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A small isolated Neogene, possibly Quaternary, monogenetic alkali olivine basalt cone in northeastern Iran
contains both mantle peridotite and crustal gabbroic xenoliths, as well as plagioclase megacrysts. The basaltic
magma rose to the surface along pathways associated with local extension at the junction between the N–S
right-lateral and E–W left-lateral strike slip faults that form the northeastern boundary of the Lut microcon-
tinental block. This basalt is enriched in LREE relative to HREE, and has trace-element ratios similar to that of
oceanic island basalts (OIB). Its 87Sr/86Sr (0.705013 to 0.705252), 143Nd/144Nd (0.512735 to 0.512738), and
Pb isotopic compositions all fall in the field of OIB derived from enriched (EM-2) mantle. It formed by mixing
of small melt fractions from both garnet-bearing asthenospheric and spinel-facies lithospheric mantle.
Plagioclase (An26-32) megacrysts, up to 4 cm in length, have euhedral crystal faces and show no evidence of re-
action with the host basalt. Their trace-element concentrations suggest that these megacrysts are co-genetic
with the basalt host, although their 87Sr/86Sr (0.704796) and 143Nd/144Nd (0.512687) ratios are different than
this basalt. Round to angular, medium-grained granoblastic meta-igneous gabbroic xenoliths, ranging from ~1
to 6 cm in dimension, are derived from the lower continental crust. Spinel–peridotite xenoliths equilibrated in
the subcontinental lithosphere at depths of 30 to 60 km and temperatures of 965 °C to 1065 °C. These xenoliths
do not preserve evidence of extensive metasomatic enrichment as has been inferred for the mantle below the
Damavand volcano further to the west in north-central Iran, and clinopyroxenes separated from two different
mantle xenoliths have 87Sr/86Sr (0.704309 and 0.704593) and 143Nd/144Nd (0.512798) ratios which are less
radiogenic than either their host alkali basalt or Damavand basalts, implying significant regional variations in
the composition and extent of metasomatism in the sub-Iranian mantle.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A small isolated outcrop of Neogene, possibly Quaternary, alkali
olivine basalt (Fig. 1), containing both peridotite and gabbroic xenoliths,
as well as plagioclase megacrysts, was reported on the Kariz-Now
geological map (Geologic Survey of Iran, 1984), northeastern Iran.
Although this is currently the only known mantle xenolith locality in
Iran, there has been no previous petrochemical characterization of
either the basalt or these xenoliths. Crustal and mantle xenoliths
entrained in continental alkali basalts provide samples to study the
chemical and physical evolution of the deep continental lithosphere
(Wilson, 1989; Rudnick, 1992; Stern et al., 1999; Farmer, 2003;
Gautheron et al., 2005; Nasir et al., 2006). The trace element and isotope
signatures of xenoliths and their host basalts can be used to interpret
the role of different processes, such as removal of melt by partial melt-
ing and/or addition of melt or interaction with fluids, derived from

either subducted oceanic lithosphere or asthenospheric upwelling, in
the long-term chemical evolution of the lithosphere (Dobosi et al.,
2010). This paper presents the petrochemical characteristics of the oliv-
ine basalts and their contained xenoliths from northeastern Iran as a
contribution toward characterizing the lithosphere below this region,
which lies along the Alpine–Himalayan collision belt (Fig. 1).

2. Geologic setting

The oldest rocks in northeastern Iran are Neoproterozoic in age
(Fig. 1). These rocks are metamorphic gneisses and schists, recrystal-
lized limestones and dolomites, granites and quartz diorites. The U–Pb
in zircon age of one granitic unit is reported as 630–650 Ma (Geologic
Survey of Iran, 1984). This crystalline basement is similar to Neoproter-
ozoic to Early Cambrian granites and orthogneisses exposed in other
areas of Iran (Hassanzadeh et al., 2008) and to the basement lithologies
of the Arabian–Nubian shield.

From Late Precambrian until Late Paleozoic time, central and eastern
Iran was separated from the Eurasian plate by the Hercynian Paleo-
tethys Ocean (Shahabpour, 2005). During the Permian–Triassic, a
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north-dipping subduction system along the northern Paleotethys mar-
gin led to the closure of this ocean (Golonka, 2004), and the northward
motion of central and eastern Iran micro-continent resulted in their
welding with the Eurasia. Remnants of the Paleotethys Ocean are pre-
sent in the Binaloud range in northeastern Iran (Fig. 1; Alavi, 1979).
This range extends to thewest into the AlborzMountains and it extends
eastward to the Hindu–Kush in northern Afghanistan. The study area is
located in the southern portion of the eastern section of Binaloud range
in northeastern Iran.

The oldest Paleozoic rocks in this area are composed of sandstone
and minor dark gray dolomite that grade upward into a fossiliferous,
dark gray limestone of Devonian age (Geologic Survey of Iran, 1984).
The sequence of Permian rocks starts with reddish sandstone and fol-
lows by a well-bedded dolomitized limestone. Mesozoic rocks in this
area mainly consist of bedded limestone, dolomite, shale, sandstone
and conglomerate, whereas the Paleogene is marked by volcano-
sedimentary rocks. Tertiary volcanic rocks are mostly porphyritic

basaltic andesites, dacites, and rhyodacitic welded tuffs (Fig. 1). The lat-
ter were dated 38.5±1.2 Ma, indicating a late Eocene–early Oligocene
age for the upper part of the volcano-sedimentary sequence (Geologic
Survey of Iran, 1984). Neogene sediments, mainly conglomerates and
sandstones, form very thick sequences filling in tectonic basins on
either side of the main Binaloud range.

The alkali olivine basalt conewhich is the focus of this study forms a
small isolated outcrop overlying unconsolidated Neogene sediments
and Tertiary andesitic and dacitic tuffs (Figs. 1 and 2). This basaltic
cone and associated lava flows outcrops in a subcircular area of
~60,000 m2 (0.3×0.2 km). Relatively extensive layers of Quaternary
travertine occur both to the south (Fig. 1) and northwest of this area.
These are related to the thermal activities of hot springs, some of
which are still active in the area. The presence of host springs with
extensive travertine deposits could be regarded as surface expressions
of an underlying magma reservoir, or they may simply be related to
the structural faults along which the basalt extruded.

Fig. 1. Simplified geological map of northeastern Iran, Kariz Now area, showing the location of the outcrop of the xenoliths-bearing alkali basalt. The base map is taken from
Geologic Survey of Iran (1984). Insets show location of the area in Iran.
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3. Analytical methods

Minerals from the host-rock and xenoliths and were analyzed using
a JEOL JXA-8600 electronmicroprobe, with an electron gun accelerating
voltage of 15 kV (10 to 30 s/peak, 5–10 s/background counting times),
current range from 17 to 24 nA and 2 μm diameter of focused beam.
Matrix correction was done by Tracor Northern ZAF with natural
mineral standards. Analytical errors are 0.1–1.0% for major elements.
Multiple analyses were done on each mineral grain to check for
homogeneity.

Powdered whole-rock samples were analyzed for the major-
elements in the X-Ray Fluorescence laboratory of Ferdowsi University
of Mashad (Iran), using a Philips X, Unique II instrument. In order to
avoid any megacrysts and/or xenoliths, the samples were first crushed
into small fragments and then powdered in a ceramic-lined container.
Detection limits for Si and Al are 100 and 120 ppm respectively, and
for Ca=55 ppm, Fe=15 ppm, K=20 ppm, Mg=30 ppm, Na=
35 ppm, Mn=4 ppm and P=135 ppm. Trace-elements and REE were
determined by ICP-MS (Inductively Coupled Plasma Mass Spectrome-
try) using an ELAN DCR-E instrument at the University of Colorado,
Boulder. USGS basalt standards BHVO-1 and NIST2711 were used as
the calibration standards and to monitor accuracy during ICP-MS anal-
ysis. Precision for analytical technique is generally better than 10% at
the 95% confidence level as indicated by repeat analysis of these and
another laboratory basalt standard VDM derived from Valmont dike in
Boulder (Saadat and Stern, 2011).

