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Abstract The Plio-Quaternary alkaline volcanic rocks from
the northwest of Marand (NW Iran) consist of trachy-
andesites, trachy-basaltic andesites, leucite-tephrites and
tephrites. They display a distinct LILE and LREE enrichment,
a HFSE depletion (Ta, Ti, and Nb) and high Ba/Ta and Ba/Nb
ratios, which are among the characteristics of subduction-
derived magmatic rocks. The investigated clinopyroxenite xe-
noliths mostly occur within the trachy-andesites and more
rarely within the trachy-basaltic andesite rocks. These xeno-
liths, which have a cumulate texture, are classified into four
groups based on their mineralogical and chemical features.
Group 1 contains clinopyroxene and amphibole as the main
minerals. This group does not indicate a clear enrichment in
incompatible trace elements in contrast with the Groups 2 and
4, where Ba, Th and U are enriched. Major element contents
of clinopyroxenes and amphiboles of Group 1 xenoliths are
similar to those of their counterparts of intermediate volcanic
rocks. In addition, their contents of compatible elements such
as Cr and Ni (whole rock) are also the same, implying a sim-
ilar magmatic origin. Group 2 contains clinopyroxene and
phlogopite as the main minerals. This group, similarly to po-
tassic and ultrapotassic volcanic rocks, is enriched in LREE

compared to HREE and unlike the intermediate volcanic
rocks, does not contain amphibole. Their 143Nd/144Nd and
86Sr/87Sr ratios are also different. Given the Cr and Ni con-
tents, the REE pattern shape and the chemical composition of
clinopyroxene and phlogopite, it seems that the parental melt
of this group is similar to the one of potassic and ultrapotassic
volcanic rocks. Group 3 contains clinopyroxene and biotite as
the main minerals. The REE pattern of this group, unlike those
of Groups 1, 2 and 4, has a relatively flat slope. In addi-
tion, the content of compatible elements, such as Cr and
Ni, also differ as well as the chemical composition of
clinopyroxene and mica, which are also different from
those of volcanic rocks. Group 4 clinopyroxenites contain
clinopyroxene, phlogopite and amphibole as themainminerals.
The LREE-enriched patterns and the Ba, U and Pb enrichment
of this group are similar to those of the Group 2. The
samples of this group on the other hand differ from those
of the Group 2 clinopyroxenites in terms of crystal size,
crystallization depth, Cr and Ni contents, and chemical
composition of clinopyroxene. The parental melt of this
group is similar to that of the intermediate volcanic rocks.
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Introduction

Iran is an active tectonic area belonging to theAlpine-Himalayan
orogenic belt. Neotethys oceanic plate was subducted beneath
the Iranian continental crust during Middle Cretaceous
(Ghasemi and Talbot 2006) and the process ended in the Late
Cretaceous (Coleman 1971; Ricou 1971; Berberian and King
1981; Whitechurch et al. 1984; Boudier et al. 1988; Nicolas
1989; Searle and Cox 1999). The resulting collision of the
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Iranian continental plate and the African-Arabian continental
plate caused the evolution of the following structural zones:
Folded Zagros (High Zagros and Folded Zagros Belt), the
Metamorphic Sanandaj-Sirjan zone and the Urumieh-Dokhtar
Magmatic Arc (UDMA) form the original NW-SE directed
Zagros orogenic belt (Alavi 1994; Ghasemi and Talbot 2006).
In UDMA, several volcanic events occurred during the
Neogene, reaching a maximum intensity during the Eocene
(e.g. Stöcklin 1974; Farhoudi 1978; Emami 1981; Alavi
2004). The alkaline volcanic rocks to the northwest of Marand
with Plio-Quaternary age are located in the northern UDMA
(Fig. 1). The investigated pyroxenite xenoliths occur in these
volcanic rocks.

Pyroxenites commonly form at lower crustal or upper
mantle depths, and occur as xenoliths of variable sizes in

volcanic rocks, providing valuable information about the
nature and evolution of the upper mantle and lower crust
(Downes 1993; Griffin et al. 1999; Nasir et al. 2006).
Previous studies have reported pyroxenite xenoliths transported
by alkaline melts from different localities worldwide (e.g.
Bondi et al. 2002; Xu 2002; Egorova et al. 2006; Ackerman
et al. 2012; Saadat and Stern 2012; Ying et al. 2013; Platevoet
et al. 2014). In this study, we present the petrological, mineral-
ogical and geochemical (including isotopic Sr and Nd ratios)
data of clinopyroxenite rocks from northwestern Marand, in
order to better understand their petrogenesis and the implica-
tions for the magmatic history of the investigated area. In ad-
dition, mineral chemistry and whole rock geochemical data are
used to link the parental melts of pyroxenite xenoliths and
volcanic rocks.

Fig. 1 The four main tectonic
units of the Zagros orogenic belt
(after Alavi 1994; modified from
Ghasemi and Talbot 2006)
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Geological setting

The study area is part of the Pliocene-Quaternary volcanic
province of North West Iran, which is itself part of a
Neogene-Quaternary magmatic belt (Stöcklin 1977). The
most important structures of this area are the Divan Daghi
and Gharagoz Mountains, located respectively to the
northwest and to the northeast of the study area, the
North Tabriz Fault, occurring between the Mishu mountain
and the Pliocene-Quaternary volcanic province from the
northwest of Marand city, and finally the Divan Daghi
Fault, located south of the Divan Daghi Mountain. The
Divan Daghi and Gharagoz Mountains, and the eastern
and western parts of the Mishu Mountain, are elevated
regional structures (pop up) related to the activity of the
Tabriz faults; i.e. the South Mishu Faults, the Tasuj Fault
(TsF) and the South Fault of Divan Daghi. The A2-type
granitoids at Mishu and the Hercynian mafic-ultramafic
rocks from the eastern Mishu Mountains are witnesses of
the Paleotethys Suture Zone (Moayyed and Moazzen
2002; Moayyed and Hosseinzadeh 2012; Ahankoub et al.
2013). In the western Mishu Mountains Oligocene to up-
per Miocene sediments are exposed. The Divan Daghi and
Gharagoz Mountains are characterized by outcrops of
Paleozoic and Mesozoic volcanic rocks with acidic com-
ponents, and also by A2-type granitoids of Hercynian age.
The Permo-Triassic sediments of the Jolfian Formation
and the Jurassic sediments were thrust over the Marand
Pliocene-Quaternary Volcanic Province (study area) from
the south, and thrust over the siliciclastic red bed sedi-
ments of Miocene age from the north. Volcanic activity
in the northwestern Marand province started with eruptions
of high potassium calc-alkaline andesitic pyroclastic rocks,
and gradually evolved to SiO2-undersaturated potassic–
ultrapotassic, mostly shoshonitic, eruptions (Khezerlou et al.
2008; Ahmadzadeh et al. 2010). The upper Miocene deposits
are covered by these volcanic rocks, and therefore the strati-
graphic age of the latter must be younger than upper Miocene.
Leucite-tephrite, tephrite, trachy-basaltic andesite, trachy- an-
desite lavas and lamprophyric dykes occur in the study area
(Fig. 2). Similar rocks (8–11 Ma) also outcrop in the Islamic
peninsula (Moradian et al. 1997; Pang et al. 2013; Shafaii
Moghadam et al. 2013). The xenoliths consist of pyroxenites,
amphibolites, gabbros, diorites, lamprophyres and hornfels.
They mostly occur in variable proportion everywhere in
the study area in the trachy-andesite and rarely in
trachy-basaltic andesites. Pyroxenite and amphibolite are
more abundant than other xenolith types. The size of the
xenoliths is highly variable, most of them ranging from 2
to 5 cm, but some samples reach up to 10 cm in size. In
the vicinity of North Tabriz Fault and South Divan Daghi
Fault subvolcanic andesitic, trachyandesitic, dacitic and
rhyodacitic domes with shoshonite affinity outcrop along

a NW-SE directed zone. These domes are injected into
clastic red bed sediments of Miocene age (Jahangiri
2007). The relationships of these rocks with the potassic-
ultrapotassic rocks from the volcanic province located
northwest of Marand remain unknown. Recently Bazargani
(2014) studied the Tabakh Daghi region, and reported that
one of these domes is injected into potassic-ultrapotassic
lavas, inferring that the domes are probably younger than 8–
11 million years. Amphibolite xenoliths are also abundant in
these domes.

Petrography of volcanic rocks

Volcanic rocks of the study area are intermediate (trachy-an-
desite and trachy-basaltic andesite) and potassic-ultrapotassic
(leucite-tephrite and tephrite) in composition.

Intermediate rocks

The majority of xenoliths from the study area occur in trachy-
andesites and more rarely in the trachy-basaltic andesite rocks.
The main minerals of these volcanic rocks are plagioclase and
clinopyroxene, while mica (phlogopite and biotite), amphi-
bole, opaques, K-feldspar and apatite are the minor minerals.
The rocks show porphyritic and microlithic-porphyritic
textures (Fig. 3c, d). Plagioclase modal content in trachy-
andesite (45–55%) is slightly higher than in trachy-basaltic
andesite (40–45%). Plagioclase forms euhedral to
subhedral crystals occurring either as very fine microliths
within the matrix or as zoned crystals larger than 3 mm
(Fig. 3c). Some plagioclase phenocrysts have sieved tex-
ture (Fig. 3d). Euhedral to subhedral clinopyroxenes occur
as phenocrysts 1–3 mm in size (modal content: 8–10%) in
trachy-andesites. Although clinopyroxene modal content in
the trachy-basaltic andesites is much higher (15–18%), it
remains lower than that of plagioclases phenocrysts. No
clinopyroxene microliths have been observed in the matrix
of the trachy-andesite, but some occur in the matrix of the
trachy-basaltic andesite (Fig. 3d). Some clinopyroxene
phenocrysts display zoning and sieved texture. Most
trachy-basaltic andesites show poikilitic texture, where fine
opaques, apatite and mica crystals are observed inside
clinopyroxene phenocrysts. The euhedral mica and amphibole
phenocrysts, 0.5 to 1 mm in size, occur in the matrix and
compose 5–8% of the samples. Some mica and amphiboles
display opacitization (Fig. 3c). Apatite crystals occur as
euhedral small inclusions inside other minerals (particularly
clinopyroxene) and in the matrix. The matrix is composed of
plagioclase, sanidine, opaque minerals and glass.
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Potassic and ultrapotassic volcanic rocks

These rocks do not contain xenoliths and are mostly leucite-
tephrites and tephrites consisting of clinopyroxene, plagio-
clase, and leucite as the main minerals associated with mica,
apatite, and opaques as the minor minerals. They mostly
have porphyritic texture (Fig. 3a, b). Euhedral to subhedral
clinopyroxenes occur as coarse phenocrysts (1–3 mm) and
smaller crystals in the matrix (Fig. 3a, b). The modal
content of clinopyroxene in leucite-tephrite (20–25%) is
higher than in tephrite (10–15%). Euhedral and subhedral
plagioclases are observed as phenocrysts and smaller crys-
tals in these rocks (Fig. 3a, b). They display a lower
modal content in the leucite-tephrite (10–15%) than in
the tephrite (15–20%).

