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A B S T R A C T

The Kaleybar, Razgah and Bozqush (KRB) intrusions were studied to better understand subduction-related
Eocene-Oligocene alkaline magmatism in NW Iran. The bulk of intrusions mainly consist of Si-undersaturated
rocks including foid-bearing monzonite and syenite (nepheline syenite, pseudoleucite syenite) with some foid-
bearing diorite and gabbro. In addition, they are spatially associated with Si-saturated rocks ranging in com-
position from monzo-diorite to syeno-granite. The main mafic rock-forming minerals of the studied rocks are
olivine (Fo44Fa56), clinopyroxene (diopside to augite), biotite (Mg-biotite through Fe-biotite), amphibole (ferro-
pargasite and magnesio-hastingsite with Mg#<0.55), and garnet (Ti-andradites). Based on whole rock geo-
chemistry, the foid-syenites and associated rocks show mildly alkaline (shoshonitic) affinity. The content of SiO2,
K2O+Na2O, and K2O/Na2O ratio ranges from 47.8 to 60.7 wt.%, 5.31 to 16.33 wt.%, and 0.6 to 3.2, respec-
tively. The intrusions are commonly metaluminous, with an aluminum-saturation index (ASI) ranging from 0.66
to 1.01. Almost all the rocks display similar arc-related geochemical features characterized by the enrichment in
large ion lithophile elements (LILE) and light rare earth elements (LREE) together with the depletion in high field
strength elements (HFSE). The chondrite-normalized REE patterns show no to marked negative Eu anomaly (Eu/
Eu*= 0.55 to 1.12), (La/Yb)N=8.16 to 31, (La/Sm)N=2.80 to 10.59, and (Tb/Yb)N=0.84 to 2.40. The
evaluation of the REE patterns for the KRB magmas and the comparison of the trace element ratios with ex-
perimental studies indicate a chemically enriched lithospheric mantle source composed of garnet-spinel-lher-
zolite that have underwent a low degree of partial melting< 5% to generate the KRB intrusions. Based on the
present data, we infer that the mantle source was contaminated by a subduction component and the melting of
the mantle lithosphere occurred by local extension in an overall convergent regime in NW Iran. The extension
regime during the Eocene is proposed to be the result of the Neo-Tethys slab roll-back and the Sevan-Akera-
Qaradagh (SAQ) slab break-off.

1. Introduction

Pre-, syn- and post-collision alkaline magmatism are reported from
many collision zones (e.g., Barker, 1987; Muller et al., 1992; Harris
et al., 1994; Alici et al., 1998; Turner et al., 1996; Aldanmaz et al.,
2000; Hajalilou et al., 2009; Ahmadzadeh et al., 2010; Dabiri et al.,
2011; Shafaii-Moghadam et al., 2014; Prelević et al., 2015; Moritz
et al., 2016a; Rezeau et al., 2017). During the life of a subduction zone
the typical calc-alkaline magmas tend to become more potassic with
time and may give way to igneous rocks of the shoshonitic/alkaline
association (e.g., Fitton and Upton, 1987; Muller and Groves, 2000).
There are two circumstances under which subduction processes can

lead to the generation of more normal alkaline magmas. Once the
descending slab has become dehydrated at depth it loses its capacity to
stimulate the generation of calc-alkaline magmas but it can still cause
melting in the overlying asthenosphere (e.g., Tatsumi and Eggins,
1995). This can lead to the production of alkaline magmas from the
mantle above the deepest parts of subduction zones (e.g., Barker, 1987).
After the cessation of subduction, relaxation of the former compressive
regime often results in extension and the generation of alkaline magmas
(e.g., Carmichael et al., 1996; Peccerillo and Frezzotti, 2015).

Alkaline rocks in general can be derived from partial melting of
metasomatized upper mantle sources (e.g., Dawson, 1987; Eby et al.,
1998), from unmetasomatized asthenospheric mantle by very small
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degrees of partial melting followed by extensive crystal fractionation
(e.g., Fitton, 1987), from interaction of asthenosphere-derived melts
with the overlying lithosphere (e.g., Menzies, 1987), from crystal
fractionation from alkali basaltic precursors combined with varying
degrees of crustal contamination (e.g., Brotzu et al., 1997;
Korobeinikova et al., 2000; Litvinovsky et al., 2002; Jung et al., 2004;
Wang et al., 2005; Zhang et al., 2010) or from small-degree partial
melting of enriched upper mantle or even lower crust (e.g., Woolley and
Jones, 1987; Zanvilevich et al., 1995; Motoki et al., 2015). Decom-
pression melting of metasomatized lithospheric lherzolite with minor
phlogopite and pargasite has been invoked for the formation of high-K
magmas by dehydration melting at 1–1.5 GPa, 1050–1150 °C
(Conceição and Green, 2004). Magmatic rocks with shoshonitic and
ultrapotassic (with high K and/or high MgO and with different degree
of silica saturation/undersaturation) signatures are abundant in the
Mediterranean–Iran regions, and their origin has been correlated to
partial melting of clinopyroxene–amphibole–phlogopite veins in a me-
tasomatized mantle source (e.g., Prelević et al., 2008; Pe-Piper et al.,
2009). Their genesis is suggested to be related to sediment fluids/melts
and subsequent K-metasomatism and enrichment of peridotitic litho-
sphere (e.g., Conticelli et al., 2009). Factors that control the silica ac-
tivity of the high-K melts are suggested to be related to: (1) abrupt
change of the composition of the recycled sediments (e.g., Conticelli
and Peccerillo, 1992; Frezzotti et al., 2009) and/or (2) interaction be-
tween deep asthenospheric mantle with lithospheric portion of mantle
wedge through slab tears within the descending slab (e.g., Prelević
et al., 2012).

The NW Iran region, confined by the Tabriz, Talesh, and Arax (or
Araks) faults, is the southeastern continuation of the Lesser Caucasus
and located in the western part of the Alborz-Azerbaijan magmatic belt
(AAMB) (Fig. 1). This region is one of the most important metallogenic
provinces (e.g., Richards, 2015; Richards and Sholeh, 2016; Moritz
et al., 2016b) and the most tectonically active area along the Alpine-
Himalayan Orogenic belt. The studied area is located between the Bi-
tlis-Zagros suture in the southwest and the nearest Sevan-Akera-Qar-
adagh (SAQ) suture in the northeast (Fig. 1). The NW-trending AAMB
stretches from the Alborz Mountains to Azerbaijan Province and is se-
parated from the Urumieh-Dokhtar magmatic arc (UDMA) to the south
by the Tabriz fault (Fig. 1).

The Turkish-Iranian plateau, as a main part of the Arabia-Eurasia
accretionary orogeny, arose from a complex geotectonic evolution with
the successive closure of the northern and southern branches of the
Neo-Tethys oceans during the Mesozoic and Cenozoic, respectively
(e.g., Rolland et al., 2012; Rolland, 2017; Sosson et al., 2016; Hässig
et al., 2015). The final Arabia-Eurasia collision is unclear and occurred
either during the Late Cretaceous (Mohajjel and Fergusson, 2000), Late
Eocene to Oligocene (Vincent et al., 2007; Allen and Armstrong, 2008;
Agard et al., 2011; Ballato et al., 2011; Van Hunen and Allen, 2011;
Rolland et al., 2012; Chiu et al., 2013; Kaislaniemi et al., 2014a,b;
Moritz et al., 2016a; Rezeau et al., 2017), or Early to Middle Miocene
(McQuarrie et al., 2003; Okay et al., 2010).

The temporal distribution of the Cenozoic alkaline magmatism in
the Turkish-Iranian plateau, northeast of the Bitlis-Zagros suture, shows
different phases of magma generation mainly in the late Eocene, late
Miocene and Plio–Quaternary (e.g., Dilek et al., 2010; Eyuboglu et al.,
2011; Shafaii-Moghadam et al., 2014; Moritz et al., 2016a; Rezeau
et al., 2017). The Cenozoic magmatism of Iran, especially in the AAMB,
has typically been viewed in terms of widespread and voluminous Eo-
cene–Oligocene arc-related volcanism and plutonism (e.g., Berberian
and King, 1981; Aftabi and Atapour, 2000; Aghazadeh et al., 2010;
Verdel et al., 2011; Ballato et al., 2011; Castro et al., 2013; Nabatian
et al., 2014). The voluminous subduction-related magmatism (calc-al-
kaline, alkaline and shoshonitic) occurred during the Eocene in the
back arc of the Neo-Tethys subduction zone (e.g., Berberian and King,
1981). Some authors have proposed an Eocene to Miocene phase of
lithospheric extension in Iran and adjacent regions to explain the local

alkaline and shoshonitic Tertiary magmatism (Hassanzadeh et al.,
2002; Vincent et al., 2005; Castro et al., 2013). Alternatively, a decrease
of the degree of partial melting of the sub-lithospheric mantle within a
compressional context related to the initiation of the Arabia-Eurasia
collision is also proposed in the southernmost Lesser Caucasus for the
generation of shoshonitic magmas (e.g., Rezeau et al., 2017).

The temporal geodynamic evolution from a subduction to collision
to post-collisional setting is controversial along the Turkish-Iranian
plateau. Also, there is no consensus regarding the origin of the Eocene
to Oligocene calc-alkaline, alkaline, and shoshonitic magmatism in the
AAMB. More recently, in the southernmost Lesser Caucasus, Rezeau
et al. (2017) showed a clear evolution from calc-alkaline in the mid-
Eocene to shoshonitic in the late Eocene-Early Oligocene in the Meghri-
Ordubad pluton. The later shares geochemical similarities with the
magmatism reported in the AAMB in the Eocene to Oligocene (Moritz
et al., 2016b). Is the Eocene-Oligocene AAMB magmatism a result of the
subduction of Neo-Tethys oceanic crust beneath the Iranian plate? Or is
it because of extension and late- to post-collisional events? Or is it due
to subduction of an unknown oceanic crust beneath the Alborz-Azer-
baijan plate? Or is it because of early subduction during the Eocene,
followed by the initiation of the Arabia-Eurasia collision in the late
Eocene-Early Oligocene? All of these questions have been the subject of
debate.

In comparison with widespread occurrences of the Eocene-
Oligocene Si-oversaturated calc-alkaline and shoshonitic rocks
throughout the AAMB, the Si-undersaturated alkaline/shoshonitic rocks
appear to be rare. The main outcrops of the foid-bearing alkaline in-
trusions have been discovered from Kaleybar, Razgah, and Bozqush
(KRB) area in the NW of Iran (Fig. 1). Also, there are small outcrops of
foid-bearing intrusions close to the main outcrops (e.g., Marzrud,
Hashtsar, Bashkand, Abas-abad, Van-abad, and Leghlan area). Detailed
studies of the relationship between magma genesis and the geodynamic
setting of the Eocene-Oligocene foid-bearing plutons of NW Iran are
rare (Babakhani, 1981; Moinevaziri, 1999; Ashrafi, 2009; Modjarrad
et al., 2011; Tajbakhsh et al., 2012). In this paper we present new data
on the geology, petrography, mineral chemistry and major, trace, and
rare-earth-elements characteristics of the KRB intrusions to identify the
nature of the parental magmas and to better understand magmatic
processes that generate alkaline melt in subduction-related environ-
ment in the AAMB.

2. Regional geology and geodynamics

Discovery of the Late Cretaceous pelagic limestones, pillow basalts,
and ophiolites along the "Qaradagh suture zone" in northwest Iran
(Berberian et al., 1981) illustrated the southeastern continuation of the
Mesozoic Sevan-Akera Ocean, i.e. the northern branch of the Neo-Te-
thys Ocean, in Iran. In the northern branch of the Neo-Tethys, an intra-
oceanic north-dipping subduction was operating from the Middle Jur-
assic to the Late Cretaceous and induced the opening of a back-arc basin
(the SAQ basin) floored with oceanic crust. The present SAQ suture
zone marks the closure of both the Neo-Tethys and its internal back-arc
basin (e.g., Berberian, 1983; Galoyan et al., 2009; Rolland et al., 2009;
Hässig et al., 2015; Sosson et al., 2016). The SAQ ophiolite is correlated
with the Izmir-Ankara-Erzincan suture zone of northern Anatolia
(Yilmaz et al., 2000; Hässig et al., 2013). The northward subduction of
the northern branch of the Neo-Tethys oceanic plate under the Eurasian
continental plate is confirmed by the arc-type magmatic products that
are found on the Eurasian southern margin from Azerbaijan, Talesh, the
west-central Alborz Mountains, and the Lesser Caucasus in the east to
the eastern Pontides in the west (Adamia et al., 1981; Berberian, 1983;
Lordkipanidze et al., 1989; Meijers et al., 2010; Okay and Nikishin,
2015; Robinson et al., 1996). Subduction started in the Middle Jurassic
and the oceanic plate was entirely subducted from Late Cretaceous to
Early Paleocene in the Lesser Caucasus (Hässig et al., 2015; Rolland
et al., 2012; Sosson et al., 2010) and from Paleocene to Eocene in the
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Pontides (Espurt et al., 2014; Lefebvre et al., 2013; Okay and Nikishin,
2015; Robertson et al., 2014; Sengör et al., 2003). The SAQ ophiolite
was obducted on the Lesser Caucasus and NW Iran between 88 and 83
Ma (Galoyan et al., 2007; Rolland et al., 2010), and final collision be-
tween the Eurasian margin and the Gondwana-derived blocks, i.e. the
South Armenian and northwestern Central Iranian blocks, took place at
73-71 Ma (Rolland et al., 2009).

Paleogene subduction-related plutonic rocks cut the SAQ suture
zone (∼50 Ma; Mederer et al., 2013) which indicate that the South
Armenian block was already accreted to the southern Eurasian margin.
Cenozoic magmatism is commonly reported from the Lesser Caucasus to
southeastern Iran and ascribed to the northward subduction of the
southern branch of the Neo-Tethys ocean during the convergence of the
Arabian plate towards the Eurasian margin and the subsequent collision
(e.g., Mouthereau et al., 2012; Castro et al., 2013; Chiu et al., 2013;

Moritz et al., 2016a; Rezeau et al., 2017).
The Arabian Peninsula is converging northward with respect to

Eurasia at> 20mm/yr
(DeMets et al., 1990) and has formed the Bitlis-Zagros suture ex-

tending southeast from Turkey to the Persian Gulf (Fig. 1). According to
plate-tectonic reconstructions, the motion of Arabia with respect to
Eurasia changed from about NE to N during the Miocene (Avagyan
et al., 2010), coupled with a decrease in plate convergence rates (e.g.,
McQuarrie et al., 2003; Bertrand et al., 2014). It is proposed that the
Arabia-Eurasia collision began along the Turkish margin and pro-
gressed towards southeastern Iran through time (e.g., Chiu et al., 2013).
Collision age estimates range from the Late Cretaceous to Pliocene, with
most estimates between 40 and 20 Ma (Allen and Armstrong, 2008;
Agard et al., 2011; Ballato et al., 2011; Chiu et al., 2013; McQuarrie and
van Hinsbergen, 2013; Kaislaniemi et al., 2014a,b; Moritz et al., 2016a;

Fig. 1. Map of the important Iranian structural-magmatic zones and Eocene-Oligocene plutons in NW Iran with location of the Kaleybar, Razgah, and Bozqush
plutons, shown as squares (simplified and modified from Aghanabati (1990) and Berberian (1983)). The studied plutons are surrounded between two old long major
faults, in the W-SW by the Tabriz fault and in the E-NE by the Talesh (Astara) fault. Abbreviations: AAMB, Alborz-Azerbaijan Magmatic Belt; LC, Lesser Caucasus;
SSMMZ, Sanandaj–Sirjan Metamorphic and Magmatic Zone; UDMA, Urumieh–Dokhtar Magmatic Arc; ZFTB, Zagros-Folded-Thrust Belt.