The facilities of the Tims isotope laboratory in the University of
Colorado-Boulder were used for sample preparation and isotope ana-
lyses. Isotopic measurements were carried out on powder of leached
whole-rock material using a Finnigan-Mat 261 six collector thermal-
ionization mass-spectrometer. In addition, pyroxenes from peridotite
xenoliths and a plagioclase megacryst were analyzed for isotopic com-
position. Separation of the xenoliths pyroxenes was done by hand
picking grains. Sample powders were generated in a ceramic-lined con-
tainer. 87Sr/86Sr ratios were analyzed using four-collector static mass

spectrometer. Replicate analyses of the SRM-987 standard in this
mode yielded a mean 87Sr/86Sr of 0.71025±2 (2σ). Measured 87Sr/
86Sr were corrected to SRM-987=0.710299±8. Errors are 2σ of
mean and refer to last two digits of the 87Sr/86Sr ratio. The Nd isotopic
compositions are reported as εNd values using a reference 143Nd/144Nd
ratio of 0.512638. Measured 143Nd/144Nd were normalized to 146Nd/
144Nd=0.7219. Analyses were dynamic mode, three-collector mea-
surements. Thirty-three measurements of the La Jolla Nd standard
during the study period yielded a mean 143Nd/144Nd=0.511843±8
(2σ mean). Details of analytical procedures are given in Farmer et al.
(1991, 2002). Pb isotopic analyses were four-collector static mode
measurements. Sixteen measurements of SRM-981 during the study
period yielded 208Pb/204Pb=36.56±0.03, 207Pb/204Pb=15.449±
0.008, 206Pb/204Pb=16.905±0.007 (2σ mean). Measured Pb isotope
ratios were corrected to SRM-981 values of 208Pb/204Pb=36.721,
207Pb/204Pb=15.491, 206Pb/204Pb=16.937. Total procedural blanks
averaged ~1 ng for Pb and Sr, and 100 pg for Nd during study period
(Farmer et al., 2002). No age correction was applied to the data because
of the young Neogene age of the rocks.

4. Results

4.1. Basalts

4.1.1. Petrography and mineral chemistry
Different samples from the cone and associated lavas have similar

porphyritic texture with up to 10% phenocrysts and micro-phenocryst
within intergranular to intersertal groundmass (Fig. 3A). No significant
textural differences were observed among different samples, suggest-
ing that this conewas formed in a single monogenetic event. Subhedral
olivines are themost common phenocrysts. Plagioclase is also observed
as a phenocryst, but clinopyroxene is rare. The groundmass is mostly
composed of microlites of plagioclase, clinopyroxene, olivine and
minor sanadine. In addition opaque oxides, mainly titano-magnetite,
along with apatite and a small volume of glass are present in the

Fig. 2. (A) Field photo of the basaltic cone in northeastern Iran, viewed looking from the highway toward the southeast (Fig. 1), with the mountains in the background; (B) an
olivine-rich mantle peridotite xenoliths; (C) a gabbroic crustal xenoliths; and (D) a plagioclase megacryst.
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groundmass. Both phenocrysts and groundmass show little evidences
of alteration, but calcite occurs as a secondary mineral filling vehicles
and fractures.

Mantle peridotite and deep-crustalmeta-igneous granulite xenoliths,
aswell asmegacrysts of plagioclase, all described in greater detail below,
are present in the basalt (Fig. 2). Xenocrysts of olivine and pyroxene,
derived from fragmented peridotite xenoliths, are also observed in thin
sections. They are distinguished from phenocrysts by their relatively
large size, occurrence as composite grains, and Mg-rich compositions
compared to phenocryst and groundmass minerals crystallized from
the basalt host (Fig. 4). No quartz xenocrysts or other visual evidence
of assimilation of upper crustal rocks was observed in the basalts.

Olivine phenocrysts in the basalt range in composition from Fo72
to Fo83 and their NiO contents range between 0.06 and 0.14 wt.%
(Table 1; Fig. 4). There is no significant variation between cores and
rims of olivine. The chemistry of two clinopyroxene phenocrysts,
which are rare, is high-Ti augite. Plagioclase in the alkali basalt has
composition ranging from An28-59.

4.1.2. Whole rock chemistry
Themajor and trace element concentrations of five separate samples

of the basalt, aswell as their average and the average composition of the
other Neogene alkali olivine basalts from the western Lut block in east-
central Iran and the Makran arc in southern Iran, are listed in Tables 2
and 3. All samples of the olivine basalt from northeastern Iran plot in
the alkalic field on a silica versus total alkalis classification diagram

(Fig. 5). Normative nepheline of the samples varies from 7 to 11% con-
firming the alkalinity of these basalts. These lavas also plot in the alkali
basalt field, or very close to the boundary of alkali basalt and foidite
fields, on a Nb/Y versus Zr/Ti diagram (Fig. 5). The K2O/Na2O ratio and
MgO versus TiO2 diagrams show that these lavas plot on the boundary
of high- and low-Ti fields and they belong to Na-Series alkali basalts
(Fig. 5). The samples have moderate MgO (4.1–7.4 wt.%) and Al2O3

(16.2–18.4 wt.%) contents and their Cr and Ni concentrations range
from 52 to 84 ppm and from 86 to 109 ppm, respectively.

Chondrite-normalized patterns of northeastern Iran alkali basalt
(Fig. 6) indicate that these lavas are enriched in LREE relative to HREE
and are similar to that of average oceanic island basalts (OIB; Sun and
McDonough, 1989). There is no significant difference between the
trace and rare element patterns of these samples and those of samples
from the western margin of the Lut block along the Nayband fault
(Table 3, Fig. 6). None of the samples show depletions in Nb, which is
a signature for subducted slab-derived components in the source of
arc magmas such as those in the Makran arc in southern Iran. Neither
do Sr nor Eu shows a negative anomaly, which suggests that they
behaved incompatibly for these lavas (Fig. 6).

Rb contents, aswell as K2O and Sr, are somewhat variable among the
five different samples (Fig. 6). These variations in mafic magmas could
be caused by several different processes such as wall-rock reaction
(Green and Ringwood, 1967), variable degrees of partial melting
(Gast, 1968) and mantle heterogeneity (Kesson, 1973). However,
since these variations occur within what appears to be a single small

Fig. 3. Photomicrographs of (A) alkali basalt, (B) spinel lherzolite, (C) gabbroic xenoliths, (D) pyroxenite, (E) lherzolite with amphibole, and (F) plagioclase megacryst.
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monogenetic cone and associated lava flows, and since the variation for
most all other elements is small (Fig. 6, Tables 2 and 3), they might
result simply by migration of late stage magmatic liquids (Hart et al.,
1971).

4.1.3. Radiogenic isotopes
Sr–Nd–Pb isotopic ratios for the Neogene alkali olivine basalts are

given in Table 4. Their isotopic characteristics are compared with the
other Neogene/Quaternary alkali basalts from the western Lut block,
Makran arc, and also Quaternary basaltic samples from north-
central and northwest Iran (Fig. 7). The measured 87Sr/86Sr ratios
from two samples of this basalt are 0.705252 and 0.705013 and the
143Nd/144Nd isotopic compositions are 0.512738 and 0.512735. The
Pb isotopic composition of these alkali basalts plots above the North-
ern Hemispheric Reference Line (NHRL), in the EM-2 of OIB (Fig. 8).

