ma. The three ophiolitic alignments are separated by Paleocene–
Eocene extensional basins filled with a transgressive series of flysch
atop the ophiolite and spatially associated younger arc igneous rocks.

The ophiolites N of Sabzevar define a belt about 150 km long and 10–
30 km wide. This ophiolite is part of the northern branch of the
Neotethys Ocean (the Sabzevar Ocean) that opened and closed during
the Late Cretaceous andmay be related to the Lesser Caucasus ophiolites
(Sengor, 1990). Berberian and King (1981) considered the Sabzevar
ophiolites, like the Nain–Baft ophiolites, to be related to a seaway sur-
rounding the Lut Block. Shojaat et al. (2003) suggested that the Sabzevar
ophiolite was emplaced during NE-dipping subduction and Noghreyan
(1982) proposed formation in a back-arc basin, based on the geochem-
istry of lavas and gabbros from the central Sabzevar chain (Baghjar re-
gion, Appendix 1). Shojaat et al. (2003) recognized three varieties of
mafic rocks: 1) N-MORB type basalt and gabbro, 2) E-MORB type basalts
and 3) basalts with arc signatures. Sabzevar ophiolitic volcano-
sedimentary rocks were studied by Baroz and Macaudiere (1984).
They distinguished four lithostratigraphic units, from Campanian in
the lower parts to Paleocene in the upper parts, including alkaline to



Fig. 2. Geological map of the Sabzevar–Torbat-e-Heydarieh region, north of the Dorouneh Fault, with emphasis on the distribution of ophiolitic and arc-related rocks (colored on-line).
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Fig. 3. Simplified stratigraphic columns displaying idealized internal lithologic successions in Sabzevar ophiolites.
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Fig. 4. Field photographs of Sabzevar ophiolites. A—sub-concordant dunites within mantle harzburgites in Kuh Siah region. B—thick (2–3m) gabbroic dikes within mantle harzburgites in
Shareh village. C—Soleimanieh layered ultramafic-mafic cumulates. D—plagiogranitic dikes injected into diabasic dikes of mantle sequence. E—plagiogranitic lenses injected into layered
cumulate gabbros near Sang-e-Sefid village. F—injection of thin dacitic dikes within Sang-e-Sefid plagiogranites. G—outcrop of pillow lavas near Afchang. H—the concordant contact be-
tween cumulate ultramafic rocks and cumulates gabbros at southern Sabzevar ophiolites (colored on-line).
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calc-alkaline pillow lavas, litharenites, breccias and agglomerates with
pelagic sediments. Their geodynamic reconstruction included: 1) gener-
ation of oceanic crust in a back-arc basin in Middle to Late Cretaceous
times; 2) deposition of the volcano-sedimentary series, fed from a Late
Cretaceous–Paleocene arc; and 3) collision of the arc with the Lut
Block. Rossetti et al. (2010) argued that the Sabzevar granulites formed
during subduction of a branch of Late Jurassic–Early Cretaceous back-
arc oceanic system (part of the Sistan Ocean, as suggested by Barrier
and Vrielynck, 2007), with northward subduction polarity (toward
Eurasia).

In this paper, new TIMS U–Pb zircon as well as biostratigraphic ages,
whole-rock geochemistry and Sr–Nd–Pb isotopic data of Sabzevar
magmatic rocks are presented and used to discuss the geodynamic evo-
lution of the Sabzevar suture zone. These data are integrated to discuss
the time, type and processes of crustal accretion within the Sabzevar
oceanic basin. Our discussion includes a synthesis of the development
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of the ophiolite NNW of the Sabzevar town (Sabzevar ophiolite) and
comparison with ophiolites SSW of Sabzevar (the Oryan–Bardaskan
ophiolites). Detailed field, age and geochemical data on the Forumad
and Torbat-e-Heydarieh ophiolites will be presented elsewhere.

2. Field occurrence

Harzburgite, lherzolite, dunite and chromitite are the major compo-
nents of the Sabzevar mantle sequence (Fig. 4A). Harzburgites are
crosscut by diabasic, gabbroic, gabbro-pegmatitic, wehrlitic and pyrox-
enitic dikes (Fig. 3). Gabbroic dike swarms, averaging 3–5 m thick,
injected into mantle harzburgite with discordant dunite lenses, are
common near Shareh village (Fig. 4B; Appendix 2). Lherzolites in most
cases are late magmatic, produced during migration and percolation of
MORB- and/or SSZ-type basaltic melts through depleted mantle
harzburgites with crystallization of clinopyroxenes (with or without
plagioclase) and Al-rich spinel (Shafaii Moghadam et al., 2013c).
Most peridotites are foliated, with foliation marked by oriented
orthopyroxene (and/or spinel) and rarely clinopyroxene (secondary f-
oliation, S2) porphyroclasts. Dunites occur as discordant lenses and
dikes within orthopyroxene-rich harzburgites (Fig. 3). Podiform and
nodular-type chromitites with thin dunitic haloes are locally present.
Pegmatite clinopyroxenitic and gabbroic dikes crosscut both depleted
harzburgites/dunites and chromitites. Large chromitite deposits occur
in the Gaft and Forumad regions with both high Cr# and low Cr#
chromites, denoting crystallization of chromites from early MORB-
type and then boninitic-type melts (Shafaii Moghadam et al., 2013c).
Depleted SSZ-type wehrlitic (rarely gabbroic) sills and dikes crosscut
all units including chromitite, dunite and harzburgite (Shafaii
Moghadam et al., 2013c). The occurrence of depleted harzburgite,
dunite, wehrlitic dikes/sills and chromitite marks a Moho Transition
Zone in the region.

The Sabzevar gabbroic rocks are divided into 1) isotropic to pegma-
titic gabbroic lenseswithinmantle harzburgites and 2) crustal cumulate
gabbro/gabbronorite/leucogabbro (with minor diorite) with local
layering associated with minor ultramafic cumulates in Soleimanieh,
Sang-e-Sefid and Baghjar regions (Fig. 4C; Appendix 1). Basaltic to
dacitic and microdioritic dikes crosscut cumulate gabbros. Brown-
amphibole (magmatic) rich cumulate rocks are common near the
Qare-Qoli village, crosscutting the early dry pyroxenitic–wehrlitic–
gabbroic cumulates. Similar highly hydrous cumulates are common
in the root of volcanic arcs and represent “amphibole sponges” of
arc crust (e.g., Davidson et al., 2007; Larocque and Canil, 2010 and
references therein). A highly fragmented and sheared sheeted dike
complex, but clearly with dike-into-dike relationships, with early
basaltic to andesitic basaltic dikes and late dacitic dikes, is present
near Baghjar (Appendix 1). Plagiogranite occurs as 1) lenses within
cumulate and coarse-grained gabbro associated with abundant
crosscutting micro-dioritic to dacitic (and even basaltic) dikes
(Fig. 4E and F); 2) as veins/dikes, crosscutting diabasic dikes within

image of Fig.�5
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mantle harzburgites (Fig. 4D); and 3) as small pockets within the
sheeted dike complex. They are rarely injected into basaltic to andes-
itic lavas.