N. Ashrafi et al. Chemie der Erde 78 (2018) 432–461

434



Rezeau et al., 2017). Suturing has not yet occurred within the Gulf of
Oman and the Makran where subduction remains active.

The Iranian plateau comprises a number of continental fragments
that have been welded together along a suture zone of oceanic nature
(e.g., Azizi and Moinevaziri, 2009). Based on structural trends, the Ir-
anian plateau can be divided into seven fragments which are bounded
by major faults (Fig. 1): Zagros-Folded-Thrust Belt (ZFTB), Sa-
nandaj–Sirjan Metamorphic and Magmatic Zone (SSMMZ), Ur-
umieh–Dokhtar Magmatic Arc (UDMA), Alborz-Azerbaijan Magmatic
Belt (AAMB), Central Iran Blocks, Kopeh Dagh, and East Iran Belt (e.g.,
Dewey et al., 1973; Jackson and McKenzie, 1984; Sengör, 1984;
Stöcklin and Nabavi, 1973). The subduction of Neo-Tethys beneath the
Iranian plate during the Late Cretaceous to Paleogene accompanied by
the accretion of the Iranian blocks/terranes, and the subsequent con-
tinent–continent collision of the Arabian plate during the Eocene to
Miocene, was responsible for developing three ribbon structural zones
in Iran (ZFTB, SSMZ, and UDMA).

Magmatic activity in the UDMA and the AAMB started in the Late
Cretaceous and continued during Eocene until the Quaternary period
(e.g., Berberian et al., 1982; Azizi and Moinevaziri, 2009; Chiu et al.,
2013). The Eocene magmatism is volumetrically dominant at the sur-
face in both regions (e.g., Alavi, 2004; Farhoudi, 1978; Moinevaziri,
1999). Geochemical studies indicate that the UDMA mainly is com-
posed of subduction-related calc-alkaline rocks (e.g., Berberian et al.,
1982) although alkaline rocks are reported locally (Aftabi and Atapour,
2000; Amidi et al., 1984; Hassanzadeh, 1993; Moayyed et al., 2008;
Moradian, 1997).

In the southernmost Lesser Caucasus and the AAMB, the Middle
Eocene to Miocene magmatism was punctuated by the intrusion of
plutons, which include the Meghri-Ordubad polycyclic pluton with ages
of ∼18–38 Ma (Rezeau et al., 2016, 2017), the Tarom, Lavasan, and
Qasr-e-Firuzeh intrusions with emplacement ages of ∼35–40Ma
(Ballato et al., 2011; Rezaeian et al., 2012; Nabatian et al., 2014), the
Arasbaran-Taroum batholith with ages of ∼23–38Ma (Aghazadeh
et al., 2010, 2011; Castro et al., 2013). There is no isotopic dating,
crystallization age, for the KRB plutons. However, the cooling ages for
the KRB plutons range from ∼29–40Ma (Ashrafi et al., 2018), which
determined by the apatite fission track analysis. In the Alborz, sub-
marine volcaniclastic sedimentation ended in the Late Eocene-Early
Oligocene (∼34Ma) as the tectonic regime reverted to compression.
The timing of this change is consistent with a regional termination of
the voluminous arc and back-arc magmatism (Ballato et al., 2011)
across Iran and adjacent areas, which is related to the initial collision of
Arabia and Eurasia (Allen and Armstrong, 2008). At this time the
southern Alborz emerged above sea level and was affected by wide-
spread erosion, terrestrial deposition, and limited subaerial basaltic
volcanism (e.g., Emami, 2000; Verdel et al., 2011). This transition to-
wards a compressional regime affected most of the Arabia-Eurasia
collision zone and is recorded by a regional unconformity seen in the
Central Iranian Plateau, Turkey, Caucasus, Talesh and Zagros moun-
tains (Hessami et al., 2001; Brunet et al., 2003; Vincent et al., 2007;
Morley et al., 2009). The post-suturing magmatism in the UDMA and
the SSMZ was probably controlled by roll-back processes following
break-off of the Neo-Tethys subducted slab (Ghasemi and Talbot, 2006;
Jahangiri, 2007; Agard et al., 2011; Mouthereau et al., 2012).

To summarize, four main magmatic events have occurred in the NW
Iran (Alberti et al., 1976; Comin-Chiaramonti et al., 1979; Didon and
Gemain, 1976; Stöcklin and Nabavi, 1973), and the KRB plutons were
formed during the second magmatic event described below.

(1) The first, from Late Cretaceous to Early Eocene, is mainly char-
acterized by volcanic rocks as well small sub-volcanic intrusions.
The magmatism was first submarine and then subaerial with
blairmoritic character. The magmatism has limited areal extent and
was characterized by a strong explosive activity.

(2) The second, from Eocene to Oligocene, is a shoshonitic event

characterized by many granitic-syenitic-gabbroic stocks/batholiths
(e.g., Aghazadeh et al., 2010; Castro et al., 2013; Nabatian et al.,
2014). The most abundant volcanic rocks are Ne-normative te-
phritic lavas in which the foids are mainly represented by analcite
(analcite-bearing tephritic phonolites).

(3) The third magmatic event, from Miocene to Pliocene, is char-
acterized by medium-K calc- alkaline and foid-free volcanic rocks
(9–11Ma; Alberti et al., 1976) and small intrusions. Products of this
volcanism range from latitic rocks to alkali-quartz trachytes (e.g.,
Jahangiri, 2007). Limited occurrences of Miocene analcite and
leucite-bearing alkaline volcanics are also reported from the NW
Iran (Moayyed et al., 2008; Shafaii-Moghadam et al., 2014).

(4) The fourth magmatic event, Plio-Quaternary volcanism, displays
sub-alkaline, high-K calc-alkaline and alkaline affinities (e.g.
Ahmadzadeh et al., 2010; Dabiri et al., 2011).

3. Field relationships

The Kaleybar pluton was emplaced in Late-Cretaceous limestones
and intermediate to acid lava flows. There are distinct contact meta-
morphic areoles and chilled margins around the Kaleybar pluton. The
Kaleybar pluton mainly consists of gabbro, quartz monzonite and ne-
pheline syenite (Fig. 2a). Pyroxenites as enclave and lenticular small
bodies in and/or near the gabbro occur in the southern part of the
pluton. The microgranite and quartz monzonite stocks occur in the
north and center of the Kaleybar pluton. Based on field evidence, such
as enclaves, intrusive contacts, and apophyses within the Kaleybar
pluton, the pyroxenite and gabbro are older than the nepheline syenite
and quartz monzonite. The general textures of the main rocks are
coarse-grained granular and porphyritic. They have been mostly cut by
abundant pink-coloured aplitic and pegmatitic dykes. Lamprophyric,
gabbroic and phonolitic dykes also occur in the Kaleybar pluton.

The Razgah pluton is in contact with Quaternary sediments.
However, there are Eocene and Miocene basaltic andesite and gypsi-
ferous marl in the vicinity of the Razgah pluton. The Razgah pluton
composition varies from pseudoleucite syenite to monzo-diorite/syenite
(Fig. 2b). The contact between the pseudoleucite syenite and monzo-
diorite/syenite is typically controlled by faulting, however a gradual
change in composition is observed locally. The pseudoleucite syenites
have porphyritic texture with pseudoleucite megacrysts, whereas the
monzo-diorites/syenites have coarse-grained texture. Both the pseu-
doleucite syenites and the monzo-diorites/syenites have been cut by
abundant pink-coloured micro-syenitic, micro-granitic, and pegmatitic
dykes as well as dark grey phonolitic dykes up to 4m in thickness. The
Razgah pluton is cut by aplitic and silicic dykes along the western
margin, where a copper mineralization zone is reported.

The Bozqush pluton was emplaced into Eocene mega-porphyry an-
desite, analcite trachy-andesite, trachyte, and tuff. A slight contact
metamorphic areole and a chilled margin are observed along the
eastern and western contact of the Bozqush pluton, respectively. The
main rocks of the Bozqush pluton are biotite nepheline syenite and
pseudoleucite syenite (Fig. 2c). The pseudoleucite syenite forms a small
part of the southern portion of the pluton. The Bozqush pluton is mostly
cut by abundant aplitic and pegmatitic dykes up to 5m thickness. The
dykes vary from syenite to granite in composition and are light pink to
light grey in color. Scarce dark grey basaltic dykes are also found.

4. Rock types and petrographic features

According to the recommendations of the International Union of
Geological Sciences (IUGS) (Le Maitre, 1989), rock compositions for the
KRB plutons range from quartz monzonite to syeno-granite for the Si-
saturated rocks and from foid-bearing diorite/gabbro to foid syenite
with minor foidolite and pyroxenite for the Si-undersaturated rocks
(Fig. 3). Detailed description for each the pluton is presented in the
following subsections. A summary of the petrographic characteristics of
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Fig. 2. Geological map of the KRB plutons with the location of analysed samples; (a) the Kaleybar pluton (modified from Mehrpartou and Nazer, 1999; Mehrpartou
et al., 1992), (b) the Razgah pluton (modified from Mahdavi and Aminifazl, 1989), (c) the Bozqush pluton (modified from Asadian et al., 1993).

Fig. 3. Modal classification of the samples by quartz (Q), alkali-feldspar (A), plagioclase (P), and feldspathoid (F) (Le Maitre, 1989).
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the KRB rocks is found in Table 1.

4.1. Kaleybar

The lithologies of the Kaleybar intrusion vary from the mafic clin-
opyroxenite to more differentiated quartz monzonite and nepheline-
bearing alkali-syenite (Fig. 3). The clinopyroxenite contains up to 90%
pale pink to green diopside, up to 20% interstitial magnetite, tiny green
spinels enclosed by magnetite and occasional pale green amphibole and
brown biotite forming ragged areas or rims on pyroxene. Overall, the
rock forming minerals are alkali-feldspar, nepheline, plagioclase, am-
phibole (up to 10%), clinopyroxene (up to 5%), melanite (up to 5%),
biotite, apatite, titanite, zircon, spinel, Fe-Ti oxide, quartz, and sec-
ondary minerals (Fig. 4a, b and Fig. 5c, d). Spinel only appears in
clinopyroxenite and displays a Fe-Ti oxide reaction rim (Fig. 4c).

4.2. Razgah

The lithologies of the Razgah pluton vary from pseudoleucitolite to
nepheline monzo-syenite (Fig. 3). The pseudoleucite syenite and ne-
pheline monzo-syenite constitute the main bulk of the pluton. The
pseudoleucitolite and pseudoleucite syenite are coarse-grained and
porphyritic with pseudoleucite megacrysts up to 5 cm across. The rock
forming minerals of the main rocks are pseudoleucite, alkali-feldspar,
plagioclase, clinopyroxene (up to 10%), nepheline, olivine (up to 5%),
biotite, apatite (up to 2%), zircon, Fe-Ti oxide, and secondary minerals
(Fig. 5a, b).

4.3. Bozqush

The lithologies of the Bozqush intrusion vary from nepheline-
bearing biotite syenite to nepheline-bearing monzo-diorite (Fig. 3). The
rock forming minerals are alkali-feldspar, plagioclase, biotite (up to
10%), clinopyroxene (up to 5%), nepheline, amphibole, melanite,

Table 1
Petrographic characteristics of the KRB main rocks.

Pluton Kaleybar Razgah Bozqush

Rock type NeSy, NeAlSy, NeMo, NeMoDG, NeDG, QtzMo,
QtzMoDG, Cpy

Pslsy (PSL), NeMoDG, PslMoSy NeSy, PslSy (PSL), NeMoSy, NeMo

Texture porphyry, hypidiomorphic porphyry (hypidiomorphic) hypidiomorphic (porphyry)
Grain size medium, coarse coarse medium, coarse
Mafic phase Cpx, Bt, Amp, (± )Grt, Cpx, Ol, (± )Bt Cpx, Amp, Bt
Accessory Opq,Ttn, Ap, Zrn, (± )Spl Opq, Ap, Zrn Opq, Ap, Zrn, Ttn, (± )Grt
Alteration very slight slightly to moderately very slight
Secondary phase sericite, muscovite, sodalite, analcite, cancrinite,

zeolite, epidote, chlorite, quartz, calcite, iron oxide,
clay minerals

zeolite, sericite, calcite, iron oxide, muscovite,
analcite, cancrinite, iddingsite, chlorite, quartz, clay
minerals

sericite, muscovite, analcite, zeolite,
epidote, quartz, calcite, clay minerals

Abbreviations: Amp, amphibole; Ap, apatite; Bt, biotite; Cpy, clinopyroxenite; Cpx, clinopyroxene; Grt, garnet; QtzMo, quartz monzonite; QtzMoDG, quartz monzo-
diorite/gabbro; NeAlSy, nepheline-bearing alkali-syenite; NeDGnepheline-bearing diorite/gabbro; NeMo, nepheline-bearing monzonite; NeMoDG, nepheline monzo-
diorite/gabbro (nepheline-bearing monzo-diorite/gabbro); NeSy, nepheline syenite (nepheline-bearing syenite); Ol, olivine; Opq, opaques; PslSy, pseudoleucite
syenite; Spl, spinel; Ttn, titanite; and Zrn, zircon.

Fig. 4. Photomicrographs of the KRB rocks; (a)
microperthitic alkali-feldspar (Kfs), horn-
blende (Hbl), titanite (Tt) and apatite (Ap) in
the Kaleybar nepheline syenite, (b) main mi-
nerals of clinopyroxene (Cpx), plagioclase (Pl)
and biotite (Bt) in the Kaleybar monzo-gabbro,
(c) the Kaleybar clinopyroxenite with granular
texture and minerals of clinopyroxene, Fe-Ti
oxide (Opq) and spinel (Spl), (d) the Bozqush
nepheline syenite with hypidiomorphic texture
and minerals of microperthitic alkali-feldspar,
biotite (enclosing Fe-Ti oxide), clinopyroxene,
opacity olivine (Ol), nepheline (Ne) and apa-
tite.
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olivine, apatite, titanite, zircon, Fe-Ti oxide, pseudoleucite, and sec-
ondary minerals (Fig. 4d). The alkali-feldspar generally shows micro-
perthitic and poikilitic texture. Optically, the plagioclase occasionally
shows a distinct zoning. Biotite is the main hydrous mineral and occurs
as individual grains and/or enclosing the Fe-Ti oxides. The amphibole
forms rims on the clinopyroxene. Fine-grained melanite garnet (up to
1%) only appears in a sample from the margin of the pluton.

5. Analytical methods

Mineral analyses were done using a JEOL electron probe X-ray
microanalyzer (JXA-8800) at the Kanazawa University. Operating
conditions were an acceleration voltage of 20 kV, a beam current of
20 nA, and 3 μm probe diameter. Natural and synthetic minerals of
known compositions were used as standards. Representative analyses
are listed in Table 2.