4.2. Ultramafic mantle xenoliths

4.2.1. Petrography
Ultramafic xenoliths found in this study are Group I peridotites

(Lloyd and Bailey, 1975; Frey and Prinz, 1978; Lloyd, 1987), including
spinel lherzolites, harzburgites, wehrlites and pyroxenites all

containing emerald green Cr-diopside clinopyroxenes. These xenoliths,
which are only as large as 7 cm across, are fractured, but do not show
any sign to indicate shearing or other ductile deformation, and they
have coarse granular textures with 120° triple junctions between crys-
tal grain boundaries indicating a static recrystallization process (Fig. 3;
Pearson et al., 2003). Some xenoliths exhibit decompression melt
textures along mineral grain boundaries. Weathering and/or serpenti-
nization are either minimal or absent in most xenoliths.

The spinel lherzolith xenoliths are composed of about 50–60 modal
% olivine, 25–35% orthopyroxene, 20–25% clinopyroxene, and 1–5% Cr-
spinel. Olivine abundances are 80–90 modal % in a few samples, which
places them near the dunite–harzburgite boundary. Wehrlite and
pyroxenite xenoliths are composed of 10–15% olivine, 50–60% ortho-
pyroxene, 30–35% clinopyroxene and minor spinel (Fig. 3). In one
lherzolite xenolith (NXP-4), a few grains of brown amphibole (b5%)
are present. In addition titanomagnetite, magnetite, ilmenite, and
copper sulfides are present. There is a spongy texture in some clinopyr-
oxene grains, reflecting incipient melting.

4.2.2. Mineral chemistry
Olivines in lherzolites are very homogenous with high magnesium

content (Fo88-90; Fig. 4; Table 5). NiO in olivine ranges from 0.32 to

Fig. 4. Compositions of olivines, orthopyroxenes, clinopyroxenes and plagioclases in the alkali basalts (solid square), spinel–lherzolite xenoliths (solid triangles), pyroxenite xeno-
liths (solid circle), meta-gabbroic crustal xenoliths (open square), and plagioclase megacrysts (open square).
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0.44 wt.%. The Mg# of both lherzolite and pyroxenite clinopyroxenes
are similar or slightly greater than that of coexisting olivine, ranging
from 88 to 93 (Tables 6a and 6b). These clinopyroxenes are all emer-
ald green Cr-diopsides with a limited range of composition of Wo45-
46En47-50.Fs4-7 (Fig. 4). Al2O3 in lherzolite clinopyroxene ranges from
5.2 to 7.2 wt.% and Cr2O5 ranges from 0.4 to 1.0 wt.% (Table 6a),
while in pyroxenite clinopyroxenes Al2O3 (1.7 to 2.6 wt.%) and TiO2

are lower (Table 6b), but Cr2O5 contents are similar to clinopyroxenes
in lherzolites. Lherzolite orthopyroxenes show a very small range in
composition ranging from En88-90Fs9-10Wo1-2 with Mg#=91–92
(Fig. 4) similar to that of clinopyroxenes (Table 7a). The Al2O3 content

of lherzolite orthopyroxenes varies between 3.6 and 4.8 wt.% and
their CaO contents range from 0.7 to 0.8 wt.% (Table 7b). Orthopyrox-
enes in pyroxenites have lower Mg# (86–90; Fig. 4) and Al2O3 con-
tents (1.4 to 2.1 wt.%; Table 7b), as well as higher FeO compared to
lherzolite orthopyroxenes. There is either only a very small or no de-
tectable variations in the elements Mg, Fe, Ca, and Al from core to rim
in either pyroxenes. The trace-element composition of one clinopyr-
oxene separated from a pyroxenite xenolith is presented in Table 8.

Amphibole occurs in just one sample (NXP-4, Table 9). Based on
their equigranular textures these amphiboles were stable in themantle,
but they show reaction edges due to decompression melting.

Table 2
Major element concentrations (in oxide wt.%) of the basalts in northeastern Iran (NEI) compared with the average of Neogene/Quaternary basalts from western Lut block (WLUT)
and Makran arc (MAK).

Sample N1 N2 N3 N4 N5 Ave. NEI Ave. WLUT Ave. MAK

No. 5 8 9
SiO 49.5 49.4 48.8 48.4 50.6 49.3 49.1 48.4
TiO 1.9 1.9 2.2 2.1 2.0 2.0 2.5 1.0
Al O3 16.9 17.3 16.2 18.4 17.4 17.2 14.3 17.5
FeO 10.4 10.5 10.9 11.6 10.5 10.8 11.2 8.6
MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1
MgO 4.4 5.0 7.4 4.1 4.7 5.1 5.8 6.4
CaO 5.9 5.4 5.9 5.9 5.6 5.7 8.3 10.9
Na O 5.8 5.5 4.9 5.1 5.4 5.3 4.6 3.8
K O 2.2 2.5 1.7 2.6 2.1 2.2 1.8 0.8
P O5 0.4 0.3 0.4 0.4 0.4 0.4 0.5 0.2
Total 97.6 98 98.6 98.8 98.9 98.2 98.1 97.6
K O+Na O 8.0 8.0 6.6 7.7 7.4 7.6 6.4 4.6
K O/Na O 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.2
Norm. neph. 11.5 11.0 7.2 10.9 6.7 9.5 3.6 6.1

Major element data are from XRF analysis. Mg#=100 Mg/(Mg+Fe+2) calculated with Fe2+=0.85 (total Fe). Total Fe reported as FeO. Norm. neph. = Norrmative nepheline. N =
northeastern Iran basalts, WLUT = western Lut Neogene/Quaternary basalts along the north and middle part of the Nayband fault from Saadat et al. (2010), MAK = Quaternary
basalt from the Makran arc from Saadat and Stern (2011).

Table 1
Compositions of representative olivine, clinopyroxene and plagioclase in the host basalt.

Mineral Clinopyroxene Plagioclase Olivine

Sample NXP 11-2 NXM 2 NXM 2 NXG NXP 10 NXM 5 NXP 11-1

No. 2 1 2 4 1 3 3

SiO2 49.3 SiO2 53.3 60.9 53.8 SiO2 38.5 38.8 40.0
TiO2 1.9 Al2O3 29.5 24.3 29.1 FeO 24.8 24.3 16.4
Al2O3 4.1 FeO 0.6 0.6 0.8 MnO 0.7 0.6 0.2
Cr2O3 0.01 CaO 11.3 5.7 10.9 NiO 0.1 0.1 0.1
FeO 9.2 Na2O 4.5 6.8 4.7 MgO 36.7 36.8 44.1
MnO 0.2 K2O 0.4 0.7 0.2 Total 100.8 100.6 100.8
MgO 13.3 Total 99.5 99.3 99.6
CaO 21.4 Cations calculated on the basis of 4 oxygens
Na2O 0.6 Cations calculated on the basis of 32 oxygens
Total 100.2 Fe 0.54 0.53 0.34

Si 9.71 11.02 9.80 Mn 0.02 0.01 0.01
Cations calculated on the basis of
6 oxygens

Al 6.32 5.19 6.24 Ni 0.02 0.01 0.01

Fe 0.09 0.09 0.12 Mg 1.40 1.43 1.63
Si 1.84 Ca 2.20 1.10 2.12
Al 0.19 Na 1.60 2.37 1.67 Fo 72 72 83
Ti 0.05 K 0.09 0.24 0.06
Cr 0.00
Fe 0.29 Or 2 7 1
Mn 0.01 Ab 41 63 44
Mg 0.74 An 57 30 55
Ca 0.86
Na 0.05
En 40
Wo 45
Fs 15
Mg# 76
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4.2.3. Radiogenic isotopes
For clinopyroxenes separated from two different pyroxenite xeno-

liths the 87Sr/86Sr ratios are 0.704593 and 0.704309, and the 143Nd/
144Nd ratio for the first one is 0.512798, values which differ from
the host basalt (Fig. 7; Table 4).

