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A detailed study on petrology andmineral chemistry of 32mantle xenoliths has been conducted to decipher the
physical and chemical characteristics of the lithosphere beneathNE Iran. Spinel lherzolite, themost abundant xe-
nolith type, is made up of olivine, orthopyroxene, clinopyroxene, and spinel. Clinopyroxenes in the spinel
lherzolites display a primitive mantle-like composition, typical of non-cratonic peridotites. Pyroxenite, another
major xenolith type, shows equilibrated textures and highly variable compositions including olivine websterite,
websterite and clinopyroxenite. These pyroxenites, together with an equigranular dunite, delineate a clearmeta-
somatic trend, characterized by systematic Mg#, Cr#, Al2O3, and TiO2 variations in the constituent minerals,
coupled with light rare earth element enrichment and high field strength element depletion in clinopyroxene.
The pyroxenites are therefore suggested to have formed by the interaction between garnet-bearing peridotites
within the lithosphericmantle andmelts from a stagnant slabwithin the asthenosphere. The lithosphericmantle
may have undergone multiple stages of partial melting. The earliest stage, evidenced by the equigranular dunite,
resulted in significant NiO depletion in olivine, low Al2O3 and TiO2 coupled with high Mg# and Cr# in
clinopyroxene, and high Cr# in spinel. The second stage occurred more widely and gave rise to the large ion
lithophile element depletion in clinopyroxenes of all rock types. The extent of melting is lower in the spinel
lherzolites than that in the pyroxenites, implying that the partial melting was not caused by decompression
and thus most likely related to Tethyan subduction. A third and more recent melting stage, responsible for the
spongy texture in some clinopyroxenes, is attributed to the extensional tectonic regime that started in themiddle
Miocene in the region. Temperature estimates show that both the spinel lherzolites and pyroxenites equilibrated
at ~900–1000 °C. Based on our new data and published data we propose the lithospheric structure beneath NE
Iran. The xenolith-defined geotherm appears to be hotter than that typical in cratonic and oceanic settings, but
colder than that suggested by seismic tomographic modeling for the entire Iranian Plateau. This difference is
probably due to the widespread occurrence of pyroxenites within the lithospheric mantle, which we argue
could have played a significant role in causing not only the seismic and gravitational anomalies but also late Ce-
nozoic volcanism on the Iranian Plateau.

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

The Iranian Plateau was formed through the long-lived convergence
between the Arabian and Eurasian plates since the Late Cretaceous with
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the final closure of the Neo-Tethys ocean (Golonka, 2004; Hatzfeld and
Molnar, 2010; Jimenez-Munt et al., 2012). The ongoing continental colli-
sion and,more importantly, “post-initial collision” geodynamic processes
make this region a younger, or “immature”, analogue of the Tibetan
Plateau (Chung et al., 2005; Manaman and Shomali, 2010; Ni and
Barazangi, 1986). The lithospheric structure beneath the Iranian Plateau
remains poorly constrained. Although lithospheric thickening related to
the Arabia-Eurasia collision has been a widely accepted interpretation
(e.g., Allen et al., 2013;Maggi and Priestley, 2005), geodynamic processes
such as lithospheric thinning and delamination (Kay and Mahlburg Kay,
1993) and/or slab detachment (Davies and von Blanckenburg, 1995)
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have been proposed. Nevertheless, studies have reported the existence of
geophysical anomalies that are spatially correlated with the distribution
of major faults and/or mantle-derived volcanism in Iran (Allen et al.,
2013; Kaviani et al., 2009; Maggi and Priestley, 2005; Omrani et al.,
2008; Paul et al., 2010), and the latter is potentially capable of indicating
the lithospheric composition and structure.

The petrogenesis ofwidespread volcanic rocks in the Iranian Plateau,
active through the Eocene to Quaternary (Fig. 1a), is still however, con-
troversial (Allen et al., 2013; Asiabanha and Foden, 2012; Chiu et al.,
2013; Pang et al., 2012, 2013a,b; Verdel et al., 2011). The potassic–
ultrapotassic volcanic rocks from NW Iran have been ascribed to
small-degree melting of the metasomatized lithospheric mantle (e.g.,
Pang et al., 2013a) as have more sodic small-volume basaltic volcanic
rocks from the same region (Allen et al., 2013; Kheirkhah et al., 2013).
These NW Iranian rocks have been variably attributed to slab break-
off (Alaminia et al., 2013; Allen et al., 2013), lithospheric extension asso-
ciatedwith asthenospheric upwelling (McKenzie and Bickle, 1988; Pang
et al., 2013a), andmelting at the base of the lithosphere or compression-
al melting caused by breakdown of hydrous phases in the mantle litho-
sphere due to ongoing collision (Allen et al., 2013; Kheirkhah et al.,
2013). The geochemical variation displayed by the Miocene to Quater-
nary intra-plate basalts in eastern Iran has also led to a variety of postu-
lated source regions and melting regimes. Some studies suggest that
these basalts were derived from the garnet-spinel peridotite transition
zone (Saadat and Stern, 2012) by decompression melting (Priestley
et al., 2012), whereas others have argued that these basalts most likely
have asthenospheric origin with low degrees of partial melting caused
by delamination of thickened lithospheric root (Pang et al., 2012,
2013b; Priestley et al., 2012).

The discrepancies above are primarily due to our limited knowledge
of the structure, thermal condition, and composition of the lithospheric
mantle beneath the Iranian Plateau. Xenoliths entrained withinmantle-
derivedmagmas are known to be fragments of the lower crust and lith-
ospheric mantle, and therefore provide more “direct” constraints of the
deep lithosphere. A recent study by Saadat and Stern (2012) document-
ed a unique xenolith locality close to the triple junction between the
Kopeh Dagh ranges, the Alborz Ranges, and the Sabzevar Zone, NE
Iran (Fig. 1a). The abundance and variety of xenoliths in this locality
provide a good opportunity to investigate the characteristics of the lith-
ospheric mantle. In this paper, we present a detailed analysis of the
Fig. 1. (a) Simplified geological map showing the distribution of magmatic rocks in Iran and the
Alborz Range; KD, Kopeh Dagh; LB, Lut Block; SS, Sistan Suture; SZ, Sabzevar Zone; TB, Tabas Blo
(after 1/250,000 geological map of Iran, Geological Survey of Iran).
petrology, mineralogy, and mineral chemistry of the mantle xenoliths
to reveal the nature and deep processes of the lithospheric mantle be-
neath NE Iran and their implications for volcanic genesis and tectonic
evolution.

2. Regional geology

The Iranian Plateau represents a part of the Alpine–Himalayan oro-
genic system and consists of an assemblage of lithospheric blocks sepa-
rated by Paleozoic–Mesozoic ophiolite belts (Jannessary et al., 2012;
Şengör et al., 1988; Zanchetta et al., 2013; Zarrinkoub et al., 2012). The
plateau underwent several different tectonic episodes, resulting in com-
plex and disparate tectonic domains, including the Central Iranianmicro-
continent in the centre surrounded by several active belts (Manaman
et al., 2011). The Central Iranian micro-continent, consisting of, from
east to west, the Lut, Tabas, and Yazd blocks (Fig. 1a), was accreted to
the southern margin of Eurasia in the Late Triassic following the closure
of the Paleotethys oceanic realm (Kaviani et al., 2009; Şengör and
Natal'in, 1996; Shafiei et al., 2009; Zanchetta et al., 2013).