Thirty-seven representative fresh whole-rock samples were pow-
dered using an agate ball mill. Major elements were analysed by ICP-
AES and trace elements, including rare-earth elements (REE), were
analysed by ICP-MS at the ALS Chemex lab (Canada). The detection
limit for major elements oxides is 0.01%. The analytical results for the
samples are presented in Table 3.

6. Mineral chemistry

6.1. Olivine and spinel

The olivines from the Razgah have the composition of Fo44Fa56,
which characterized them as hortonolite (Table 2).

Spinels appear in the Kaleybar clinopyroxenite and contain ∼62 wt.
% Al2O3, ∼20wt.% MgO, ∼16wt.% FeO, up to 0.18 wt.% MnO, up to
0.06 wt.% TiO2, and up to 0.04 wt.% NiO (Table 2).

6.2. Fe-Ti oxide

The chemistry of magnetite and ilmenite from the Bozqush nephe-
line syenite and the Kaleybar clinopyroxenite has been determined.
Unlike magnetite, ilmenite is quite scarce in the studied plutons. In the
nepheline syenite, ilmenite occurs as exsolution lamella in magnetite,
which likely illustrates subsolidus reequilibration. The nepheline sye-
nite magnetites have 9.75–19.97 wt.% TiO2 and 1.26–2.25 wt.% Al2O3

while the clinopyroxenite ones contain 1.81–4.42 wt.% TiO2 and
0.70–2.90 wt.% Al2O3. The ilmenites contain ∼3.3 wt.% MnO and up
to ∼0.65 wt.% MgO (Table 2).

6.3. Clinopyroxene

The clinopyroxenes range in composition from diopside to augite
(Fig. 6c). Considering the atomic proportion of Wo, En and Fs in the
studied clinopyroxenes, variation in end-member components mostly
involves the interchange of En and Fs. The clinopyroxenes Mg#, Mg/
(Mg+Fe), ranges from ∼0.8 in the Kaleybar clinopyroxenite and
monzo-gabbro to ∼0.6 in the Bozqush nepheline syenite and the
Razgah pseudoleucite syenite. Moreover there is CaM2(Fe2+,Mg)M1 =
NaM2Fe3+M1 exchange in the clinopyroxenes.

6.4. Amphiboles

Chemical composition of the amphiboles is ferro-pargasite
(Mg#<0.5; VIAl≥ Fe3+) and magnesio-hastingsite (Mg#>0.5;
VIAl < Fe3+) with Mg#<0.55 (Fig. 6a). The Kaleybar amphiboles are
richer in Ca+AlIV and poorer in Ti than the Bozqush ones and CaA-
lIV=SiNa exchange is the main substitution.

6.5. Feldspars

Alkali-feldspars from the Bozqush nepheline syenite vary from Or61
Ab36 An3 to Or84 Ab15 An1 (Table 2). The average anorthite content of

Fig. 5. (a–c) Photomicrographs of the KRB
rocks; (a) coarse minerals of alkali-feldspar
(Kfs), plagioclase (Pl), clinopyroxene (Cpx),
apatite (Ap), Fe-Ti oxide (Opq) in the Razgah
monzonite, (b) intergrowth of alkali-feldspar
and nepheline (Ne) accompanied by uncertain
secondary minerals (SM) inside pseudoleucite
in the Razgah pseudoleucite syenite, (c) eu-
hedral nephelines slightly altered to cancrinite
(Cc) accompanied by alkali-feldspar, garnet
(Grt), titanite (Tt), hornblende (Hbl), biotite
(Bt), and Fe-Ti oxide in the Kaleybar nepheline
syenite. (d) Back-scattered electron image of
analcimized nepheline (Anl) and alkali-feld-
spar within coarse garnet in the Kaleybar ne-
pheline syenite.
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Table 2
Representative electron microprobe analysis of some minerals from the KRB plutons.

Mineral olivine

Pluton Razgah

Rock type PslSy

Sample no. 1 2 3 4 5

Wt.%
SiO2 34.76 34.87 35.07 34.45 34.64
TiO2 0.02 0.03 0.02 0.05 0.03
FeO 46.73 46.78 46.24 45.51 45.37
MnO 2.43 2.38 2.45 2.33 2.25
MgO 18.35 18.85 19.30 19.42 19.96
CaO 0.56 0.56 0.49 0.40 0.50
Na2O 0.02 – 0.03 0.01 –
NiO – 0.03 – – –
Total 102.88 103.49 103.60 102.17 102.75
Cations on the basis of 4 (O)
Si 1.003 0.999 1.000 0.996 0.994
Ti – 0.001 – 0.001 0.001
Fe2+ 1.127 1.121 1.103 1.100 1.088
Mn 0.059 0.058 0.059 0.057 0.055
Mg 0.789 0.805 0.821 0.837 0.853
Ca 0.017 0.017 0.015 0.012 0.015
Na 0.001 – 0.002 0.001 –
Ni – 0.001 – – –
Cations 2.996 3.002 3.000 3.004 3.006
Mg/(Fe+Mg) 0.41 0.42 0.43 0.43 0.44

Mineral Fe-Ti oxide

Pluton Bozqush Kaleybar

Rock type NeSy Cpy

Sample no. 1 2 3 4 5 6 1 2 3

Wt.%
SiO2 0.13 0.27 0.03 0.04 0.02 0.02 0.02 0.00 0.02
TiO2 8.78 19.97 7.82 52.04 52.11 52.11 2.80 4.42 2.67
Al2O3 2.19 1.32 2.25 0.12 0.12 0.10 1.18 2.79 1.48
FeO 83.11 70.88 82.88 44.91 45.10 44.48 88.07 85.34 87.77
MnO 1.13 2.04 1.08 3.28 3.29 3.29 0.30 0.47 0.30
MgO 0.27 0.41 0.24 0.69 0.68 0.65 1.30 2.68 1.41
CaO 0.03 0.01 – – 0.01 0.02 – – –
Na2O 0.03 0.01 – – 0.02 0.01 – – –
NiO – – – – – 0.02 – – –
Total 95.68 94.91 94.30 101.08 101.33 100.69 93.66 95.70 93.64

Cations on the basis of 4 (O) Cations on the basis of 3 (O) Cations on the basis of 4 (O)
Ti 0.247 0.576 0.223 0.971 0.970 0.977 0.080 0.121 0.076
Al 0.097 0.060 0.100 0.003 0.004 0.003 0.053 0.120 0.066
Fe3+ 1.408 0.788 1.454 0.073 0.076 0.059 1.788 1.638 1.783
Fe2+ 1.196 1.486 1.174 0.858 0.857 0.868 0.997 0.961 0.987
Mn 0.036 0.066 0.035 0.069 0.069 0.069 0.010 0.014 0.010
Mg 0.015 0.024 0.014 0.025 0.025 0.024 0.073 0.145 0.079
Cations 3.000 3.000 3.000 2.000 2.000 2.000 3.000 3.000 3.000

Mineral clinopyroxene

Pluton Razgah Bozqush Kaleybar

Rock type PslSy NeSy MoGb

Sample no. 1 2 3 1 2 3 1 2 3 4

Wt.%
SiO2 51.47 50.84 51.28 52.39 51.87 52.31 51.59 49.73 49.40 50.75
TiO2 1.04 1.00 0.92 0.89 0.47 0.58 0.62 1.01 1.03 0.69
Al2O3 2.32 2.52 2.02 2.36 2.52 2.51 3.64 5.30 5.50 3.97
FeO 9.10 12.49 12.83 8.76 11.87 10.35 6.99 8.19 8.15 8.76
MnO 0.42 0.49 0.58 0.50 0.72 0.58 0.37 0.42 0.39 0.37
MgO 13.46 9.81 9.87 13.66 10.72 11.62 13.42 12.20 12.06 12.14
CaO 21.92 22.98 22.49 22.51 22.66 22.81 23.65 23.61 23.55 23.70
Na2O 0.62 0.80 0.94 0.74 0.96 0.94 0.96 1.00 0.95 0.94
Total 100.35 100.92 100.98 101.83 101.80 101.71 101.27 101.46 101.02 101.34
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Table 2 (continued)

Mineral clinopyroxene

Pluton Razgah Bozqush Kaleybar

Rock type PslSy NeSy MoGb

Sample no. 1 2 3 1 2 3 1 2 3 4

Cations on the basis of 6 (O)
Si 1.911 1.915 1.930 1.913 1.924 1.929 1.881 1.819 1.815 1.864
AlT 0.089 0.085 0.070 0.087 0.076 0.071 0.119 0.181 0.185 0.136
AlM1 0.013 0.027 0.020 0.015 0.034 0.038 0.037 0.047 0.054 0.035
Ti 0.029 0.028 0.026 0.024 0.013 0.016 0.017 0.028 0.028 0.019
Fe3+M1 0.062 0.060 0.066 0.075 0.085 0.068 0.115 0.148 0.141 0.130
Fe2+M1 0.151 0.333 0.333 0.141 0.275 0.239 0.098 0.102 0.110 0.139
Mg 0.745 0.551 0.554 0.744 0.593 0.639 0.729 0.665 0.661 0.665
Fe2+M2 0.070 0.000 0.005 0.051 0.008 0.013 0.000 0.000 0.000 0.000
Mn 0.013 0.016 0.019 0.015 0.023 0.018 0.011 0.013 0.012 0.012
Ca 0.872 0.927 0.907 0.881 0.900 0.902 0.924 0.925 0.927 0.933
Na 0.045 0.058 0.068 0.052 0.069 0.068 0.068 0.071 0.067 0.067
Cations 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Wo 45.6 49.1 48.2 46.2 47.8 48.0 49.20 49.90 50.10 49.66
En 38.9 29.2 29.4 39.0 31.5 34.0 38.85 35.88 35.70 35.40
Fs 15.5 21.7 22.4 14.8 20.7 18.0 11.95 14.22 14.20 14.94

Mineral amphibole

Pluton Kaleybar Kaleybar Bozqush

Rock type NeSy MoGb NeSy

Sample no. 1 2 3 1 2 3 1 2 3 4

Wt.%
SiO2 37.93 37.53 37.83 38.74 38.58 38.87 38.98 39.35 39.70 39.40
TiO2 1.75 2.32 2.61 2.63 2.56 2.57 3.29 3.64 3.62 3.70
Al2O3 13.09 13.27 12.93 13.58 13.48 13.58 11.99 11.84 11.99 11.93
FeO 21.36 21.60 20.75 17.78 17.85 17.71 21.25 20.10 20.20 20.37
MnO 0.96 0.99 0.94 0.49 0.46 0.45 0.60 0.62 0.57 0.54
MgO 6.68 6.62 6.79 9.03 9.09 9.07 6.45 6.79 6.92 6.78
CaO 11.62 11.55 11.53 11.92 11.85 11.87 11.55 11.66 11.59 11.53
Na2O 2.51 2.56 2.42 2.32 2.22 2.19 2.51 2.67 2.57 2.60
K2O 2.26 2.28 2.30 2.38 2.42 2.44 1.97 1.90 1.88 1.88
Total 98.17 98.73 98.09 98.86 98.49 98.74 98.59 98.56 99.04 98.72
Cations on the basis of 23 (O)
Si 5.930 5.845 5.919 5.904 5.896 5.923 6.085 6.139 6.145 6.127
AlT 2.070 2.155 2.081 2.096 2.104 2.077 1.915 1.861 1.855 1.873
AlC 0.341 0.279 0.301 0.342 0.323 0.359 0.289 0.315 0.330 0.313
Fe3+ 0.165 0.182 0.077 0.075 0.130 0.087 0.000 0.000 0.000 0.000
Ti 0.206 0.272 0.308 0.302 0.294 0.294 0.387 0.427 0.421 0.433
Mg 1.557 1.538 1.583 2.052 2.071 2.060 1.502 1.578 1.597 1.571
Fe2+ 2.629 2.632 2.638 2.191 2.151 2.170 2.774 2.622 2.614 2.648
MnC 0.103 0.097 0.093 0.039 0.032 0.029 0.047 0.057 0.038 0.035
MnB 0.025 0.034 0.031 0.025 0.028 0.029 0.032 0.024 0.036 0.035
Ca 1.946 1.927 1.933 1.947 1.940 1.938 1.932 1.948 1.922 1.922
NaB 0.029 0.039 0.036 0.029 0.032 0.033 0.036 0.028 0.041 0.042
NaA 0.730 0.735 0.699 0.656 0.625 0.615 0.724 0.780 0.730 0.741
K 0.450 0.453 0.459 0.462 0.471 0.474 0.391 0.377 0.372 0.373
Cations 16.181 16.188 16.158 16.117 16.096 16.090 16.115 16.157 16.102 16.115
Mg/(Mg+Fe2+) 0.37 0.37 0.38 0.48 0.49 0.49 0.35 0.38 0.38 0.37

Mineral plagioclase alkali-feldspar

Pluton Kaleybar Kaleybar Bozqush

Rock type MoGb MoGb NeSy

Sample no. 1 2 3 4 1 2 1 2 3

Wt.%
SiO2 58.59 59.55 56.50 56.49 63.95 63.45 65.73 65.68 65.69
TiO2 – 0.01 0.01 0.04 0.06 0.08 0.03 0.07 0.09
Al2O3 26.51 25.49 27.59 27.78 19.55 21.05 19.29 19.36 19.33
FeO 0.13 0.15 0.19 0.21 0.04 0.03 0.04 0.08 0.06
MnO 0.03 – 0.02 – – 0.02 – 0.02 0.04
BaO 0.03 0.05 0.05 – 0.72 0.90 0.25 0.25 0.20
CaO 8.59 7.56 9.98 10.03 0.84 0.47 0.55 0.49 0.57
Na2O 6.98 7.18 5.69 5.75 1.84 1.42 3.66 3.94 3.97
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Table 2 (continued)

Mineral plagioclase alkali-feldspar

Pluton Kaleybar Kaleybar Bozqush

Rock type MoGb MoGb NeSy

Sample no. 1 2 3 4 1 2 1 2 3

K2O 0.41 0.54 0.91 0.29 12.79 13.40 10.78 10.41 10.26
Total 101.27 100.53 100.94 100.59 99.79 100.82 100.33 100.30 100.21
Cations on the basis of 32 (O)
Si 10.391 10.602 10.113 10.108 11.780 11.598 11.900 11.883 11.885
Al 5.537 5.344 5.816 5.854 4.241 4.531 4.113 4.125 4.119
Ti – 0.001 0.001 0.005 0.008 0.011 0.004 0.010 0.012
Fe2+ 0.019 0.022 0.028 0.031 0.006 0.005 0.006 0.012 0.009
Mn 0.005 – 0.003 – – 0.003 – 0.003 0.006
Ba 0.002 0.003 0.004 – 0.052 0.064 0.018 0.018 0.014
Ca 1.632 1.442 1.914 1.923 0.166 0.092 0.107 0.095 0.110
Na 2.400 2.479 1.975 1.995 0.657 0.503 1.285 1.382 1.393
K 0.093 0.123 0.208 0.066 3.006 3.125 2.490 2.403 2.368
Cations 20.081 20.019 20.066 19.982 19.968 19.996 19.941 19.949 19.930
X 15.928 15.947 15.930 15.967 16.029 16.140 16.017 16.018 16.016
Z 4.151 4.069 4.132 4.015 3.887 3.792 3.906 3.913 3.900
Ab 58.2 61.3 48.2 50.1 17.2 13.5 33.1 35.6 36.0
An 39.5 35.7 46.7 48.3 4.3 2.5 2.8 2.4 2.8
Or 2.3 3.0 5.1 1.7 78.5 84.0 64.1 61.9 61.2