4.2.4. Thermometry
The compositions of two adjacent pyroxene grains in xenoliths

were used for thermometry according to Brey and Kohler (1990).
We calculated a very similar and limited range of temperatures, be-
tween 990–1030 °C for pyroxenite and 990–1044 °C for lherzolite xe-
noliths (Fig. 9; Table 10), assuming an equilibrium pressure of 1.5 GPa
appropriate for spinel lherzolites. Because of the homogeneity of
these minerals, there is no significant difference in estimated temper-
ature between their core and rim, but different pyroxene pairs within
one sample sometimes record small temperature differences
(±20 °C) which may be related to analytical error.

4.3. Gabbroic xenoliths

4.3.1. Petrography
Rounder to angular gabbroic xenoliths, ranging from ~1 to 6 cm in

longest dimension, are composed of ~50% plagioclase as well as both
clinopyroxene and orthopyroxene and small amounts of olivine
(b5%). These have granoblastic textures (Figs. 2 and 3). Olivines
have undergone reactions with plagioclase to produce fine grained
symplectic intergrowths of minerals (mainly pyroxene). Some plagio-
clases also show spongy texture that could be the result of dissolution
and/or direct melting caused by heating within the hotter mafic host
magma which transported the xenoliths to the surface (Hibbard,
1995). Apatite and titanomagnetite are also present in these lower
crustal xenoliths.

4.3.2. Mineral chemistry
The composition of the plagioclases ranges from An44-51 (Fig. 4;

Table 11). The clinopyroxenes have a limited range of composition
(Wo37-43En38-45Fs18-19; Fig. 4), withMg#between 70 and 75. Orthopyr-
oxene shows a constant composition as En62Fs36Wo2 and Mg#=67
(Fig. 4) and olivines are Fo62-64 (Fig. 4).

4.4. Plagioclase megacrysts

Plagioclase megacrysts, with maximum length of 4 cm, have sharp
euhedral crystal faces and there is no evidence of reaction between
the edge of these minerals and host rocks (Figs. 2 and 3). Megacryst
plagioclase has composition ranging from An26-32 (Fig. 4; Table 11)
and no zoning was observed in thin section and microprobe analyses.
The potassium contents for plagioclase megacryst are higher (7–10%)
than that of plagioclase of basalts (1–8%). The 87Sr/86Sr ratio for a pla-
gioclase megacryst is somewhat lower (0.704796) than that of the
host basalts and its 143Nd/144Nd ratio is 0.512687 (Table 4, Fig. 8).

5. Discussion and conclusions

5.1. Generation of the alkali basalts

The small volume of Neogene basaltic lavas which have erupted in
the northeastern Iran indicateswithin-plate alkali basalt characteristics.
Generation of this type of magma is generally considered consistent
with an extensional tectonic regime (e.g., Wilson, 1989). An early to
mid-Tertiary extensional tectonic regime occurred in central and north-
ern Iran (Brunet et al., 2003; Hassanzadeh et al., 2004) resulting in the
development of Cordilleran-style metamorphic core complexes
(Kargaran et al., 2006; Moritz et al., 2006; Verdel, 2009). However, the
final closure of Neotethys and collision between Arabia and central-

Table 3
Trace element concentrations (in ppm) of Neogene and Quaternary basalts from eastern Iran.

Sample N1 N2 N3 N4 N5 Ave. NEI Ave. WLUT Ave. MAK

No. 5 8 9
Ni 86 102 98 109 89 97 131 107
Cr 69 74 53 84 52 66 189 149
V 155 161 171 178 159 165 187 222
Cs 1.5 1.6 1.5 1.7 1.5 1.6 0.6 0.8
Rb 22 31 99 14 50 43 37 22
Ba 481 580 630 588 611 578 405 229
Sr 573 587 750 717 777 681 938 669
Nb 43 46 47 45 49 46 52 9
Ta 3.3 3.2 3.5 2.6 3.2 3.2 5.0 2.0
Zr 214 216 213 202 227 214 196 117
Ti 10,359 10,629 11,483 11,369 10,960 10,960 14,642 6646
Y 14 18 19 18 18 17 20 18
Hf 4.9 5.2 5.0 4.8 5.4 5.1 4.5 3.0
Th 3.0 3.2 3.2 3.2 3.4 3.2 3.6 2.7
U 2.1 0.8 0.7 0.8 0.8 1.0 0.9 0.7
La 19.8 22.0 22.4 21.2 23.6 21.8 31 14
Ce 42.0 44.5 46.6 44.5 48.6 45.3 62.0 30.8
Pr 4.95 5.27 5.60 8.10 5.79 5.94 6.96 3.59
Nd 21.3 23.0 24.8 25.4 25.4 24.0 30.27 15.61
Sm 5.03 5.00 5.60 5.35 5.65 5.33 6.55 3.13
Eu 1.59 1.68 1.98 1.84 1.78 1.77 2.09 1.07
Gd 5.18 5.74 5.95 6.03 6.17 5.81 7.36 3.94
Tb 0.60 0.67 0.78 0.78 0.76 0.72 0.88 0.56
Yb 1.27 1.30 1.34 1.41 1.46 1.35 1.44 1.69
Lu 0.16 0.15 0.19 0.17 0.19 0.17 0.20 0.29
Zr/Nb 5.0 4.7 4.5 4.5 4.6 4.6 4.6 14.9
La/Nb 0.46 0.47 0.47 0.47 0.48 0.47 0.59 1.77
Ba/Nb 11.2 12.5 13.3 13.1 12.4 12.5 8.7 26.9
La/Yb 15.6 16.9 16.7 15.1 16.2 16.1 20.8 8.2
Ba/Zr 2.2 2.7 3.0 2.9 2.7 2.7 2.1 2.0
(La/Yb)N 10.1 11.2 11.4 10.0 10.4 10.6 13.7 5.9
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eastern Iran in the late Oligocene to early Miocene (Fakhari et al., 2008;
Horton et al., 2008) led to a transition from an extensional to a contrac-
tional tectonic regime as Arabia collidedwith Eurasia, and themain tec-
tonic features of eastern Iran, at least since ~25 Ma, were created by

compression (Fakhari et al., 2008; Horton et al., 2008). The timing of
subduction related to plate collision, the role of the trench pulling
force and the movement velocity varied for different plates. These
differences led to the development of several major strike-slip faults,
which cut the continental crust (Jackson, 1992; Kopp, 1997; Golonka,
2000). Eastern Iran is dominated by two belts of N–S right-lateral
strike-slip faulting which border the Lut block (Fig. 1); the eastern
Nehbandan–Sistan fault system and western Nayband–Gowk system.
Both of these long strike-slip faults also exhibit components of short-
ening and reverse faulting. These belts accommodate N–S right-
lateral shear and some shortening between eastern Iran and western

Fig. 5. (A) Geochemical division (Le Maitre et al., 2002) of 5 separate samples of the alkali basalt based on Na2O+K2O (wt.%) against SiO2 (wt.%). (B) Zr/Ti versus Nb/Y diagram
modified from Pearce (1996) showing that all samples plot in the field of alkali basalt. (C) K2O versus Na2O diagram, showing the samples belong to the Na-series after Middlemost
(1975), and (D) TiO2 versus MgO indicates that the content of Ti is relatively high in these alkali basalts.