Leucite is the main mineral in the leucite-tephrite, and oc-
curs as coarse (1–2 mm) to small euhedral phenocrysts
(Fig. 3a), while it is observed in tephrite only as minor small
crystals (Fig. 3b). Leucite modal content in leucite-tephrite
(10–15%) is therefore higher than in the tephrite (5–8%). The
matrix in these rocks consists of plagioclase, clinopyroxene,
apatite, opaque minerals, mica and glass. Apatite content in the
potassic and ultrapotassic volcanic rocks is higher than that of
intermediate volcanic rocks.

Petrography of clinopyroxenite xenoliths

Mineral modal abundances were estimated by point counting
under a polarizing microscope. Clinopyroxenite xenoliths
from the study area consist of coarse grained pieces of rocks
with glossy black color and sharp edges surrounded by the
volcanic host rock in hand samples. These xenoliths for the
major part have ellipsoid shape with diameter ranging from 2
to 12 cm. They all display a cumulate texture (Fig. 3c-h).
Based on the nature of the main minerals coexisting with
clinopyroxene, these xenoliths can be classified into four
groups. In Groups 1 to 4, clinopyroxene is observed with
amphibole, phlogopite, biotite, and amphibole and phlogo-
pite, respectively.

Group 1 consists only of the sample K-3. The main
minerals are clinopyroxene and amphibole with opaques
and apatite as minor minerals. This clinopyroxenite dis-
plays an orthocumulate texture. The euhedral and
subhedral clinopyroxenes (as cumulus phase) 0.2–1.5 mm
in size make up to 70% of the sample. Small opaque
minerals and apatite are observed as inclusions inside the
clinopyroxenes (poikilitic texture). The anhedral to subhedral
amphiboles (as intercumulus phase), 0.3 to 2 mm in size and
making up 25% of the sample, is the only hydrous mineral.

Fig. 2 Geological map of the study area. (simplified from the geological maps of 1:100,000 Marand, Jolfa, Gharezyaadin and Tasuj)
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Finally, some clinopyroxene and opaque minerals are
surrounded by amphiboles (Fig. 3f).

Group 2 consists of samples kh-14, kh-62 and kh-64,
which have clinopyroxene and phlogopite as main minerals
and opaques and apatite as minor minerals. These
clinopyroxenites have adcumulate texture. Clinopyroxenes
(as cumulus phase) occur as euhedral to subhedral crystals,
and their modal content ranges from 70 to 75%. These
clinopyroxenes are coarser (1.5 to 3 mm in size) than those
of Group 1 (Fig. 3e). Phlogopite (as cumulus phase) modal
content in Group 2 xenoliths varies from 20 to 25%. Its size

ranges from 0.1 mm to crystals >1.5 mm, with some of
the smaller phlogopites observed as inclusions within
clinopyroxene. In this group amphibole is missing and the
apatite modal content is higher than in the other groups.
Some apatites, similarly to phlogopite and opaques, are ob-
served as inclusions in poikilitic clinopyroxene (Fig. 3e).

Group 3 consists of the k-33 sample, which contains
clinopyroxene and biotite as the main minerals, and opaques
and plagioclase as the minor minerals. This clinopyroxenite
exhibits orthocumulate texture. Clinopyroxene is a cumulus
phase, 0.1–0.2 mm in size, which makes up 50% of the modal

Fig. 3 Photomicrographs of
volcanic rocks and
clinopyroxenite xenoliths from
the study area: a plagioclase (Plg),
clinopyroxene (Cpx), apatite (Ap)
and leucite (Le) phenocrysts in
leucite-tephrite, crossed polars
(XPL); b Clinopyroxene and mi-
ca phenocrysts in tephrite, XPL; c
Plagioclase, mica and amphibole
(Amph) phenocrysts in trachy-
andesite and clinopyroxenite with
clinopyroxene and mica as cu-
mulus phases and amphibole as
intercumulus phase, Xpl; d
Plagioclase and clinopyroxene
phenocrysts in trachy-basaltic an-
desite and clinopyroxenite with
clinopyroxene and mica as cu-
mulus phases and amphibole as
intercumulus phase, XPL; e
Clinopyroxenite with
clinopyroxene and mica as cu-
mulus phases, XPL; f
Clinopyroxenite with
clinopyroxene (as cumulus phase)
and amphibole as intercumulus
phase, XPL; g Clinopyroxenite
with clinopyroxene as cumulus
phase and biotite (Bt) and plagio-
clase as intercumulus phases,
plane parallel polars (PPL); h
Clinopyroxenite with
clinopyroxene and mica (as cu-
mulus phases) and amphibole as
intercumulus phase, PPl
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content. Biotite (< 0.05 mm in size) is an intercumulus phase,
which constitutes 40% of the modal content. Clinopyroxene
and biotite occur as alternating layers. Plagioclase (< 0.3 mm
in size) is an intercumulus phase that constitutes 8% of
the modal content. It occurs as small crystals near the
clinopyroxenes. This sample lacks apatite but contains some
opaque minerals (Fig. 3g).

Group 4 consists of samples kh-7, kh-87, k-40, and kh-93.
Clinopyroxene, phlogopite, and amphibole are the main
minerals, while apatite and opaques are the minor ones.
The texture of this Group is similar to groups 1 and 3.
Clinopyroxene, apatite and phlogopite are the cumulus
phases, while amphibole occurs as intercumulus phase.
Group 4 clinopyroxene (1–2 mm) is larger than that of
Groups 1 and 3, but smaller than those of Group 2. The
clinopyroxene modal content ranges from 60 to 70%.
Amphibole and phlogopite, ranging in size from 0.2 to
1.2 mm, both constitute 25–30% of the modal content of
Group 4. The content of opaque minerals in this group is
higher than in Groups 1 to 3. Indeed, apatite and opaque
minerals constitute 6–9% of the modal content and are
less than 0.3 mm in size. Some samples of this group,
similarly to Group 2, show poikilitic texture, where small
opaque phases, apatite and phlogopite crystals are observed
within clinopyroxenes. Finally, some of the clinopyroxenes
are surrounded by amphiboles (Fig. 3c–h).

Analytical methods

The major element compositions of minerals were acquired at
the BCentre de Micro Caractérisation Raimond Castaing^
(CNRS, University Toulouse III, INPT, INSA, Toulouse,
France), using a Cameca SXFive electron microprobe.
The operating conditions were as follows: accelerating
voltage 15 kV; beam current 20 nA; analysed surface
around 2 × 2 μm2. The following standards were used:
albite (Na), periclase (Mg), corundum (Al), sanidine (K),
wollastonite (Ca, Si), pyrophanite (Mn), hematite (Fe),
Cr2O3 (Cr), NiO (Ni) and sphalerite (Zn).

The bulk rock major and minor elements were analyzed
using an Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP AES) Horiba Jobin Yvon Ultima 2 at the
BPôle de Spectrométrie Océan^ (PSO/IUEM, Plouzané,
France), following the protocol adapted from Cotten et al.
(1995). Each powdered sample was digested in Teflon vials
with HF 32 N and HNO3 14.4 N and the dry residue was
dissolved in a H3BO3 solution. WSE and ACE internationals
standards were used as internal and external control. The pre-
cision of measurements performed on that instrument is usu-
ally better than 1% for both SiO2 and TiO2, 2% for Al2O3 and
Fe2O3, and better than 4% for the other major oxides.

Trace element concentrations were determined using a
High Resolution Inductively Coupled Plasma Mass
Spectrometer (HR ICP-MS) Thermo Finnigan Element II
(BPôle de Spectrométrie Océan^ PSO/IUEM, Plouzané,
France), following a method adapted from Barrat et al.
(2007). About 100 mg of sample were digested in Teflon vials
within distilled HF 32 N and HNO3 14.4 N. The dry residue
was dissolved in HNO3 14.4 N and then in HCl 3 N. An
aliquot of the solution was diluted in HNO3 0.3 N and spiked
with Tm spike. BCR2 and BEN were used as external control
and BHVO-2 was used for internal control. The precision of
measurements was better than 5% for all elements.

Samples were also analyzed for Sr and Nd radiogenic iso-
topes. About 200 mg of sample material was weighted and
dissolved in savillex beakers in a mixture of ultrapure distilled
HF (24 N), and HNO3 (14 N) for four days at 120 °C on
a hot plate. Sr and Nd fractions were chemically separated
using the Eichrom specific resins TRU-spec, Sr-spec and
Ln-spec following conventional column chemistry proce-
dure (Pin and Santos Zalduegui 1997). The Sr and Nd
isotope compositions were measured in static mode on a
Thermo TRITON spectrometer at the PSO (IUEM, Plouzané,
France). All measured Sr and Nd ratios were normalized to
86Sr ⁄ 88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively
and 87Sr/86Sr values were normalized to the recommended
value of NBS987 (0.710250). During the course of analysis,
Nd standard solution La Jolla gave 0.511859 ± 2 (n = 2,
recommended value 0.511850) and JNdi gave 0.512117 ± 3
(n = 1, recommended value 0.512100).