Mineral plagioclase alkali-feldspar

Pluton Bozqush Bozqush Razgah

Rock type NeSy NeSy PslSy

Sample no. 1 2 1 2 1 2 3 4 5

Wt.%
SiO2 61.93 61.28 64.97 64.75 64.51 64.08 64.00 64.17 64.63
TiO2 0.06 0.04 0.02 0.02 0.10 0.04 0.09 0.06 0.06
Al2O3 24.08 24.39 19.00 19.29 18.62 18.82 18.52 18.62 18.70
FeO 0.16 0.20 0.11 0.11 0.05 0.06 0.07 0.09 0.10
MnO – 0.04 0.06 0.03 0.01 0.03 0.01 – –
BaO 0.03 – 0.13 0.35 n.a. n.a. n.a. n.a. n.a.
CaO 5.59 6.17 0.25 0.31 0.22 0.14 0.13 0.19 0.17
Na2O 8.11 7.82 1.66 1.98 0.44 0.45 0.28 0.43 0.41
K2O 0.56 0.52 13.96 13.77 15.82 15.81 15.92 15.76 15.93
Total 100.52 100.46 100.16 100.61 99.76 99.43 99.03 99.33 99.99
Cations on the basis of 32 (O)
Si 10.956 10.866 11.911 11.840 11.941 11.906 11.940 11.931 11.938
Al 5.017 5.093 4.102 4.154 4.058 4.117 4.069 4.077 4.067
Ti 0.008 0.005 0.003 0.003 0.014 0.006 0.012 0.009 0.008
Fe2+ 0.024 0.030 0.017 0.017 0.007 0.009 0.010 0.014 0.016
Mn – 0.006 0.009 0.005 0.001 0.004 0.002 – –
Ba 0.002 – 0.009 0.025 – – – – –
Ca 1.060 1.172 0.049 0.061 0.043 0.027 0.027 0.038 0.034
Na 2.782 2.689 0.590 0.702 0.159 0.162 0.102 0.155 0.145
K 0.126 0.118 3.265 3.212 3.735 3.748 3.789 3.739 3.754
Cations 19.977 19.979 19.964 20.058 19.958 19.979 19.951 19.963 19.962
X 15.981 15.964 16.016 15.997 16.013 16.029 16.021 16.017 16.013
Z 3.994 4.015 3.939 4.036 3.945 3.950 3.930 3.946 3.949
Ab 70.1 67.5 15.1 17.7 4.0 4.1 2.6 3.9 3.7
An 26.7 29.5 1.3 1.5 1.1 0.7 0.7 1.0 0.9
Or 3.2 3.0 83.6 80.8 94.9 95.2 96.7 95.1 95.4

Mineral biotite

Pluton Kaleybar Bozqush

Rock type MoGb NeSy

Sample no. 1 2 3 4 5 1 2 3 4 5

Wt.%
SiO2 36.20 36.10 35.82 36.34 35.95 36.12 36.19 36.30 35.62 36.10
TiO2 4.82 4.80 4.85 4.71 4.41 5.80 5.90 6.03 5.58 5.42
Al2O3 15.02 15.10 15.10 15.13 15.75 14.50 14.34 14.31 14.39 14.70
FeO 19.17 19.37 19.55 18.12 18.33 21.38 21.37 21.48 22.40 21.70
MnO 0.37 0.41 0.42 0.35 0.36 0.47 0.46 0.52 0.58 0.55
MgO 11.75 11.92 11.53 12.77 12.49 10.00 9.91 9.91 9.39 9.55
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the alkali-feldspars is 2 mol. %. The Ab contents range from 15 to
36mol. %. The average composition of the alkali-feldspars from the
Kaleybar monzo-gabbro and the Razgah pseudoleucite syenite are Or82
Ab15 An3 and Or96 Ab3 An1, respectively. The plagioclase composition
ranges from Ab55 An42 Or3 for the Kaleybar monzo-gabbro to Ab69 An28
Or3 for the Bozqush nepheline syenite (Fig. 6d).

6.6. Biotite

Based on the International Mineralogical Association (IMA) classi-
fication scheme, the mica compositions plot between the siderophyllite
and eastonite end members as Mg-biotite in the Kaleybar alkali-gabbro
to Fe-biotite in the Bozqush nepheline syenite (Fig. 6b). Based on their
FeO, MnO, MgO, TiO2, and AlVI content, they are primary magmatic
biotites.

Table 2 (continued)

Mineral biotite

Pluton Kaleybar Bozqush

Rock type MoGb NeSy

Sample no. 1 2 3 4 5 1 2 3 4 5

CaO 0.01 0.02 0.03 0.00 0.01 0.00 0.00 0.00 0.02 0.01
Na2O 0.20 0.23 0.21 0.20 0.17 0.40 0.43 0.37 0.38 0.42
K2O 9.59 9.62 9.71 9.68 9.86 9.44 9.45 9.49 9.58 9.57
Total 97.13 97.57 97.22 97.30 97.33 98.11 98.05 98.41 97.94 98.02
Cations on the basis of 22 (O)
Si 5.546 5.504 5.502 5.519 5.467 5.573 5.596 5.593 5.541 5.594
AlIV 2.454 2.496 2.498 2.481 2.533 2.427 2.404 2.407 2.459 2.406
AlVI 0.255 0.216 0.233 0.225 0.288 0.208 0.207 0.189 0.177 0.277
Ti 0.556 0.550 0.560 0.538 0.504 0.673 0.686 0.699 0.653 0.632
Fe3+VI 0.852 0.919 0.891 0.896 0.818 0.968 0.941 0.971 0.937 0.800
Fe2+ 1.604 1.552 1.620 1.405 1.513 1.791 1.822 1.776 1.956 2.012
Mn 0.049 0.053 0.055 0.045 0.046 0.061 0.060 0.068 0.076 0.072
Mg 2.684 2.710 2.640 2.891 2.831 2.300 2.284 2.276 2.178 2.206
Ca 0.002 0.003 0.005 0.000 0.002 0.000 0.000 0.000 0.003 0.002
Na 0.058 0.068 0.063 0.059 0.050 0.120 0.129 0.111 0.115 0.126
K 1.874 1.871 1.903 1.875 1.913 1.858 1.864 1.865 1.901 1.892
Cations 15.934 15.942 15.970 15.934 15.965 15.979 15.993 15.955 15.997 16.019

Mineral spinel garnet

Pluton Kaleybar Kaleybar

Rock type Cpy NeSy

Sample no. 1 2 3 4 5 1 2 3 4 5

Wt.% Wt.%
SiO2 – 0.01 – 0.01 – SiO2 36.24 36.30 35.13 35.06 34.97
TiO2 0.06 0.03 0.04 0.06 0.05 TiO2 2.54 2.11 4.16 4.35 4.63
Al2O3 62.56 62.74 62.62 62.76 62.36 Al2O3 6.06 5.91 5.51 5.31 5.40
FeO 16.12 15.94 16.28 16.68 16.79 FeO 20.10 20.90 19.81 19.60 19.55
MnO 0.18 0.15 0.13 0.18 0.18 MnO 0.84 0.81 1.19 1.15 1.13
MgO 20.16 20.20 19.98 19.92 19.80 MgO 0.28 0.28 0.32 0.31 0.33
CaO – – – – 0.01 CaO 33.16 33.18 33.08 32.76 32.87
Na2O 0.02 0.04 – 0.03 0.04 Total 99.22 99.49 99.20 98.54 98.88
NiO 0.02 0.04 0.02 – 0.03
Total 99.12 99.15 99.07 99.64 99.26
Cations on the basis of 4 (O) Cations on the basis of 12 (O)
Ti 0.001 0.001 0.001 0.001 0.001 Si 2.936 2.934 2.861 2.876 2.860
Al 1.883 1.887 1.887 1.884 1.880 AlT 0.064 0.066 0.139 0.124 0.140
Fe3+ 0.115 0.112 0.112 0.114 0.118 AlVI 0.514 0.496 0.389 0.389 0.380
Fe2+ 0.229 0.228 0.236 0.241 0.242 Fe3+ 1.239 1.311 1.239 1.196 1.189
Mn 0.004 0.003 0.003 0.004 0.004 Ti 0.155 0.128 0.255 0.268 0.285
Ni – 0.001 – – 0.001 Fe2+ 0.123 0.101 0.110 0.149 0.148
Mg 0.768 0.768 0.761 0.756 0.755 Mg 0.034 0.034 0.039 0.038 0.040
Cations 3.000 3.000 3.000 3.000 3.000 Mn 0.058 0.055 0.082 0.080 0.078

Ca 2.878 2.873 2.886 2.880 2.880
Cations 8.000 8.000 8.000 8.000 8.000

End members (mol.) End members (mol.%)
Spinel 0.768 0.768 0.761 0.756 0.755 Almandine 3.97 3.31 3.53 4.73 4.69
Hercynite 0.170 0.171 0.179 0.182 0.181 Andradite 64.95 67.73 65.80 64.51 64.15
Galaxite 0.004 0.003 0.003 0.004 0.004 Grossular 28.13 26.05 26.79 27.01 27.39
Trevorite – 0.001 – – 0.001 Pyrope 1.09 1.10 1.25 1.21 1.28
Magnetite 0.057 0.056 0.056 0.057 0.059 Spessartine 1.86 1.81 2.63 2.54 2.49
Ulvöspinel 0.001 0.001 0.001 0.001 0.001 Uvarovite 0.00 0.00 0.00 0.00 0.00

Abbreviations: Cpy, clinopyroxenite; MoGb, monzo-gabbro; NeSy, Nepheline Syenite; PslSy, Pseudoleucite Syenite; n.a., not analyzed; and “-” means “under the
detection limit”.
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Table 3
Representative whole rock analyses of the KRB main rocks.

Pluton Kaleybar

Rock type NeSy MoGb QzMo

Sample no. 10 13 40 54 63 2 5 21 KB26

Wt.%
SiO2 57.6 55 59.9 58.2 55.2 48.1 47.7 47.8 60.1
TiO2 0.40 0.12 0.33 0.38 0.39 0.93 0.99 0.74 0.45
Al2O3 18.70 23.20 19.85 19.25 19.60 17.90 17.70 17.70 16.75
Fe2O3(t) 3.55 1.36 2.34 2.84 4.26 9.58 10.8 9 4.34
MnO 0.12 0.10 0.1 0.13 0.17 0.19 0.22 0.17 0.13
MgO 0.81 0.05 0.39 0.55 1.04 3.95 4.61 4.08 2.17
CaO 3.83 1.64 2.6 3.04 3.96 10.05 10.15 10.25 5.12
Na2O 4.78 8.70 3.94 4.93 5.14 2.98 3.50 3.27 4.08
K2O 8.53 7.63 9.38 7.91 7.36 3.05 2.85 2.04 3.80
P2O5 0.21 0.01 0.09 0.15 0.25 0.51 0.48 0.57 0.26
SrO 0.21 0.01 0.12 0.15 0.12 0.13 0.09 0.16 0.07
BaO 0.27 < 0.01 0.13 0.14 0.11 0.14 0.07 0.11 0.12
LOI 0.88 2.09 1.08 1.43 1.51 0.70 0.85 0.34 0.71
Total 99.90 99.90 100.5 99.10 99.10 98.20 100.00 96.20 98.10

ppm
Ba 2330 15.50 1140 1135 706 1300 615 993 1100
Rb 234 242 205 193.5 164.5 47.8 42.2 34 82.2
Sr 1775 58.6 1125 1180 804 1125 818 1385 630
Y 15.7 18.1 18.4 18.5 16.2 21.7 22.9 22.9 18.7
Zr 90 306 130 142 144 56 98 78 132
Nb 9 11.7 13.4 15.4 12.1 3.3 5.9 3.7 7.9
Th 8.34 25.6 11.95 15.15 17 3.29 5.04 5.39 10.5
Pb 28 33 31 34 27 10 13 14 12
Ga 14.9 23 15.1 15.9 14.5 17.8 18.7 18.6 17.9
Zn 72 60 59 76 77 95 125 83 51
Cu 128 12 20 34 41 46 69 180 13
Ni <5 5 8 12 <5 7 10 12 6
V 105 35 73 78 100 313 378 289 101
Cr <10 <10 10 10 <10 <10 10 10 10
Hf 2.2 6.7 3.2 3.5 3.6 1.6 2.9 2.4 3.6
Cs 7.24 13.85 2.53 5.80 7.39 0.61 1.06 1.08 0.80
Ta 0.7 0.5 1.2 1.0 0.7 0.3 0.5 0.3 0.6
Co 7.1 0.8 3.1 4.8 6.4 31.5 34.2 29.1 12.5
U 2.77 8.79 2.3 4.06 4.13 0.82 1.15 1.46 3.06
W 4 2 4 4 5 1 2 1 1
Mo 5 <2 <2 3 4 <2 <2 2 2
La 36.3 58.9 39.4 57.3 47.2 24.8 28.7 27.4 32.7
Ce 66.4 83.4 69.9 97.6 81.3 44.7 53.2 51.5 51.5
Pr 7.8 7.58 8.12 10.40 8.5 5.63 6.24 6.38 5.33
Nd 30.9 23 31.1 36.9 29.5 24.2 25.4 26.9 19.7
Sm 5.94 3.50 6.02 6.27 5.18 5.58 5.47 5.97 3.69
Eu 2.07 0.64 1.82 1.76 1.19 1.82 1.59 1.93 1.12
Gd 5.36 3.62 5.65 6.07 4.98 5.72 5.63 5.79 3.71
Tb 0.70 0.45 0.74 0.76 0.61 0.81 0.82 0.82 0.56
Dy 3.35 2.38 3.86 3.70 3.15 4.34 4.45 4.56 3.21
Ho 0.58 0.49 0.7 0.68 0.58 0.80 0.88 0.86 0.64
Er 1.69 1.77 1.99 1.93 1.81 2.29 2.59 2.53 1.97
Tm 0.24 0.32 0.26 0.28 0.24 0.34 0.35 0.39 0.33
Yb 1.34 2.36 1.89 1.65 1.80 1.90 2.37 2.24 2.23
Lu 0.20 0.42 0.26 0.26 0.26 0.29 0.35 0.34 0.39

Sum REE 163 189 172 226 186 123 138 138 127
Eu/Eu* 1.12 0.55 0.95 0.87 0.72 0.98 0.88 1.00 0.93
(La/Sm)N 3.84 10.59 4.12 5.75 5.73 2.80 3.30 2.89 5.57
(La/Yb)N 18.26 16.83 14.05 23.41 17.68 8.80 8.16 8.25 9.89
(Tb/Yb)N 2.30 0.84 1.73 2.03 1.49 1.88 1.53 1.61 1.11
ASI 0.79 0.91 0.93 0.87 0.84 0.69 0.66 0.69 0.85
K/Rb 303 262 380 339 371 530 561 498 384
Mg# 0.31 0.07 0.24 0.28 0.35 0.45 0.46 0.48 0.50