Fig. 6. Chondrite normalized multi-element spider diagram for northeastern Iran Neo-
gene alkali basalt samples and also for western Lut block andMakran arc Neogene basalts.
For comparison, average OIB and MORB are added to this diagram. Normalization chon-
drite values are from Sun and McDonough (1989), average OIB from Sun (1980), MORB
(N-type) from Sun (1980) and Saunders and Tarney (1984), average western Lut block
from Saadat et al. (2010), and Makran arc from Saadat and Stern (2011).

Table 4
Sr, Nd, and Pb isotopic compositions of northeastern Iran basalt, clinopyroxene from
mantle peridotite xenoliths and a plagioclase megacryst.

Sample 87Sr/86Sr 143Nd/
144Nd

εNd 206Pb/
204Pb

207Pb/
204Pb

208Pb/
204Pb

NE Iran
N1 0.705250 0.512738 +2.0 18.53 15.54 38.44
N3 0.705013 0.512735 +1.9 18.44 15.53 38.13
Na (CPX) 0.704309
Nb (CPX) 0.704593 0.512798 +3.1
Plag. megacryst 0.704796 0.512687 +1.0 18.25 15.48 38.16
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Afghanistan (Ambraseys and Bilham, 2003). North of ~34°N, right
lateral shear is achieved on left lateral faults that are thought to gener-
ate clockwise rotation in the Lut block (Fig. 1). The extent of rotation has
increased from west to east during last ~5 Ma (Jackson and McKenzie,
1984; Walker and Jackson, 2004; Walker et al., 2004). This structural
feature might be suitable to develop an episode of localized extension-
induced fractures at the projected junction between the N–S right-
lateral and E–W left-lateral strike slip fault in this area, which is close
to where the xenoliths-bearing alkali basalt outcrop occurs in northeast
Iran. The occurrence of such localized tensional forces might act as an
open space through which basaltic magma could reach the surface.
Tomographic imaging of the uppermost mantle velocity in this area
shows relatively low Pn velocity (Al-Lazki et al., 2004; Tabatabai Mir et
al., 2008), implying the presence of an anomalously hot and/or thin
mantle lid. Thus, the monogenetic basalt cone that is the focus of this
study is not unexpected, and other larger outcrops of alkali olivine
basalts occur both within and along both the eastern and western
boundaries of the Lut block (Saadat et al., 2010).

5.2. Nature of their mantle source region

The alkali basalt from northeastern Iran has OIB-like intra-plate geo-
chemical characteristics. In these samples Nb and Ta are not depleted
relative to the LILE (Rb and Ba; Fig. 6) and the ratio of incompatible
trace elements such as Ba/Nb (11.2–13.3) and La/Nb (0.5) is similar to
some oceanic island basalts (Fig. 10). The measured 87Sr/86Sr and
143Nd/144Nd ratios plot in the OIB field, similar to those reported by
Saadat et al. (2010) from alkali basalts erupted along the Nayband
fault west of the Lut block (Fig. 7). Lead-isotopic compositions of all
these basalts also overlap the EM-2 and OIBs field (Fig. 8).

Based on a HREE concentration that is ~6× chondritic abundance
(Fig. 6) and the high (La/Yb)N value (10–11) and low Lu/Hf (b0.04),
the primary basaltic magma can be attributed to melting in the pres-
ence of residual garnet and therefore at least some portion of the
melting must have occurred at depth below the spinel to garnet transi-
tion in mantle peridotite (e.g., Frey et al., 1978; Langmuir et al., 1992;
Thirlwall et al., 1994; Beard and Johnson, 1997; Farmer, 2003). A plot
of Zr/Nb versus Ce/Y ratios (Fig. 11), however, suggests that the basalts
could have beenproduced by variable degrees of partialmeltingprocess
from either the spinel or garnet facies. Fractional crystallization of
olivine, clinopyroxene and plagioclase can only generate small changes
in these ratios. For example, even 50% fractionation of cpx froman intra-
plate magmawith Zr/Nb=10would only lower Zr/Nb to 9.1 (Thirlwall
et al., 1994). Other processes such as crustal contamination also would
not produce the composition of these basalts (Fig. 11). Continental crust
generally has Zr/Nb >10 and high Ce/Y ratios (e.g., Taylor and
McLennan, 1985). Zr/Nb and Ce/Y ratios of samples from northeastern
Iran vary from 4.5 to 5 and 2.5 to 3 respectively, suggesting that crustal
contaminationwas limited, consistent with the rapid rise of the basaltic
magma through the crust required to bring the relatively dense perido-
tite xenoliths to the surface, and that instead a combination of melting
from both garnet-facies and spinel-facies mantle may be involved in
producing these basalts (Fig. 11).

Other element ratios useful for constraining melting models are
LREE/HREE ratios versus HREE contents, e.g. La/Yb versus Yb (Baker et
al., 1997). These together can distinguish between melting the spinel
and garnet fields (Thirlwall et al., 1994; Baker et al., 1997), because
there is a very small change in La/Yb ratio in spinel-facies melting com-
pared with their mantle source (Fig. 11), while in contrast, there are
large changes in Yb associated with melting in the garnet-facies
(Baker et al., 1997). Based on the La/Yb versus Yb of alkali basalts

Fig. 7. 87Sr/86Sr ratio versus εNd comparing northeastern Iran samples (Table 4) with the other alkali basalts around the Lut block, north and northwestern Iran, western Anatolia
(Alicic et al., 2002; Kheirkhah et al., 2009), Eastern Anatolia (Pearce et al., 1990) and Oman (Nasir et al., 2006).
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from northeastern Iran, neither variable degrees of partial melting of a
spinel lherzolite nor garnet lherzolite alone can generate the observed
La/Yb ratio with Yb contents of these basalts (Fig. 11). Another possible
model for the REE composition of the northeast Iran alkali basalts in-
volvesmixing of small melt fraction from garnet-faciesmantle with rel-
atively larger melt fractions from spinel-facies mantle (Fig. 11). This
model is similar to that proposed by Baker et al. (1997) in which the
Quaternary intraplate volcanic rocks from western Yemen result from
mixing of melts from both spinel and garnet lherzolite facies.

Some experimental evidences demonstrate that SiO2 content of pri-
mary tholeiitic to alkali basaltic melts mainly reflects the pressure of
melt formation. Decreasing pressure leads to increasing SiO2 in the

melt (e.g., Hirose and Kushiro, 1993; Walter, 1998). The northeastern
Iran alkali basalts have 48–50 wt.% SiO2 and these values correspond
to pressures of 13.2 to 21.9 kbars and depths of 71–45 km based on
pressure calculations using the equation PGPa=23.217–0.4381SiO2

with a correlation factor R=0.878 (Haase, 1996), and pressure-
depth conversion made using the relationship depthkm=3.02 Pkbar+5
(Scarrow and Cox, 1995). This estimation of pressure is consistent
with the maximum pressure of the garnet-free mantle xenoliths
(~19 kbars; see discussion below) and suggests that the basalts from
northeastern Iran could be derived from a depth close to the transition
between garnet and spinel-facies mantle and consistent with the in-
volvement of both in the generation of these basalts.