The Sistan Suture zone, eastern Iran marks the collision between the
Lut and Afghan continental blocks presumably during the Late Creta-
ceous (Zarrinkoub et al., 2010). Remnants of the Paleotethys ocean are
present in NE Iran, extending west into the Alborz Range and east to
the Hindu-Kush in northern Afghanistan (Saadat and Stern, 2012). The
Iranian Plateau then underwent continental collisionwith Arabia accom-
panied by the closure of the Neotethys ocean along what is now the
Zagros suture (Fig. 1a). The timing of the collision event is controversial
ranging from the Late Cretaceous to the Pliocene (Chiu et al., 2013;
Dargahi et al., 2010; McQuarrie and van Hinsbergen, 2013; Pang et al.,
2013b). The present-day convergence of Arabia and Eurasia in the
Iranian Plateau is accommodated at collisional zones in Zagros, Alborz,
and Kopeh Dagh and in subduction zones in the Makran basin (Fig. 1a;
Kaviani et al., 2009; Manaman et al., 2011).

The continued subduction and collision events have altered the
geophysical and geochemical properties of the lithosphere beneath
the Iranian Plateau. The present-day convergence in Iran results in
lithospheric thickening by axial shortening and vertical deformation
(Allen et al., 2013; Kaviani et al., 2009; Manaman et al., 2011). Seismic
imaging reveals that the SW Iran has the thickest lithosphere of
~260 km, and the lithosphere thickness abruptly decreases to b125 km
major structural units of Iran (modified after Chiu et al., 2013; Jannessary et al., 2012). AR,
ck; YB, Yazd Block. (b) Geological map of the study area showing location of the xenoliths
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in NE Iran (McKenzie and Priestley, 2008; Walker et al., 2009).
Such a heterogeneous lithosphere is compatible with the distribution
of Pliocene–Quaternary volcanism in the Iranian Plateau. As Walker
et al. (2009) pointed out, Pliocene–Quaternary volcanic rocks are wide-
spread in eastern and central Iran, but do not occur southwest of a
NW–SE trending line to the north of the Main Zagros Thrust (Fig. 1a).

The Iranian Plateau is dominated by Eocene–Oligocene Andean-type
volcanic rocks whose outcrops are broadly parallel to the sutures
(Fig. 1a; Asiabanha and Foden, 2012; Chiu et al., 2013; Pang et al.,
2013b; Verdel et al., 2011). These rocks are calc-alkaline to high-K calc-
alkaline and are inferred to have originated from lithospheric mantle
sources metasomatized by subduction-related fluid/melt (Alaminia
et al., 2013; Asiabanha and Foden, 2012; Pang et al., 2013b). Volcanic ac-
tivity during theNeogene appears to be less extensive than that of the Pa-
leogene and is dominated by volumetrically minor alkali basaltic and
ultrapotassic volcanism (Fig. 1a; Allen et al., 2013; Chiu et al., 2013;
Kheirkhah et al., 2013; Liotard et al., 2008; Pang et al., 2012, 2013a;
Saadat and Stern, 2012; Walker et al., 2009).

The study area is located near the Navai village about 150 km south-
east fromMashhad, NE Iran (35°18'37.5'' N; 60°24'04.4'' E) (Fig. 1b), the
same locality where Saadat and Stern (2012) documented a variety of
crustal andmantle xenoliths. From a regional geology perspective, it oc-
curs in the easternmost part of the Sabzevar Zone and the foot of the
KopehDagh ranges to the northwhere a Paleotethyan suture is presum-
ably present. The xenoliths were found in a dome of alkali olivine basalt
which, according to geological maps, erupted in the Neogene. They in-
clude peridotites, pyroxenites and granulites, and only the first two
types of xenoliths are analyzed in this study. Surrounding the basalt
dome are extensive Tertiary–Quaternary strata, consisting mainly of
conglomerates and sandstones.
3. Petrography

Thirty two mantle xenoliths, including two dunites, 13 spinel
lherzolites, 5 olivinewebsterites, 11websterites and one clinopyroxenite,
were investigated in this study. They mostly range in size from 1 to 4 cm
across with a few up to ~7 cm and contain olivine, orthopyroxene,
clinopyroxene and accessory spinel. The rocks are generally freshwithout
any obvious indication of reaction with the host basalts.
3.1. Dunite

The two dunites exhibit different mineral modes and textures.
Sample 12-IR-ZS-84-32 (coarse-grained dunite) contains coarse-
grained olivine (up to 0.8 cm in diameter) and rare spinel and
clinopyroxene (Fig. 2a). The olivine is present as tabular or granular
grains showing 120° triple junctions (Fig. 2b). They are often
strained, exhibiting multiple kink bands and a set of ductile frac-
tures (Fig. 2b, c). Spinel is present either as anhedral isolated grains
or as rounded inclusions in the olivine (Fig. 2a, c). Two
clinopyroxene grains were found in sample 12-IR-ZS-84-32. They
exhibit a well-developed spongy texture (Fig. 2c), which is in strik-
ing contrast with the surrounding olivine and spinel, creating a
well-defined boundary between each of the grains (Fig. 2c). In con-
trast, the sample 12-IR-ZS-84-39 (equigranular dunite) exhibits
equigranular texture and contains a considerable amount of spinel
(Fig. 2d, e). Most olivine grains in this sample are rounded in
shape and do not develop kink band features, although triple junc-
tions are observed (Fig. 2f). The spinel ranges in size from 100 to
250 μm and in most cases randomly dispersed, although it occasion-
ally occurs between olivine grains (Fig. 2d, e), or less commonly set-
ting along olivine fractures (Fig. 2f). The clinopyroxene in the
sample 12-IR-ZS-84-39 is found as very tiny needles and has no
spongy texture (Fig. 2e).
3.2. Spinel lherzolite

The spinel lherzolites are characterized by porphyroclastic and
inequigranular textures with deformation features (Fig. 3a, b, c, d).
Orthopyroxene porphyroclasts as large as 1 cm in length are present,
and are commonly surrounded by a mosaic of equidimensional smaller
grains of olivine and clinopyroxene (Fig. 3c). Spinel lamellae are occa-
sionally observed in orthopyroxene porphyroclasts (Fig. 3c). In addition
to the porphyroclasts, orthopyroxene is also present either as small, un-
dulatory and anhedral grains in a mosaic arrangement, or as small, po-
lygonal and undeformed grains (Fig. 3a, c, e). In many cases, the
orthopyroxenes are highly deformed. The orientation of these
orthopyroxene grains and sub-grains follows the general foliation of
the samples (Fig. 3b, d).

The olivine in the spinel lherzolites is highly variable in size, ranging
from N5 mm as interstitial grains to b1 mm as mosaic aggregates. The
grains either display a kink banding (Fig. 3c, f) or are elongated to gen-
erate straight boundaries with adjacent minerals (Fig. 3d). Sets of frac-
tures perpendicular to the direction of elongation commonly occur in
the elongated olivine grains. The clinopyroxene is mostly anhedral
and exhibits curved boundaries against adjacent orthopyroxene and ol-
ivine (Fig. 3e, f). The spongy texture found in other clinopyroxene grains
is occasionally present in these samples. The texture is poorly devel-
oped or absent in the strongly deformed rocks (Fig. 3d, e, g), while it
is typically present in the more weakly deformed samples (e.g., 12-IR-
ZS-13; Fig. 3f, h). Melt pockets consisting of fine-grained olivine,
clinopyroxene, and/or orthpyroxene are another prominent feature in
some rocks (e.g., 12-IR-ZS-13 and 12-IR-ZS-25; Fig. 3f, h). In addition,
accessory sulphides and plagioclase are occasionally observed among
the major mineral grains or within the melt pockets, particularly in
the weakly deformed spinel lherzolites.