Pluton Kaleybar

Rock type Sy MoDi Cpy

Sample no. 27 41 48 58 59 45 KP3

Wt.%
SiO2 55.4 58.6 59 56.6 60.7 51.30 41.90
TiO2 0.60 0.36 0.29 0.30 0.47 0.60 1.34
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Table 3 (continued)

Pluton Kaleybar

Rock type Sy MoDi Cpy

Sample no. 27 41 48 58 59 45 KP3

Al2O3 18.45 19.05 19.05 19.45 19.80 18.50 6.84
Fe2O3(t) 4.21 2.55 2.05 4 2.03 6.3 17
MnO 0.25 0.09 0.07 0.13 0.09 0.13 0.19
MgO 1.20 0.60 0.48 0.96 0.30 2.37 12.25
CaO 4.30 3.32 2.75 4.06 2.14 7.95 18.85
Na2O 3.53 3.15 2.93 3.72 4.28 2.40 0.30
K2O 7.42 8.88 9.40 7.60 9.06 5.82 0.08
P2O5 0.25 0.17 0.11 0.23 0.07 0.70 0.03
SrO 0.15 0.18 0.16 0.16 0.06 0.29 0.01
BaO 0.13 0.22 0.18 0.14 0.02 0.34 < 0.01
LOI 2.24 1.31 1.56 1.69 1.21 1.26 0.59
Total 98.10 98.50 98.00 99.00 100.00 98.00 99.40

ppm
Ba 1130 1825 1660 1110 199.5 3250 24.2
Rb 181.5 162 172 176 215 120 1.6
Sr 1225 1505 1495 1325 548 2700 102
Y 32.2 15.8 15.9 9.6 24.5 24.6 15.5
Zr 155 94 87 124 120 96 39
Nb 23.9 9.6 10.1 9.7 23.6 8.3 0.3
Th 12.4 8.75 7.68 10.65 10.55 9.06 0.19
Pb 30 25 27 30 37 19 493
Ga 17.2 13.5 13.8 16 15.2 16.6 15.3
Zn 103 50 46 77 65 80 111
Cu 55 36 28 42 37 216 20
Ni 15 < 5 <5 <5 <5 10 30
V 143 74 60 112 68 207 523
Cr 20 < 10 10 <10 <10 10 10
Hf 4.5 2.4 2.3 2.8 3.1 2.7 1.9
Cs 9.65 2.05 2.41 4.81 2.03 2.13 0.22
Ta 1.7 0.9 0.9 0.6 1.7 0.6 0.1
Co 9.3 5 3.4 6.7 2.8 20.9 61
U 2.71 2.27 2.34 4.21 3.28 2.64 0.06
W 3 3 5 5 5 4 1
Mo 3 2 2 3 3 3 <2
La 79.1 44.6 31.4 40 57.8 47.1 2.40
Ce 155 62.6 59.8 63.9 117 91.5 10.2
Pr 17.9 7.57 7.29 6.44 13.75 11.45 2.02
Nd 67.1 29.7 29.6 22.4 51 48.8 11.10
Sm 11.55 5.89 5.87 3.65 9.15 10.05 3.81
Eu 2.84 1.86 2.02 1.12 1.97 3.02 1.17
Gd 10.60 5.17 5.26 3.75 8.47 9.08 4.00
Tb 1.42 0.64 0.68 0.43 1.09 1.14 0.69
Dy 6.78 3.19 3.35 2.07 5.46 5.41 3.81
Ho 1.17 0.59 0.58 0.36 0.98 0.98 0.71
Er 3.51 1.73 1.68 1.00 2.60 2.69 1.81
Tm 0.51 0.25 0.23 0.13 0.32 0.37 0.26
Yb 2.95 1.37 1.34 0.87 2.00 2.18 1.41
Lu 0.43 0.21 0.19 0.13 0.23 0.29 0.21

Sum REE 361 165 149 146 272 234 44
Eu/Eu* 0.78 1.03 1.11 0.93 0.68 0.97 0.92
(La/Sm)N 4.31 4.76 3.36 6.89 3.97 2.95 0.40
(La/Yb)N 18.08 21.95 15.80 31.00 19.48 14.57 1.15
(Tb/Yb)N 2.12 2.06 2.24 2.18 2.40 2.31 2.16
ASI 0.86 0.92 0.96 0.91 0.96 0.78 0.20
K/Rb 339 455 454 359 350 403 415
Mg# 0.36 0.31 0.31 0.33 0.22 0.43 0.59

Pluton Razgah

Rock type PslSy monzonite

Sample no. 11 17 2 45 5 37 39 41

Wt.%
SiO2 56.20 56.00 55.90 55.70 56.10 51.60 55.30 52.90
TiO2 0.41 0.42 0.42 0.44 0.40 0.64 0.62 0.54
Al2O3 19.90 20.10 19.15 19.15 19.90 19.40 19.00 20.60
Fe2O3(t) 2.76 3.04 2.73 2.6 2.7 5.16 4.88 4.88
MnO 0.07 0.07 0.07 0.07 0.07 0.11 0.12 0.10
MgO 0.68 1.21 0.77 0.72 0.71 2.46 1.86 2.01
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Table 3 (continued)

Pluton Razgah

Rock type PslSy monzonite

Sample no. 11 17 2 45 5 37 39 41

CaO 2.46 2.15 2.26 2.50 2.38 7.33 4.94 6.58
Na2O 3.88 3.42 4.16 4.63 3.95 3.62 4.04 3.86
K2O 10.50 10.10 9.10 10.30 10.05 5.00 6.74 5.59
P2O5 0.43 0.44 0.43 0.53 0.42 1.12 0.84 0.84
SrO 0.05 0.05 0.05 0.06 0.05 0.13 0.08 0.14
BaO 0.12 0.12 0.11 0.13 0.12 0.10 0.15 0.20
LOI 2.44 2.87 3.09 1.45 2.59 1.47 1.52 1.71
Total 99.90 100.00 98.20 98.30 99.40 98.10 100.00 100.00

ppm
Ba 1030 1045 1005 1130 1035 931 1300 1770
Rb 370 360 311 417 343 146 164 107
Sr 467 429 436 524 454 1205 712 1210
Y 16.8 16.7 18.1 20.9 17.8 26 31.3 22.1
Zr 114 119 126 157 126 104 199 129
Nb 8.6 8.9 9.6 12.9 9.3 7.6 14.7 8.8
Th 6.58 5.88 7.24 9.43 7.75 6.36 12.65 8.07
Pb 14 16 16 13 16 14 20 16
Ga 15.3 15.2 14.5 15.3 15.6 17 17.4 17.2
Zn 47 48 50 43 42 64 73 63
Cu 117 118 118 28 114 337 194 126
Ni < 5 <5 <5 <5 <5 22 7 18
V 63 64 58 64 57 189 122 116
Cr < 10 <10 <10 <10 <10 10 <10 10
Hf 2.8 3 3.2 3.9 3.1 2.8 5.1 3.2
Cs 9.22 9.41 12.10 10.25 10.25 3.65 5.28 2.76
Ta 0.7 0.7 0.8 0.9 0.7 0.6 1 0.7
Co 4.1 4.7 4.2 3.8 3.9 13.5 9.9 11.6
U 2.02 2.01 2.30 3.19 2.49 2.21 4.09 2.74
W 2 6 4 3 3 2 4 3
Mo <2 <2 <2 <2 <2 <2 2 <2
La 29.7 38.9 31.8 36.2 30.1 41.6 52.9 37.5
Ce 55.4 54.3 59.8 67.4 56.5 81.7 99.6 71.1
Pr 6.40 6.34 6.99 7.81 6.60 10 11.55 8.43
Nd 24.9 24.3 26.3 29.7 25.1 41 44 33.7
Sm 4.57 4.46 4.90 5.34 4.63 8.09 8.18 6.29
Eu 1.08 1.07 1.11 1.30 1.13 1.83 1.72 1.76
Gd 4.30 4.31 4.75 5.38 4.52 7.45 8.06 6
Tb 0.61 0.59 0.62 0.73 0.59 1.02 1.09 0.80
Dy 3.27 3.26 3.46 3.93 3.31 5.18 5.90 4.24
Ho 0.63 0.64 0.68 0.77 0.66 0.99 1.14 0.83
Er 1.91 1.90 2.05 2.40 2.03 2.87 3.55 2.44
Tm 0.26 0.26 0.28 0.32 0.27 0.38 0.50 0.33
Yb 1.81 1.74 2.00 2.23 1.91 2.51 3.41 2.23
Lu 0.25 0.26 0.28 0.33 0.27 0.35 0.49 0.30

Sum REE 135 142 145 164 138 205 242 176
Eu/Eu* 0.74 0.75 0.70 0.74 0.76 0.72 0.65 0.88
(La/Sm)N 4.09 5.49 4.08 4.26 4.09 3.23 4.07 3.75
(La/Yb)N 11.06 15.07 10.72 10.94 10.62 11.17 10.46 11.34
(Tb/Yb)N 1.49 1.50 1.37 1.44 1.36 1.79 1.41 1.58
ASI 0.92 1.01 0.94 0.84 0.94 0.83 0.87 0.88
K/Rb 236 233 243 205 243 284 341 432
Mg# 0.33 0.44 0.36 0.35 0.34 0.49 0.43 0.45

Pluton Bozqush

Rock type syenite monzonite

Sample no. 16 21 49 36 4 44 46 50 55 9

Wt.%
SiO2 56.60 57.00 53.90 56.80 57.60 57.20 57.70 53.80 55.90 56.30
TiO2 0.58 0.56 0.71 0.64 0.49 0.64 0.89 0.68 0.71 0.63
Al2O3 19.90 19.58 19.40 18.95 19.60 18.80 16.60 19.35 18.45 19.75
Fe2O3(t) 3.67 3.42 4.5 4.25 3.15 4.17 4.67 4.79 4.14 3.86
MnO 0.09 0.08 0.10 0.10 0.08 0.10 0.11 0.11 0.09 0.10
MgO 1.04 1.08 1.62 1.33 0.91 1.26 1.56 1.98 1.70 1.14
CaO 3.73 3.65 5.66 3.77 3.29 3.32 3.15 5.96 4.13 4.23
Na2O 4.87 4.70 4.78 3.93 4.78 4.14 3.12 4.91 3.89 4.08
K2O 6.54 6.63 5.20 7.01 6.90 7.56 8.33 5.19 7.05 6.70
P2O5 0.40 0.43 0.61 0.62 0.38 0.59 0.67 0.68 0.88 0.46
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Table 3 (continued)

Pluton Bozqush

Rock type syenite monzonite

Sample no. 16 21 49 36 4 44 46 50 55 9

SrO 0.10 0.10 0.10 0.09 0.09 0.08 0.05 0.10 0.10 0.11
BaO 0.13 0.15 0.11 0.15 0.13 0.16 0.14 0.11 0.27 0.15
LOI 0.84 0.50 1.28 0.92 0.66 0.56 1.25 1.36 0.74 1.29
Total 98.50 98.20 98.00 98.60 98.10 98.60 98.20 99.00 98.10 98.80

ppm
Ba 1190 1340 1060 1395 1195 1435 1285 1035 2440 1365
Rb 174.5 130.5 146 181.5 144 203 221 155.5 171.5 201
Sr 857 844 903 861 806 727 447 845 927 944
Y 20.1 18.5 21.6 24.6 19.4 22.9 31.7 20.6 23.5 20.8
Zr 170 143 162 151 158 136 237 139 100 185
Nb 16.6 14.2 14.3 13 13.7 11.9 21.8 10.6 8.6 15.7
Th 11 7.99 9.15 8.82 8.93 8.51 13.1 8.28 6.8 11.3
Pb 20 19 19 18 19 19 20 15 16 19
Ga 19.3 18 18.8 17.5 18.7 17 17.9 19.1 16.2 18.5
Zn 59 53 75 61 50 59 78 68 53 59
Cu 89 68 247 96 60 90 239 42 147 87
Ni 8 5 8 7 8 20 <5 15 6 6
V 62 68 110 88 61 101 103 119 143 67
Cr <10 <10 10 <10 10 40 <10 10 <10 <10
Hf 4.2 3.5 4.2 3.7 3.8 3.5 6 3.6 2.4 4.6
Cs 4.71 2.16 3.95 7.95 3.81 6.17 4.35 5.45 4.07 7.13
Ta 1.1 0.9 0.9 0.8 0.9 0.8 1.4 0.7 0.6 1
Co 7.3 6.6 10.4 8 5.9 7.6 8.3 12.5 9.8 7.3
U 3.69 2.58 2.99 2.94 2.86 2.82 4.02 2.60 2.19 4.19
W 4 2 4 4 2 2 3 4 2 3
Mo 2 2 5 2 2 2 6 4 <2 2
La 41.2 37.2 38 47.3 38.9 40.5 57.2 38.5 42.1 52.6
Ce 72.9 67.3 71 84.3 68.6 77.4 102.5 69.7 79.7 76.2
Pr 8.17 7.62 8.19 9.70 7.67 9.07 11.70 7.91 9.54 8.68
Nd 30.7 28.6 31 37.6 28.7 34.7 44.1 30.8 38.2 32.6
Sm 5.33 5.02 5.73 6.66 4.93 6.51 8.04 5.67 7.11 5.68
Eu 1.40 1.45 1.64 1.66 1.45 1.66 1.81 1.54 2.13 1.43
Gd 4.92 4.61 5.66 6.37 4.68 5.65 8.02 5.34 6.57 5.29
Tb 0.68 0.65 0.75 0.86 0.67 0.80 1.09 0.72 0.90 0.71
Dy 3.71 3.42 4.07 4.59 3.67 4.23 6.05 3.82 4.51 3.86
Ho 0.72 0.64 0.77 0.87 0.70 0.83 1.17 0.74 0.86 0.74
Er 2.30 2.02 2.39 2.64 2.15 2.46 3.54 2.29 2.56 2.40
Tm 0.35 0.30 0.35 0.40 0.34 0.38 0.56 0.32 0.36 0.36
Yb 2.20 1.96 2.30 2.29 2.11 2.26 3.53 2.08 2.10 2.30
Lu 0.34 0.28 0.36 0.37 0.31 0.35 0.57 0.32 0.32 0.33

Sum REE 175 161 172 206 165 187 250 170 197 193
Eu/Eu* 0.84 0.92 0.88 0.78 0.92 0.84 0.69 0.86 0.95 0.80
(La/Sm)N 4.86 4.66 4.17 4.47 4.96 3.91 4.48 4.27 3.72 5.83
(La/Yb)N 12.63 12.80 11.14 13.93 12.43 12.08 10.92 12.48 13.52 15.42
(Tb/Yb)N 1.36 1.46 1.44 1.66 1.40 1.56 1.36 1.53 1.89 1.36
ASI 0.93 0.93 0.84 0.94 0.94 0.93 0.87 0.82 0.90 0.94
K/Rb 311 422 296 321 398 309 313 277 341 277
Mg# 0.36 0.38 0.42 0.38 0.36 0.38 0.40 0.45 0.45 0.37

Pluton Bozqush

Rock type PslSy NeSy

Sample no. 60 31 63

Wt.%
SiO2 57.20 57.40 59.20
TiO2 0.35 0.44 0.51
Al2O3 20.20 20.00 19.25
Fe2O3(t) 2.3 2.35 3.11
MnO 0.06 0.05 0.09
MgO 0.52 0.58 1.06
CaO 1.80 2.58 2.86
Na2O 3.88 4.16 4.97
K2O 10.50 9.16 7.94
P2O5 0.31 0.25 0.53
SrO 0.03 0.07 0.06
BaO 0.07 0.10 0.13
LOI 2.60 0.82 0.49
Total 99.80 98.00 100
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6.7. Garnet

The Kaleybar garnets are Ti-andradites and melanites (Table 2). The
chemical zoning is characterized by a decrease in mole percent gros-
sular, almandine, and spessartine and an increase in andradite from
core to rim. The main substitution of the Kaleybar garnets is Ti-Si ex-
change in the tetrahedral site (Ashrafi et al., 2009a).