Fig. 8. Plot of 207Pb/204Pb and 208Pb/204Pb versus 206Pb/204Pb. Base diagram from Hofmann (1997) and references therein. Source of data similar to Fig. 7. NHRL= Northern Hemisphere
Reference Line from Hart (1984).

22 S. Saadat, C.R. Stern / Journal of Volcanology and Geothermal Research 225–226 (2012) 13–29



Author's personal copy

5.3. Origin of the plagioclase megacrysts

As pointed by Laughlin et al. (1974), twopossibilities exist for the or-
igin of the plagioclase megacrysts: (1) the megacrysts are accidental
xenocrysts and there is no relation between these megacrysts and
host basalt; and (2) the megacrysts are cognate phenocrysts, having
crystallized under particular pressure and temperature conditions as
the basalts rose to the surface.

If the plagioclase megacrysts were accidental xenocrysts, they
would have fragmented or irregular edges, whereas these plagioclases
are euhedral with sharp margins and they are not corroded. In addition
they would have had to have been derived from some source such as
anorthosite or pegmatites, whereas there is no exposure of these
rocks in this area. The closest source possibly to provide sodic plagio-
clase is the Precambrian granite gneiss cropping out in a few kilometers
to the south and southeast (Fig. 1). The lavasmost likely passed through

these gneisses, but the 87Sr/86Sr ratio of the plagioclase megacrysts,
which is 0.704596 (Table 4), is too low for a Precambrian rock. Alterna-
tively the feldspar crystalsmight be completely re-equilibratedwith the
strontium in the basalticmelt (Laughlin et al., 1974), but the high stron-
tium content of the plagioclase megacrysts (2800 ppm) and relatively
low strontium content in the basalt (570–778 ppm) are inconstant

Table 5
Compositions of olivine in peridotite xenoliths.

Lithotype Lherzolith

Sample NXP 1 NXP 4 NXP 10 NXP 11-2 NXP 5

No. 3 3 3 3 3

SiO2 40.8 40.3 41.1 41.8 41.4
FeO 10.8 11.6 10.2 10.3 10.3
MnO 0.2 0.2 0.2 0.2 0.2
NiO 0.4 0.3 0.4 0.4 0.4
MgO 48.3 48.5 49.3 48.2 48.3
Total 100.8 101.0 101.3 100.9 100.5

Cations calculated on the basis of 4 oxygens
Fe 0.21 0.24 0.21 0.20 0.21
Mn 0.00 0.00 0.00 0.00 0.00
Ni 0.01 0.01 0.01 0.01 0.01
Mg 1.78 1.75 1.78 1.79 1.78
Fo 89 88 89 90 89

Table 6a
Compositions of Cr-diopside clinopyroxene in lherzolite.

Lithotype Lherzolite

Sample NXP 3-3 NXP 10 NXP 11-2 NXP 5 NXP 1

No. 3 3 3 3 4

SiO2 52.3 51.8 51.8 50.8 50.8
TiO2 0.3 0.5 0.6 0.5 0.7
Al2O3 5.3 7.1 6.7 6.8 7.2
Cr2O3 1.0 0.9 0.7 0.7 0.4
FeO 2.5 2.8 2.8 2.9 2.7
MnO 0.1 0.1 0.1 0.1 0.1
MgO 16.0 15.1 15.7 15.5 15.4
CaO 20.7 18.9 20.5 19.9 20.3
Na2O 1.4 2.1 1.6 1.8 1.8
Total 99.6 99.3 100.6 99.0 99.2

Cations calculated on the basis of 6 oxygens
Si 1.89 1.86 1.86 1.85 1.84
Al 0.22 0.31 0.28 0.29 0.31
Ti 0.01 0.01 0.02 0.01 0.02
Cr 0.03 0.03 0.02 0.02 0.01
Fe 0.07 0.06 0.09 0.09 0.09
Mn 0.00 0.00 0.00 0.00 0.00
Mg 0.86 0.82 0.84 0.84 0.82
Ca 0.80 0.74 0.79 0.77 0.79
Na 0.10 0.15 0.11 0.12 0.13
En 50 50 49 50 49
Wo 46 45 46 45 46
Fs 4 5 5 5 5
Mg# 93 92 92 92 93

Table 6b
Compositions of Cr-diopside clinopyroxene in pyroxenites.

Lithotype Pyroxenite

Sample NXP 9 NXP 1-2 NXP 11-1 Na (CPX) Nb (CPX)

No. 4 4 4 4 4

SiO2 53.8 53.8 53.0 53.2 53.1
TiO2 0.1 0.1 0.2 0.2 0.1
Al2O3 1.9 2.6 1.7 2.1 1.3
Cr2O3 1.0 0.5 0.2 0.8 0.6
FeO 3.0 4.2 4.7 2.9 3.3
MnO 0.1 0.2 0.1 0.1 0.2
MgO 17.2 16.6 17.1 16.8 17.3
CaO 22.5 22.2 22.6 22.0 22.3
Na2O 0.5 0.6 0.3 0.7 0.3
Total 100.2 100.5 100.0 98.8 98.4

Cations calculated on the basis of 6 oxygens
Si 1.95 1.95 1.96 1.96 1.96
Al 0.08 0.11 0.07 0.09 0.06
Ti 0.00 0.00 0.01 0.00 0.00
Cr 0.03 0.01 0.01 0.02 0.02
Fe 0.09 0.13 0.14 0.09 0.10
Mn 0.00 0.01 0.01 0.00 0.00
Mg 0.93 0.90 0.92 0.92 0.95
Ca 0.88 0.86 0.88 0.87 0.88
Na 0.04 0.04 0.02 0.05 0.02
En 49 47 48 49 49
Wo 46 46 45 46 46
Fs 5 7 7 5 5
Mg# 92 89 88 92 92

Table 7a
Compositions of orthopyroxene in lherzolites.

Lithotype Lherzolite

Sample NXP 10 NXP 11-2 NXP 5 NXP 1 NXP 3-3

No. 3 3 4 3 3

SiO2 54.1 55.8 54.5 55.8 55.0
Al2O3 4.6 4.4 4.8 3.9 3.6
Cr2O3 0.4 0.3 0.3 0.3 0.4
FeO 6.3 6.4 6.6 6.8 5.8
MnO 0.1 0.1 0.1 0.2 0.1
MgO 32.6 33.3 33.0 32.6 33.6
CaO 0.8 0.8 0.8 0.8 0.7
Na2O 0.2 0.1 0.1 0.1 0.1
Total 99.1 101.2 100.4 100.4 99.6

Cations calculated on the basis of 6 oxygens
Si 1.88 1.90 1.87 1.92 1.90
Al 0.19 0.18 0.20 0.16 0.15
Cr 0.01 0.01 0.01 0.01 0.01
Fe 0.18 0.18 0.19 0.20 0.17
Mn 0.00 0.00 0.00 0.00 0.00
Mg 1.69 1.69 1.70 1.68 1.74
Ca 0.03 0.03 0.03 0.03 0.03
Na 0.01 0.01 0.01 0.01 0.01
En 89 89 88 88 90
Wo 2 1 2 2 1
Fs 9 10 10 10 9
Mg# 92 92 91 91 92
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with this process. Plagioclase of lower crustal xenoliths varies from
An44-51 (Table 11) whereas the megacrysts are more sodic, between
An26-32 (Fig. 4), indicating that the megacrysts were not formed from
these xenoliths.