Pillowed andmassive basalts are common in the Sabzevar crustal se-
quence (Fig. 4G). They are found near the Afchang, Belash–Abad, Dorofk
and Aliak villages (Appendix 1). Pelagic sediments stratigraphically
cover the pillow lava sequence and/or are interbedded with them.
Andesitic dikes (1–1.5 m in thickness) occasionally crosscut the pillow
La   Ce  Pr   Nd  Sm  Eu   Gd   Tb  Dy   Ho  Er   Tm  Yb   Lu
1

10

100

1000
AOIB-type pillow lava

SSZ-type pillow lava

La   Ce  Pr   Nd  Sm  Eu   Gd   Tb  Dy   Ho  Er   Tm  Yb   Lu
1

10

100

1000
C

La   Ce  Pr   Nd  Sm  Eu   Gd   Tb  Dy   Ho  Er   Tm  Yb   Lu
1

10

100

1000
E

La   Ce  Pr   Nd  Sm  Eu   Gd   Tb  Dy   Ho  Er   Tm  Yb   Lu
1

10

100

1000
G

diabasic dikes within mantle peridotites

crustal cumulate gabbros

OIB-type lava

pillow fragment in breccia

dike in Afchang pillow lavas

S
am

pl
e/

C
ho

nd
rit

e

Fig. 6. Chondrite-normalized REE patterns (chondrite abundances fromMcDonough and Sun, 1
and McDonough, 1989) for Sabzevar magmatic rocks.
lavas. These pillow lavas are both OIB- and SSZ-types (see next
sections). These two types of pillow lavas are geographically distributed
without clear relationships, but both of them are overlain and/or inter-
calated with Late Cretaceous pink limestones. The lavas grade upwards
into turbiditic sandstone/breccias and pyroclastic deposits containing
OIB-type basaltic (pillow-like) fragments. Late Cretaceous to early
Paleocene pelagic limestone is interlayered with these turbidites. Meta-
morphic rocks including blueschists,micaschists and retrogressedmafic
Rb  Th   Nb   K   Ce   Pr   P    Zr  Sm  Eu   Tb   Y    Er   Yb
Ba   U    Ta   La   Pb  Sr  Nd   Hf   Ti   Gd  Dy   Ho  Tm  Lu

0.1

1

10

100
B

Rb  Th   Nb   K   Ce   Pr   P    Zr  Sm  Eu   Tb   Y    Er   Yb
Ba   U    Ta   La   Pb  Sr  Nd   Hf   Ti   Gd  Dy   Ho  Tm  Lu

0.1

1

10

100
D

Rb  Th   Nb   K   Ce   Pr   P    Zr  Sm  Eu   Tb   Y    Er   Yb
Ba   U    Ta   La   Pb  Sr  Nd   Hf   Ti   Gd  Dy   Ho  Tm  Lu

0.01

0.1

1

10
H

Rb  Th   Nb   K   Ce   Pr   P    Zr  Sm  Eu   Tb   Y    Er   Yb
Ba   U    Ta   La   Pb  Sr  Nd   Hf   Ti   Gd  Dy   Ho  Tm  Lu

F

          basaltic dike 
within cumulate gabbros

SSZ-type lava lava in tectonic melange

dike in Aliak pillow lavas

10

0.01

0.1

1

100

S
am

pl
e/

N
-M

O
R

B

995) and N-MORB normalizedmulti-element patterns (N-MORB concentrations from Sun



S
am

pl
e/

N
-M

O
R

B

S
am

pl
e/

C
ho

nd
rit

e

La   Ce  Pr   Nd  Sm  Eu   Gd   Tb  Dy   Ho  Er   Tm  Yb   Lu
0.1

1

10

100
I J

La   Ce  Pr   Nd  Sm  Eu   Gd   Tb  Dy   Ho  Er   Tm  Yb   Lu
1

10

100

1000
K

Rb  Th   Nb   K   Ce   Pr   P    Zr  Sm  Eu   Tb   Y    Er   Yb
Ba   U    Ta   La   Pb  Sr  Nd   Hf   Ti   Gd  Dy   Ho  Tm  Lu

0.1

1

10

100
L

Rb  Th   Nb   K   Ce   Pr   P    Zr  Sm  Eu   Tb   Y    Er   Yb
Ba   U    Ta   La   Pb  Sr  Nd   Hf   Ti   Gd  Dy   Ho  Tm  Lu

0.01

0.1

10

100

1

diabasic dike within plagiogranites

plagiogranite

dike in SDC

felsic dike within plagiogranites

pillow lava

diabasic dike within mantle

Southern Sabzevar ophiolites

Fig. 6 (continued).

230 H.S. Moghadam et al. / Lithos 210–211 (2014) 224–241
granulites with leucocratic segregations (ca. 106–107 Ma) are found
near Soltan–Abad and WNW of Delbar villages (Appendices 1 and
2) and are considered to have formed in a hot subduction setting
(Rossetti et al., 2010).

The Sabzevar ophiolite is associated with a tectonic mélange
containing ophiolitic and Paleocene to Eocene arc-related lavas, proba-
bly formed via tectonic movements during Late Eocene time, likely the
age of Sabzevar ophiolite emplacement. Red Eocenepolygenic conglom-
erates seal the ophiolite contacts. Eocene calc-alkaline basaltic, andesitic
to dacitic rocks and pyroclastic rocks (agglomerates, tuffs and lapilli
tuffs) intrude and cover the ophiolites, mainly north of the Sabzevar
ophiolites.

The ophiolites SSW of Sabzevar (Oryan–Bardaskan ophiolites)
include mantle harzburgites with crosscutting diabasic and micro-
gabbroic dikes. Crustal cumulate gabbros–gabbronorites are found
near Torosk village. Aphyric to rarely porphyritic andesitic dikes
(~0.5–1 m thick) crosscut the cumulate gabbros and gabbronorites.
These gabbros are underlain by ultramafic cumulates including cumu-
late harzburgites and dunites (Fig. 4H). Impregnated dunites (with
clinopyroxene) are common. This ultramafic sequence is crosscut by
gabbroic to dioritic dikes. Pillow lavaswith intercalation of pelagic lime-
stones are common near Garzak village.

3. Petrography

Mantle harzburgites are variably serpentinized and relicts consist of
olivine, large orthopyroxene porphyroclasts, and spinel with minor
(b3%) clinopyroxene. Olivine is anhedral and often shows typical
kink-band deformation. Orthopyroxene occurs as subhedral to general-
ly tabular grains. Dunites are strongly serpentinized and only a few
relicts of olivine and spinel survive. Lherzolites are most common
south of Afchang (Appendix 1) and near the Shareh villages (shown in
Appendix 2) and have gradational contacts with harzburgites. Most
lherzolites show melt-pocket shaped domains, consisting chiefly of
large clinopyroxene, olivine and vermicular, light brown (Al-rich)
spinels (Shafaii Moghadam et al., 2013c). These pockets are generally
characterized by coarse-grained crystals forming an equigranular
texture. Lherzolites have anhedral olivine, large orthopyroxene
porphyroclasts (~5–6 mm, up to 10 mm), and smaller clinopyroxene
grains. Vermicular light brown spinels are common. Plagioclase-
bearing lherzolites are characterized by the presence of small, anhedral
blebs of plagioclase (usually highly saussuritized) interstitial between
olivine and orthopyroxene, surrounding the large spinel grains and/or
crosscutting clinopyroxene or spinel grains (Shafaii Moghadam et al.,
2013c).