Chemistry of minerals

Eight clinopyroxenites were analyzed using the electron mi-
croprobe technique. For samples kh-7 and kh-87, the constit-
uent minerals of the host volcanic rock and xenoliths were
analyzed, while for samples k-3, k-40, kh-62, kh-64, kh-14
and k-33 only the constituent minerals of xenoliths were
analyzed.

Mica

As shown in Fig. 4a, phlogopite occurs in Group 2 and 4
clinopyroxenites. Mg# (Mg/Mg + Fe2+) in kh-40, kh-7 and
kh-87 Group 4 samples (0.64–0.69) is lower than in the kh-62,
kh-64 and kh-14 Group 2 samples (0.74–0.77). In Group 2
SiO2 and FeOt contents of phlogopites are lower and MgO
contents are higher than in Group 4 phlogopites, respectively
(Table 1 and Electronic Appendix 1). In samples kh-64
(Group 2) and k-40 (Group 4), element concentrations do
not show large variation from core to rim. Only a limited
normal zoning is observed, corresponding from core to rim
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to an increase of SiO2 content and a decrease of MgO and
TiO2 contents. In phlogopite of sample DL13, a potassic
volcanic rock, the FeO content increases while MgO,
Al2O3 and TiO2 decrease from core to rim. The micas in
the Group 3 sample are biotites (Fig. 4a) with Mg# 0.63–
0.66 and higher Na2O, FeOt, and Cr2O3 and lower MgO
and TiO2 contents than phlogopites of Groups 2 and 4
(Table 1 and Electronic Appendix 1). The TiO2 content for
Group 4 micas is respectively higher and lower than that for

Group 3 and Group 2. In Fig. 4a, the micas of Group 2 appear
to be similar to those of potassic and ultrapotassic volcanic
rocks while micas in Group 4 plot close to those of the inter-
mediate volcanic rocks. Moreover, SiO2, MgO, and FeOt con-
tents of phlogopites from kh-40, kh-7 and kh-87 Group 4
clinopyroxenites are similar to those of phlogopites from
intermediate volcanic rocks, while those of kh-62, kh-64
and kh-14 Group 2 clinopyroxenites are similar to those
of phlogopites from potassic and ultrapotassic volcanic

Fig. 4 a Classification of micas (Speer 1984), b Composition of
clinopyroxenes in the Q-J diagram (J = 2Na, Q = Ca + Mg + Fe2+), c
Classification of clinopyroxenes (Morimoto et al. 1988), d Classification

of amphiboles (Leake et al. 1997), e Plot of Si versus K + Na + Ca for
amphiboles from the volcanic rocks and clinopyroxenite xenoliths
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rocks (Table 1 and Electronic Appendix 1). We have com-
pared micas in xenoliths of the study area with micas in
clinopyroxenites of Alaskan-type massifs from southeastern
Alaska (Himmelberg and Loney 1995). As shown in
Fig. 4a, the micas of Alaskan-type massifs are phlogopites
characterized by higher Al2O3, MgO, SiO2 and K2O and
lower TiO2 and Na2O contents than those of the investigated
Groups 2 and 4 clinopyroxenites. Micas in the Group 3
clinopyroxenite xenolith have higher FeOt, MnO and Na2O
and lower K2O, Al2O3 and MgO contents, compared to the
Alaskan-type phlogopites.

Clinopyroxene

In the classification scheme proposed by Morimoto and
Kitamura (1983), the analyzed clinopyroxenes plot in the field
of Quad (Ca-pyroxene) (Fig. 4b). The clinopyroxene of all the
clinopyroxenite xenoliths plot in the diopside field (Fig. 4c )
and have a Mg# varying from 0.66 to 0.84 (Table 2 and
Electronic Appendix 2). The core and rim of clinopyroxene

from Group 2 and 4 clinopyroxenites have an almost homog-
enous composition, with only a slight increase in SiO2 and
decrease in MgO and TiO2 in rim compared to core. The
variation of major element contents is almost negligible
for clinopyroxenes within all the investigated samples, but
sample k-40 from Group 4. In the latter there is indeed a
large difference in SiO2, FeOt, MgO, TiO2 and Al2O3 con-
tents. Clinopyroxenes of kh-7, kh-87, k-40 Group 4 sam-
ples and k-3 Group 1 sample have higher SiO2 and FeO
and lower MgO contents compared to those of Group 2
samples. The clinopyroxenes of the intermediate and
potassic-ultrapotassic volcanic rocks are also diopsides.
The SiO2, Al2O3, MgO, and FeOt contents in clinopyroxenes
of Group 1 and Group 4 clinopyroxenites are similar to those
of intermediate volcanic rocks (samples v-kh-7 and v-kh-87),
while those of clinopyroxenes of Group 2 samples are
similar to those of potassic and ultrapotassic volcanic
rocks (Table 2 and Electronic Appendix 2). The composition
of clinopyroxene of the Group 3 clinopyroxenite k-33 differs
from the other clinopyroxenites. Indeed this clinopyroxene
also plots in the diopside field but closer to the hedenbergite

Table 1 Mineral chemical composition of micas in clinopyroxenite xenoliths and volcanic rocks (IVR = Intermediate volcanic rocks)

Rock Group 2 Group 3 Group 4 IVR Potassic volcanicsa

Sample kh-14 kh-14 Kh-62 Kh-62 kh-64 kh-64 k-33 k-33 Kh-7 K-40 K-40 v-Kh-7 DL13 DL13
Location Core Core Core Core Core Rim Core Core Core Core Rim Core Core Rim

SiO2 35.86 35.88 36.82 36.49 36.73 36.76 37.97 37.55 37.05 36.78 36.64 37.36 35.9 35.39

TiO2 5.51 5.69 5.45 5.14 5.25 5.23 1.99 1.98 5.14 4.09 4.13 5.5 6.83 5.92

Al2O3 14.44 14.65 14.47 14.3 14.76 14.65 14.23 14.18 13.52 14.93 14.36 12.85 14.76 14.22

Cr2O3 0.05 0.03 0.04 0.04 0.06 0.03 0.16 0.19 0.00 0.01 0.01 0.02 0.00 0.00

FeOt 9.92 9.76 9.32 9.99 10.24 10.44 14.49 14.66 14.72 13.02 12.51 15.51 9.73 11.54

MnO 0.06 0.06 0.03 0.06 0.03 0.04 0.21 0.18 0.32 0.13 0.11 0.34 0.09 0.18

MgO 16.73 16.73 17.16 17.13 17.02 16.80 15.74 15.63 14.48 15.60 15.50 14.15 17.19 15.87

CaO 0.00 0.01 0.01 0.00 0.02 0.04 0.10 0.17 0.05 0.17 0.21 0.01 0.05 0.81

Na2O 0.54 0.51 0.50 0.63 0.55 0.50 0.75 0.68 0.54 0.39 0.45 0.69 0.50 0.73

K2O 8.76 8.54 8.85 8.84 8.65 8.87 8.45 8.14 8.85 7.97 8.16 8.87 8.53 8.03

Total 91.87 91.86 92.65 92.62 93.31 93.36 94.09 93.36 94.67 93.09 92.08 95.3 93.58 92.69

Cations calculated on the basis of 22 oxygens

Si 5.44 5.43 5.51 5.49 5.48 5.49 5.72 5.70 5.58 5.54 5.58 5.61 5.33 5.37

Al (IV) 2.56 2.57 2.49 2.51 2.52 2.51 2.28 2.30 2.40 2.46 2.42 2.27 2.58 2.54

Al (VI) 0.02 0.04 0.06 0.02 0.07 0.07 0.24 0.23 0.00 0.19 0.16 0.00 0.00 0.00

Ti 0.63 0.65 0.61 0.58 0.59 0.59 0.23 0.23 0.58 0.46 0.47 0.62 0.76 0.68

Fe2+ 1.26 1.23 1.17 1.26 1.28 1.30 1.82 1.86 1.85 1.64 1.59 1.95 1.21 1.46

Mn 0.01 0.01 0.00 0.00 0.00 0.00 0.03 0.02 0.04 0.02 0.01 0.04 0.01 0.02

Mg 3.78 3.77 3.83 3.84 3.78 3.74 3.53 3.54 3.25 3.5 3.52 3.17 3.81 3.59

Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.01 0.03 0.03 0.00 0.01 0.13

Na 0.16 0.15 0.14 0.18 0.16 0.15 0.22 0.2 0.16 0.11 0.13 0.2 0.14 0.21

K 1.69 1.65 1.69 1.70 1.65 1.69 1.62 1.58 1.70 1.53 1.58 1.70 1.62 1.55

#mg 0.75 0.75 0.77 0.75 0.75 0.74 0.66 0.66 0.64 0.68 0.69 0.62 0.76 0.71

a Data for potassic and ultrapotassic volcanic rocks are from Ahmadzadeh et al. (2010)
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Table 2 Mineral chemical composition of clinopyroxenes in clinopyroxenite xenoliths and volcanic rocks