Thus we conclude that the plagioclase megacrysts have a cognate
origin with the host basalt. Wright (1968) reported large crystals of
oligoclase and andesine in alkaline basalts from Nigeria which are
distinctly more sodic than plagioclase microlites in the rock. Aoki
(1970) also reported sodic plagioclase megacrysts in Japanese alkaline
basalts. The compositional range of plagioclase in host rock varies
from An28-59 (Table 1) whereas this range for megacrysts is more
sodic between An26-32 (Fig. 4). It seems therefore that there were two
different conditions for the generation of feldspar phenocrysts and
megacrysts in the basaltic host rock. Based on the numerous experi-
mental studies by Cohen et al. (1967), Green and Ringwood (1967)
and a comprehensive study of megacrysts in alkaline lavas by Binns et
al. (1970) there is a tendency of plagioclase to become more sodic at
high pressures. Aoki (1970) also concluded that the sodic plagioclase
megacrysts in Japanese alkali basalts result from high-pressure crystal-
lization at depths of 30–60 km.

Melt partition coefficients for trace elements provide a useful tool
to examine equilibrium condition between plagioclase megacrysts
and an alkaline basalt host rock. The partition coefficients (kD) be-
tween basalt (liquid phase) and plagioclase (crystal phase) based on
the trace elements analysis of our samples are compared with the
partitioning of trace elements between crystal and melt based on
experimental and natural data in Table 12. The general pattern of

distribution of selected elements versus plagioclase and basalt parti-
tion coefficient is relatively higher but similar to those from published
references (Fig. 12). The composition of plagioclase in the references
data might be a little different from the samples of this study, ac-
counting for at least part of this variation. Thus, we concluded that
the Iranian plagioclase megacrysts could be crystallized from the
host rock alkali basalt.

Aigner-Torres et al. (2007) used laser ablation ICP-MS to study
plagioclase-melt partition coefficient at three temperatures (1220,
1200, and 1180 °C) and at different oxygen fugacities. It seems that the
plagioclase-melt partition coefficients at 1180 °C and log ƒO =−12.19
are the best match with the composition of plagioclase megacryst and
alkaline basaltic host rock in northeastern Iran (Fig. 12).

The measured 87Sr/86Sr ratio of the plagioclase megacrysts is
0.704596 which is lower than the alkali basalt host rock (Table 4),
consistent with differences among megacrysts and host basalts

Table 7b
Compositions of orthopyroxene in pyroxenites.

Lithotype Pyroxenite

Sample NXP 9 NXP 1-2 NXP 11-1

No. 4 4 4

SiO2 56.5 56.1 56.3
Al2O3 1.5 2.1 1.4
Cr2O3 0.5 0.2 0.1
FeO 7.4 9.6 10.5
MnO 0.2 0.2 0.3
MgO 33.4 31.5 31.3
CaO 0.7 0.8 0.8
Total 100.2 100.4 100.8

Cations calculated on the basis of 6 oxygens
Si 1.96 1.95 1.98
Al 0.06 0.09 0.10
Cr 0.02 0.01 0.00
Fe 0.21 0.29 0.30
Mn 0.01 0.01 0.00
Mg 1.73 1.65 1.63
Ca 0.03 0.02 0.00
En 88 84 83
Wo 1 1 2
Fs 11 14 15
Mg# 90 87 86

Table 8
Trace element composition (in ppm) for clinopyroxene from pyroxenite Nb (CPX).

Nb (CPX)

Ni 201 Sr 62 Y 3.8 Nd 1.69 Zr/Nb 3.15
Cr 3979 Nb 2.4 Hf 1.1 Sm 0.60 La/Nb 0.21
V 151 Ta 2.7 Tb 0.1 Eu 0.21 Y/Nb 1.59
Rb 2.5 Zr 7.4 La 0.57 Tb 0.10 (La/Yb)N 3.65
Ba 0.7 Ti 1344 Ce 1.84 Yb 0.28 Mg# 92

Table 9
Composition of amphibole in peridotite xenolith NXP 4.

NXP-4

SiO2 41.9 42.6 Number of cations on basis of 23
oxygens

TiO2 3.9 3.4 Si 6.07 6.16
Al2O3 14.6 14.4 Ti 0.42 0.4
FeO 4.6 4.4 Al 2.49 2.44
MnO 0.1 0.1 Fe 0.56 0.53
MgO 16.5 16.8 Mg 3.57 3.63
CaO 10.9 10.8 Mn 0.01 0.01
Na2O 3.4 3.3 Ca 1.68 1.68
K2O 1.4 1.4 Na 0.94 0.92
Cl 0.0 0.0 K 0.26 0.26
F 3.2 3.2 Cl 0.01 0.01
Total 100.4 100.4 F 1.47 1.47

Fig. 9. Pressure–temperature diagram illustrating the temperature conditions of equili-
bration at 15 kbars of a mantle lherzolite and a pyroxenite xenolith within the northeast-
ern Iran basalts. Peridotite solidus and phase boundaries after Pearson et al. (2003) and
references therein.
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reported elsewhere in the literature. For example, Aspen et al. (1990)
reported 87Sr/86Sr values of alkali feldspar megacrysts and alkali ba-
salts from Scotland which indicate that the megacrysts also had the
lower value, and according to Dasch (1969), this ratio for anortho-
clase crystals (0.7024) taken from a basalt in Texas is lower than
their basaltic matrix (0.70410). Two of the Bandera anorthoclases
(New Mexico), occurring within a basaltic host with mean 87Sr/86Sr
ratio of 0.7031, also had lower values of 0.7027 and 0.7029
(Laughlin et al., 1974). Irving and Frey (1984) pointed out that in
most, but not all cases the megacrysts in a basaltic host have lower
87Sr/86Sr ratio than the basalt, and suggested that the possibility of
crustal contamination or secondary alteration of the basalt after crys-
tallization of the megacrysts must be considered as an explanation for
this.

5.4. Source of mantle xenoliths

The spinel lherzolite and pyroxenite mantle xenoliths within the
basalts indicate a range of temperature between 966 and 1069 °C
using the two pyroxene geothermometer (Brey and Kohler, 1990) and
assuming an equilibrium pressure of 15 kbar (Table 10; Fig. 9). A max-
imum pressure estimate of the studied xenolith samples, based on the
mineral assemblage and particularly absence of garnet, would be
about 19 kbar (e.g., Miller, 1982). An approximate minimum pressure,
based on the thickness of crust in this area (~42 km, Mokhtari et al.,
2004) is only around 13 kbar. The temperature determined is lower
than the temperatures (~1300 °C) expected for the convecting astheno-
sphericmantle. This, aswell as their granular textures, indicates that the
mantle xenoliths from northeastern Iran are derived from the

Table 10
Equilibrium temperature estimates of selected peridotite xenoliths, using the Brey and Kohler (1990) formulation for the two-pyroxene geothermometer at 15 kbars.

Lithotype Pyroxenite Lherzolith

Sample NXP 9 NXP 11-1 NXP 11-2 NXP 10

Core Rim Core Rim Core Rim Core Rim Core Rim Core Core Rim Core

10 kbar 966 972 973 967 994 973 971 965 980 982 1005 1004 1002 1009
15 kbar 990 997 998 992 990 997 996 990 1004 1006 1030 1029 1027 1034
20 kbar 1015 1021 1022 1016 1015 1022 1020 1014 1029 1031 1055 1054 1053 1059

Lithotype Lherzolith

Sample NXP 1-2 NXP 5 NXP 3-3 NXP 1

Core Rim Core Rim Core Rim Core Rim Core Rim Core Core Rim Core

10 kbar 987 997 980 995 1008 1005 1018 1015 982 985 979 980 999 982
15 kbar 1012 1022 1005 1020 1034 1031 1044 1040 1006 1010 1004 1004 1024 1007
20 kbar 1037 1047 1030 1045 1059 1056 1069 1065 1031 1035 1029 1029 1049 1031

Table 11
Compositions of pyroxenes, plagioclase and olivine in crustal gabbroic xenoliths and plagioclase megacrysts.