3.3. Olivine websterite

The olivine websterite samples have a mineral assemblage of
clinopyroxene, orthopyroxene, and olivine with or without accessory
spinel, and generally display inequigranular and porphyroclastic texture
(Fig. 4a, b, c). The clinopyroxene in these samples has a much larger
grain size and a higher abundance than in the spinel lherzolite. They
occur as subhedral or anhedral tabular grains and exhibit sub-grain
boundaries with orthopyroxene and olivine (Fig. 4b, d). No spongy tex-
ture is observed in the clinopyroxene. The orthopyroxene occurs occa-
sionally as large porphyroclasts surrounded by fine-grained olivine
and clinopyroxene (Fig. 4c), but in most cases it is present as moderate
to fine grains along the boundaries with clinopyroxene (Fig. 4e, f). The
olivine in the olivinewebsterite samples varieswidely in size andoccur-
rence. The smaller, irregularly-shaped olivine grains are usually
scattered between pyroxene grains (Fig. 4b, c), while the medium
sized olivine grains occur interstitially and display curved contact rela-
tionships with the surrounding pyroxenes (Fig. 4d, f). It is noteworthy
that some olivine grains in samples 12-IR-ZS-84-24 and 12-IR-ZS-84-
33 exhibit weak iddingsitized features along cracks (Fig. 4d). The differ-
ence in contrast for both olivine and clinopyroxene in back-scattered
images (i.e., Fig. 4e, f) reflects compositional variations between differ-
ent samples.

3.4. Websterite

All websterite samples of this study are composed of dominant
clinopyroxene and subordinate orthopyroxenewith no spinel or olivine
(Fig. 5a). Additional K-feldspar is also observed in a few samples
(Fig. 5b). These websterites all exhibit an equigranular texture, and
the pyroxenes are granular with sizes of 1–2 mm (Fig. 5a, c). The
modal contents of the two pyroxenes vary among the websterites; for
instance, 12-IR-ZS-84-10 has higher clinpyroxene abundance than the
other samples. Triple junctions between equigranular clinopyroxene



Fig. 2. Petrography of dunite xenoliths fromNE Iran. (a) Coarse-grained olivine (Ol) and anhedral spinel (Sp) in sample 12-IR-ZS-84-32. (b) Granular olivine grainswith kink band in sam-
ple 12-IR-ZS-84-32. (c) Spongy-textured clinopyroxene (Cpx) and anhedral spinel in sample 12-IR-ZS-84-32. (d) Equigranular texture of sample 12-IR-ZS-84-39. (e) Anhedral spinel and
clinopyroxene occurring between olivine boundaries in sample 12-IR-ZS-84-39. (f) Granular olivine grains showing triple junction features in sample 12-IR-ZS-84-39.
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and orthopyroxene are a common feature (Fig. 5c, d). Well-developed
fractures are present in the pyroxene of sample 12-IR-ZS-84-36
(Fig. 5d).

3.5. Clinopyroxenite

The clinopyroxenite sample (12-IR-ZS-84-23) has a very similar tex-
ture to the websterites. It is made up almost entirely of clinopyroxene,
with only one orthopyroxene grain found in the studied thin section.

4. Analytical methods

Major element analyses of theminerals were carried out at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China on carbon-coated polished thin sections using a JEOL JXA-8100
microprobe equipped with four wavelength-dispersive spectrometers
and integratedwith an energy-dispersive spectrometer system. Operat-
ing conditions include an accelerating voltage of 15 kV, a beam current
of 10 nA, a beam size of 5 μm and a counting time of 10–30 s on each
peak. For standard calibration, a variety of natural minerals were used:
jadeite [NaAlSiO6] for Na, Al, and Si, rhodonite [MnSiO3] forMn, sanidine
[KAlSi3O8] for K, garnet [Fe3Al2Si3O12] for Fe, Cr-diopside [(Mg, Cr)
CaSi2O6] for Ca, and olivine [(Mg, Fe)2SiO4] for Mg. A few synthetic min-
erals were also used: rutile [TiO2] for Ti, 99.7% Cr2O3 for Cr, and Ni2Si for
Ni. The ZAF procedurewas used formatrix corrections. The precision for
all analyzed elements is better than 98.5%. The analytical results of each
mineral represent at least 3 spot analyses of several grains from differ-
ent parts of each sample.

In-situ trace element concentrations were measured using laser abla-
tion inductively-coupled plasma mass spectrometry (LA-ICP-MS) at the
China University of Geosciences, Wuhan. Detailed analytical procedures
are described elsewhere (Liu et al., 2008). Helium was used as a carrier
gas to enhance the transport efficiency of the ablated sample. The helium
carrier gas inside the ablation cell was mixed with argon, acting as a
makeup gas, before entering the ICP in order to maintain the stable and
optimum excitation condition. The measurements were carried out
using time resolved analysis operating in a fast, peak-hopping sequence
in dual detector mode. A 40 μm spot size was used in this study. Each
spot analysis consisted of approximately 30 s of background acquisition
followed by 60 s of data acquisition. Calibration was performed using
NIST SRM 610 as an external calibration sample together with Si as an in-
ternal standard element (Chen et al., 2011; Liu et al., 2008).

image of Fig.�2


Fig. 3. Petrography of spinel lherzolite xenoliths from NE Iran. (a) Sample 12-IR-ZS-84-35 showing porphyroclastic texture and containing porphyroclastic orthopyroxene (Opx),
inequigranular olivine, anhedral clinopyroxene and spinel. (b)Mineral elongation and orientation features in sample 12-IR-ZS-84-12. (c) Porphyroclastic orthopyroxene containing spinel
lamellae and surrounded byolivine and clinopyroxenewith varying grain sizes in sample 12-IR-ZS-84-35; some olivine, clinopyroxene and spinel grains are broken into pieces. (d)Mineral
deformation and elongation features in sample 12-IR-ZS-84-09. (e) Curved boundaries between the major minerals in sample 12-IR-ZS-84-37. (f) Deformation and curved boundaries
between the major minerals, and the occurrence of a melt pocket in sample 12-IR-ZS-84-27. (g) Fine-grained and granular orthopyroxene and spinel between olivine and clinopyroxene
in sample 12-IR-ZS-84-37. (h) Spongy-textured clinopyroxene associated with a melt pocket in sample 12-IR-ZS-84-13.
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5. Results

5.1. Major elements

5.1.1. Olivine
The olivines in the dunite and spinel lherzolite samples have similar

compositions in Fo (forsterite), MnO and NiO contents (Appendix
Table 1S), and cluster in the field of non-cratonic peridotite as defined
by Walter (2003) (Fig. 6a, b). The equigranular olivines in sample 12-
IR-ZS-84-39 show slightly lower NiO contents than the coarse-grained
olivines in sample 12-IR-ZS-84-32. The fine olivine grains found in the
mosaic aggregates of orthopyroxene porphyroclasts in the spinel
lherzolites have different compositions, i.e., low NiO contents, high
MnO and CaO (Fig. 6a, b; Appendix Table 1S), indicating that they
were recrystallized. The olivines in samples 12-IR-ZS-84-13 and 12-IR-
ZS-84-19 have lower Fo and higher MnO relative to those in the other
spinel lherzolites, which mean that they are shifted away from the
non-cratonic peridotite field.

The olivines in the olivine websterite samples display large compo-
sitional variations (Appendix Table 1S). Overall, MnO and NiO are in

image of Fig.�3


Fig. 4. Petrography of olivine websterite xenoliths from NE Iran. (a) Inequigranular texture in sample 12-IR-ZS-84-38. (b) Inequigranular clinopyroxene and orthopyroxene with fine-
grained olivine in sample 12-IR-ZS-84-33. (c) Porphyroclastic texture in sample 12-IR-ZS-84-38 showing porphyroclastic orthopyroxene surrounded by fine-grained olivine and
clinopyroxene. (d) Olivines in sample 12-IR-ZS-84-24 exhibiting weak iddingsitized feature along fractures. (e) Sample 12-IR-ZS-84-38 consisting of clinopyroxene and orthopyroxene
with minor olivine and small amounts of spinel. (f) Curved contact relationship between the major minerals in sample 12-IR-ZS-84-24.
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negative and positive correlation with Fo, respectively (Fig. 6a, b). They
mostly plot within or close to the pyroxenite xenoliths field (Zhang
et al., 2010a) and are compositionally different from the pyroxenite cu-
mulates worldwide (Fig. 6a, b; Walter, 2003; Zheng et al., 1998).