Gabbroic dikeswithinmantle rocks contain clinopyroxene andhigh-
ly altered plagioclase. Clinopyroxenitic dikes contain large (4–5 mm)
clinopyroxene grains with rare serpentinized olivines (5–6 vol.%). Dia-
basic dikes within themantle sequence include traces of clinopyroxene,
green amphibole and altered plagioclase with minor oxides. Crustal
dry gabbros and gabbronorites show orthocumulate textures with
clinopyroxene, orthopyroxene and interstitial plagioclase. Plagio-
clase is a late-stage phase and occupies the space between cumulus
pyroxenes. Olivine is rare in gabbros but common in olivine gabbros.
Clinopyroxene, but mostly plagioclase shows resorbed margins with
overgrowth of second-generation clinopyroxene and plagioclase,
respectively. Hydrous gabbros contain brown to green amphiboles
interstitial between other minerals. Pillow to massive lavas have
mostly andesitic to dacitic composition and are rarely basaltic.
These lavas are porphyritic with microlitic groundmass. Andesitic
lavas have plagioclase phenocrysts (1-3 mm av.) and microlites
(~0.1–0.3 mm). Clinopyroxene has variable size (0.2–2 mm) and is
absent in dacitic lavas, whereas quartz and oxides (ilmenite/magne-
tite) are common. Small crystals (0.2–0.3 mm) of brown amphibole
are common in OIB-type pillow lavas. The lavas were metamor-
phosed in the greenschist facies with the formation of actinolite, al-
bite, prehnite, chlorite, epidote, titanite and palagonite. Plagiogranites
are compositionally trondhjemitic and/or tonalitic and contain plagio-
clase laths, quartz, actinolite and oxides. Dikes in crustal gabbros,
plagiogranites, pillow lavas and within sheeted dike complexes are
aphyric to poorly phyric, with basaltic, andesitic and even dacitic
compositions. Basaltic dikes have clinopyroxene and plagioclase



Table 1
Sr–Nd–Pb isotope composition of the Sabzevar ophiolitic rocks.

Sample Rock type Rb Sr 87Sr/86Sr 1SE 87Rb/86Sr (87Sr/86Sr)i Sm Nd 143Nd/144Nd 1SE 147Sm/144Nd

SZ10-36 Lava flow 1.00 119.80 0.7045 0.000013 0.0241 0.7045 3.9180 14.7400 0.5129 0.000009 0.1600
SZ10-69 Pillow lava 5.00 106.70 0.7045 0.000006 0.1355 0.7043 4.3940 16.1700 0.5129 0.000004 0.1636
SZ11-28A Plagiogranite 17.20 459.00 0.7040 0.000003 0.1084 0.7038 0.3100 1.6000 0.5130 0.000020 0.1167
SZ11-28B Diabasic dike 19.20 426.00 0.7040 0.000002 0.1304 0.7038 1.7500 5.3000 0.5131 0.000005 0.1988
SZ11-29 Plagiogranite (SDC) 1.70 244.00 0.7055 0.000003 0.0202 0.7055 1.6700 4.5000 0.5130 0.000007 0.2234
SZ11-31 Dike in SDC 3.10 230.00 0.7057 0.000004 0.0390 0.7057 1.4800 4.5000 0.5130 0.000007 0.1980
SZ11-35 Diabasic dike (Hz) 4.70 225.00 0.7038 0.000003 0.0604 0.7037 3.8500 14.4000 0.5130 0.000006 0.1610
SZ11-44 Plagiogranite (gab) 1.80 202.00 0.7043 0.000014 0.0258 0.7043 4.5400 14.7000 0.5130 0.000005 0.1859
SZ11-49 Microdioritic dike 1.50 252.00 0.7053 0.000010 0.0172 0.7052 2.2600 6.7000 0.5130 0.000013 0.2031
SZ11-51 Dacitic lava 0.20 112.00 0.7052 0.000018 0.0052 0.7052 3.5300 11.1000 0.5131 0.000010 0.1915
SZ11-74 Gabbronorite 0.39 133.60 0.7041 0.000004 0.0085 0.7041 0.6632 1.5100 0.5130 0.000009 0.2644
SZ11-91 Lava flow 0.50 104.50 0.7056 0.000006 0.0138 0.7056 2.6100 6.4000 0.5130 0.000009 0.2455

231H.S. Moghadam et al. / Lithos 210–211 (2014) 224–241
microphenocrysts with palagonitized glass, while felsic dikes have
plagioclase microphenocrysts with crypto-felsic groundmass.

4. Whole rock geochemistry

We selected sixty-seven relatively fresh samples from the Sabzevar
ophiolites for whole rock analysis, including pillowed and massive
lavas, dikes in pillow sequences, pillow fragments in Late Cretaceous–
Early Eocene turbidites, cumulate gabbros and their associated
dikes, plagiogranites, intermediate to felsic dikes crosscutting the
plagiogranites and diabasic dikes within mantle peridotites. Analytical
methods for whole rock major, trace, REE, mineral composition and
Sr–Nd–Pb isotopic analyses as well as U–Pb zircon dating are presented
in the Supplementary Data. Bulk rock major and trace element data are
available in Supplementary Table 1. Sabzevarmagmatic rocks aremost-
ly altered, characterized by a wide range of LOI (0.4 to 14.3 wt.%). This
alteration could affect the mobile elements such as Sr, Rb, Ba, K, and
87Sr/86Sr. However the abundances of incompatible elements
(e.g., REE, Th, U, Nb, Ta, Zr, Hf, Ti and Pb) and Nd–Pb isotopic composi-
tions are minimally affected by moderate alteration (e.g., Celik et al.,
2013; Chiaradia, 2009).

Our geochemical dataset (as well as field and petrographic data)
shows that the Sabzevar ophiolites include very large proportions of in-
termediate to acidic magmatic rocks. The SiO2 histogram (recalculated
as volatile free, 100%) (Fig. 5A) shows a trimodal distribution where
mafic igneous rocks are dominant but intermediate and acidic magmat-
ic rocks are also common.

4.1. Pillow lavas

Eighteen pillow basalt samples were analyzed in this study. Two
types of pillow lavas have been recognized: 1) OIB-type (7 samples)
and 2) SSZ-type (11 samples). OIB-type pillow lavas are found near
the Afchang andAliak villages (Appendix 1) and contain low concentra-
tions of SiO2, high TiO2 and variable Mg# (100Mg/Mg + Fet) (Supple-
mentary Table 1). SSZ-type pillow lavas are mafic to felsic with
variable SiO2 and Mg# and low TiO2. In a Ti vs. V diagram (Shervais,
1982), OIB-type pillow lavas tend to plot in the OIB field whereas the
SSZ-type pillow lavas plot in the island-arc tholeiitic (IAT) field
(Fig. 5B). In a TiO2/Yb vs. Nb/Yb diagram (Pearce, 2008), the OIB-type
pillow lavas have higher TiO2/Yb and Nb/Yb ratios and plot near the
MORB to OIB arrays (shallow to deepmelting) whereas SSZ-type pillow
lavas plot near the MORB and Oman V1 lavas (Fig. 5C).