Rock Group 1 Group 2 Group 3
Sample k-3 k-3 k-3 kh-14 kh-14 kh-62 kh-62 kh-64 kh-64 kh-64 k-33 k-33 k-33
Location Core Core Core Core Core Core Core Core Mantle Rim Core Core Core
SiO2 49.09 49.73 49.95 52.78 52.47 52.54 52.47 52.23 52.14 52.3 50.53 51.74 51.01
TiO2 1.06 0.98 0.99 0.51 0.63 0.55 0.69 0.7 0.76 0.61 0.1 0.06 0.16
Al2O3 4.33 4.06 4.11 2.25 2.65 2.51 2.20 2.50 2.25 2.16 1.34 0.73 1.35
Cr2O3 0.00 0.00 0.00 0.06 0.03 0.01 0.03 0.04 0.02 0.04 0.00 0.05 0.41
FeOt 8.26 8.60 8.44 6.58 6.93 6.66 6.57 6.99 6.86 6.68 15.44 12.75 12.8
MnO 0.21 0.15 0.25 0.22 0.25 0.22 0.23 0.13 0.24 0.08 0.78 0.76 0.70
MgO 12.44 12.19 12.24 15.00 14.76 15.01 13.73 13.54 13.80 13.88 8.17 9.39 9.76
CaO 22.82 22.89 22.99 21.67 21.94 21.95 23.38 23.17 23.10 23.10 23.49 23.63 23.61
Na2O 0.56 0.56 0.62 0.49 0.53 0.51 0.51 0.64 0.53 0.49 0.19 0.17 0.26
K2O 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.02
Total 98.776 99.203 99.619 99.57 100.26 100.11 99.85 99.98 99.7 99.35 100.183 99.307 99.734

Cations calculated on the basis of 6 oxygens
Si 1.85 1.87 1.87 1.95 1.93 1.94 1.95 1.94 1.94 1.95 1.95 2.00 1.95
Ti 0.03 0.03 0.03 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.00 0.00 0.00
Al 0.19 0.18 0.18 0.10 0.12 0.11 0.10 0.11 0.10 0.10 0.06 0.03 0.06
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fe3+ 0.09 0.07 0.07 0.00 0.02 0.03 0.01 0.03 0.02 0.01 0.04 0.00 0.00
Fe2+ 0.17 0.21 0.19 0.20 0.19 0.18 0.20 0.19 0.19 0.20 0.46 0.41 0.41
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.03 0.02 0.02
Mg 0.70 0.68 0.68 0.83 0.81 0.83 0.76 0.75 0.76 0.77 0.47 0.54 0.56
Ca 0.92 0.92 0.92 0.86 0.87 0.87 0.93 0.92 0.92 0.92 0.97 0.98 0.97
Na 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.01 0.01 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.01 4.00 4.00 4.01 4.03 4.00 4.01 4.00 4.00 3.99 3.99 4.00
mg# 0.73 0.77 0.72 0.80 0.81 0.82 0.80 0.80 0.80 0.80 0.51 0.57 0.58
En 0.37 0.38 0.37 0.44 0.43 0.44 0.40 0.40 0.40 0.41 0.25 0.28 0.29
Fs 0.14 0.11 0.14 0.11 0.10 0.10 0.10 0.10 0.11 0.10 0.24 0.21 0.21
Wo 0.49 0.51 0.49 0.46 0.46 0.46 0.49 0.50 0.49 0.49 0.51 0.51 0.50
P(kbar) 12.07 12.46 12.77 17.21 19.87 18.7 17.29 19.77 18.24 17.14 8.87 7.00 9.56
T(°c) 1270 1271 1268 1402 1368 1398 1333 1346 1337 1338 1016 1038 1043
KD 0.31 0.31 0.31 0.33 0.32 0.33 0.32 0.32 0.32 0.32 0.29 0.29 0.29

Rock Group 4 Potassic volcanicsa Intermediate volcanics
Sample kh-7 kh-7 kh-87 kh-87 k-40 k-40 k-40 k-40 GI5 GI5 v-kh-7 v-kh-87 v-kh-87
Location Core Core Core Core Core Rim Core Rim Core Rim Core Core Rim
SiO2 48.63 48.97 49.84 47.31 51.1 51.42 47.87 48.52 50.9 50.96 51.96 49.26 48.67
TiO2 1.18 1.22 0.87 1.38 0.99 0.92 1.96 1.54 1.23 1.10 0.42 1.10 1.11
Al2O3 5.35 5.00 4.61 6.21 3.08 2.91 6.13 4.79 3.20 3.17 1.66 3.84 3.77
Cr2O3 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
FeOt 7.71 7.53 8.71 9.33 6.24 6.19 7.36 6.99 6.95 6.51 8.76 8.65 8.25
MnO 0.14 0.15 0.27 0.19 0.14 0.20 0.14 0.18 0.17 0.13 0.68 0.37 0.40
MgO 12.32 12.69 12.43 11.16 14.07 14.00 12.20 12.42 14.54 14.7 12.35 12.66 12.66
CaO 23.56 23.52 23.02 22.88 23.37 23.55 23.31 23.89 22.42 23.02 22.39 22.43 22.18
Na2O 0.45 0.44 0.56 0.50 0.37 0.39 0.52 0.53 0.73 0.64 0.74 0.64 0.68
K2O 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.06 0.00 0.00 0.01
Total 99.36 99.56 100.34 98.96 99.40 99.58 99.50 98.86 100.17 100.29 98.97 98.94 97.76

Cations calculated on the basis of 6 oxygens
Si 1.82 1.83 1.85 1.79 1.90 1.91 1.79 1.82 1.87 1.87 2.00 1.85 1.88
Ti 0.03 0.03 0.02 0.04 0.03 0.03 0.06 0.04 0.03 0.03 0.01 0.03 0.03
Al 0.24 0.22 0.20 0.28 0.14 0.13 0.27 0.21 0.14 0.14 0.07 0.17 0.16
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.09 0.09 0.09 0.10 0.03 0.03 0.08 0.09 0.10 0.00 0.03 0.11 0.07
Fe2+ 0.15 0.15 0.18 0.19 0.16 0.16 0.15 0.13 0.11 0.20 0.24 0.17 0.18
Mn 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01

Geochemistry and mineral chemistry of pyroxenite xenoliths



 

field (Fig. 4b). It also has lower Mg# values (0.51–0.6) com-
pared to those of clinopyroxenes from other clinopyroxenites.
Clinopyroxenes in k-33 also displays lower MgO and Al2O3

and higher FeOt, Na2O, and MnO contents (Table 2 and
Electronic Appendix 2). We compared the chemical composi-
tions of the clinopyroxene from the investigated pyroxenite
xenoliths, with those of xenoliths from Spanish Central
System (Al-augite series) (Orejana et al. 2006), mantle pyrox-
enites (Cr-diopside series) from NE Iran (Saadat and Stern
2012), and Alaskan-type massifs (Himmelberg and Loney
1995). The clinopyroxenes of the pyroxenites from the
Spanish Central System have different compositions than
those of Groups 1, 2, and 3 (Fig. 4b). They plot in the diopside
field and closer to the Group 2 samples. However, the
clinopyroxenes of Spanish pyroxenites differ from the latter
in their lower CaO and higher Al2O3 contents. The
clinopyroxenes of the pyroxenites from NE Iran also differ
from those of Groups 1 to 4, due to higher MgO, SiO2 and
Cr2O3, and lower FeOt and Al2O3 contents. Finally, some
clinopyroxenes from Alaskan-type pyroxenites display some
similarities with those of Group 2, while some others are sim-
ilar to those of Groups 1 and 4. However, the TiO2 and Na2O
contents of clinopyroxenes from the investigated samples are
higher than those of clinopyroxenes from the Alaskan sam-
ples. The clinopyroxenes from Alaskan-type clinopyroxenites
have higher MgO and Al2O3 and lower FeOt and MnO con-
tents than those of Group 3 sample.

Amphibole

Amphiboles occurring in Group 1 and Group 4 clinopyroxenite
xenoliths both have a magnesio-hastingsite composition
(Fig. 4d ) with a Mg# varying from 0.58 to 0.69 (Table 3 and
Electronic Appendix 3). According to the Si vs Na + Ca + K
plot proposed by Sial et al. (1998), all the investigated volcanic
rocks and xenoliths fall within the field of magmatic amphi-
boles (Fig. 4e). Their MgO, TiO2, FeOt, CaO, Na2O, K2O, and
Al2O3 contents are 10.16–12.51, 2.94–4.23, 11.87–15.63,

11.76–12.37, 2.07–2.48, 1.3–1.81 and 12.15–13.88 wt.%,
respectively (Table 3 and Electronic Appendix 3). Similar
to the xenoliths, the amphibole from intermediate volcanic
rocks has a magnesio-hastingsite composition and a Mg# of
0.6. In Fig. 4d the location of amphiboles in Group 1 and
4 is similar to those of intermediate volcanic rocks. In
comparison with xenoliths, amphiboles of intermediate vol-
canic rocks have slightly higher SiO2 and MnO and lower
Al2O3 contents (Table 3 and Electronic Appendix 3). In
sample k-40 (Group 4), element concentrations do not
show large variation from core to rim. There is no amphi-
bole in potassic and ultrapotassic volcanic rocks as well as
in Group 2 clinopyroxenite xenoliths. The composition of
amphiboles of Alaskan-type clinopyroxenites is pargasitic
and magnesio-hastingsitic. These amphiboles have higher
CaO and Al2O3 and lower TiO2 and Na2O contents than
those of the investigated samples from the present study.