5.1.2. Orthopyroxene
The compositions of the orthopyroxene are completely different be-

tween the spinel lherzolites and the pyroxenites (Fig. 6c, d). The
orthopyroxene in the spinel lherzolites has low FeO (5.5–9.0 wt.%), high
Al2O3 (3.3–5.5 wt.%) contents, and a high Mg# (100 × Mg/(Mg + Fe);
90–91.5) (Appendix Table 1S). Among the spinel lherzolites, two samples
(12-IR-ZS-84-13 and 12-IR-ZS-84-19) display orthopyroxene composi-
tions with relatively low Mg# (Fig. 6c, d). The orthopyroxenes in the py-
roxenite samples exhibit large compositional variations (Appendix
Table 1S). Overall, the major oxides are well correlated with Mg# num-
bers (Fig. 6c, d). There is no significant difference inCaOcontents between
the spinel lherzolites and the pyroxenites.

5.1.3. Clinopyroxene
Like the orthopyroxenes, the clinopyroxenes in the spinel lherzolites

have different compositions than the clinopyroxenes in the pyroxenites
(Fig. 7). The clinopyroxenes in the spinel lherzolites have restricted
ranges of Al2O3 and Mg#, placing them in the non-cratonic peridotite
field (Fig. 7a; Walter, 2003). Two samples (12-IR-ZS-84-13 and 12-IR-
ZS-84-19) have clinopyroxeneswith considerably lowerMg#s and sim-
ilar variations in othermajor oxide compared to other spinel lherzolites.
In contrast, the clinopyroxenes in the pyroxenites show larger composi-
tional variations. For instance, their Mg# and Cr# ranges from 80 to 91
and 3 to 21, respectively (Fig. 7b). These clinopyroxenes display good
correlations between the major oxides and Cr# and Mg# (Fig. 7a, b, c).
The clinopyroxenes from the olivine websterites exhibit generally
higher Mg# and Cr# and lower Al2O3 and TiO2 contents than those
from the websterites. The clinopyroxenes from the clinopyroxenite
have a moderate Mg# and Cr# and the highest Na2O contents
(Fig. 7d). The coarse-grained dunite sample (12-IR-ZS-84-32) contains
clinopyroxenes similar in composition to those from the spinel
lherzolites. The clinopyroxenes in the dunite sample 12-IR-ZS-84-39
are totally distinct from the dunite sample 12-IR-ZS-84-32 and the spi-
nel lherzolites, containing low Al2O3 and TiO2, and a high Cr#. However,
these clinopyroxenes can be linked to pyroxenites when the effects of
metasomatism are taken into account (Fig. 7).

The fine-grained clinopyroxenes from mosaic aggregates of
orthopyroxene porphyroclast in the spinel lherzolites contain more
SiO2 and have a higher Cr#, although they have lower levels of TiO2,
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Fig. 5. Petrography of websterite xenoliths from NE Iran. (a) Equigranular texture in sample 12-IR-ZS-84-34. (b) K-feldspar (Feld) between clinopyroxene and orthopyroxene in sample
12-IR-ZS-84-10. (c) Triple junction between equigranular clinopyroxene and orthopyroxene in sample 12-IR-ZS-84-10. (d)Well-developed fractures in clinopyroxene and orthopyroxene
in sample 12-IR-ZS-84-36.
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Al2O3 and Na2O (Appendix Table 1S). As for the spongy-textured
clinopyroxenes, from spongy rim to core, the general trend is an in-
crease in Al2O3 and Na2O and a decrease in TiO2 and Cr# (Appendix
Table 1S).
Fig. 6. Fo vs. MnO (a) and Fo vs. NiO (b) plots for olivine andMg# vs. Al2O3 (c) andMg# vs. CaO
non-cratonic peridotites are from Walter (2003). The pyroxenite xenolith field is from Zhang e
Zheng et al. (1998) and Walter (2003).
5.1.4. Spinel
The spinels in the spinel lherzolites display a homogeneous compo-

sition, although both 12-IR-ZS-84-13 and12-IR-ZS-84-19 contain spi-
nels with a slightly lower Mg# (65–75). They have narrow ranges of
(d) plots for orthopyroxene in mantle xenoliths from NE Iran. The fields for cratonic and
t al. (2010a). The pyroxenite cumulate worldwide field is defined based on the data from
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Fig. 7.Mg# vs. Al2O3 (a), Cr# (b), TiO2 (c), and Na2O (d) plots for clinopyroxene inmantle xenoliths fromNE Iran. Spongy composition is not shown in the plots. The fields for cratonic and
non-cratonic peridotites and the pyroxenite cumulate worldwide are from Walter (2003).
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Cr# (8–17; except for the samples 12-IR-ZS-84-37) and TiO2 (0.05–
0.22 wt.%) and highMg# (76–80) (Appendix Table 1S; Fig. 8). The com-
position of the spinel grains in the coarse-grained dunite (12-IR-ZS-84-
32) overlaps that of the spinel lherzolites, and they are all comparable to
the spinels from non-cratonic peridotites worldwide (Fig. 8a; Rudnick
et al., 2004). Spinels from the equigranular dunite sample (12-IR-ZS-
Fig. 8. Cr# vs. Mg# (a) and Cr# vs. TiO2 (b) plots for spinel in mantle xenoliths from NE
Iran. The fields for non-cratonic and cratonic peridotites are from Rudnick et al. (2004).
84-39) and the olivine websterites have a relatively high Cr# and high
TiO2 contents, but a lower Mg# than those in the other groups (Appen-
dix Table 1S; Fig. 8).

5.2. Trace elements in clinopyroxene

We conducted two spot analyses on two clinopyroxene grains from
each sample. The results reveal that the clinopyroxenes in each individ-
ual sample have a rather uniform trace element composition (Appendix
Table 2S; Fig. 9). Distinct trace element patterns, however, are present
among different rock types or even within the same group. The two
clinopyroxenes from the coarse-grained dunite (12-IR-ZS-84-32) exhibit
depletion in light rare earth elements (LREE) and aflat heavyREE (HREE)
distribution in chondrite-normalized REE patterns (Fig. 9a). They have
similar abundances ofmost incompatible trace elements to the primitive
mantle, with the exception of large ion lithophile elements (LILE)
(Fig. 9b; Sun and McDonough, 1989). In contrast, the clinopyroxenes in
the equigranular-textured dunite sample (12-IR-ZS-84-39) show overall
high trace element concentrations, high LREE-HREE fractionation with
LREE enrichment, and negative Ba, Nb, Ta, Pb, and Ti, with slight Zr and
Hf anomalies (Appendix Table 2S; Fig. 9a, b).

The clinopyroxenes in all but one of the spinel lherzolite samples
display consistent trace element patterns with variable LREE and LILE
concentrations (Fig. 9c, d; Appendix Table 2S). They all have LREEdeple-
tion with flat HREE patterns and slight negative Zr and Hf anomalies.
The negative anomalies in Ba, Nb, Ta, Pb, and Ti are more prominent
than those in the dunites. The concentrations of most incompatible
trace elements are similar to those of the primitive mantle (Fig. 9d;
Sun and McDonough, 1989). The LREE-enriched clinopyroxenes are
from the sample 12-IR-ZS-84-13 (Fig. 9c). The plagioclase-bearing sam-
ple (12-IR-ZS-84-25) contains the clinopyroxenes with the highest Th
and U abundances (Appendix Table 2S; Fig. 9d).