The OIB-type lavas have fractionated REE patterns with strong light
REE (LREE) enrichment (La(n)/Yb(n)= 3.9–14.1). They are characterized
by positive anomalies in Rb, Ba, Th, U and K (Th(n)/La(n) = 2.5–3.7) rel-
ative to N-MORB but do not show negative anomalies in Nb–Ta (Nb(n)/
La(n) = 1.4–1.7) (Fig. 6A and B). The SSZ-type lavas are similarly
enriched in LREE relative to heavy REEs (HREE) (La(n)/Yb(n) = 0.98–
13.7) and enriched in Ba, Th, U, K and Pb relative to N-MORB but show
strong Nb–Ta–Ti negative anomalies with respect to the LREE (Nb(n)/
La(n) = 0.16–0.34) (Fig. 6A and B). These characteristics are similar to
arc basalts from SSZ environments (e.g, Pearce, 2014). Basaltic dikes
crosscutting both OIB-type and SSZ-type pillow lavas have OIB and
calc-alkaline signatures, respectively (Fig. 6C and D).

4.2. Massive lavas

Twelve massive basalt samples were analyzed. Massive lavas in the
Sabzevar ophiolites can also be subdivided into OIB and SSZ-types.
OIB-type lavas (3 samples) are mafic with SiO2 and Mg# ranging
40.7–51.2 wt.% and 35.1–48.3, respectively. Their TiO2 content is
surprisingly high (Supplementary Table 1). SSZ-type lavas have variable
contents of SiO2 but low TiO2 contents. In the Ti vs. V diagrammost SSZ-
type lavas plot in the IAT field and/or have low Ti and V content similar
to calc-alkaline lavas. OIB-type massive lavas have lower TiO2 contents
than OIB-type pillow lavas and plot near the Oman V1 (MORB-like)
lavas. In the TiO2/Yb vs. Nb/Yb diagram (Pearce, 2008), the OIB-type
lavas plot near the MORB to OIB arrays (shallow to deep melting)
whereas SSZ-type lavas plot near the MORB and Oman V1 lavas
(Fig. 5C).

OIB-like massive lavas are characterized by enrichment in LREEs
relative to HREEs and Rb, Ba, Th, U, and Nb–Ta enrichments relative to
N-MORB. A pillow fragment within Late Cretaceous–Early Paleocene
turbidites (SZ11-209) also has an LREE-enriched pattern that
lacks Nb–Ta negative anomalies similar to OIB-type lavas. In contrast,
SSZ-type lavas have LREE depleted to fractionated REE patterns
(La(n)/Yb(n) ~ 0.3–6.5) with negative Nb–Ta–Ti anomalies with
respect to the LREE (Nb(n)/La(n) = 0.2–0.6) and Ba, U, Pb, and Th
positive anomalies, similar to IAT and calc-alkaline lavas, respective-
ly. The lavas within the tectonic mélange (Appendix 1) also have
calc-alkaline signatures.

4.3. Diabase dikes within mantle peridotites

Thirteen diabase dike samples were analyzed. Most of the diabasic
dikes within mantle peridotites are mafic to slightly intermediate with
Mg# ranging between 37.9 and 75.9 (Supplementary Table 1). Their
TiO2 contents are mostly higher than in SSZ-type lavas. In a Ti vs. V
diagram (Shervais, 1982) these dikes plot in boninite-IAT to MORB
and/or IBM forearc basalt domains (Fig. 5B). Most dikes have higher
TiO2/Yb and Nb/Yb and follow the MORB array (Pearce, 2008)
(Fig. 5C). Dikes are characterized by depleted to flat and LREE-enriched
patterns (La(n)/Yb(n) = 0.9–3.3), but all show Nb–Ta negative anoma-
lies and Ba, U, Sr, and Th enrichment, resembling both SSZ lavas
(Fig. 6E and F).



Table 1
Sr–Nd–Pb isotope composition of the Sabzevar ophiolitic rocks.

(143Nd/144Nd)i U Th 206/204 207/204 208/204 206/204i 207/204i 208/204i eNd(100)

0.5128 0.41 1.70 18.448 15.572 38.491 17.996 15.550 37.876 5.40
0.5128 0.57 1.90 18.458 15.584 38.489 17.514 15.538 37.458 5.59
0.5129 0.10 0.25 18.251 15.567 38.265 18.231 15.566 38.248 7.92
0.5129 0.09 0.23 18.307 15.601 38.384 18.289 15.601 38.369 8.31
0.5129 0.08 0.23 18.426 15.646 38.527 18.410 15.645 38.512 7.27
0.5129 0.10 0.28 18.107 15.600 38.053 18.088 15.600 38.035 7.60
0.5129 0.31 1.29 18.417 15.500 38.422 18.355 15.497 38.338 7.54
0.5129 0.30 0.92 18.663 15.573 38.696 18.603 15.570 38.636 7.52
0.5128 0.15 0.49 18.736 15.573 38.717 18.706 15.572 38.685 6.12
0.5129 0.22 0.64 18.396 15.544 38.325 18.352 15.542 38.283 8.32
0.5129 0.01 0.02 18.348 15.598 38.377 18.316 15.597 38.338 7.16
0.5129 0.11 0.19 18.358 15.573 38.386 18.336 15.572 38.373 6.98
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4.4. Cumulate gabbros

Four cumulate gabbro samples were analyzed. Cumulate gabbros
have variable SiO2, Al2O3, CaO, TiO2 and Mg# (Supplementary
Table 1). Variable contents of CaO, MgO and Al2O3 are related to differ-
ent accumulations of clinopyroxene and plagioclase in these rocks.
These rocks have flat to LREE-depleted REE patterns (La(n)/Yb(n) =
0.7–1.1) except sample SZ11-10with a convex-upward pattern and en-
richment in Eu due to plagioclase accumulation (Fig. 6G). These charac-
teristics are associated with negative Nb–Ta anomalies with respect to
the LREE (Fig. 6H) and so display an SSZ environment for formation of
these rocks.
4.5. Plagiogranites and associated dikes

Eight plagiogranite samples were analyzed. Plagiogranites contain
high and variable SiO2 and moderate TiO2 contents (Supplementary
Table 1). Felsic dikes crosscutting the plagiogranites have 70.6–73.1
wt.% SiO2 and 0.22–0.23 wt.% TiO2 while diabase dikes within
plagiogranites contain less SiO2 (58.1–58.2 wt.%) but have higher TiO2