Crustal xenoliths Megacryst

Sample NXG 1 NXG 1 NXG 2 NXG 3 NXG 3 NXM 1 NXM 2 NXM 3

Mineral OPX CPX Plag. Olivine Plag.

No. 3 4 1 1 1 3 1 1 4

SiO2 50.5 50.4 SiO2 56.4 57.1 57.3 SiO2 36.2 SiO2 61.9 61.0 60.8
TiO2 0.2 0.5 Al2O3 26.9 27 27 FeO 31.0 Al2O3 24.8 24.4 24.1
Al2O3 3.1 3.5 FeO 0.3 0.4 0.3 MnO 0.8 FeO 0.2 0.2 0.2
FeO 21.6 10.9 CaO 8.7 8.6 8.7 MgO 30.2 CaO 5.7 5.5 5.4
MnO 0.6 0.3 Na2O 5.5 5.7 5.6 Total 98.4 Na2O 5.8 7.3 7.2
MgO 20.8 13.0 K2O 1.2 1 1.2 K2O 1.4 1.7 1.5
CaO 1.1 18.7 Total 98.9 99.7 100.1 Cations calculated

on the basis of 4
oxygens

Total 99.8 100.2 99.3

Na2O 0.0 0.6 Fe 0.96
Total 98.0 97.9 Cations calculated on basis of 32 oxygens Mn 0.03 Cations calculated on basis of 32 oxygens

Si 10.27 10.3 10.31 Mg 1.67 Si 11.2 10.87 10.96
Cations calculated on the basis of 6
oxygens

Al 5.77 5.75 5.72 Al 5.29 5.13 5.12

Si 1.92 1.92 Fe 0.05 0.05 0.04 Fo 63 Fe 0.03 0.03 0.03
Al 0.14 0.16 Ca 1.7 1.67 1.68 Ca 1.1 1.05 1.04
Ti 0.00 0.02 Na 1.94 2 1.96 Na 2.05 2.53 2.50
Fe 0.69 0.35 K 0.28 0.23 0.28 K 0.33 0.38 0.35
Mn 0.02 0.01
Mg 1.18 0.74 Or 7 7 8 Or 9 10 9
Ca 0.04 0.76 Ab 50 60 59 Ab 59 64 64
Na 0.00 0.05 An 44 50 51 An 32 26 27
En 62 40
Wo 2 41
Fs 36 19
Mg# 67 71
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lithospheric mantle and undoubtedly the depth of formation of the
host magma must exceed the source of the maximum pressure of
xenoliths.

Pyroxenite xenoliths may have crystallized from mafic basaltic
magma at high pressure (Wilshire and Shervais, 1975; Frey and Prinz,
1978; Pearson et al., 2003). We have calculated the trace-element
composition of the hypothetical melts from which they have crystal-
lized using cpx/melt partition coefficients and the composition of a
clinopyroxene separated from a pyroxenite sample. Partition coeffi-
cients depend on several parameters like temperature (T), pressure
(P), composition (X), and oxygen fugacity (fO2). We used partition
coefficient reported by Hart and Dunn (1993) since their cpx/melt par-
titioning data is about in the middle of the published range (Frey et al.,
1978; Irving, 1978; Hart and Dunn, 1993). Chondrite-normalized dia-
gram for rare-earth elements (REE) of a clinopyroxene separated from
a pyroxenite xenolith and the calculated parental melts are shown in
Fig. 13. The chondrite-normalized pattern for REE of the calculated
parental melts follows the same trend of the patterns of the host basalt,
but the concentrations aremuch lower suggesting that they crystallized
from a less alkaline melt. Also, they also have higher Nd and lower Sr
isotope ratios than host alkaline basalts (Fig. 8, Table 4). Consequently
the xenoliths probably crystallized from older basaltic magmas, possi-
bly during the more voluminous episode of magmatism than occurred
in this region during the early to mid-Tertiary.

According to Liotard et al. (2008) the Damavand volcano, located
in northern Iran around 1000 km to the west, is characterized by
low degree of partial melting (~5%) of a garnet and phlogopite-rich
lherzolite highly-metasomatized mantle source. In contrast, the man-
tle xenolith samples of northeastern Iran do not show any unusual
mineralogy or textures, other than the presence of pyroxenites and
the fact that one sample contains amphibole (Table 9). We conclude
that the mantle below northeastern Iran has not been metasomatized
by highly alkaline fluids, although the presence of pyroxenites

suggests the previous through-passage of basaltic magmas in this
region.

5.5. Conclusions

The presence of the Neogene alkali basalt cone at the intersection
of the E–W and N–S faults that bound the Lut block, as well as along
these faults to the south and west (Saadat et al., 2010) is consistent
with the continued persistence of hot mantle below this area of east-
ern Iran, although the volume of Neogene volcanic rocks is much
smaller than in the Eocene and Oligocene, and volcanism is now re-
stricted to only along these deep structures. These alkali basalts are
all similar to oceanic island basalts (OIB) and their genesis does not
require extensive metasomatism of the underlying continental man-
tle lithosphere as has been invoked for the genesis of the magmas
erupted from Damavand volcano further to the west in Iran (Liotard
et al., 2008). Mantle xenoliths within these alkali basalts also do not
show signs of extensive metasomatism, implying significant regional
difference in the chemical evolution of the Iranian subcontinental
lithospheric mantle.
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Fig. 12. (A) Plot of partition coefficient for selected elements for the basaltic (liquid phase) host and the plagioclase (crystal phase) megacrysts from northeast Iran, compared to
mineral–melt partitioning coefficients from the Geochemical Earth Reference Model (GERM) website (http://earthref.org/GERM/). (B, C and D) Partition coefficient at several tem-
peratures and oxygen fugacities from Aigner-Torres et al. (2007) compared with samples from this study.

Table 12
Partition coefficients for a plagioclase megacryst and basalt (Table 3) compared with published plagioclase/melt partition coefficients (kD).

Bulk rock Plag. Cp/Cb Reference Bulk rock Plag. Cp/Cb Reference
(ppm) (ppm) (kD) (kD) (ppm) (ppm) (kD) (kD)

Ti 10,847 582 0.054 0.038 Ba 512 463.00 0.903 0.30
V 156 88 0.567 0.10 Y 14 0.83 0.059 –

Cr 66 5 0.084 – Zr 217 1.41 0.006 –

Mn 1096 18 0.016 0.053 La 17 5.09 0.287 0.135
Co 34 2 0.060 – Ce 37 6.55 0.179 0.09
Ni 77 23 0.302 – Pr 4 0.53 0.126 0.17
Cu 22 3 0.119 – Nd 18 1.79 0.098 0.04
Zn 126 30 0.237 – Sm 4 0.52 0.127 0.036
Rb 25 14 0.565 0.016 Eu 1.5 2.29 1.510 0.32
Sr 546 2801 5.127 2.94 Gd 4 0.24 0.055 0.04

kD reference data for Sr, La, Mn, Rb, Ba, Ce, Nd, Sm, Eu and Gd from Matsui et al. (1977); Ca from Higuchi and Nagasawa (1969); Ti and V from Bougault and Hekinian (1974); Cs
from Villemant et al. (1981); Nb and Pr from McKenzie and O'Nions (1991).
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