The clinopyroxenes in the olivine websterite samples show variable
trace element compositions. The clinopyroxenes in the sample 12-IR-
ZS-84-24 have the highest trace element concentrations and display sim-
ilar REE and trace element patterns to those of the spinel lherzolite
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Fig. 9. Chondrite-normalized rare earth element and primitivemantle-normalized trace element patterns for clinopyroxene inmantle xenoliths fromNE Iran. The chondrite and primitive
mantle values are from Anders and Grevesse (1989) and Sun and McDonough (1989), respectively.
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sample 12-IR-ZS-84-13 (Appendix Table 2S; Fig. 9e, f). The clino-
pyroxenes from another four olivine websterites are characterized by
similar moderate or heavy REE concentrations and patterns, depletions
in Rb, Ba, Pb, Ti and in the high field strength elements (HFSE: Nb, Ta,
Zr, Hf), as well as positive Sr anomalies, although sample 12-IR-ZS-84-
33 displays LREE enrichment.
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Unlike other rock types, the clinopyroxenes in all of the websterites
appear to be slightly enriched in LREE and have fractionated REE
patterns (Fig. 9g, h). The Ba, Ti, and HFSE depletions are more consider-
able and consistent in the websterites. The Sr and Pb anomalies are var-
iable, being positive in some samples and negative in others. The
clinopyroxenite has clinopyroxenes with significant LILE depletion and
the highest trace element concentrations among all the samples in
this study (Appendix Table 2S; Fig. 9g, h).

6. Discussion

The petrological andmineral chemical variations of the dunites, spi-
nel lherzolites, and pyroxenites indicate that a variety of processes oc-
curred at depth were involved in their formation. This dataset
provides constraints on these deep processes and on the nature of the
lithospheric mantle beneath NE Iran. In the following sections, we will
discuss the primitive mantle-like composition, subduction-related
metasomatism, low-degree partial melting, mantle deformation and
thermal condition, and the structure of the lithosphere in this region,
as well as the tectonic implications for this convergent zone.

6.1. Primitive mantle-like composition

The spinel lherzolites from the lithospheric mantle beneath NE Iran
are mostly composed of olivine, orthopyroxene with high Al2O3, and
clinopyroxenene with high Al2O3 and low TiO2 (Appendix Table 1S;
Figs. 6–8). These rocks are of typical non-cratonic peridotite and are
comparable to primitive mantle compositions (Figs. 6, 7, 8). Mapping
of Fo content in olivine from the lithospheric mantle reveals a decrease
in the mean Fo of olivine with its age: from Archean (Fo = 92–94)
Fig. 10. The average trace element compositions of clinopyroxene inmantle xenoliths fromNE I
garnet peridotite xenolithsworldwide (Su et al., 2011a; and references therein). (a) and (c) are n
(Sun and McDonough, 1989).
through Proterozoic (Fo = 90.5–92.5) to Phanerozoic (Fo = 88.5–
91.5) (Gaul et al., 2000; Griffin et al., 1999). The lithospheric mantle be-
neath NE Iran has low Fo olivine (Fo= 90–91), probably indicating that
it formed during the Phanerozoic. This inference is further supported by
its non-cratonic peridotite composition which is representative of
newly-accreted lithospheric mantle (Walter, 2003). In terms of trace el-
ements, the clinopyroxenes in the spinel lherzolites and in one dunite
sample (12-IR-ZS-84-32) display flat REE with mild LREE depletion
and incompatible trace element patterns parallel to the primitive man-
tle (Fig. 10a, b). The most incompatible trace element concentrations of
these clinopyroxenes are also close to the primitive mantle abundances
(Appendix Table 2S; Fig. 10a, b). These features may indicate that the
lithospheric mantle beneath NE Iran is compositionally similar to the
primitive mantle, except for limited inconsistent depletions of LREE
and LILE (Figs. 9, 10). This may be attributed to a low degree of partial
melting and mantle metasomatism (Griffin et al., 1999; Walter, 2003;
Zheng et al., 1998).

6.2. Subduction-related mantle metasomatism and the genesis of the
pyroxenites

Although most of the spinel lherzolites and the coarse-grained du-
nite resemble the primitive mantle in composition, two spinel
lherzolites (12-IR-ZS-84-13 and 12-IR-ZS-84-19) and the equigranular
dunite display distinctly different compositional features. The charac-
teristically lower Mg# of olivine, orthopyroxene, clinopyroxene, and
spinel in both of these spinel lherzolites, as well as the LREE enrich-
ments of clinopyroxene in samples 12-IR-ZS-84-13 and 12-IR-ZS-84-
39 (Figs. 6–9), indicates that they have undergone considerable
refertilization (Zheng et al., 1998). Further, the variably negative HFSE
ran compared to the primitivemantle (Sun andMcDonough, 1989) and clinopyroxenes in
ormalized to chondrite (Anders andGrevesse, 1989) and (b) and (d) are normalized to PM
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Fig. 11. Ti/Eu (a) and Sr (b) vs. (La/Yb)N (primitive mantle-normalized; Sun and
McDonough, 1989) and MgO vs. Al2O3 (c) plots for clinopyroxene in mantle xenoliths
from NE Iran. The data used in plots a, b and c are the average values for clinopyroxene
in Appendix Tables 1S and 2S, and all of the analytical data are used for plot (c). Legends
are the same as in Fig. 7. The spinel and garnet peridotite fields are after Rudnick et al.
(1993).
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anomalies in clinopyroxene of all of the spinel lherzolites point to melt
modification (Fig. 9d). Mantle metasomatism would considerably in-
crease the La/Yb ratio and the incompatible trace element concentra-
tions, while decreasing the Ti/Eu ratio (e.g., Gorring and Kay, 2000;
Rudnick et al., 1993; Zheng et al., 1998). High (La/Yb)N (primitive man-
tle normalized) and low Ti/Eu ratios in clinopyroxene from the NE
Iranian spinel lherzolites and pyroxenites clearly indicate metasoma-
tism (Fig. 11a). Lithium has also been recognized as a sensitive metaso-
matic indicator (e.g., Woodland et al., 2004), and Li contents N5 ppm
(Appendix Table 2S) can cause metasomatic effects (e.g., Su et al.,
2012, 2014; Woodland et al., 2004; Zhang et al., 2010b). In addition,
melt pockets in some of the spinel lherzolites (e.g., samples 12-IR-ZS-
84-27 and 12-IR-ZS-84-13; Fig. 3f, h) are clear evidence for the exis-
tence of metasomatic melts (Ionov et al., 1993; Su et al., 2010; Szabo
et al., 1996).

Numerous studies have been conducted on diverse pyroxenites, as
they are ubiquitously distributed in the upper mantle and do not only
influencemantle heterogeneity but also act as inferred sourcematerials
of ocean island basalts and mid-ocean ridge basalts (Frets et al., 2012;
Herzberg, 2011; Sobolev et al., 2005; Ying et al., 2013; Zhang et al.,
2010b). The genesis of mantle pyroxenites is traditionally divided into
three categories: high pressure cumulates from basaltic magmas pass-
ing through the mantle, solid-state remnants of subducted oceanic
crust andmetasomatic products resulting from the interaction of perva-
sivemeltswithmantle peridotites (Herzberg, 2011; Sobolev et al., 2005;
Ying et al., 2013; Zhang et al., 2010b). The compositions of olivine and
clinopyroxene from the pyroxenites in this study (Figs. 6, 7a) rule out
the possibility of a cumulate origin. The possibility of remnant oceanic
crust is also unlikely because the pyroxenites fromNE Iran have such di-
verse compositions and petrological features (i.e., recrystallization and
triple junctions, as well as relict fine-grained olivine). Hence mantle
metasomatism is the preferred explanation for the genesis of the
Iranian pyroxenites since they showmetasomatic signatures in trace el-
ement diagrams.