Whole rock major and trace element chemistry

The major and trace element analyses of the xenoliths,
intermediate volcanic rocks (host volcanic rocks) and po-
tassic and ultrapotassic volcanic rocks are listed in Table 4
and Electronic Appendix 4. Most of the data plot in the
alkali-rich field of the TAS diagram (Fig. 5a). Figure 5b
illustrates the sample compositions in terms of K2O vs
Na2O, according to Peccerillo and Taylor (1976). In this
diagram, the intermediate volcanic rocks plot in the
shoshonite and calk-alkaline fields, the potassic and
ultrapotassic volcanic rocks plot in the high potassic and
shoshonite fields, Groups 2 and 3 of clinopyroxenite xeno-
liths plot in the high potassic field, and Groups 1 and 4 of
clinopyroxenite xenoliths plot near the boundary between
shoshonite and calk-alkaline fields. The potassic and
ultrapotassic volcanic rocks contain higher CaO, MgO, and
TiO2 contents than those of the intermediate rock but they are
lower than those of the clinopyroxenite xenoliths (Table 4
and Electronic Appendix 4). The Group 3 clinopyroxenite

Table 2 (continued)

Mg 0.69 0.71 0.69 0.63 0.78 0.78 0.68 0.70 0.80 0.80 0.70 0.71 0.73
Ca 0.95 0.94 0.92 0.93 0.93 0.94 0.93 0.96 0.88 0.91 0.91 0.90 0.90
Na 0.03 0.03 0.04 0.04 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.05 0.04
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.01 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.03 4.00 4.00
mg# 0.74 0.83 0.72 0.68 0.83 0.83 0.82 0.85 0.87 0.80 0.72 0.81 0.73
En 0.36 0.39 0.37 0.34 0.41 0.40 0.38 0.37 0.44 0.42 0.37 0.40 0.38
Fs 0.14 0.08 0.14 0.16 0.10 0.11 0.10 0.12 0.06 0.10 0.15 0.10 0.14
Wo 0.50 0.52 0.49 0.50 0.50 0.49 0.52 0.51 0.50 0.48 0.48 0.50 0.48
P(kbar) 14.40 13.44 4.39 4.28 4.91 4.91 7.14 6.50 12.77 12.36 2.79 5.17 5.00
T(°c) 1152 1171 1101 1065 1214 1208 1171 1194 1171 1150 1110 1103 1095
KD 0.29 0.29 0.29 0.29 0.26 0.26

a Data for potassic and ultrapotassic volcanic rocks are from Ahmadzadeh et al. (2010)
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xenolith k-33 has higher K2O and Al2O3 and lower CaO con-
tents, compared to other groups of clinopyroxenite xenoliths.

The multi element diagram of the investigated xenoliths
and volcanic rocks normalized to primitive mantle values are
presented in Figs. 6 and 7. As shown in Fig. 6, the trace
element contents of the volcanic rocks indicate a noticeable
enrichment in large-ion lithophile elements (LILE) such as Ba,
U, K, and LREE over HFSE (Ta, Nb, Ti, Zr, Hf,) and HREE.
In addition, volcanic rocks display negative anomalies in ele-
ments such as Ta, Hf, Zr, P, Nb, and Ti (Fig. 6a, c). The
negative Ta and Nb anomaly is similar to that of magmatic
rocks from active continental subduction margins (Gill 1981;
Kelemen et al. 1992; Gertisser and Keller 2000; Rudnick
and Gao 2003). Contents of REE and some other incom-
patible elements such as Ba, U, Th, and Rb in potassic
and ultrapotassic volcanic rocks are higher than those of
intermediate volcanic rocks. The potassic and ultrapotassic
volcanic rocks also display a higher negative Eu anomaly
compared to the intermediate volcanic rocks.

Most samples from Groups 2 and 4 are characterized by a
distinct enrichment in Ba, U, Pb, Sm, P, Nd, La, Ce and K, and
by a depletion in Ta and Ti (Fig. 7c, g). In Group 1, contents of
incompatible elements are lower than those in Groups 2 and 4.
Group 1 displays positive anomalies of Ti, Sm, Pb and Nd and
negative ones of P, K and Th (Fig. 7a).

Group 3 (k-33 sample), when compared to other groups,
has a higher K content, probably related to the high modal
abundance of biotite (40%) in this sample. The contents of
HFSE (Ta, Nb, Ti, Zr and Hf) in Group 3 are lower than those
of the other xenoliths and, unlike to Group 2 and 4, a positive
Ti anomaly and a negative anomaly of La, Ce and P is ob-
served for this group (Fig. 7e). All volcanic rocks and xenolith
samples display a positive Pb anomaly but they are higher in
the volcanic rocks compared to the xenoliths.

Rare earth element diagrams normalized to chondrite
values (normalizing value from Boynton 1984) are presented
in Fig. 7b–h. Three different types of patterns are distin-
guished for the xenoliths. Groups 2 and 4, which comprise

Table 3 Mineral chemical composition of amphiboles in clinopyroxenite xenoliths and volcanic rocks

Rock Group 1 Group 4 Intermediate volcanics

Sample k-3 k-3 k-3 kh-87 kh-87 kh-87 K-40 K-40 kh-7 kh-7 kh-7 v-kh-7 v-kh-7
Location Core Core Core Core Core Core Core Rim Core Core Core Core Core

SiO2 40.31 40.30 39.31 39.41 40.11 39.20 40.14 40.52 40.03 39.49 39.82 41.61 41.10

TiO2 2.96 3.08 3.59 3.10 3.03 3.14 4.23 4.08 2.94 3.19 3.22 3.03 3.06

Al2O3 12.15 12.68 13.14 13.88 13.54 13.62 12.79 12.42 12.94 13.03 13.45 11.14 11.16

Cr2O3 0.00 0.00 0.01 0.01 0.00 0.03 0.01 0.01 0.00 0.01 0.00 0.01 0.01

FeOt 12.39 12.41 13.02 13.14 12.63 13.45 11.92 11.87 14.18 15.63 14.63 15.02 15.33

MnO 0.14 0.13 0.17 0.20 0.18 0.19 0.07 0.17 0.21 0.19 0.17 0.31 0.31

MgO 12.44 12.25 11.54 11.72 11.59 11.72 12.25 12.51 10.93 10.16 10.75 11.14 10.98

CaO 11.94 11.84 11.87 12.17 11.97 11.95 12.37 12.11 11.91 12.00 12.09 11.68 11.59

Na2O 2.39 2.37 2.25 2.07 2.14 2.14 2.08 2.19 2.29 2.35 2.35 2.18 2.25

K2O 1.39 1.47 1.37 1.65 1.81 1.74 1.59 1.61 1.36 1.37 1.36 1.45 1.53

Total 96.11 96.53 96.27 97.35 97.00 97.18 97.45 97.49 96.79 97.42 97.84 97.57 97.32

Cations calculated on the basis of 23 oxygens

Si 6.11 6.09 5.97 5.91 6.05 5.91 6.00 6.05 6.07 6.00 5.99 6.28 6.23

Ti 0.34 0.35 0.41 0.35 0.34 0.36 0.48 0.46 0.34 0.37 0.37 0.34 0.35

Al (IV) 1.89 1.91 2.03 2.09 1.95 2.10 2.00 1.95 1.93 2.00 2.01 1.72 1.77

Al (VI) 0.29 0.34 0.33 0.37 0.46 0.32 0.25 0.24 0.39 0.34 0.38 0.26 0.22

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe3+ 0.29 0.27 0.29 0.46 0.25 0.51 0.00 0.00 0.26 0.29 0.27 0.25 0.31

Fe2+ 1.29 1.30 1.36 1.19 1.34 1.19 1.49 1.48 1.54 1.70 1.57 1.64 1.63

Mn 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.03 0.02 0.02 0.04 0.04

Mg 2.81 2.76 2.61 2.62 2.61 2.63 2.73 2.79 2.47 2.30 2.41 2.51 2.48

Ca 1.94 1.92 1.93 1.96 1.94 1.93 1.98 1.94 1.94 1.95 1.95 1.89 1.88

Na 0.70 0.70 0.66 0.60 0.63 0.63 0.60 0.63 0.67 0.69 0.69 0.64 0.66

K 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.31 0.00 0.00 0.00 0.00 0.00

Total 15.68 15.66 15.61 15.58 15.59 15.60 15.84 15.87 15.64 15.66 15.66 15.57 15.57

Mg≠ 0.69 0.68 0.66 0.69 0.66 0.69 0.65 0.65 0.62 0.58 0.61 0.60 0.60
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Table 4 Whole-rock major and trace element data for xenoliths and volcanic rocks from northwestern Marand. Fe2O3 as total Fe2O3. Major elements
in wt.%, trace elements and REE in ppm

Rock Group 1 Group 2 Group 3 Group 4 Intermediate volcanic rocks Potassic volcanicsa

Sample K-3 Kh-14 Kh-64 Kh-62 K-33 Kh-7 Kh-93 V-Kh-65 Kh-87 V-Kh-52 V-K-20 V-Kh-93 DL13 GL5

SiO2 42.41 43.17 42.83 43.11 45.32 36.33 34.56 59.55 52.52 58.74 64.85 52.70 48.90 50.00

TiO2 2.14 2.04 2.05 1.99 1.22 2.72 2.61 0.80 1.11 0.82 0.64 1.15 1.23 1.22

Al2O3 5.72 5.75 5.15 5.79 14.8 7.80 6.86 15.72 17.36 16.00 17.15 17.54 13.25 13.05

Fe2O3 17.76 12.81 13.99 11.69 12.76 20.24 24.43 5.37 8.14 5.33 5.15 8.50 7.87 8.19

MnO 0.22 0.21 0.17 0.15 0.23 0.21 0.33 0.09 0.16 0.09 0.05 0.19 0.14 0.13

MgO 11.16 13.12 12.53 12.78 9.30 8.85 7.57 3.56 2.53 3.42 0.96 2.79 5.92 6.58

CaO 19.02 17.11 18.40 18.63 6.48 17.37 17.89 5.80 7.68 5.78 3.69 7.73 9.37 9.38

Na2O 0.82 0.89 0.67 0.58 1.73 1.38 1.07 4.97 4.50 4.92 4.10 4.98 1.34 2.35

K2O 0.25 2.53 1.75 2.06 4.74 0.67 0.30 2.94 2.85 3.05 3.48 2.58 6.46 5.55

P2O5 0.25 2.12 2.46 2.59 0.15 2.87 2.86 0.40 0.58 0.39 0.31 0.62 1.14 1.20

LOI 0.27 1.66 0.89 0.63 1.99 0.48 1.19 0.54 2.33 1.55 0.82 2.56 4.37 2.51

Total 100.01 100.41 100.01 100.01 98.72 98.91 99.66 99.74 99.77 100.09 101.19 101.33 99.99 100.16