(0.97–1.04 wt.%) contents. Plagiogranites show three different REE
patterns (Fig. 6I and J): 1—LREE depleted (La(n)/Yb(n)= 0.3) and associ-
ated with negative Nb–Ta (Nb(n)/La(n) = 0.4) and positive Ba, U, K, and
Th anomalies relative to N-MORB. 2—Approximately flat (La(n)/Yb(n) =
0.6–1.5), associated with negative Nb–Ta anomalies (Nb(n)/La(n) =
0.5–0.6) and enrichment in large ion lithophile elements (LILEs) rela-
tive to N-MORB. The first two groups' patterns resemble those of island-
arc tholeiites. 3—Spoon-like patternwith LREE enrichment (La(n)/Yb(n)=
3.7–5.2); these also show negative Nb–Ta (Nb(n)/La(n) = 0.3–0.6)
and positive Th anomalies relative to N-MORB, similar to highly de-
pleted tholeiites or boninites. Diabase dikes (in plagiogranites) and
one dike within SDC have flat REE patterns (La(n)/Yb(n) = 0.9–1.1)
while felsic dikes have depleted LREE patterns (La(n)/Yb(n) = 0.5).
These dikes show negative Nb–Ta (Nb(n)/La(n) =0.3–0.6) and posi-
tive Th anomalies relative to N-MORB. The geochemical features of
all three groups are similar to those of magmas generated at conver-
gent margins (Pearce, 2008).
4.6. Lavas from southern Sabzevar ophiolites

For comparison, we analyzed three pillow lavas and two diabase
dikes injected within harzburgites from southern Sabzevar ophiolites.
The southern ophiolites have not been studied before. Southern
Sabzevar ophiolitic magmatic rocks have mafic to intermediate compo-
sitions. The rocks have low TiO2 and plot in the IAT field on the V vs. Ti
diagram of Shervais (1982) (Fig. 5B). The rocks have low TiO2/Yb and
Nb/Yb and are similar to Izu–Bonin–Mariana (IBM) forearc basalts
(Fig. 5C). These rocks show both LREE-enriched (La(n)/Yb(n) = 2.8–
3.1) and flat REE patterns (La(n)/Yb(n) = 0.8–1.4). These rocks show
negative Nb–Ta (Nb(n)/La(n) = 0.2–0.3) and positive Th anomalies
relative to N-MORB (Fig. 6K and L).

5. Sr–Nd–Pb isotopes

Initial 87Sr/86Sr calculated at 100Ma (themost commonU–Pb zircon
crystallization age of Sabzevar ophiolite) ranges from 0.7037 to 0.7057
(Table 1), higher than for oceanic tholeiites. This may reflect exchange
between rock and seawater during alteration (Kawahata et al., 2001;
McCulloch et al., 1981). Dacitic lava flow (SZ11-51) and a diabasic
dike within mantle harzburgite (SZ11-28B) are more radiogenic
compared to other samples whereas other felsic lava (SZ10-39) and
Dorofk pillow lava (SZ10-69) are less radiogenic. Initial εNd (t, CHUR)
calculated at 100Ma ranges from+5.4 to +8.3 for Sabzevar magmatic
rocks (Table 1). Lower 143Nd/144Nd for two calc-alkaline lavas (SZ10-36
and SZ10-69) may indicate a greater contribution of subducted
sediments in the source area. Sabzevarmagmatic rocks have Nd isotopic
compositions that mostly overlap with those of the least radiogenic
MORB and with Oman and Neyriz ophiolitic rocks (Fig. 7A). All the
Sabzevar rocks have less radiogenic Nd compared to IBM forearc basalts
(Fig. 7A), which may reflect an Indian mantle domain.

The initial 206Pb/204Pb and 208Pb/204Pb values are quite variable,
between 17.51 and 18.71 and between 37.46 and 38.68, respectively
(Table 1). The Dorofk pillow lava (SZ10-69) has the least radiogenic
Pb. Most samples have high 207Pb/204Pb relative to the Northern Hemi-
sphere Reference Line (Hart, 1984) (Fig. 7B), ranging from 15.50 to
15.65, indicating higher contribution of subducted sediments to their
mantle source relative to Oman and Neyriz lavas. Sabzevar magmatic
rocks plot above but near the Northern Hemisphere Reference Line on
the 208Pb/204Pb vs. 206Pb/204Pb diagram (Fig. 7C). They plot between
less radiogenic Oman lavas and more radiogenic subducted sediments,
pointing to a greater contribution from subducted sediments to their
mantle source.

6. Mineral composition

Mineral composition data for mantle peridotites and crustal
cumulate gabbros are available in Supplementary Table 2.

6.1. Olivine

Olivine inmantle harzburgites and lherzolites has Forsterite and NiO
contents ranging from 90.2 to 91.7 and from 0.35 to 0.42 wt.%, respec-
tively, lower than in chromite-rich dunites (Fo = 94–95 and NiO =
0.45–0.50) (Supplementary Table 2A).

6.2. Spinel

Spinel in harzburgites shows constant Cr# (44-47), similar to SSZ-
type and/or depleted abyssal peridotites, while in impregnated
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lherzolites Cr# varies from 24 to 26. These spinels have low TiO2

contents (0.01–0.04 wt.%) (Supplementary Table 2B). Both in Cr#
vs. TiO2 and in Cr# (spinel) vs. forsterite (olivine) diagrams, the
harzburgite spinels are consistent with 15–17% partial melting of their
peridotite host (Fig. 8A and B) while impregnated lherzolites have
lower Cr# consistent with 10% partial melting. Dunite spinels show
higher values of Cr# (68–69) and TiO2 contents (0.05–0.08 wt.%).

6.3. Orthopyroxene

Harzburgite orthopyroxene has 89–92 Mg# and 1.9–2.6 wt.% Al2O3

with high Cr2O3 content (0.6–0.7 wt.%) (Supplementary Table 2D).
Lherzolite orthopyroxene has higher Al2O3 content (2.7–3.9 wt.%).
Orthopyroxene in gabbros has lower Mg# (75–83) and Al2O3 (1.2–1.8
wt.%) but higher TiO2 (0.1–0.3 wt.%) and orthoferrosilite end-member
(Fs = 0.17–0.24; bronzite).

6.4. Clinopyroxene

Harzburgite clinopyroxene has higherMg# (93–94) and Al2O3 (2.7–
3.2 wt.%) but lower TiO2 (0–0.05 wt.%) (Supplementary Table 2C).
Lherzolites have variable Al2O3 (1.9–4.5 wt.%) and TiO2 (0.07–0.13
wt.%) contents. On a TiO2 vs. Mg# diagram (Fig. 8C) they are similar to
SSZ-peridotites. Gabbro clinopyroxene has lower Mg# (79–85) but
higher TiO2 (0.20–0.55 wt.%).

6.5. Plagioclase

Gabbro plagioclase is anorthite-rich (~An 89-92) (Supplementary
Table 2E). In the clinopyroxene Mg# against anorthite content in
plagioclase diagram, the samples plot as SSZ-type gabbros (Fig. 8D).

7. Biostratigraphy and TIMS U–Pb zircon dating

Pelagic limestones between the pillow lavas (both SSZ- and OIB-like
types) have the following micro-faunas: Contusotruncana fornicate,
Globotruncana lapparenti, Globotruncanita stuarti, Globotruncana
ventricosa, indicating Late Campanian to Early Maastrichtian ages
(~75–68 Ma) (A. Taheri, personal communications).