Mantle metasomatism creates enrichments in incompatible major el-
ements (e.g., Al2O3, CaO, and TiO2) in minerals (e.g., Rudnick et al., 1993,
2004; Walter, 2003; Zheng et al., 1998). These major element composi-
tions (oxides) inmineral constituents of the pyroxenites arewell correlat-
ed, illustrating a clear metasomatic trend (Figs. 6–8). In clinopyroxene
from the pyroxenites, the (La/Yb)N ratio is larger and the Ti/Eu ratio is
lower than those in the clinopyroxene of the spinel lherzolites, which
clearly indicats that the pyroxenites have experienced a higher degree
of metasomatism. The clinopyroxenite has the highest clinopyroxene
trace element concentrations. The websterites usually have moderate
trace element concentrations, somewhere between the olivinewebsterite
and clinopyroxenite values. These compositional variations, togetherwith
decreasing olivine contents, and orthopyroxene and spinel modal con-
tents, suggest that the degree of metasomatism increases from olivine
websterite through websterite to clinopyroxenite. Taking all the
metasomatized rocks into account, the equigranular dunite (12-IR-ZS-
84-39) can be considered ametasomaticmember in the genesis of the py-
roxenites. The dunite may have experienced prior partial melting, as evi-
denced by the slightly higher Mg# in olivine and clinopyroxene, lower
Al2O3 and TiO2 contents in clinopyroxene, and extremely high Cr# in
clinopyroxene and spinel (Figs. 6, 7, 8). The subsequent metasomatism
then has resulted in the dunite falling along the metasomatism trend of
the pyroxenites, having similar trace element patterns.

However, these metasomatism trends, especially those for ortho-
pyroxene and clinopyroxene, are different from the spinel lherzolite
trend (Figs. 6, 7). In the Sr vs. (La/Yb)N plot for clinopyroxene, the py-
roxenites have a lower Sr value for a given (La/Yb)N ratio than that is ev-
ident in the metasomatism trend defined by the spinel lherzolites
(Fig. 11b). Furthermore, there are only a few similarities in trace ele-
ment patterns between the pyroxenites and spinel lherzolites (Fig. 9).
This indicates that the pyroxenitesmight not be derived from the spinel
lherzolites. Generally, spinel and olivine are completely absent in the
websterites and clinopyroxenite, implying that the protolith of most
but not all pyroxenites is not spinel-facies peridotite. On the other
hand, the pyroxenites and the equigranular-textured dunite are similar
to the worldwide garnet peridotites in regard to their trace element
concentrations and patterns of clinopyroxenes (Fig. 10c, d; Su et al.,
2011a) having fractionated REE with LREE enrichment, LILE depletion,
and negative Ba, Nb, Ta, Pb, Zr, and Ti anomalies (Fig. 10a, d). The
HREE enrichments in the pyroxenites and the equigranular dunite
vary relative to the worldwide garnet peridotites, but those differences
may be related to the extent of themetasomatism. The Al2O3 content is
sensitive to pressure and temperature, and therefore can often
effectively distinguish spinel- and garnet-facies peridotites (Nimis and
Taylor, 2000; Rudnick et al., 1993). In the MgO vs. Al2O3 plot for
clinopyroxene, the equigranular-textured dunite and most pyroxenites
fall in the garnet peridotite field, and the defined metasomatic trend
shifts away from the spinel peridotite field (Fig. 11c). These features
are in agreementwith the higher pressure estimates for the pyroxenites
than those for the spinel lherzolites (shown below), suggesting that the

image of Fig.�11


278 B.-X. Su et al. / Lithos 202–203 (2014) 267–282
pyroxenitesmay have originated at a greater depth. It is thus reasonable
to infer that the genesis of the pyroxenites, and most likely some of the
dunites, is a metasomatized garnet-facies peridotite protolith.

The pronounced LREE enrichment and significant Nb, Ta, Pb, Zr, Hf,
and Ti anomalies in the clinopyroxenes frommost of the studied pyrox-
enites (Fig. 9f, h) imply that the metasomatic melts are probably linked
to subducted oceanic lithosphere (Allen et al., 2013; Pang et al., 2012;
Ying et al., 2013; Zhang et al., 2010a; Zindler and Hart, 1986). Many
studies have documented that Cenozoic mantle-derived magmatism
in the Iranian Plateau often preserves relics of the subducted slab,
since the rocks mostly originate from slab-derived metasomatized
sources (Alaminia et al., 2013; Allen et al., 2013; Asiabanha and Foden,
2012; Mirnejad et al., 2010; Pang et al., 2013b; Priestley et al., 2012).
The subducted materials are either from the Paleotethys or Neotethys
ocean, but due to a lack of isotopic data, one cannot yet determine
which. In NE Iranian xenoliths, the general absence of hydrous minerals
such as phlogopite and amphibole (though Saadat and Stern (2012)
found amphibole in one sample) and presence of plagioclase/feldspar
as a metasomatized mineral phase (Fig. 5b; Appendix Table 1S) suggest
that the reactive melts were anhydrous or water-poor (Niu, 2005).
Consequently, these melts may have been generated by the melting of
a stagnated slab that had experienced dehydration during subduction
(Manaman et al., 2011; Motaghi et al., 2012a). Therefore, the litho-
spheric mantle beneath NE Iran has undergone upwardmetasomatism,
larger degree in garnet-facies rather than spinel-facies peridotite,
caused by upwelling melts from the melting of the stagnated slab.

6.3. Mantle deformation and low partial melting

Lithospheric deformation commonly occurs in orogenic belts and is
accommodated mostly by axial shortening, lateral shearing, striking
slip faulting, etc. The visually and geophysically detectable deformation
is relatively limitedwithin the crustal level compared towithin the lith-
ospheric mantle. Numerous investigations of the Iranian Plateau have
demonstrated that the strong crustal deformation caused by the Arabi-
an–Eurasian continental collision has led to high levels of seismicity and
many geophysical anomalies (Amini et al., 2012; Kaviani et al., 2009;
Maggi and Priestley, 2005; Mottaghi et al., 2013). Whether the litho-
spheric mantle underneath the plateau has been deformed is still un-
clear. The deformation in the lithospheric mantle in the Iranian
orogenic belts (Alborz, Zagros, and Kopeh-Dagh) has been assumed
based on the null measurements of shear wave splitting, which are
interpreted to be dominated by vertical rather than horizontal deforma-
tion associated with axial shortening (Kaviani et al., 2009). This study
provides clear evidence for mantle deformation in NE Iran, based on
the observed porphyroclastic texture and mineral elongation in the
Iranian xenoliths, which are typical deformation features in mantle pe-
ridotites (Fig. 3). The kink-banded olivine, curved mineral boundaries
and mineral orientations demonstrate strong shear strain in the litho-
spheric mantle, which may account for the seismic anisotropy (e.g.,
Gaul et al., 2000; Hansen et al., 2014; Kaviani et al., 2009). Because the
deformation features are only present in the spinel lherzolites, the de-
formation in the study area is probably limited to b70 km and does
not extend throughout the whole lithosphere. The presence of
orthopyroxene porphyroclasts surrounded by fine-grained high-Mg
minerals (Figs. 3a, c, 6; Appendix Table 1S) suggests that deformation
was accompanied by local recrystallization and small degree of partial
melting (Allen et al., 2013). An alternative explanation for the absence
of deformation in the pyroxenite xenoliths could be that theywere crys-
tallized after the deformation event.