Sr 210 225 390 470 92 443 405 821 1247 1002 673 867 2680 1110

Ba 90 2261 1698 4116 360 250 129 909 872 834 1231 879 2620 2470

V 529 270 338 263 230 596 611 93 184 97 109 202 280 262

Cr 47 477 334 320 438 29 34 138 20 135 11 5 160 210

Co 73 60 62 59 45 81 56 33 26 27 28 27 36 37

Ni 68 167 96 96 206 67 18 67 16 67 7 8 48 49

Y 22 37 35 30 19 35 52 14 34 15 13 32 24 25

Zr 98 65 84 87 40 152 153 157 241 162 83 216 344 324

Nb 5.0 16.8 8.4 10.6 6.9 8.6 7.1 22.7 19.6 23.2 13.5 16.6 53.3 47.5

Mo 0.5 0.8 0.8 0.7 3.7 1.2 0.8 0.8 2.5 1.4 2.3 1.0 2.0 4.0

La 7.7 77.9 62.3 34.5 2.4 42.7 38.1 29.9 18.9 42.9 24.8 15.9 66.0 61.7

Ce 24.9 163.9 142.8 73.8 6.6 106.1 85.8 69.0 47.1 89.5 53.8 34.3 138.5 128.0

Pr 3.8 21.6 19.7 10.8 1.0 14.1 12.0 7.0 5.1 10.4 5.5 4.3 16.8 15.6

Nd 17.7 91.2 85.4 48.3 5.1 66.1 54.9 25.7 21.2 38.4 19.4 16.8 67.0 62.9

Sm 6.2 17.1 16.7 9.3 1.6 13.9 11.5 4.4 4.2 6.7 3.5 3.5 12.8 12.3

Eu 1.8 3.4 3.3 1.8 0.4 3.8 2.8 1.1 1.1 1.6 1.0 0.9 2.8 2.8

Gd 6.0 12.1 12.1 7.1 2.1 11.6 10.4 3.1 3.6 4.7 2.8 3.1 10.6 10.5

Tb 0.8 1.4 1.4 0.8 0.4 1.6 1.4 0.4 0.5 0.6 0.4 0.4 1.3 1.3

Dy 4.4 6.7 6.7 3.5 2.4 7.6 6.9 2.1 2.5 3.2 2.3 2.3 5.9 5.8

Ho 0.8 1.2 1.1 0.6 0.5 1.3 1.2 0.4 0.5 0.6 0.4 0.4 1.0 1.0

Er 2.0 2.9 2.5 1.2 1.5 3.6 3.1 1.0 1.3 1.5 1.2 1.2 2.7 2.7

Yb 1.5 2.0 1.5 0.7 1.3 2.2 2.1 0.8 1.1 1.4 1.1 1.0 2.0 1.9

Hf 2.0 1.6 2.3 1.2 0.9 2.4 1.8 4.4 4.7 4.7 3.1 4.5 9.1 8.0

W 92.1 21.4 22.6 37.0 18.8 17.8 31.5 70.7 29.8 64.2 121.6 44.7 7.0 9.0

Th 0.2 3.4 3.3 1.2 0.1 4.3 2.4 10.9 2.3 21.2 8.1 1.3 32.8 29.7

U 0.2 1.5 1.2 1.0 0.3 1.8 3.3 6.1 5.5 6.8 3.5 4.2 8.2 9.7

Cu 15.7 50.1 36.1 48.9 25.5 12.5 78.8 175.1 79.6 40.5 18.7 44.7 133.1 90.2

Zn 113.0 123.4 85.4 65.2 265.1 130.8 160.4 46.4 86.3 50.8 62.8 89.8 118.3 125.1

Ga 15.9 11.5 9.2 8.6 13.9 22.5 20.4 16.9 18.4 18.4 18.6 17.8 20.7 19.8

Rb 2.6 74.2 48.2 45.1 42.9 11.9 10.9 38.9 10.1 46.5 67.2 10.3 187.1 170.2

Cs 0.2 3.1 2.1 1.9 4.0 0.8 1.5 0.6 0.6 2.2 9.1 4.1 8.7 10.0

Ta 0.2 0.4 0.3 0.5 0.4 0.3 0.3 1.5 0.5 1.6 1.0 0.6 3.0 2.5

Pb 4.3 3.2 3.1 2.2 7.7 12.8 13.6 15.2 57.6 15.6 23.9 26.0 35.0 57.0

Ba/Nb 18 134 203 390 52 29 18 40 45 36 91 53 49 52
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the majority of clinopyroxenite xenoliths, display similar REE
patterns as the volcanic rocks and, similarly to the latter, are
characterized by LREE enrichment over HREE (Fig. 7b, h).
The (Cr/Yb)N ratios of the intermediate volcanic rocks, potas-
sic and ultrapotassic volcanic rocks, and Groups 2 and 4
clinopyroxenite xenoliths are 8.4–21.9, 15.71–17.55, and
10.0–26.9, respectively (Table 4 and Electronic Appendix 3).
The REE pattern shape for Group 1 is convex-upward indicat-
ing an enrichment in MREE over LREE and HREE (Fig. 7b).
Moreover, Group 3 patterns show a relatively flat slope of
(Ce/Yb)N = 1.36. All groups, except Group 1, are characterized
by negative Eu anomalies (Fig. 7b–h). The REE contents, Eu
anomalies, and REE patterns of samples from Groups 4 and 2
are similar to those of intermediate volcanic rocks and potassic
and ultrapotassic volcanic rocks, respectively.

The comparison of the whole rock analyses of
clinopyroxenites from the present study with those of
Alaskan-type rocks (Himmelberg and Loney 1995) reveals
significant differences. For instance, the Kane Peak
clinopyroxenites have higher SiO2 and MgO and lower
P2O5, Na2O, K2O, TiO2, Al2O3, and FeOt contents than
those of the investigated clinopyroxenites. Moreover,
clinopyroxenites from Port Snettisham have higher FeOt and
lower SiO2 and P2O5 contents than those of the investigated
clinopyroxenites. Furthermore the LREE and MREE contents
of Group 2 and Group 4 clinopyroxenites are higher than
those of Alaskan-type clinopyroxenites, while only the
MREE content of Group 1 clinopyroxenite is higher than that
of Alaskan-type clinopyroxenites. On the other hand the REE
content of Group 3 clinopyroxenites is similar to that of

Alaskan-type clinopyroxenites. Finally, the incompatible trace
element contents such as those of Ba, Th, and U of the inves-
tigated samples are higher than those of Alaskan-type sam-
ples, while their compatible trace element contents such as
those of Ni and Cr are lower.

Whole-rock Sr–Nd isotopes

The Sr and Nd isotopic data are presented in Table 5. The
87Sr/86Sr and 143Nd/144Nd of pyroxenite xenoliths (kh-62,
kh-64 and kh-14 samples) vary from 0.706420 to 0.707026
and 0.512482 to 0.512561 (εNd: from −2.81 to −1.98),
respectively. Figure 8 shows that the investigated samples
plot within the upper crust and EMI fields. The ratios of
143Nd/144Nd and 87Sr/86Sr in the volcanic host rock of the
xenoliths (v-kh-52) are 0.512561 and 0.709545 (εNd:-1.27),
respectively, and plot near the upper crust field. The exact age
of formation of clinopyroxenite xenoliths is not known. As
mentioned in the geological setting section, the upper
Miocene deposits are covered by the host volcanic rocks,
and therefore it appears that the relative age of this volcanic
series is younger than upper Miocene. However, based on the
relative age of host volcanic rocks, we corrected the isotopic
composition of the rocks to 5 million years. The ratios of
143Nd/144Nd and 87Sr/86Sr in host volcanic rocks of NE Iran
are 0.512735–0512738 and 0.705013–0.705250, respectively
and the ratios of 143Nd/144Nd and 87Sr/86Sr in pyroxenite xe-
nolith of NE Iran are 0.512798 and 0.704593, respectively

Fig. 5 Clinopyroxenite xenoliths and volcanic rocks (a) plotted in the TAS diagram (Le Bas et al. 1986). Dashed line separates subalkaline from alkaline
rocks. Most of the data plot in the alkaline field. b plotted in the Na2O vs. K2O diagram

Table 4 (continued)

Rock Group 1 Group 2 Group 3 Group 4 Intermediate volcanic rocks Potassic volcanicsa

Sample K-3 Kh-14 Kh-64 Kh-62 K-33 Kh-7 Kh-93 V-Kh-65 Kh-87 V-Kh-52 V-K-20 V-Kh-93 DL13 GL5

Ba/Ta 450 5519 6291 8949 859 929 391 627 1677 512 1245 1391 873 988

Nb/La 0.7 0.2 0.1 0.3 2.9 0.2 0.2 0.8 1.0 0.5 0.6 1.0 0.8 0.8

Ce/Pb 5.7 52.0 45.5 33.5 0.9 8.3 6.3 4.6 0.8 5.7 2.3 1.3 4.0 2.3

a Data for potassic and ultrapotassic volcanic rocks are from Ahmadzadeh et al. (2010)
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(Saadat and Stern 2012). As illustrated in Fig. 8 the samples
from NE Iran are not similar to those from NW Marand.