7. Whole rock geochemistry

Major and trace element compositions of 37 representative samples
collected from the KRB plutons are given in Table 3, including 16, 8 and
13 samples from the Kaleybar, Razgah and Bozqush plutons, respec-
tively (Fig. 2). Although the mineral assemblage and the mineral
chemistry may differ between the intrusions, we present the whole-rock
geochemistry as a whole due to the lack of significant difference. The
rock type names in Table 3 are based on the TAS diagram (Fig. 7a).

7.1. Major elements and classification

SiO2 ranges from 47.7 to 60.7 wt.% in the KRB samples, not in-
cluding the clinopyroxenite (KP3) sample. Also, they have
2.04–10.5 wt.% K2O, 2.4–8.7 wt.% Na2O, 16.6–23.2 wt.% Al2O3,
1.64–10.25 wt.% CaO, 0.3–4.61 wt.% MgO, 0.01–1.12 wt.% P2O5 and
0.49–3.09 wt.% LOI. K2O and P2O5 contents reach the highest con-
centrations in the Razgah samples, while those of the Kaleybar contain
the highest contents of Na2O, Al2O3 and MgO. The Mg# (∼0.6), CaO,
MgO, Fe2O3

tot, and TiO2 contents are the highest for the Kaleybar
clinopyroxenite compared to the other samples.

Based on the total alkalis (K2O+Na2O) wt.% vs. SiO2 wt.% (TAS)
nomenclature diagram (Middlemost, 1994) and the IUGS re-
commendation (Le Maitre et al., 2002), the Kaleybar pluton mostly
consists of foid syenite, syenite, monzo-gabbro, monzo-diorite, quartz
monzonite (KB26), and clinopyroxenite (KP3); the Razgah pluton
mostly consists of foid syenite and monzonite; and the Bozqush pluton
mostly consists of foid syenite, syenite, and monzonite. According to the
TAS classification diagram of Le Bas et al. (1986) (Fig. 7a), most of the

Table 3 (continued)

Pluton Bozqush

Rock type PslSy NeSy

Sample no. 60 31 63

ppm
Ba 641 908 1185
Rb 411 325 164
Sr 295 631 559
Y 14.7 14.7 28.1
Zr 97 122 240
Nb 7.9 11.8 16.8
Th 5.82 6.64 13.30
Pb 13 17 24
Ga 16.6 17.9 17.9
Zn 38 42 50
Cu 71 89 65
Ni < 5 7 6
V 32 50 63
Cr < 10 10 10
Hf 2.5 3.2 5.9
Cs 11.3 8.39 3.51
Ta 0.6 0.8 1.1
Co 2.8 4.2 4.6
U 1.94 2.52 4.38
W 2 4 4
Mo <2 2 2
La 25.9 41 48.8
Ce 47.1 51.4 90.6
Pr 5.49 5.77 10.20
Nd 20.5 21.2 38.4
Sm 3.68 3.81 7.02
Eu 0.93 1.11 1.56
Gd 3.63 3.40 6.51
Tb 0.49 0.48 0.95
Dy 2.80 2.66 5.03
Ho 0.52 0.49 0.97
Er 1.61 1.68 3.15
Tm 0.27 0.26 0.50
Yb 1.59 1.60 3.20
Lu 0.24 0.24 0.50

Sum REE 115 135 217
Eu/Eu* 0.78 0.94 0.71
(La/Sm)N 4.43 6.77 4.37
(La/Yb)N 10.98 17.28 10.28
(Tb/Yb)N 1.36 1.32 1.31
ASI 0.98 0.95 0.90
K/Rb 212 234 402
Mg# 0.31 0.32 0.40

Abbreviation: LOI, loss on ignition; Fe2O3 (t), total iron as Fe2O3; Mg# calculated as molar Mg/(Mg+Fe); MoGb, monzo-gabbro; QzMo, quartz monzonite; Sy,
syenite; MoDi, monzo-diorite; Cpy, clinopyroxenite; others same as Table 1.
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studied samples plot in the alkaline field and show a compositional
trend from basic to intermediate (including monzo-gabbro to mon-
zonite, syenite and foid-syenite), with the exception of the clinopyr-
oxenite (KP3) and the quartz monzonite (KB26).

None of the samples can be considered “ultra-potassic’’ according to
the criteria defined by Foley et al. (1987) with K2O/Na2O>2,
K2O>3wt.%, and MgO>3wt.% (Fig. 7b). However, all of the samples
(except for clinopyroxenite, KP3) show shoshonitic affinities (Fig. 7c, d;
Morrison, 1980) and belong to shoshonite series, according to the
diagram of SiO2 versus K2O (Peccerillo and Taylor, 1976; not shown).
They are characterized by high total alkalis (> 5wt.%), high K2O/Na2O
(> 0.6 at 50 wt.% SiO2,> 1 at 55wt.% SiO2 (Fig. 7c)), and low
TiO2< 1.3wt.% (Fig. 7d).

Frost et al. (2001) proposed a modified alkali-lime index (MALI) to
discriminate between calcic, calc-alkalic, alkali-calcic, and alkalic
series. According to MALI, (Na2O+K2O)-CaO versus SiO2 diagram
(Fig. 7e), almost all of the samples plot in the alkalic field, except for
the quartz-monzonite (KB26) which falls in the alkali-calcic field.

The aluminum-saturation index (ASI) is defined as molecular Al/
(Ca-1.67P+Na+K) and separates rocks into metaluminous
(ASI < 1) and peraluminous (ASI > 1) varieties (Frost and Frost,
2008; Frost et al., 2001; Zen, 1988). Plot of the samples in ASI versus
Al/Na+K (A/NK) diagram (Fig. 7f) show that all of the samples are

metaluminous (ASI < 1, Na+K<Al).

7.2. Major element fractionation trends

The KRB rocks have a range of composition from ∼42 to ∼61wt.%
SiO2, corresponding to a variation from clinopyroxenite to syenite. In
Harker major element diagrams, CaO (Fig. 8a), MgO (Fig. 8b), TiO2

(Fig. 8c), and Fe2O3
tot (not shown) decrease with increasing SiO2,

whereas K2O (Fig. 8d) increase with increasing SiO2. There is con-
siderable scatter in the diagrams of Na2O (Fig. 8e) and Al2O3 (not
shown) versus SiO2. P2O5 trend (Fig. 8f) with increasing SiO2 is first
ascending and then descending, likely related to the onset of apatite
crystallization.

Harker variation diagrams show the linear trend displayed with a
wide silica gap (∼42–48wt.% SiO2) between clinopyroxenite and
monzo-gabbros and a narrow silica gap (∼48–51wt.% SiO2) between
monzo-gabbros and foid-syenites. These patterns are consistent with
magmatic crystallization and fractionation.

7.3. Trace element fractionation trends

In Harker trace element diagrams, compatible trace elements (i.e. V,
Co; Fig. 9a, b) display negative trends with SiO2 while Rb (Fig. 9c) and

Fig. 6. Chemical classification diagrams for some minerals; (a) amphibole classification diagram (Leake et al., 1997), (b) plot of micas in the Al vs. Fe/(Fe+Mg)
diagram (shaded in inset) (Rieder et al., 1998; Deer et al., 1992), (c) Enestatite-Ferrosilite-Wollastonite (En-Fs-Wo) diagram (Morimoto, 1989) for clinopyroxenes
(shaded in inset), (d) Feldspars composition on the Albite-Anorthite-Orthoclase (Ab-An-Or) triangle. Abbreviations: A, annite; E, eastonite; Hd, hedenbergite; P,
phlogopite; S, sidrophyllite; TFA, tetra-ferri-annite; TFP, tetra-ferri-phlogopite.
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Zr (Fig. 9d) slightly show positive trends with SiO2. The diagrams of Ba
(Fig. 9e) and Sr (Fig. 9f) versus SiO2 define scattered trends. The K2O
versus Rb diagram displays positive trends (not shown). Nickel and Cr
are rather low, even in the most mafic samples (clinopyroxenite and
monzo-gabbro).

7.4. Multi-element patterns

Incompatible trace element concentrations normalized against pri-
mordial mantle (Wood et al., 1979) are plotted in Fig. 10. Fig. 10a, b,
and c show that the main rocks of the KRB have similar multi-element
profiles. These patterns are characterized by significant enrichments in
all the large ion lithophile elements (LILE), Rb, Ba, Th, U, K, and the
LREE, relative to the high field strength elements (HFSE), Ta, Nb, Ti, Zr,
Hf, Y, and heavy rare earth elements (HREE). The rocks exhibit nega-
tive anomalies in Ta, Nb, P, Zr, Hf, and Ti. The patterns all show strong
positive anomalies for K, except for the clinopyroxenite and quartz-
monzonite samples. Clinopyroxenite shows negative Ti, Rb, Nb, and P
anomalies (Fig. 10d).

7.5. REE patterns

Chondrite-normalised rare earth element (REE) patterns are illu-
strated in Fig. 11. They are frequently LREE-enriched relative to the
HREE with small to substantial negative Eu anomalies (Fig. 11a). Some
samples of the Kaleybar pluton (nepheline syenite, KB10; syenite,
KB48) show small positive Eu anomalies. The Eu/Eu*, [Eu/Eu*=EuN/
√(Sm)N*(Gd)N)] ratio varies from 0.55 to 1.12 and the (La/Yb)N, (La/
Sm)N, and (Tb/Yb)N ratios are 8.2–31.0, 2.8–10.6, and 0.84–2.4, re-
spectively. The HREE from Ho to Lu display nearly a flat pattern
(Fig. 11c, d). The Kaleybar clinopyroxenite exhibits a different REE
pattern with Eu/Eu*=0.92, (La/Yb)N=1.15, (La/Sm)N=0.4, and
(Tb/Yb)N=2.16 (Fig. 11b).

8. Discussion

8.1. Fractional crystallization and crustal contamination

The composition of pyroxenes and amphiboles varies according to

Fig. 7. Geochemical classification of studied
rocks; (a) Total Alkali versus SiO2 (TAS) (Le Bas
et al., 1986; Middlemost, 1994), (b) K2O/Na2O
versus MgO (Foley et al., 1987), (c) SiO2 versus
K2O/Na2O, shoshonitic rocks are characterized
by K2O/Na2O>0.6 at 50wt.% SiO2 (dashed
lines) and K2O/Na2O>1 at 55wt.% SiO2

(solid lines) (Morrison, 1980), (d) Na2O+K2O
versus TiO2 (Morrison, 1980), (e) SiO2 versus
(Na2O+K2O)-CaO and (f) ASI versus A/NK
diagram (Frost and Frost, 2008); Abbrevia-
tions: FMSy, nepheline/pseudoleucite monzo-
syenite; FSy, nepheline/pseudoleucite syenite;
MD, monzo-diorite; MG, monzo-gabbro; Mo,
monzonite; PG, peridot-gabbro; QM, quartz
monzonite.
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the chemistry of their host magma (e.g., Giret et al., 1980; Leterrier
et al., 1982; Deer et al., 1992; Rollinson, 1993). The chemistry of the
clinopyroxenes and the amphiboles indicates that they were derived
from alkaline (miaskitic) magmas of volcanic arc affinity at relatively
low pressures (Ashrafi et al., 2014). The composition of the spinels (low
Ni-Cr), plagioclases (An42-28), olivines (Mg#<0.5), and micas
(Mg#<0.5 in the nepheline syenites and Mg#≈0.5-0.7 in the monzo-
gabbros), amphiboles (Mg#≈0.3-0.55), and pyroxenes (Mg#≈0.5-0.8)
can be attributed to derivation from a more evolved magma. According
to previous studies (e.g., Abdel-Rahman, 1994; Stussi and Cuney, 1996;
Sørensen, 1997; Marks et al., 2011), the composition of the KRB am-
phiboles, biotites, and clinopyroxenes shows a metaluminous, orogenic,
and miaskitic suite nature (Ashrafi et al., 2009b, 2014). The occurrence
of melanite, analcite, and pseudoleucite in the KRB plutons suggests
that late- or post-magmatic processes played a significant role in the
formation of secondary rock-forming minerals (Ashrafi et al., 2009a).

Based on the whole rock geochemistry, the foid-syenites and asso-
ciated rocks have potassic alkaline (shoshonitic) and metaluminous
affinities. The almost linear trends in the SiO2 variation diagrams (such
as the positive trends of K2O, Rb, and Zr and the negative trends of CaO,

MgO, TiO2, Fe2O3
tot, V, and Co) and very low concentrations of com-

patible elements (such as Ni and Cr) seem to be consistent with the
removal of Ca-plagioclase (supported by some of the REE patterns
showing marked negative Eu anomalies as well), magnetite, pyroxene,
and olivine during fractional crystallization. The Mg# values of the
clinopyroxenite (∼0.6), the monzo-gabbro (∼0.5), and the foid syenite
(< 0.4) are low, which confirm derivation from a differentiated melt.
The Mg# of the pyroxene and the bulk (clinopyroxenite) are much
higher (0.8 and 0.6, respectively) than for the differentiated rocks (foid
syenite, 0.2-0.4). Therefore, the clinopyroxenite can be an early cu-
mulate mafic rock. Basically the removal of the clinopyroxenite from a
melt having the monzo-gabbro composition will drive the residual melt
to more differentiated composition (e.g., Jagoutz, 2010; Nandedkar
et al., 2014; Jagoutz and Klein, 2018), which indeed corroborate the
fractional crystallization pattern.

Fractional crystallization associated with crustal contamination
(AFC) is an important process during magma evolution (DePaolo, 1981)
and may modify both elemental and isotopic compositions. Minor
crustal contamination might result in negative Nb-Ta anomalies relative
to LILE and LREE but would also produce positive Zr-Hf anomalies due

Fig. 8. Harker variation diagrams (SiO2 versus major oxide in wt.%) of the studied samples.
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enrichment of these elements in crustal materials (Zhao and Zhou,
2007). The negative Zr-Hf anomalies observed in the spider diagrams
for the KRB rocks (Fig. 10) support an interpretation that only little or
no crustal contamination occurred.