In the study area, three episodes of partialmelting in the lithospheric
mantle can be identified. The earliest stage is represented by the
equigranular dunite. The partial melting in this stagemay be of high de-
gree, as indicated by very low NiO in olivine, low Al2O3 and TiO2, and
high Mg# and Cr# in clinopyroxene, and high Cr# in spinel (Figs. 6b,
7a, b, c, 8).
The second episode of partial melting has most likely occurred after
mantlemetasomatism. Both processes are likely of large scale, occurring
throughout the lithospheric mantle. The major elemental variations
within the pyroxenes, particularly the clinopyroxenes, in the spinel
lherzolites indicate partial melting trends (Figs. 6, 7). The most incom-
patible LREE and LILE become depleted in clinopyroxenes (Fig. 9c, d).
The clinopyroxenes in the olivine websterites are depleted in LILE
with positive or negative LREE depletion, although only LILE depletion
appears in websterites and clinopyroxenites that preserve variable
LREE enrichment (Figs. 9, 10). These features vary between different
rock types suggesting that the degree of partial melting is relatively
low and decreases downward from spine-facies to garnet-faciesmantle.
According to this scenario, the melting might not be induced by elevat-
ed temperature, but by the shallow extensional setting, which is in
agreement with previous studies (e.g., Pang et al., 2013b; Verdel et al.,
2011; Zarrinkoub et al., 2010). Several authors have proposed an early
to mid-Tertiary extensional tectonic regime resulting in the develop-
ment of metamorphic core complexes in central and northern Iran
(Verdel et al., 2011 and references therein). The regime in eastern Iran
also played a crucial role in the generation of Eocene–Oligocene calc-
alkaline volcanism in the Lut Block and Sistan Suture regions (Fig. 1a;
Pang et al., 2013b; Zarrinkoub et al., 2010). The rather slow extension
rate in northeastern Iran did not cause large-scale, upper mantle melt-
ing (e.g., McKenzie and Bickle, 1988; Pang et al., 2012), which is consis-
tentwith the lack of voluminous Eocene–Oligocenemagmatism inmost
of northeastern Iran (Fig. 1a). The small amounts of magmatic rocks ex-
posed in that region have distributions strictly controlled by the major
faults (Fig. 1a; Saadat and Stern, 2012).

The extensional tectonic regime possibly lasted up until theMiocene–
Quaternary (Chiu et al., 2013; Kaislaniemi et al., 2014; Pang et al., 2012;
Saadat and Stern, 2012) and appears to be related to the third stage of
partial melting in the lithospheric mantle beneath NE Iran. During this
stage the spongy texture formed in some clinopyroxenes. The spongy
rims display lower Al2O3 and Na2O contents and Cr# values than
the cores of the clinopyroxenes (Appendix Table 2S), which are similar
to the compositional variations of the clinopyroxenes in the mantle xe-
noliths from the Western Qinling Orogenic Belt in central China (Su
et al., 2011b). The authors have interpreted the spongy texture of the xe-
nolithic clinopyroxene to be the result of decompressionmelting. The se-
lective presence of the spongy texture in the spinel lherzolites and in the
coarse-grained dunite implies that the extension was very limited in the
Quaternary, only affecting the shallow lithospheric mantle. This conclu-
sion is further supported by the rare Quaternary magmatism in the
study area (Fig. 1b; Saadat and Stern, 2012).

6.4. Thermal structure of the lithosphere and their geological implications

Various geothermometers are available for commonmafic–ultramaf-
ic rocks. Among them, the two-pyroxene thermometer of Wells (1977)
is commonly used and is believed to give reliable estimates for both
mantle lherzolite and pyroxenite (e.g., Yamamoto et al., 2012; Ying
et al., 2013; Zhang et al., 2010a). We also employed several other
geothermometers (Table 1) to estimate the equilibrium temperatures
of the studied xenoliths. However, the mineral chemical data for the
fine grains surrounding the porphyroclasts and the spongy rims of the
clinopyroxenes were not used in the temperature calculation. The equil-
ibrated textures (i.e., triple junctions) were used and the estimates from
most models are well correlated with the results usingWells’ thermom-
eter, with the exception of the orthopyroxene-spinel-olivine thermome-
ter of Sachtleben and Seck (1981), which yields relatively high
temperatures (Table 1).

So far, no good geobarometer is available for spinel lherzolite and
pyroxenite, although the single clinopyroxene barometer (Nimis and
Taylor, 2000) is used in many studies. As Wu and Zhao (2011) stated,
orthopyroxene associated with clinopyroxene, and containing
N0.37 wt.% of Al2O3, should be used in the pressure estimation to



Table 1
Temperature and pressure estimates of the mantle xenoliths from Navai, Mashhad, NE Iran.

Sample Rock type T(W) T(WB) T(SS) T(WS1) T(WS2) T(NT) P(NT)

12-IR-ZS-84-32 Dunite 876 11.2
12-IR-ZS-84-39 Dunite 769 27.2
12-IR-ZS-84-25 Sp lherzolite 873 987 971 917 976 789 11.3
12-IR-ZS-84-17 Sp lherzolite 927 1035 953 903 953 876 15.4
12-IR-ZS-84-37 Sp lherzolite 960 1066 930 887 945 943 19.8
12-IR-ZS-84-15 Sp lherzolite 978 1042 996 928 963 951 13.8
12-IR-ZS-84-12 Sp lherzolite 954 1058 969 906 981 930 15.5
12-IR-ZS-84-16 Sp lherzolite 956 1060 949 903 960 928 15.8
12-IR-ZS-84-27 Sp lherzolite 955 1055 991 935 963 921 14.3
12-IR-ZS-84-9 Sp lherzolite 966 1064 1002 936 961 933 13.5
12-IR-ZS-84-35 Sp lherzolite 988 1074 1061 980 987 956 12.7
12-IR-ZS-84-29 Sp lherzolite 960 1054 1052 968 990 912 10.7
12-IR-ZS-84-14 Sp lherzolite 953 1055 1010 928 946 910 10.5
12-IR-ZS-84-13 Sp lherzolite 959 1039 1004 961 971 959 17.0
12-IR-ZS-84-19 Sp lherzolite 964 1048 1041 972 986 973 14.0
12-IR-ZS-84-30 Ol websterite 918 1008 1049 954 879 904 26.2
12-IR-ZS-84-38 Ol websterite 943 1030 1049 942 830 959 30.8
12-IR-ZS-84-33 Ol websterite 940 1017 1131 959 814 963 30.7
12-IR-ZS-84-22 Ol websterite 924 993 937 26.0
12-IR-ZS-84-24 Ol websterite 936 959 936 15.3
12-IR-ZS-84-10 Websterite 925 988 924 22.5
12-IR-ZS-84-26 Websterite 950 1004 979 28.9
12-IR-ZS-84-34 Websterite 911 986 900 25.1
12-IR-ZS-84-20 Websterite 916 967 940 26.2
12-IR-ZS-84-11 Websterite 933 1003 974 28.3
12-IR-ZS-84-28 Websterite 894 1009 963 26.6
12-IR-ZS-84-21 Websterite 940 972 966 12.8
12-IR-ZS-84-36 Websterite 907 978 897 23.5
12-IR-ZS-84-41 Websterite 933 1002 946 25.9
12-IR-ZS-84-42 Websterite 934 997 939 25.1
12-IR-ZS-84-31 Websterite 901 967 921 24.7
12-IR-ZS-84-23 Clinopyroxenite 899 964 941 33.4

Note: T(W),Wells (1977) Opx-Cpx; T(WB),Wood and Banno (1973) Opx-Cpx; T(SS), Sachtleben and Seck (1981) Opx-Sp-Ol; T(WS1),Witt-Eickschen and Seck (1991) Opx-Sp; T(WS2),
Witt-Eickschen and Seck (1991) Opx; T(NT), Nimis and Taylor (2000) Single Cpx; P(NT), Nimis and Taylor (2000) Single Cpx.