Discussion

P-T conditions

Due to the lack of minerals such as garnet, olivine, and
orthopyroxene in the investigated xenoliths and volcanic
rocks, clinopyroxene was used for thermobarometry accord-
ing to the method proposed by Putirka (2008). Eqs. 32b and
32c of Putirka (2008) have been used for P estimates. Eq. 32b
is based on clinopyroxene composition only and eq. 32c is
based on the partitioning of Al between clinopyroxene and
liquid. Most of the investigated samples were analyzed both
for whole rock and clinopyroxene, therefore we used Eq. 32c
in those cases, but only clinopyroxenes were analyzed for
samples k-40, kh-87 and v-kh-7, therefore we used eq. 32b
for them. Eq. 32d based on clinopyroxene composition only is
also used for thermometry because as mentioned by Putirka
(2008) this equation is a new and more precise thermometer.
All those eqs. (32b, 32c and 32d) appear in the section
BClinopyroxene and clinopyroxene-liquid thermobarometers^
of the original paper of Putirka (2008; Page 79). Formation
temperature of clinopyroxenes in Groups 1 to 4 of xenoliths,
intermediate volcanic rocks and potassic and ultrapotassic

volcanic rocks were estimated at 1245–1280, 1310–1400,
1015–1040, 1065–1225, 1070–1225 and 1045–1170 °C, re-
spectively (Table 2 and Electronic Appendix 2). According to
Putirka (2008), if KD (the partition coefficient of Fe-Mg
between clinopyroxene and melt) is within 0.28 ± 0.08,
then the clinopyroxene can be assumed to be in equilibrium
with the melt. Since the KD of the investigated volcanic
rocks (0.25–0.29) and pyroxenite xenoliths (0.28–0.32) fall
within this range, the chemical composition of their
clinopyroxene and whole rock is suitable to be used for
barometry. The estimated formation pressures for clinopyroxene
of intermediate volcanic rocks (v-kh-87) and potassic, and
ultrapotassic volcanic rocks are 4–7, and 9–12.5 kbar, re-
spectively. The crystallization of potassic and ultrapotassic
volcanic rocks therefore occurred at greater depth than that
of the intermediate volcanic rocks. The formation pressure for
clinopyroxene of Groups 1 to 4 (kh-7 sample) clinopyroxenite
xenoliths are 11.5–13, 17–21, 7–9.5 and 12–14 kbar, respec-
tively, using Eq. 32c. The formation pressure of clinopyroxene
of the two other Group 4 (kh-87 and k-40 samples)
clinopyroxenite xenoliths as well as that of the intermediate
volcanic rock (v-kh-7 sample) are 4–7 and 0.5–3 kbar, respec-
tively, using Eq. 32b (Table 2 and Electronic Appendix 2).
The formation pressure and temperature for the core and
the rim of clinopyroxene in volcanic rocks and pyroxenite
xenoliths (samples kh-64 and k-40) do not show signifi-
cant difference. Indeed the formation pressure for the rim

Fig. 6 Chondrite normalized REE patterns and primitive mantle normalized spidergrams of the volcanic rocks. Chondrite and primitive mantle values
are from Boynton (1984) and McDonough et al. (1992), respectively (except for P which is from Wood et al. 1979)
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are slightly less than for the core while the formation
temperature for core and rim are approximatively equal.
The almost homogeneous composition of clinopyroxenes
of Group 2 and Group 4 xenoliths and volcanic rocks

indicates slow crystallization and equilibrium processes of
clinopyroxenes with the melt.

The crystallization depth of Group 2 clinopyroxenites is
therefore estimated at about 50–60 km while for Group 1, 3

Fig. 7 Chondrite normalized REE patterns and primitive mantle normalized spidergrams of clinopyroxenite xenoliths. Chondrite and primitive mantle
values are from Boynton (1984) and McDonough et al. (1992), respectively (except for P which is from Wood et al. 1979)
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and 4 it ranges from 35 to 39, 20 to 30 and 12 to 40 km,
respectively. Since the crustal thickness in the area is about
40–45 km as determined by geophysical studies (Dehghan
and Makris 1984), it seems that samples of Group 2 formed
within the upper mantle just below the crust while samples of
Groups 1, 3 and 4 formed within the crust. The source of
volcanic rocks was of course located at a depth of more than
50 km in order to be able to collect and carry the xenoliths to
the Earth surface. Clinopyroxene minerals in sample k-40
formed at two different depths, some of them crystallized at
a depth of 20 to 22 km while others formed at a depth of
approximatively 15–16 km.

Clinopyroxenes of Group 2 xenoliths are characterized
by high temperatures. Putirca et al. (1996) explained such
kind of high temperatures by a re-heating event of rocks
within the crust and/or the mantle due to a hot plume
effect. These authors indeed estimated formation tempera-
tures of clinopyroxene phenocrysts in mafic igneous rocks
from Mauna Kea, Hawaii ranging from 1100 to 1470 °C
(with a corresponding pressures of 8 to 30 kbar) and
attributed these high formation temperatures to a hot
plume beneath the area. Because the volume of volcanic
rocks in our case is much lower than that of the above
mentioned study, and because no high-temperature minerals
were previously reported from adjacent areas, the high forma-
tion temperature of clinopyroxenes from Group 2 xenoliths
cannot be attributed to a hot plume activity. Rather, it is more
logical to attribute the local heating evidenced by Group 2 to a

younger magmatic activity connected to magmatic intrusions
within the lithosphere.

The nature of mantle sources in the northwest of Marand

The chemistry of the investigated volcanic rocks indicates that
most of them have a shoshonitic and ultrapotassic affinity
(Fig. 5b), and are enriched in incompatible trace elements
such as Ba, Pb, U, K, and Sr. Moreover these rocks have high
LILE/HFSE ratios and are relatively depleted in Ta, Nb, and
Ti (Fig. 6a, c). All these features are characteristic of subduc-
tion magmatism (i.e. Barth et al. 2000; Patchett and Chase
2002; Green 2006). Furthermore Ba/Ta and Ba/Nb ratios
higher than 450 and 28, respectively also evidence subduction
magmatism (Fitton et al. 1991). In our volcanic rocks, Ba/Ta
and Ba/Nb ratios range from 512 to 1966 and from 36 to 103
respectively, evidencing the influence of subduction compo-
nents in their evolution. The Sr and Nd isotopic ratios of
intermediate volcanic rocks evidence the occurrence of an
enriched component in their mantle source (Table 5).

Considering the great thickness of the continental crust
below the investigated area (40 to 45 km) and the crystalliza-
tion of most of the clinopyroxenes at relatively low pressures
(4 to 12.5 kbar) within the crust, we infer that crustal contam-
ination may have also occurred. Nb/La < 1 is a good indicator
of crust-contaminated magma (Kieffer et al. 2004), and since
this ratio is indeed <1 for the majority of the investigated
volcanic rocks (Table 4 and Electronic Appendix 4), this

Fig. 8 143Nd/144Nd vs. 87Sr/86Sr
diagram for the whole rock of
samples kh-62, kh-64, kh-14 and
v- kh-52. The fields of DMM,
HIMU, EM1, upper crust are
from Zindler and Hart (1986).
LoNd array is from Hart et al.
(1986). NE Iran data are from
Saadat and Stern (2012)

Table 5 Sr and Nd isotopic
(Whole-rock) composition of xe-
noliths and a volcanic rock from
NWMarand area

Sample 87Sr/86Sr 2σ 143Nd/144Nd 2σ εNd

Group 2 clinopyroxenite
xenoliths

kh-62 0.707026 0.000003 0.512525 0.000003 -1.98

kh-64 0.706825 0.000003 0.512482 0.000002 -2.81

kh-14 0.706420 0.000002 0.512501 0.000002 -2.45

Intermediate volcanic rock v-kh-52 0.709545 0.000002 0.512561 0.000002 -1.27
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points to crustal contamination. Ce/Pb in the investigated vol-
canic rocks ranges from 0.55 to 5.73, i.e. it is considerably
lower than in mid-ocean ridge basalts and arc basalts that are
47 and 27, respectively (Hofmann et al. 1986). This also
strengthens the hypothesis that some crustal materials may
have occurred within the source (Yang et al. 2005).
According to Hess (1989) an initial magma generated by the
partial melting of the peridotitic upper mantle typically con-
tains around 400 ppm Ni and 600 ppm Cr. The Cr content in
the investigated intermediate and potassic-ultrapotassic volca-
nic rocks ranges from 5 to 139 and from 160 to 280 ppm,
respectively, while their Ni content ranges from 7 to 80 and
39 to 60 ppm, respectively. These low contents of Cr and Ni
might be attributed to the fractionation of olivine and
clinopyroxene from the initial magma. The lack of olivine
and the low modal content of clinopyroxene of the volcanic
rocks, is in agreement with this observation.

To constrain the source and the melting rate of the investi-
gated volcanic rocks, the La/Yb vs. Yb diagram was used
(Fig. 9). In this diagram the intermediate volcanic rocks plot
near the garnet lherzolite melting curve, while the potassic and
ultrapotassic volcanic rocks occur above that curve and to the
right of the spinel lherzolite melting curve. On the other hand
the potassic and ultrapotassic volcanic rocks plot close to the
mixing line involving mixing of 0.5% melt fraction from
garnet-facies source with 5% melt fraction from spinel-facies
source (Fig. 9). As shown in Fig. 9, the intermediate volcanic
rocks could have been formed by 2 to 5% of melting of a
spinel lherzolite source. According to Rollinson (1993), the
high LREE contents compared to HREE associated with low
Yb and Y contents and high La/Yb ratios, can be explained
with the equilibrium between a melt and garnet and/or horn-
blende (as a residual phase in the source). The positive K
anomaly in the spider diagram of volcanic rocks (Figs. 6a, c)

is probably related to the occurrence of K-bearing minerals
such as phlogopite in the magma source. The silica-under
saturated lavas in the Islamic peninsula (near the study area)
with an age of 8–11 Ma (Moradian et al. 1997; Pang et al.
2013; Shafaii Moghadam et al. 2013) in terms of petrographic
characteristics (i.e., the presence of clinopyroxene, apatite,
phlogopite and leucite minerals and texture) are similar to
the potassic and ultrapotassic volcanic rocks of our study area.
They show similar to the volcanic rocks of northwestern
Marand evidence of extensive metasomatism.