Three Sabzevar plagiogranitic rocks and one sample from Torbat-
e-Heydarieh ophiolite have been dated by zircon U–Pb.

7.1. Sample SZ11-28 (Fig. 3)

This is a tonalitic dike that crosscuts diabasic dikes within mantle
harzburgites (Figs. 3 and 4D). The sample has concave-upward REE
pattern and a positive Eu anomaly, and shows negativeNb–Ti anomalies
relative to N-MORB, resembling highly depleted tholeiitic or boninitic-
like rocks (Fig. 6I and J). Its εNd (+7.9) is similar to other Sabzevar
plagiogranites, lavas aswell as diabase dikes. This dikemayhave formed
by fractional crystallization of Sabzevar mafic melts.

Zircon in sample SZ11-28 occurs as euhedral short prismatic crystals
with magmatic zoning (Appendix 3). The Th/U ratio of analyzed zircons
is intermediate, between 0.43 and 0.47, consistent with a magmatic
origin. Three analyses yield a mean 206Pb/238U age of 99.92 ± 0.12 Ma
(Table 2). This age is interpreted to indicate the time of intrusion of
the tonalite dike, in the early stages of Sabzevar ophiolite formation.

7.2. Sample SZ11-72 (Fig. 3)

This type of plagiogranite intrudes the sheeted dike complex (Fig. 3).
It has an LREE-enriched pattern and is enriched in LILE and depleted in
HFSE relative to N-MORB, similar to island-arc tholeiites (Fig. 6I and J).

Zircon occurs mainly as euhedral short prisms, with magmatic
concentric zoning (Appendix 3), containing 488–748 ppm U and
relatively high Th/U ratios of 0.59–0.74 (Table 2). The three analyses
define a mean 206Pb/238U age of 90.16 ± 0.12 Ma (Fig. 9) interpreted
as the time of emplacement of the plagiogranite.
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Bagcı et al. (2005). Fields of MORB and arc gabbro are from Burns (1985).
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7.3. Sample SZ11-44

This sample is taken from a small plagiogranitic plug injected within
coarse-grained crustal cumulate gabbros near the Sang-e-Sefid village
(Fig. 3, Appendix 1). The rock has a flat REE pattern with an LILE enrich-
ment and Nb and Ta depletion, indicating supra-subduction zone
affinity (Fig. 6I and J). Its εNd value (+7.9) is similar to other Sabzevar
plagiogranites, lavas aswell as diabasic dikes. The Th/U ratio of analyzed
zircons is high, between 1 and 1.75, consistent with a magmatic origin.
Three of the four analyzed grains yield a mean 206Pb/238U age of
77.82 ± 0.28 Ma, while a fourth point is less precise and slightly older
(79.68 ± 1.3 Ma). The age of 77.82 Ma records intrusion of the
plagiogranitic plug in the late stages of development of the Sabzevar
ophiolite.

7.4. Sample TH12-20

In order to check for age variations along the Sabzevar–Torbat-
e-Heydarieh ophiolite belt, we took one sample from the Torbat-
e-Heydarieh ophiolite. This sample is from a small plagiogranitic plug
injected into medium to coarse-grained gabbros. Geochemical data
(unpublished data) show that the rock has an island-arc tholeiitic
signature.
The zircon population of this sample consists of a mix of long-
prismatic and short-prismatic euhedral and well-zoned crystals
(Appendix 3). The Th/U ratio of the analyzed zircons varies between
0.32 and 0.55. Four of the five analyzed zircon grains give a mean
206Pb/238U age of 98.40± 0.29Mawhereas one point defines a younger
age (97.8 ± 1.1 Ma) suggesting a slight resetting by Pb loss. The
98.40 ± 0.29 Ma age is taken to indicate the time of emplacement of
the plagiogranitic plug and can be considered as approximating the for-
mation age of the Torbat-e-Heydarieh ophiolite, which is similar to the
maximum time of Sabzevar ophiolite formation.

8. Discussion

Below we use our new geochemical, isotopic, and geochronological
results to examine three issues: 1) When did the Sabzevar ophiolite
form? 2) What was the source of Sabzevar ophiolitic magmas, and
how did these evolve? 3) What are the tectonic implications of these
results?

8.1. Age of Sabzevar ophiolite and its significance

Sabzevar plagiogranites yield a range of CretaceousU–Pb zircon ages
at ~100, 90 and 78 Ma (Fig. 10), reflecting a protracted period of



Table 2
U–Pb data for zircon from Sabzevar ophiolites.

Zircon characteristics1) Weight2) [mg] U2) [ppm] Th/U3) Pbc4) [pg] 206Pb/204Pb5) 207Pb/235U6) ± 2s [abs] 206Pb/238U6) ±2s [abs] Rho 207Pb/206Pb6) ±2s 206Pb/238U6) [Ma] ±2s 207Pb/235U6) ±2s

SZ11-28 plagiogranitic dike
eu sp [16] 121 89 0.44 3.8 2819 0.10336 0.00032 0.015640 0.000033 0.78 0.04793 0.00009 100.04 0.21 99.9 0.3
eu sp [1] 35 123 0.47 1.5 2743 0.10337 0.00045 0.015617 0.000035 0.70 0.04801 0.00015 99.89 0.23 99.9 0.4
eu sp [21] 108 105 0.43 2.4 4676 0.10316 0.00034 0.015603 0.000035 0.78 0.04795 0.00010 99.81 0.22 99.7 0.3

SZ10-72 plagiogranite
eu sp [1] 3 598 0.65 2.0 792 0.09335 0.00094 0.014091 0.000035 0.49 0.04805 0.00044 90.20 0.22 90.6 0.9
eu sp [10] 9 488 0.59 1.5 2659 0.09261 0.00048 0.014084 0.000034 0.61 0.04769 0.00020 90.16 0.22 89.9 0.4
eu sp [1] 3 748 0.74 1.2 1628 0.09305 0.00056 0.014079 0.000033 0.58 0.04794 0.00024 90.12 0.21 90.3 0.5

TH12-20 medium-grained plagiogranite
eu tip [3] 15 82 0.32 6.9 192 0.1021 0.0021 0.015422 0.000041 0.31 0.04803 0.00094 98.66 0.26 98.7 1.9
eu tip [1] 10 109 0.55 2.3 470 0.1019 0.0016 0.015381 0.000047 0.46 0.04804 0.00070 98.40 0.30 98.5 1.5
eu lp [1] 2 259 0.43 1.9 274 0.1030 0.0030 0.015378 0.000042 0.58 0.04860 0.00132 98.38 0.27 99.6 2.7
eu tip [8] 30 111 0.34 3.6 917 0.10168 0.00066 0.015356 0.000034 0.56 0.04803 0.00027 98.24 0.22 98.3 0.6
eu sp [3] 13 99 0.35 1.8 710 0.1011 0.0012 0.015272 0.000041 0.47 0.04803 0.00051 97.71 0.26 97.8 1.1