Fig. 12. (a) Temperature–pressure diagram of the NE Iranianmantle xenoliths. Temperature
estimates from geothermometer byWells (1977) are used. The field of inferred origin for the
pyroxenite is based on themineral chemistry discussed in themain text. The typical cratonic
and oceanic geotherms are fromMenzies and Chazot (1995). The black dot represents equi-
librium temperature and pressure estimates of granulite xenoliths (Saadat and Stern, 2012)
and the large red dot at 1300 °C and 125-kmdepth is from the tomographicmodel (Priestley
et al., 2012). (b) Schematic illustration of the lithospheric structure beneath NE Iran. The
Moho depth at ~40 km is from Manaman et al. (2011) and Amini et al. (2012). The litho-
sphere–asthenosphere boundary (LAB) at ~125 km is based on Manaman et al. (2011) and
Priestley et al. (2012). The lithosphericmantle, composed largely of spinel andgarnet bearing
lherzolites, mixes with olivine websterite (green ribbons) and websterite (orange ribbons),
respectively. See text for more detailed discussion.
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avoid the significant propagation of analytical errors. All of the
orthopyroxenes in this study have Al2O3 contents higher than 1 wt.%
(Appendix Table 1S; Fig. 6), which make it possible to use the single
clinopyroxene barometer for reference. The estimated pressures of all
of the spinel lherzolites in this study, except for one (sample 12-IR-ZS-
84-37), plot in spinel-facies peridotite field. The pyroxenites fall in a
higher pressurefield (Fig. 12a),which is consistentwith thepetrological
and chemical inference that they have a garnet-facies peridotite
protolith. Because these models match the other conclusions drawn
from our data, the results estimated from Wells’ thermometer and sin-
gle clinopyroxene barometer are used for discussion hereafter.

The temperature estimates indicate that both the spinel lherzolites
and the pyroxenites have equilibrated at temperatures of 900–1000 °C,
which overlap the range calculated by Saadat and Stern (2012). The pres-
sure estimates for the spinel lherzolites are in the range of 10.5–17 kbar,
corresponding to a depth of 36–56 km (except for sample 12-IR-ZS-84-
37 at 19.8 kbar and 64 km), while the pyroxenites aremostly in the pres-
sure range of 22.5–33.4 kbar, corresponding to a depth of 72–105 km,
with two samples (at 12.8 kbar and 43 km and 15.3 kbar and 50 km)
falling in the spinel lherzolite range (Table 1; Fig. 12a). Similar higher
pressure and lower temperature pyroxenite has been found in the litho-
spheric mantle at many locations worldwide (i.e., Beni Bousera; Frets
et al., 2012).

A few of the lithospheric thermal conditions beneath the study area
are also possible to evaluate. For instance, tomographic modeling gives
a temperature estimate of 1300 °C at a depth of 125 km (Priestley et al.,
2012). The granulites studied by Saadat and Stern (2012) yield ~850 °C
equilibrium temperatures and ~9.8 kbar pressure. Based on all of these
temperature and pressure estimates, the geothermal line can be broad-
ly deciphered, as shown in Fig. 12a. Overall, the geotherm of the study

image of Fig.�12
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area is higher than that of cratonic and oceanic regions (Fig. 12a). How-
ever, tomographic imaging reveals a higher upper mantle velocity in
the xenolith locality than in the adjacent Alborz Range, Sabzevar
Zone, and even in Central Iran, where the low-velocity anomaly is
widely observed (Amini et al., 2012). Low velocity anomalies in the
upper mantle are usually an indication of a hot mantle (Amini et al.,
2012; Maggi and Priestley, 2005; McKenzie and Priestley, 2008; Paul
et al., 2010; Priestley et al., 2012). Thus, the Iranian Pateau has a rela-
tively hot lithospheric mantle, and the lower temperature in the
study area is probably due to low-temperature pyroxenites having an
especially large presence in the garnet-facies mantle. This is further
supported by the significant high-velocity anomaly in the Kopeh
Dagh belt down to a depth of at least 120 km, which is interpreted to
be the result of the relatively cold upper mantle structure (Manaman
et al., 2011).

The lithospheric thickness has not been clearly defined in NE Iran.
The pressure estimates in this study indicate that the lithosphere is at
least ~105 km thick. Shear wave velocity models reveal that the litho-
sphere in NE Iran is b140 km thick, thinner than the Zagros belt
(N225 km thick) and the South Caspian Basin (180–200 km thick)
(McKenzie and Priestley, 2008; Priestley et al., 2012). The authors also
find considerable lateral variations in the velocity at 125 km depth and
suggest that the base of the lithosphere for the major part of the
Iranian plateau is at 100–125 km. Therefore, in the xenolith locality,
the lithospheric thickness can be assumed to be ~125 km (Fig. 12b).

The crustal thickness of the Iranian Plateau has been investigated by
some geophysical surveys. In general, the Zagros belt has the thickest
crust, up to 65 km, due to the Arabian–Eurasian continental collision
(Maggi and Priestley, 2005; Molinaro et al., 2005; Paul et al., 2010),
and the South Caspian basin has the thinnest crust, at ~33 km
(Manaman et al., 2011; Paul et al., 2010). Gravity observations reveal
that the crust beneath the mountain ranges of eastern Iran are
45–48 km thick, while in northern Iran, the crust beneath the Alborz
Range is ~35 km thick (Dehghani and Makris, 1984). Moho maps de-
rived using receiver functions (Radjaee et al., 2010) and waveform to-
mography studies (Manaman et al., 2011; Motaghi et al., 2012b) show
a relatively thick crust (40–50 km) beneath NE Iran and ~42 km thick
beneath the xenolith locality. The granulite points to a crust thicker
than 34 km (Fig. 12a; Saadat and Stern, 2012), which is consistent
with the geophysical observations. Three mantle xenoliths, however,
provide depth constraints on the order of 36–38 km, possibly indicating
that the crust–mantle boundary is at that depth (Fig. 12a). This incon-
sistencymight be the result of uncertainty in the pressure estimates. Al-
ternatively, a ~6-km-thick transition zone between the crust and
mantle may exist in the lithosphere (Fig. 12b).

In many studies, seismic velocity anomalies have been detected at
varying depths below the Iranian Plateau. It is worth noting that both
the velocity anomaly amplitudes and geometries are well recovered at
75 km depth throughout most of the region (Priestley et al., 2012).
This signature is related to either the spinel-garnet transition or the
presence of pyroxenites (Fig. 12b). We prefer the latter explanation be-
cause the relatively ‘cold’ pyroxenite, unlike the mineral phase transi-
tion, plays a significant role in changing seismic velocity in the study
area. Our argument is compatiblewith the Bouguer anomaly in the east-
ern KopehDagh (Motaghi et al., 2012b), since pyroxenite is denser than
peridotite. Some authors suggested that some of the late Cenozoic vol-
canism in eastern Iran originated from a garnet-facies mantle source
(70–80 km) (e.g., Maggi and Priestley, 2005; Saadat and Stern, 2012;
Walker et al., 2009). We suggest that the pyroxenites might be a
major contributor (particularly of potassium via the consumption of al-
kali feldspar) to themantle source of the potassic and ultra-potassic vol-
canic rocks, and that the alkali basalts similar in composition to the host
rocks of xenoliths were derived from deeper mantle, most likely the as-
thenosphere. Regional analyses of seismology, gravity, and volcanismall
suggest the presence of a thin, cold,metasomatized lithosphere beneath
the NE Iranian Plateau relative to the Central Iran.
7. Concluding remarks

Petrological and mineral composition data of a variety of mantle xe-
noliths from NE Iran allow us to better understand the composition and
structure of the lithospheric mantle in the region. The data suggest that
the shallow part of the lithospheric mantle at depths of ~40–70 km is
composed dominantly of deformed and primitive mantle-like spinel
lherzolite. The deeper portion (~70–100 km) of the lithospheric mantle
is characterized by thewidespread presence of low-temperature pyroxe-
nites, which we interpret as the products of mantle metasomatism by
partial melts released from the stagnant slab in the asthenosphere. Mul-
tiple partial melting events within the lithospheric mantle are observed
and interpreted to have resulted from the episodic albeit local extension
in the region. The compositional and structural features revealed by our
xenolith data are broadly consistent with independent lines of evidence
from seismology, gravity and volcanism, while the deep processes that
occurred in the lithospheric mantle are closely related to Arabian–
Eurasian convergence involving the Tethyan subduction processes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.06.002.
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