8.2. Nature of the mantle source region

Green (1995) noted that in alkaline suites Nb/Ta and Zr/Hf ratios
tend to fall into two groups. One group is characterized by a consistent
ratio close to chondritic or mantle values (Nb/Ta= 17 and Zr/Hf= 40)
whereas the other consists of a highly variable ratios significantly
greater than mantle values. The KRB rocks belong to the first group,
Nb/Ta= 11–17 and Zr/Hf= 33–44, with the exception of clinopyr-
oxenite and a nepheline syenite sample (KB13) from the Kaleybar
pluton (Fig. 12a). The presence of considerable Ti-garnet, together with
titanite and zircon in the KB13 sample, which contain significant
amounts of these elements, could contribute to the high ratios. The
Kaleybar clinopyroxenite is characterized by Nb/Ta=3 and Zr/
Hf= 21). It is petrographically similar to the pyroxenites from the

Ilomba intrusion, Malawi (Eby et al., 1998) and probably represent an
early fractionated mafic cumulate. High Nb and Ta have been used to
indicate an Oceanic-island basalt (OIB) component in magmatic rocks
(e.g., Edwards et al., 1994). The KRB rocks are depleted in Nb and Ta.
Although such negative anomalies can be caused by crustal con-
tamination, the KRB rocks have obvious negative Zr-Hf anomalies in the
primitive mantle-normalized trace element diagram (Fig. 10), ruling
out the possibility of significant crustal contamination. Thus, there is no
evidence of an OIB component in the source region of these rocks. In-
stead, the KRB plutons are believed to have been derived from litho-
spheric mantle sources.

In Fig. 12b, Ta/Yb values the KRB samples are plotted against their
Th/Yb values. Fig. 12b shows that the KRB rocks form trends that run
parallel to the mantle metasomatism array (Pearce, 1983) but are dis-
placed towards higher Th/Yb ratios, suggesting either derivation from
an enriched mantle source to which a subduction component had been
added, or coupled crustal contamination with fractional crystallization
(the inferred AFC curve on the diagram), or both.

Residual mineralogy and degree of partial melting in the AAMB

Fig. 9. Harker variation diagrams (SiO2 in wt.% versus rare element in ppm) of the studied samples.
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Fig. 10. Primordial mantle normalized patterns of the KRB samples; (a) the Razgah pseudoleucite syenite and monzonite, (b) the Bozqush nepheline syenite and
pseudoleucite syenite, (c) the Kaleybar nepheline syenite and monzo-gabbro, and (d) comparison of the Kaleybar ultrabasic (KP3), basic (monzo-gabbro), and
intermediate (KB26) samples. Normalizing values are from Wood et al. (1979).

Fig. 11. Chondrite normalized REE patterns of the KRB samples; (a) the Kaleybar nepheline syenites, (b) comparison of the Kaleybar clinopyroxenite, quartz-
monzonite, nepheline syenite, and monzo-gabbro (c) the Razgah pseudoleucite syenite and monzonite, and (d) the Bozqush samples. Normalizing values are from
Boynton (1984).
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lithospheric mantle can be better characterized using REE abundances
and ratios in the gabbroic samples. The least differentiated rocks of the
KRB magmatic series, the Kaleybar monzo-gabbro, display Mg# ≈ 0.5
and can represent parental magmas derived from primitive melts via
crustal differentiation (e.g., Kelemen et al., 2003). Therefore, the
monzo-gabbro samples of the Kaleybar pluton plot in the modeling
diagrams (Aldanmaz et al., 2000; Jourdan et al., 2007). The mantle
source partial melting was constrained using the mineral proportions in
the range of spinel lherzolite and garnet lherzolite (Kinzler, 1997;
Walter, 1998) together with the non-modal batch melting equilibrium
equation Cliq/Ci= 1/(D+F(1-P)) of Shaw (1979), where Cliq is the
concentration of a given element in the residual melt, Ci is the initial
concentration of an element i in the parental melt, F is the fraction of
melt produced, D is the bulk partition coefficient, and P is the bulk
partition coefficient of the trace elements entering the melt from the
melting minerals. See Aldanmaz et al. (2000); Jourdan et al. (2007),
and the caption of Fig. 13 for further details.

La and Sm are not affected significantly by variations in the source
mineralogy (e.g., garnet or spinel) and hence can provide information
on the bulk chemical composition of the source. Fig. 13a shows that the
studied samples (red circles) have La concentrations and La/Sm ratios
greater than those that could be generated by direct melting of depleted
MORB mantle (DMM), even when the degree of partial melting is very

small (0.1%). Thus, it can be argued that one-stage melting of DMM or
primitive mantle (PM) cannot produce magma with incompatible ele-
ment concentrations similar to those of the studied rocks. The garnet-
dependent, Sm/Yb ratio, can be used to constrain the source mineralogy
of the alkaline magmas because Yb is compatible with garnet
(Kd=11.50, Arth, 1976), but not with clinopyroxene (Kd= 0.62, Arth,
1976). Fig. 13b show that the rocks are displaced from the spinel-
lherzolite melting trend to higher Sm/Yb ratios and plot between the
melting trajectories drawn for garnet- and garnet+ spinel-lherzolite.
Fig. 13a and b can also be combined as a plot of MREE/HREE against
the LREE/MREE ratios, e.g., Sm/Yb versus La/Sm (Fig. 13c, d). Melting
of a spinel-lherzolite source will create a horizontal melting trend,
which lies within or close to a mantle array defined by DMM and PM
compositions. In contrast, a small (or moderate) degree of partial
melting of a garnet-lherzolite source (with garnet residue) produces
melt with significantly higher Sm/Yb ratios than the mantle source.
Fig. 13c and d show that variable degrees of partial melting of a spinel-
lherzolite source cannot explain the compositions of the studied rocks
as these plot well above the mantle array and spinel-lherzolite melting
trends. The simplest model to account for the REE systematics of the
studied samples thus involves garnet+ spinel mantle mineralogies (and
low to moderate degree of partial melting).

Garnet and amphibole have strongly different MREE/HREE parti-
tion coefficients (i.e., D Dy/Yb< <1 and>1, respectively), amphibole
preferentially incorporates MREEs over HREEs, while garnet in-
corporates HREEs. As a result, while both residual amphibole and
garnet increase La/Yb ratios of partial melts, residual garnet will si-
multaneously increase Dy/Yb, but residual amphibole will decrease Dy/
Yb (Gao et al., 2009; Rollinson, 1993). From the high LREE enrichment
but low HREE fractionation of the studied rocks (Fig. 11), it can be
inferred that amphibole differentiation had a minor role in the genesis
(also showed by minor Ho negative anomalies) and or amphibole was a
residual in the melting process. It should be noted, however, the REE
may be mobilized by halogen-rich or carbonate-rich mineralizing fluids
in a rock. Fluid transport by F-Cl- and CO3-rich solutions and the late
magmatic stage processes might modify primary linear REE patterns to
HREE flattening and U-shaped patterns. Occurrence of late primary and
secondary phases such as garnet (melanite) and calcite, sodalite, zeo-
lite, cancrinite, analcime, and fluorite in the studied rocks show that
halogen- or carbonate-rich fluids played a significant role in the for-
mation of the mentioned minerals (Eby et al., 1998; Eby, 2004; Fall
et al., 2007). Relative abundances of the alkali and alkaline earth ele-
ments such as Rb, Sr and Ba can be used to assess the presence of
amphibole and/or phlogopite in the mantle source region. These phases
are important because they can attest to the metasomatic enrichment
history of the source region, as well as helping to constrain the depth of
melting. Both Rb and Ba are compatible in phlogopite (LaTourette
et al., 1995), while Rb, Sr and Ba are moderately compatible in am-
phibole (Adam et al., 1993; LaTourette et al., 1995). Melts in equili-
brium with phlogopite are expected to have significantly higher Rb/Sr
and lower Ba/Rb values than those formed from amphibole-bearing
sources. On the contrary, melts of an amphibole-bearing source may
have extremely high Ba contents and Ba/Rb values. The ratios of Rb/Sr
and Ba/Rb of gabbroic samples are plotted in Fig. 14a and do not in-
dicate any distinct amphibole or phlogopite trend. Furthermore, in the
Rb versus Rb/K diagram (Fig. 14b) the samples plot between phlogopite
and amphibole analyses from the literature. The gabbroic samples are
characterized by low Rb/Sr (< 0.1), low Rb/Ba (< 0.1) and high Ti/K
(> 0.1). These geochemical features are incompatible with the pre-
sence of phlogopite in the mantle source of studied rocks. Additionally,
negatively correlated U/Pb and K/Nb ratios in high-K rocks have been
attributed to the presence of a K-bearing mineral phase that fractionates
U/Pb (Hawkesworth et al., 1990). In the gabbroic samples, high K/Nb
(> 4000) and low U/Pb (< 0.3) are associated with low Rb/Sr, prob-
ably suggesting the presence of some residual amphibole in the source
region. However, as phlogopite, amphibole and/or apatite-bearing

Fig. 12. (a) Zr/Hf versus Nb/Ta plot for the KRB rocks. (b) Th/Yb versus Ta/Yb
diagram (Pearce, 1983) for the KRB rocks. Abbreviations: AFC, assimilation
combined with fractional crystallization curve; SZ, subduction zone enrich-
ment; UC, upper crust composition (Taylor and McLennan, 1985); W, within-
plate enrichment.
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lherzolites are suggested to be the source for the subduction-related
high-K rocks in Iran (e.g., Aftabi and Atapour, 2000; Liotard et al.,
2008; Ahmadzadeh et al., 2010; Pang et al., 2013), it is possible that the
phlogopite/amphibole signature decreased through mixing of melts
derived from different mantle sources (e.g., Shafaii-Moghadam et al.,
2014).

8.3. Modification of the mantle source by subduction components

The KRB rocks have Nb/U ratios range from1.3 to 8.8, which are
significantly lower than the MORB and OIB (Nb/U=47 ± 7; Hofmann
et al., 1986) and the lower crust (Nb/U ≈ 25; Rudnick and Gao, 2003).
Ayers (1998) suggested that subduction-zone hydrous fluids have sig-
nificantly low Nb/U ratio (0.22), which may be ascribed to the transfer
of considerable amounts of LILE but not HFSE in the slab-derived hy-
drous fluid. Accordingly, the significantly low Nb/U ratios of the KRB
rocks are considered to be resulted from the fluid-related metasomatism
in lithospheric mantle via a subduction process. According to LaFlèche
et al. (1998), the fluid-related metasomatism in the subduction process
would result in the depletions of Ta and Hf relative to La and Sm, re-
spectively. In (Hf/Sm)n versus (Ta/La)n diagram (Fig. 14c), the gab-
broic samples plot near/in the area of fluid-related subduction meta-
somatism, instead of melt-related subduction and carbonatite
metasomatism (LaFlèche et al., 1998). Besides, the slab-derived H2O
rich fluids metasomatism also results in the strong relative enrichment
in Cs over Rb (Sun and Stern, 2001). In contrast, the enrichment of Th
over Yb may be ascribed to mantle wedge enrichment by melting of
subducted sediments (Woodhead et al., 1998). In Cs/Rb versus Th/Yb
diagram (Fig. 14d), the gabbroic rocks plot along the trend of the slab-

derived fluid metasomatism. Source modification by subducted slab
fluids is also supported by relatively low Nb/Zr and high Th/Zr ratios of
the gabbroid samples. Fluids derived from the subducted slab will not
only geochemically modify the overlying mantle wedge but will also
lower the peridotite solidus to produce subduction-related magmas
(Stolper and Newman, 1994; Grove et al., 2002). The ratios of Th/Zr
and Nb/Zr of gabbroic samples are plotted in Fig. 14e and indicate a
distinct fluid-related enrichment trend.

8.4. Geodynamic implications

The NE-oriented Arax strike-slip fault constitutes a major regional
stratigraphic and structural limit between the NW Iran and the Lesser
Caucasus (Sosson et al., 2010; Moritz et al., 2016b). The AAMB and the
Lesser Caucasus have some contrasting Mesozoic tectonic, magmatic
and sedimentary records (Moritz et al., 2016b). However, the AAMB
and the Lesser Caucasus underwent similar Cenozoic tectonic evolu-
tions (Moritz et al., 2016b). Also, the AAMB and the southernmost
Lesser Caucasus reveal broadly similar magmatic evolutions during the
Cenozoic, evolving from dominantly normal arc, calc-alkaline compo-
sitions during the Eocene to shoshonitic/alkaline and adakitic compo-
sitions sourced by a significant proportion of metasomatised litho-
spheric mantle during the Late Eocene-Miocene (Moritz et al., 2016a;
Rezeau et al., 2017). The KRB rocks display similar geochemical fea-
tures, enrichment in the LILE and LREE and depletion in the HFSE,
which are typical of subduction-related magmas (Fig. 10). The chon-
drite-normalized patterns for REE show a slight depletion in HREE in
the Kaleybar monzo-gabbros compared with the nepheline syenites
(Fig. 11b), and a slight depletion in REE in the Razgah monzonites

Fig. 13. (a)–(d) Plots of La/Sm versus La, Sm/
Yb versus Sm, Sm/Yb versus La/Sm (Aldanmaz
et al., 2000), and (Sm/Yb)n versus (La/Sm)n
(Jourdan et al., 2007), showing modeling of
REE abundances and ratios to constrain the
source characteristics of the alkaline magma(s)
in terms of REE concentrations, source miner-
alogy and degree of partial melting. The stu-
died samples are shown as red circle. Mineral/
matrix partition coefficients and DMM are from
the compilation of McKenzie and O’Nions
(1991, 1995); PM, N-MORB and E-MORB
compositions, shown as black square in the
diagrams, are from Sun and McDonough
(1989). The chondrite-normalized values are
after Boynton (1984). Melt curves obtained
using the non-modal batch melting equations
of Shaw (1970). The solid line represents the
mantle array defined using DMM and PM
compositions. Dashed curves are the melting
trends. The tick marks on the curves corre-
spond to melting degrees (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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compared with pseudoleucite syenites (Fig. 11c), which support a ge-
netic link between the basic and intermediate rocks. The gabbroic
samples from the Kaleybar pluton (this study and Tajbakhsh et al.
(2012)) and the Hashtsar pluton (Modjarrad et al., 2011) are plotted on
the tectonic discrimination diagram of Muller and Groves (1997)
(Fig. 14f). In the Zr versus Y diagram (Fig. 14f), the rocks fall into the
Arc-related field. Also, on the basis of a Zr/Y value of 3 (dashed line in
Fig. 14f after Pearce (1983)), almost all of the samples plot in the
Continental-Arcs field, except for one sample which falls in the Oceanic-
Arcs field. The age of emplacement of the KRB has not been determined
by geochronological dating, but these alkaline plutons are Eocene to
Oligocene (∼55–23 Ma) in age, based on stratigraphical studies.
Therefore, we focus on the tectono-magmatic events of the NW Iran and
adjacent areas during the Eocene-Oligocene time. This stratigraphical
age is consistent with dating of other adjacent plutons e.g. by
Aghazadeh et al. (2010); Castro et al. (2013); Nabatian et al. (2014),
and Rezeau et al. (2016, 2017), which yield ages of ∼48–21Ma based
on Zircon U-Pb dating methods. However, the cooling ages for the KRB
plutons range from ∼40–29Ma (Ashrafi et al., 2018), which

determined by the apatite fission track analysis.
The geodynamic evolution of the AAMB is controversial, as well as

the petrogenesis of its magmatic rocks. Azizi and Jahangiri (2008)
proposed that the AAMB is related to the Khoy–Zanjan oceanic sub-
duction beneath the Alborz-Azerbaijan plate and not to the Neo-
Tethyan subduction beneath the Iranian plate. The boundary between
the UDMA and the AAMB (i.e. Tabriz fault) is a sharp, distinct, deep-
seated, high-angle fault zone (Alavi, 1996). Along the Tabriz Fault,
there are some dismembered ophiolites (Azizi et al., 2006), which may
be relicts of this oceanic crust (Azizi and Jahangiri, 2008). However,
there is no detailed study about the mentioned ophiolites. Identical li-
thologic sequences of the same age in the UDMA and AAMB suggest
that the two originally formed a single continental margin magmatic
arc that was subsequently rifted apart (Hassanzadeh et al., 2002).
Considering the underplated plumes formed in active continental
margins may travel distances of more than 300 km below the litho-
spheric mantle according to predictions by numerical models (e.g.,
Currie et al., 2007); the UDMA (arc) and AAMB (back-arc) could re-
sulted from subduction of Neo-Tethys oceanic crust beneath the Iranian