SZ11-44 small plagiogranite plug injected into coarse-grained crustal gabbros
fr [1] b1 N110 1.75 4.9 36 0.083 0.018 0.01244 0.00020 0.42 0.048 0.010 79.68 1.30 81.0 16.6
eu sp [1] b1 N220 1.57 1.1 178 0.0810 0.0038 0.012159 0.000057 0.53 0.0483 0.0021 77.91 0.37 79.1 3.6
fr [3] b1 N30 1.00 1.0 39 0.061 0.030 0.01215 0.00024 0.58 0.037 0.018 77.87 1.54 60.5 28.5
eu tip [1] b1 N230 1.09 1.4 142 0.0779 0.0050 0.012120 0.000073 0.54 0.0466 0.0029 77.66 0.46 76.2 4.7

1) eu = euhedral; sp = short prismatic; lp = long prismatic; fr = fragment; [1] = number of grains; all treated with chemical abrasion.
2) Weight and concentrations are known to be better than 10%, except for those near and below the ca. 1 μg limit of resolution of the balance.
3) Th/U model ratio inferred from 208/206 ratio and age of sample.
4) Pbc = total common Pb in sample (initial + blank).
5) Raw data corrected for fractionation.
6) Corrected for fractionation, spike, blank, initial common Pb and initial 230Th disequilibrium (assuming Th/U magma =4); error calculated by propagating the main sources of uncertainty.
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Fig. 9. Zircon concordia diagrams displaying U–Pb data from the Sabzevar plagiogranites.
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formation of the ophiolitic units. A significant age range for this
ophiolite is also indicated by the Campanian–Maastrichtian carbonate
deposited between pillows. More data are needed to test if there was
a continuum of activity for 20 m.y. or whether the evolution was
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and 105.9 ±2.3 Ma (Albian), respectively (Fig. 10; Rossetti et al., 2010).
These ages show that subduction beneath the Sabzevar basin (Proto-
Sabzevar Ocean) was active in Late Early Cretaceous time while
100 Ma old plagiogranites indicate that seafloor spreading – perhaps
infant arc magmatism – was going on above this subduction zone.
Younger (90–78 Ma) Sabzevar plagiogranites could reflect arc
magmatism. These relationships strongly suggest that Sabzevar
ophiolites are similar to the volcanic-arc type ophiolite of Dilek and
Furnes (2011), where the crustal sequence rocks evolve through longer
period of magmatism than expected at amid-ocean ridge. However, the
age of calc-alkaline granitoids SSE of the Sabzevar ophiolites (Fig. 2) is
ca. 98–92 Ma (Moghadam et al., submitted for publication). These arc
rocks crosscut the ophiolitic substratum and Torbat-e-Heydarieh
ophiolites could represent a back-arc basin behind this arc. Younger
calc-alkaline to adakitic arc magmatism in the SSE Sabzevar ophiolites
peaked at ~60–68 Ma and 40–45 Ma (Moghadam et al., submitted for
publication). Together, these ages indicate subduction initiation in the
latest Early Cretaceous, infant arc magmatism and then mature intra-
oceanic arc magmatism from ca. 100 to 78 Ma (Fig. 10). The younger
arc rocks formed bymagmatism after basin closure and could be related
to the Tethyan subduction beneath Central Iran at ca. 40–45 Ma
(Moghadam et al., submitted for publication). U–Pb zircon ages on the
Sabzevar ophiolites are similar to those from the Zagros ophiolites
(Fig. 10), except for the age of the younger plagiogranites.

8.2. Source nature and magma process

The geochemical characteristics described above indicate that
Sabzevar magmatic rocks have both OIB- and SSZ-signatures (calc-alka-
line, IAT and highly depleted tholeiite or boninitic-like). Some Sabzevar
pillowed and massive lavas show OIB geochemical signature with high
HFSE content and fractionated REE patterns. There is no systematic
geographic or stratigraphic control on the distribution of these lava
types, as far as we can tell; they are distributed randomly in the ophiolitic
lava sequences. Sabzevar OIB-like lavas are similar to OIB-like lavas de-
scribed from the Kermanshah, Kurdistan, Balvard–Baft and Haji–Abad
ophiolites (Saccani et al., 2013, 2014; Moghadam and Stern, 2011).
Saccani et al. (2014) proposed that Zagros ophiolitic OIB melts originated
from 7% to 16% polybaric partial melting of an MORB-type mantle source
that was enriched by plume-type components. Some studies suggest that
Iranian ophiolitic OIB (e.g., Kermanshah and Kurdistan) formed during
the early stage of oceanic formation (in Late Permian time) (Saccani
et al., 2013, 2014) that correlates with the alkaline lavas of the Oman
Hawasina complex (Robertson, 2007), formed during the rifting/early
oceanization phase of north Gondwana. However, the Sabzevar OIB-
and SSZ-type lavas can be observed in the field to be intercalated and
both are associated with Upper Cretaceous pelagic limestones.

It is not clear how SSZ and OIB magmas were generated at the same
time and erupted in the Sabzevar ophiolite. Subduction components
provided from an underlying subducted slab should have affected the
entire overlying mantle wedge, but it seems possible that at least
some of the supra-subduction mantle is capable of escaping slab-
related fluid ingress. The association of SSZ and OIB-type magmatism
is also mentioned in other arc setting (e.g., Neill et al., 2013; Sorbadere
et al., 2013). Sabzevar SSZ-type lavas have positive εNd(t) values (+6.1
to+8.3; except two samples with lower values;+5.4 and+5.6) and ra-
diogenic Pb isotope ratios. These lavas show an affinity to an MORB
source, contaminated by subduction-related components. Significant en-
richment in LILEs and HFSE depletion with pronounced negative Nb–Ta
anomalies for the Sabzevar ophiolites suggest addition of crustal compo-
nents into the mantle source (Fan et al., 2010; Li et al., 2013; Tian et al.,
2008). Their Sr–Nd–Pb isotopic compositions trend towards crustal/
sedimentary components along the mantle array (Fig. 8), further indi-
cating an MORB-like source with some addition of crustal components.
Sabzevar ophiolitic OIB-type lavas were generated from a subduction
component-freemantle, perhaps as a result of asthenospheremigration
from beneath Eurasia. Interpretation of a distal source for OIB magmas
is supported by the observed lack of intrusive OIB-type igneous rocks.
As many of the OIB-like rocks are pillow lavas, the other scenarios for
generation of these types of lavas may include slab tearing and ingress
around the edge of a slab, or probably some intrinsic part of the subduc-
tion initiation process as ways to get small-degree melting of the most
enriched mantle components underway.