Generation of the volcanic rocks

The origin of intraplate alkaline rocks both in oceanic and
continental settings is mainly related to mantle plume activity
(Willson 1989). Typically, the plume-related magmatism re-
sults from the melting of an enormous volume of rocks and
leads to huge eruptions (Saunders et al. 1991). In this regard, it
is observed that alkaline rocks from northwestern Marand
have a limited volume and geochemical characteristics such
as Nb, Ta, and Ti depletion which are inconsistent with mantle
plumes. Kheirkhah et al. (2009) linked the subduction-related
magmatism of the Urumieh-Dokhtar magmatic belt to the
failure of the subducted plate. As previously mentioned, the
Neotethys oceanic plate was subducted beneath the Iranian
continental crust during Middle Cretaceous (Ghasemi and
Talbot 2006). The subduction of this plate led to metasoma-
tism of the mantle wedge located above the subducting plate.
According to Kheirkhah et al. (2009), the subduction angle of
the subducting oceanic plate increased and that plate was torn
apart in a slab break-off process leading to the formation of a
slab window. Based on this model, the uplift of hot astheno-
sphere through the window lead to the heating and melting of
the metasomatised lithospheric mantle. As mentioned earlier,

Fig. 9 Plot of La/Yb vs. Yb for
the samples from northwestern
Marand. Melt curves were calcu-
lated using the non-modal batch
melting equations of Baker et al.
(1997)
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alkaline rocks are spatially limited to the northwest of Marand
and only occur between North Tabriz, South Divan Daghi and
Gharagoz Faults. It seems that the occurrence of a tensional
regime along this complicated fault system, especially the
movement to south of the Divan Daghi, Gharagoz and North
Tabriz Faults, controlled the eruption of those magmas in the
northwest of Marand.

Cumulate clinopyroxenite xenoliths

The xenolith-hosting volcanic rocks fromNWMarand, unlike
those fromNE Iran (Saadat and Stern 2012), differ from ocean
island basalts (OIB). Mantle pyroxenite xenoliths from NE
Iran exhibit granular textures and unlike the pyroxenite xeno-
liths from NWMarand contain spinel and orthopyroxene. The
chemical composition of clinopyroxene of pyroxenite xeno-
liths from the northwest of Marand differs from that of the
clinopyroxene of clinopyroxenite xenoliths (Al-augite series)
occurring in alkaline lamprophyres from Spanish Central
System (Orejana et al. 2006) which sometimes contain spinel
and orthopyroxene, never observed in the pyroxenites from
the present study.

In terms of petrographic characteristics (i.e., the occurrence
of clinopyroxene, amphibole, and phlogopite, cumulate tex-
ture) and chemical composition of clinopyroxenes, the inves-
tigated clinopyroxenites are similar to those of Alaskan-type
massifs (Himmelberg and Loney 1995). However, they differ
from the latter in terms of whole rockmajor and trace elements
concentrations and composition of mica and amphibole.

The lower value of AlVI of micas from xenoliths and
volcanic rocks is main evidence for their magmatic origin
(Nachit et al. 2005). The Ti content of mica is a function
of temperature, pressure, and oxygen fugacity (Henry
1981; Arima and Edgar 1981). The differences in the Ti
concentrations of micas of the investigated xenoliths suggest
that they were formed at different temperature, pressure, and
oxygen fugacity conditions.

Group 1 sample k-3 does not indicate a clear enrichment in
incompatible elements except for Pb (Fig. 7a). Its negative K
anomaly and lower Ba content compared to xenoliths of
Group 2 and 4 can be explained with the lack of phlogopite,
while the negative P and Ce anomalies are related to the low
modal content of apatite. The LREE and HREE contents in k-
3 are lower and similar to those of pyroxenites of Group 2 and
4 (Fig. 7). The MREE enrichment compared to LREE and
HREE, the positive Ti anomaly and the lack of a negative
Eu anomaly in this sample, are related to the modal abundance
of amphibole (25%). The chemical composition of
clinopyroxene and amphibole as well as the Ni (80 ppm)
and Cr (39 ppm) whole rock contents of this group of
clinopyroxenite display similarities with those of the in-
termediate volcanic rocks. The convex-upward REE pat-
tern normalized to chondrite values is in agreement with

a fractional differentiation process of pyroxene from a
melt (e.g. McDonough and Frey 1989; Ho et al. 2000). That
characteristic together with the low content of incompatible
elements in Group 1 clinopyroxenite, points to an origin by
mineral segregation from a melt within the crust. This is fur-
ther supported by cumulate texture of this rock.

Group 2 pyroxenite xenoliths are the most abundant. Their
trace element patterns normalized to chondrite values evi-
dence a LREE enrichment over HREE, similar to those of
the potassic and utrapotassic volcanic rocks (Fig. 7d). These
xenoliths are relatively rich in Ba, U and Pb and relatively
depleted in Ta and Ti (Fig. 7c). As shown in Fig. 7c,
Group 2 clinopyroxenite xenoliths have negative anomalies
in Th, Zr, Hf and Nb and positive anomalies in K and Ba,
in agreement with an accumulation process of clinopyroxene
and phlogopite. The positive anomaly of P and Ce is associ-
ated with the occurrence of apatite (Fig. 7c). As mentioned in
the petrography section, small phlogopite and apatite crystals
occur as inclusions in clinopyroxene indicating that they crys-
tallized before the latter. The Sr and Nd isotopic ratios of the
host volcanic rocks (v-kh-52) and Group 2 clinopyroxenite
xenoliths evidence enrichment of their magmatic source.
Continental crust is characterized by low Nd and high Sr
isotopic ratios, whereas the upper mantle displays high Nd
and low Sr isotopic ratios (Best and Christiansen 2001)
and therefore any continental crust contamination process
will increase the 87Sr/86Sr ratio and reduce the 143Nd/144Nd ratio
(Koohestani et al. 2013). The higher 87Sr/86Sr ratio (0.709564)
of the intermediate volcanic rock compared to Group 2 xeno-
liths (0.706555–0.707065), and the 143Nd/144Nd ratios seem to
indicate that the origin of their enrichment is different (Table 5).
The contents of compatible elements such as Ni (96–167 ppm)
and Cr (320–477 ppm) in the whole rock of Group 2 are similar
to those of the potassic and ultrapotassic volcanic rocks. Many
previous studies have described similar cumulative pyroxenites
(Porreca et al. 2006; Gonzaga et al. 2010; Zhang et al. 2010;
Medaris et al. 2013).

Group 3 is high in some incompatible elements such as Rb,
Ba, K, U and Pb and depleted in Ta and Nb. (Fig. 7e).
The REE contents in this group are lower than in the
other groups and in the volcanic rocks (Table 4 and
Electronic Appendix 4). In addition, the REE patterns nor-
malized to chondrite values have a flat slope, which is
very different from the LREE enriched Groups 1, 2 and
4 xenoliths (Fig. 7f). Clinopyroxenes in this group have
lower MgO, TiO2 and Al2O3 contents and higher FeOt,
Na2O, and MnO contents compared to clinopyroxenes
from other groups of xenoliths (Table 2 and Electronic
Appendix 2). The Ti content in clinopyroxene is indicative
of the degree of depletion of the mantle source of its parental
melt (Pearce and Norry 1976). Low Ti in clinopyroxenes from
Group 3 compared to the other groups could therefore indicate
that the source of this group has experienced more depletion
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and partial melting. Biotite crystallization and enrichment in
some trace elements might be attributed to the presence of K-
rich fluids. The positive anomalies of K, Rb, and Ba shown in
Fig. 7e are related to the modal abundance of biotite (40%).
The negative anomalies of P and Ce are instead related to the
lack of apatite.

The REE patterns of Group 4 are similar to those of the
intermediate volcanic rocks (Fig. 7h). The samples of this
group are on the other hand different from the Group 2 sam-
ples in terms of crystal size, depth of crystallization, their Cr
and Ni whole rock contents and the chemical composition of
clinopyroxenes. The Ni (19–68 ppm) and Cr (29–34 ppm)
contents in this group are lower than those of Group 2 xeno-
liths, and similar to those of the intermediate volcanic rocks
(Table 4 and Electronic Appendix 4). These samples of Group
4, similar to those of Group 2, display negative anomalies in
Th, Zr, Hf and Nb and positive anomalies in Ba, in agreement
with an accumulation process of clinopyroxene, amphibole
and phlogopite. K, Ba and Rb contents in the Group 4 are
lower than those of the Group 2 samples, due to its lower
modal content of phlogopite. The positive anomaly of P and
Ce in this group is related to the occurrence of apatite
(Fig. 7g). The high FeOt whole rock content in this group is
related to the relatively high modal abundance of opaque min-
erals. The occurrence of small inclusions of opaque minerals,
phlogopite and apatite within clinopyroxene implies that these
minerals crystallized before the host clinopyroxene. The var-
iation in major elements of clinopyroxene minerals observed
in Group 4 sample k-40 suggests that a first stage of crystal-
lization of opaques and clinopyroxene at relatively great depth
(20 to 22 km) modified the composition of the remaining
magma. From the latter the rest of the clinopyroxenes crystal-
lized at shallower depths (15–16 km).

Conclusions

The volcanic province in NW Marand area is limited by the
Gharagoz and Divan Daghi Faults to the north and by the
Mishou, Tabriz, and Tasuj Faults to the south. Petrographic
characteristics such as the occurrence of amphibole in inter-
mediate volcanic rocks, the lack of potassic-ultrapotassic
rocks, the whole rock major and trace elements contents as
well as the chemical composition of mica and clinopyroxene,
suggest that the composition of the parental melt is not
the same for the two series of volcanic rocks in this area.
The pyroxenite xenoliths occurring in the intermediate vol-
canic rocks display cumulate texture and are subdivided
into four groups based mainly on the modal mineralogy
and on the whole rock trace element contents (especially
REE). Two groups (Group 1 and 4) have a parental melt
similar to that of the intermediate volcanic rocks while the
parental melt of Group 2 samples is similar to that of the

potassic and ultrapotassic volcanic rocks. Finally, the
Group 3 clinopyroxenites differ from those of the other
pyroxenite groups and the two series of volcanic rocks.

Estimation of formation temperatures and pressures of
clinopyroxene in the different groups of pyroxenite xenoliths
and volcanic rocks evidences that the pyroxenite xenoliths of
Groups 1, 3, and 4 crystallized at crustal depth ranging from
35 to 39, 20 to 30 and 12 to 40 km, respectively. By comparison,
the Group 2 pyroxenite xenoliths formed within the upper
mantle at 50–60 km depth. Finally, clinopyroxenes from
intermediate volcanic rocks and potassic-ultrapotassic volca-
nic rocks formed at shallower depths ranging from 2 to12
and 12 to 20 km, respectively.
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