Fig. 14. (a–b) Variations in incompatible trace
element ratios that may constrain source mi-
neralogy; (a) Rb/Sr vs. Ba/Rb plot for the
gabbroic rocks, the mineralogy of the CLM
(common lithospheric mantle) source is in-
ferred to include minor amounts of both am-
phibole and phlogopite (Furman and Graham,
1999), (b) Rb/K vs. Rb plot in which the gab-
broic samples fall between the approximate
phlogopite and amphibole composition fields
(after Jung et al., 2004). (c–e) Evaluation of
metasomatised mantle source in relation with
subduction; (c) (Hf/Sm)n vs. (Ta/La)n diagram
(after LaFlèche et al., 1998; primordial mantle
normalizing values are from Wood et al.,
1979), (d) Plot of Cs/Rb vs. Th/Yb (after Sun
and Stern, 2001), (e) Nb/Zr vs. Th/Zr diagram
for the gabbroic rocks, showing the source
nature of the KRB plutons. (f) The tectonic
discrimination diagram of Zr vs. Y (after Muller
and Groves, 1997; dashed line after Pearce,
1983).
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plate.
Eocene normal faults have been identified in the Alborz Mountains

(Guest et al., 2006), and stratigraphic evidence of Eocene subsidence in
the Alborz Mountains and central Iran has been interpreted in terms of
Eocene extension (e.g., Brunet et al., 2003; Hassanzadeh et al., 2004;
Vincent et al., 2005; Morley et al., 2009). The presence of shallow
marine sediments interbedded throughout the entire thickness of the
Paleogene volcanic accumulations (Stöcklin, 1968; Berberian and King,
1981), as well as evidence of submarine volcanism (e.g., Förster et al.,
1972; Amidi et al., 1984; Spies et al., 1984; Hassanzadeh, 1993), sug-
gest synvolcanic subsidence. Thus, there is a growing body of evidence
that much, if not all, of Iran was undergoing extension during at least
part of the Eocene (Verdel et al., 2011; Mouthereau et al., 2012). The
Neo-Tethys subduction has been an oblique convergence between the
Arabian and the Central Iran plate. According to Upton et al. (2003),
extension would be developed in an oblique convergence with the weak
subduction interface rather than in an orthogonal convergence with the
strong subduction interface. The long term subduction (from Upper
Cretaceous to Paleogene) and probably high slab dipping angle of Neo-
Tethys were propitious for a subsequent roll-back as the subducted slab
plunges. Slab roll-back is commonly cited as the accepted mechanism
for extension above subduction zones (e.g., Hamilton, 1995). Slab roll-
back and consequent trench retreat play three key roles: (1) It inserts
extensional episodes in an overall convergent regime, (2) it triggers
changes in plate boundary patterns, and (3) it can trigger more mantle
upwelling resulting in extensive magmatism (e.g., Zuo et al., 2017). The
extensional regime in the Alborz-Azerbaijan micro-continent can be
triggered by the slab roll-back of the Neo-Tethys system and probably
produced a back-arc basin between the UDMA and the Alborz-Azer-
baijan micro-continent (similar to the back-arc basin described by Alavi
(1996) or the Khoy-Zanjan Ocean described by Azizi and Jahangiri
(2008)). The back-arc basins related to E-, NE- and NNE-dipping sub-
duction are characterized by slower opening rate and thick continental
crust (Doglionli, 1995). We infer that extension was facilitated in the
back-arc because of different velocity of the lithosphere in the hanging-
wall of the Neo-Tethys subduction by the Tabriz fault. The Tabriz fault
was defined as the western-southwestern border of the back-arc while
the Talesh fault (and maybe other faults with the parallel trend) formed
the eastern-northeastern border of the back-arc (Fig. 15). The volumi-
nous Eocene-Oligocene shoshonitic magmatism was facilitated by local
lithospheric extensions (mentioned by Lescuyer and Riou (1976) as
incomplete local rift or extension) and was contemporaneous with calc-
alkaline magmatism in the AAMB.

The major Cenozoic plutons of the AAMB, such as the Anzan,
Khankandi, Shaivar-dagh, Sungun, Yuseflu, Roudbar, and Abhar

plutons (i.e., the Arasbaran–Taroum batholith) and the KRB intrusions
(e.g., Babakhani et al., 1990; Berberian and Berberian, 1981;
Aghazadeh et al., 2010; Castro et al., 2013), can be correlated with the
Dalidag, Pambak, Meghri-Ordubad, and Bargushat plutons in the Lesser
Caucasus (e.g., Kazmin et al., 1986; Lordkipanidze et al., 1989; Sosson
et al., 2010; Moritz et al., 2016b; Rezeau et al., 2017).

The Late Eocene to Neogene AAMB magmatism is attributed to
decompression melting of metasomatised lithospheric mantle during
extension and thinning of the crust (Aghazadeh et al., 2011; Castro
et al., 2013). Castro et al. (2013) pointed out that the Arasbaran-
Taroum batholith formed in a post-collisional setting and concluded
that monzonitic and shoshonitic magmas of some plutons of the AAMB
(Shaivar-Dagh, Khankandi and Yuseflu) have an adakitic signature in-
herited from early melts that metasomatized the peridotite mantle and
subsequent decompression melting. However, the Neogene southern-
most Lesser Caucasus magmatism is attributed to the transpressional
geodynamic setting accompanied by crustal thickening as a con-
sequence of decompressional melting of lower crust and lithospheric
mantle (Moritz et al., 2016a). Also, Rezeau et al. (2017) proposed a
decrease of the degree of partial melting of the sub-lithospheric mantle
for the generation of shoshonitic magmas in related to the initiation of
the Arabia-Eurasia collision. Although these scenarios would certainly
initiate decompression melting, variations in the degree of partial
melting, and/or slab silicic melts reactions in the mantle wedge gen-
erating adakite-like melts; the data presented in this study do not allow
us to constrain all of these geodynamic settings during the Eocene-
Oligocene magmatism.

In all the previous studies, the identification of subduction compo-
nents in the Eocene-Oligocene plutonic rocks from NW Iran, with calc-
alkaline to shoshonitic affinity, have been attributed to an unknown
subduction or to the Neo-Tethys subduction notwithstanding that the
mid-Tertiary plutons are more than 300 km farther from the Neo-
Tethyan suture or to the back-arc setting related to the Neo-Tethys
subduction. Commonly, the Cenozoic pre- to post-collision magmatism
of the NW of Iran has been attributed to the subduction system of the
southern branch of the Neo-Tethys Ocean (e.g., Castro et al., 2013;
Aghazadeh et al., 2011) while the post-collision magmatism of the SAQ
subduction system linked to slab break-off could also take place during
the Cenozoic in the NW of Iran. The SAQ suture, the nearest suture zone
to the studied area, is surrounded between two old long major faults, in
the W-SW by the Tabriz fault and in the E-NE by the Talesh fault which
might locally facilitate this post-collision magmatism (Fig. 15). Slab
break-off may have led to thermal perturbation resulting in melting of
the detached slab and metasomatism of the mantle in NW Iran and
adjacent areas during the post-collisional event. The temporal (Late

Fig. 15. Schematic model illustrating the geodynamic evolution of the Central Iran micro-continent and the Alborz-Azerbaijan block during the Eocene; the section
highlights are adding subduction components and adakitic signatures to the AAMB magmas by the subduction and slab roll-back of Neo-Tethys as well as the SAQ
slab break-off, mantle metasomatised by slab dehydration/melting at shallow depths during the early stages of subduction, melting enriched mantle under the AAMB
by local lithospheric extension within Alborz-Azerbaijan block, and facilitating the local extension and magma ascending by the main faults (Tabriz and Talesh).
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Oligocene - Early Miocene, Rezeau et al., 2017; Late Eocene-Oligocene,
Castro et al., 2013) and spatial relationship of the adakite-like rocks
with shoshonitic/alkaline rocks may be related to break-off of the
subducted SAQ oceanic lithosphere beneath the Eurasian plate (e.g.,
Berberian, 1983; Galoyan et al., 2009; Rolland et al., 2009) or the
Lesser Caucasus and the NW of Iran (Eyuboglu et al., 2011, 2012,
2014). The origin of adakites has been attributed to partial melting of
either subducted oceanic crust converted to amphibole eclogite and
garnet amphibolite (e.g., Defant and Drummond, 1990; Martin, 1999)
or crustal differentiation dominated by amphibole in a thickened lower
crust (e.g., Chapman et al., 2015; Chiaradia, 2015). Geophysical in-
vestigations indicate that the thickness of crust in this area is about
40–45 km (Dehghani and Makris, 1984), which is not an adequate
depth for conversion of basaltic lower crust into garnet amphibolite or
amphibole eclogite. Moreover, such deeper crustal materials have not
been observed nor reported as xenoliths from the studied area.

The presence of the subduction component in the KRB rocks can be
explained by the enriched mantle flow of Neo-Tethys and/or the SAQ
slab break-off (Fig. 15). Slab-steepening and/or break-off in a collision
setting may rapidly alter the pattern of flow in the asthenospheric
mantle beneath the collision zones (e.g., Funiciello et al., 2006; Keskin
et al., 2008; Kincaid and Griffiths, 2004; Neill et al., 2015). An asthe-
nospheric mantle flow driven by the break-off of the SAQ slab during
the Eocene might have dragged the subduction-modified astheno-
spheric mantle beneath the Alborz-Azerbaijan block to the southwest
towards the slab (Fig. 15). The low partial melting of such a subduction-
modified source material might have generated shoshonitic magmas
with a subduction signature. Many subducted slabs experience multi-
stage dehydration or melting. Slab dehydration normally occurs at
shallower depths than slab melting (Rollinson and Tarney, 2005). Re-
moval of mobile LILE from the slab by fluids is typically associated with
the early stages of subduction, whereas later melting produces adakites
with high K/Rb ratios and low Th, K and Rb contents. Thus, rocks as-
sociated with slab melt-modification are generally distributed behind
those derived from fluid enriched mantle sources (Rollinson and
Tarney, 2005; Zhao and Zhou, 2007).The gabbroic samples are char-
acterized by low K/Rb ratios (498–561) and high Th (3–5 ppm), K
(> 17,000 ppm) and Rb (34–48 ppm) contents, which are consistent
with a mantle source affected by slab dehydration rather than melting
of subducted sediments (also see subsection 8.3). In the Meghri-Or-
dubad pluton of southernmost Lesser Caucasus, evolution from calc-
alkaline to shoshonitic magmatic series has been attributed to a de-
crease of garnet lherzolite partial melting due to decrease of slab-re-
lated fluid input (Rezeau et al., 2017). A considerable decrease of the
slab-related fluid input could be occurred during Eocene in the SAQ
slab, which has probably contributed in the origin of KRB shoshonitic
rocks (Fig. 15). We infer that the adakitic signatures in some Late Eo-
cene-Oligocene plutons of the AAMB (Castro et al., 2013) can be at-
tributed to the SAQ slab break-off and melting of the detached slab
(e.g., Defant and Drummond, 1990). Lithospheric extension and de-
compression-driven partial melting of subduction-metasomatized li-
thosphere is the probable mechanism for the generation of the KRB
shoshonitic magma. Melting of mantle lithosphere by the perturbation
of the geotherm due to delamination of the thermal boundary layer or
slab detachment, leading to conductive heating of enriched mantle, has
been suggested for the origin of the Anatolian volcanic and plutonic
rocks (e.g., Pearce et al., 1990; Aldanmaz et al., 2000; Keskin, 2003;
Ilbeyli et al., 2004; Ilbeyli, 2005). In the case of KRB rocks, we argue
that local lithospheric extension possibly affected at least some parts of
Alborz-Azerbaijan block for the generation of the KRB shoshonitic
magma in Eocene-Oligocene times. The local lithospheric extension was
within an overall convergent setting and the coexistence of calc-alka-
line and shoshonitic magmatism in the AAMB may be explained by
differences in their mantle source regions related to low degree of
partial melting and/or source composition. However, more detailed
isotopic data is needed to constrain the possibility of the magmatism by

lithospheric extension and precise temporal relation of the subduction-
related alkaline rocks for evaluation of the proposed scenario.

9. Conclusions

The composition of the rock-forming minerals indicates that they
were derived from alkaline (miaskitic) magmas of volcanic arc and can
be attributed to derivation from a more evolved magma. Based on the
whole rock geochemistry, the foid-syenites and associated rocks show
mildly alkaline (shoshonitic) and metaluminous affinity. The removal
of magnetite, olivine, pyroxene, and Ca-plagioclase during fractional
crystallization is inferred from the major and trace element variations.
Also, the removal of the clinopyroxenite, an early cumulate mafic rock
(Mg#≈0.6), from the monzo-gabbro composition melt (Mg#≈0.5)
could produced the more differentiated composition such as nepheline
syenite, which indeed corroborate the fractional crystallization pattern.
Geochemical data, HFS element depletion such as Nb, Ta and Ti, as well
as discrimination diagrams indicate an arc-related environment for
genesis of the KRB rocks. The geochemical results and melt generation
modeling based on trace elements and REE presented above showed
that the source of the KRB rocks was enriched in LILE and LREE relative
to DMM and PM. Lithospheric extension within an overall convergent
setting and decompression-driven partial melting of subduction-meta-
somatized lithosphere is the probable mechanism for the generation of
the KRB mildly alkaline magma. A chemically enriched lithospheric
mantle source composed of garnet-spinel-lherzolite that has undergone
a low degree of partial melting (< 5%) at shallow depths is proposed to
generate the KRB intrusions. The KRB rocks were derived from a mantle
source modified by fluids related to the subducted slab. Some geo-
chemical features are compatible with the presence of amphibole in the
mantle source of studied rocks. However, it is possible that the phlo-
gopite signature decreased through mixing of melts derived from dif-
ferent mantle sources. The presence of the subduction component in the
KRB rocks can be explained by the enriched mantle flow of Neo-Tethys
and/or the SAQ slab break-off. A mantle flow driven by the break-off of
the SAQ slab during the Eocene might have dragged the subduction-
modified mantle beneath the Alborz-Azerbaijan block to the southwest
towards the slab.
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