Sabzevar magmatic rocks (except OIB-type lavas) plot between
MORB and subduction-fluid metasomatized components in the
(Ta/La)n vs. (Hf/Sm)n diagram (Fig. 11A). Addition of slab components
usually contributes to lower εNd(t) values for the derived magmas
(Fan et al., 2010; Li et al., 2013; Tian et al., 2008). The high Th and
LREE content of the Sabzevar magmatic rocks relative to MORB, as
well as high Pb isotopic ratios similar to those of global pelagic
sediments, all argue for the involvement of subducted sediments in
the mantle source of non-OIB Sabzevar igneous rocks. The εNd(t) vs.
206Pb/204Pb ratios show that the addition of less than 0.5% pelagic
sediments into the MORBmantle source can explain the isotopic signa-
ture of Sabzevar SSZ igneous rocks (Fig. 11B), although some samples
also show contributions of slab fluids. Most Sabzevar rocks (except
OIB-type lavas) have higher Th/Yb and plot far away from mantle
array and are similar to arc-related rocks (Fig. 11C). This is evidenced
also in the Ce/Nb vs. Th/Nb diagram (Fig. 11D); the magmatic rocks
have higher Th/Nb and Ce/Nb and resemble arc rocks, but differ from
back-arc basin lavas.

The origin of plagiogranites in the Sabzevar ophiolites is also
debatable. Ophiolitic plagiogranites are either products of shallow dif-
ferentiation of basaltic magmas (e.g., Lippard et al., 1986; Rollinson,
2009) or reflect low-pressure melting of amphibolitic oceanic gabbros
(e.g., Gillis and Coogan, 2002; Koepke et al., 2005; Rollinson, 2009).
Sabzevar plagiogranites (except the highly depleted tholeiitic or
boninitic-like ones that are injected into mantle) show REE patterns
and isotopic similarities with basaltic rocks and therefore are related
by fractional crystallization. The highly depleted tholeiitic (boninitic-
like) plagiogranites have higher Mg# and Ni and are similar to the
Wadi Hamaliya (Oman) plagiogranites described by Rollinson (2009).
These rocks may be the fractionated products of (boninitic-like)
melts formed by hydrous melting of mantle depleted harzburgites
(Crawford et al., 1989).

8.3. Tectonic implications

The similarity between the Zagros and Sabzevar ophiolites ages shows
that they may have similar origins but that Zagros ophiolites may be
slightly older (ca. 103–99 Ma) than Sabzevar (ca. 100–78 Ma). Nearly
all Late Cretaceous Neotethyan ophiolites are about the same age; 90–
94 Ma for Troodos; 95 Ma for Oman; 91–92 Ma for Kizildag (Turkey);
92–98 Ma for Zagros Outer belt and 103–99 Ma for Inner belt ophiolites
(see ShafaiiMoghadamand Stern, 2011 formore explanation) suggesting
magmatism over a shorter time than Sabzevar ophiolite; as expected
from SSZ-type ophiolites (compared to volcanic arc-type). Most rocks
from these ophiolites show SSZ geochemical signature.

The geochemical data in this study indicates that most Sabzevar
lavas have SSZ or OIB geochemical signatures and that MORB-type
lavas are rare. Most plutonic rocks, including plagiogranites, have
highly depleted tholeiitic or boninitic-like characteristics. Mantle
rocks also show SSZ signatures, as shown by spinel and pyroxene
compositions.

SSZ-related lavas, plutonic rocks and mantle peridotites are
abundant in the Sabzevar ophiolites. Our paleontological ages vary
from Campanian to Maastrichtian (75–68 Ma) in the Sabzevar
ophiolites. Sabzevar ophiolite plagiogranites have different ages, vary-
ing from ca. 100 to 78Ma. These ages are comparable with U–Pb zircon
ages on the plutonic rocks from S-SE of the Sabzevar ophiolites. The
granitoid plutons in S-SE Sabzevar were emplaced from Cenomanian–
Turonian (97.0 ± 0.2 Ma; 92.8 ± 1.3 Ma) to Oligo–Miocene (29.8 ±
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0.2 Ma) (Moghadam et al., submitted for publication; Alaminia et al.,
2013). The late Cretaceous plutons have high positive εNd (similar to
Sabzevar ophiolitic rocks), clearly issued from a depletedmantle source,
and could be related to the subduction of the Sabzevar oceanic
lithosphere (Proto-Sabzevar Ocean). Younger granitoids and lavas
from this region have ages of ~40–42 Ma, similar to the main phase of
the Urumieh–Doktar arc and may relate to the Tethyan subduction
beneath the Central Iran (Moghadam et al., submitted for publication).
The arc signature of the magmatic rocks from the Sabzevar ophiolite
and N10 Ma U–Pb age differences between crustal rocks, as well as the
presence of thick felsic plutons crosscutting the oceanic lithosphere
show that these ophiolites resemble the volcanic arc-type ophiolite of
Dilek and Furnes (2011).

All geochemical, geochronological as well as paleontologic evidence
from the Sabzevar ophiolites indicate that the Sabzevar Oceanwas open
between the Lut Block to the south and the Binalud mountains (Turan
block) to the north since at least mid-Cretaceous time (Fig. 12). This
location places it in a back-arc basin position behind the Zagros conver-
gent margin. The Sabzevar oceanic basin may have connected SW via
the Nain ophiolite with the Zagros ophiolites, but it is very difficult to
confirm or refuse this suggestion, as the intervening region is not well
exposed. There are also no aeromagnetic data that could identify buried
magnetic ophiolitic rocks. Regardless of how the Sabzevar oceanic basin
opened, subduction began before Albian time, testified by the age of
felsic segregations in the Sabzevar high-P metamorphic rocks. The
intraoceanic subduction was responsible for generating the SSZ-
relatedmagmaswithin the Sabzevar oceanic lithosphere and nucleation
and growth of amature arc between the Sabzevar ophiolite to the north
and Cheshmeshir and Torbat-e-Heydarieh ophiolites to the south-
southeast. Evidence for oceanic lithosphere behind this arc comes
from Oryan ophiolites. The volcano-pelagic series of the Oryan zone
include Cenomanian to Maastrichtian deep sea pelagic sediments inter-
bedded with pyroclastic and andesitic to dacitic lavas. This sequence
grades upward into a series of Maastrichtian to Paleocene shallow
water sediments and then into Oryan marine sediments (lower and
middle Oryan sediments) from Early Eocene to early Middle Eocene
time. This is the same also for the Torbat-e-Heydarieh ophiolite farther
to the SE. Magmatic rocks with Eocene ages (ca. 40–42Ma) north of the
Dorouned fault may show a snapshot of continental arc magmatism
after closure of the Sabzevar oceanic basin and should be related to
Neotethyan Ocean subduction beneath Iran.
9. Conclusions

Geochronological and geochemical data indicate that the Sabzevar
ophiolites formed from ~100 to 78 Ma encompassing an evolution
from infant to mature arc stages. High LILEs and depletion in HFSEs as
well as Nd–Pb isotopic signatures of the Sabzevar magmatic rocks
indicate derivation of the magmas from a depleted MORB-type mantle
contaminated by subducted components. The Sabzevar ophiolites
represent an embryonic, subduction-related oceanic basin that was
open between the Lut Block to the south and the Binalud mountains
(Turan block) to the north since at least mid-Cretaceous time.
Intraoceanic subduction was responsible for generating the SSZ-
related magmas within the Sabzevar oceanic lithosphere and then
nucleation and growth of a mature arc, testified by thick granitic crust
within the Sabzevar substratum.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.10.004.
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