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Abstract
The Triassic alkaline basaltic rocks (TABR) of North Kamarbon are located in Central Alborz, which is regarded as the northern part of the
Alpine-Himalayan orogenic belt. Fractional crystallization does not appear as a major process in the genesis of TABR while different degree of
partial melting may be regarded as the main process, based on petrography and geochemistry studies. The geochemical characteristics of TABR
are in conflict with a substantial involvement of continental crust or crustal contamination. High (La/Yb)N and (Dy/Yb)N ratios, along with other
geochemical features, in the TABR magma, suggest an asthenospheric origin, with low degree of partial melting of a garnet-bearing mantle
sources. Enrichment patterns of LILE (Ba, Sr and Th), HFSE (Nb, Ta and Zr) and P, and depletion at HREE (Yb, Lu) are similar to what
observed for OIB or intraplate alkaline magmatic rocks. The Sr and Nd isotopic ratios range from 0.70448 to 0.70522 and from 0.51269 to
0.51280, respectively, suggesting time-integrated slightly depleted magma sources. The data indicate that the evolution of TABR could be
related to the rifting basin, in Late Triassic, which caused their development by upwelling and decompressional melting of an asthenospheric
mantle, without a major involvement of subcontinental lithospheric mantle or crustal contamination.
Copyright © 2018, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Central Alborz, which is a part of the Alpine-
Himalayan orogenic belt, includes the different volcanism
phases with the wide range of magmatic rocks in this area
during Mesozoic (Assereto, 1966; Stampfli, 1978; Berberian,
1983; Alavi, 1996; Nazari et al., 2004; Shahidi, 2005). In
the Central Alborz, Mesozoic alkaline magmatic rocks are
attributed to the Triassic, Jurassic and Cretaceous (Cartier,
1971; Saidi and Ghassemi, 1993; Vahdati Daneshmand and
Nadim, 1999). The Triassic alkaline basaltic rocks (TABR)
in the Kamarbon area in the northern part of Central Alborz,
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overly Carnian massive dolomites and are beneath Norian-
Rhaetian sandstones, supporting the Late Triassic age (Saidi
and Ghassemi, 1993), even if there are no corresponding
radiometric ages available (Fig. 1). The alkaline volcanic
phase, in the study area, could be an indicator for the intra-
continental tectonic setting linked to a rift system in Central
Alborz during Late Triassic (Steiger, 1966; Nabavi and Seyed
Emami, 1977; Berberian and King, 1981; Berberian, 1983;
Annels et al., 1985; Fauvelet and Eftekhar Nezhad, 1992;
Sabzehei, 1993; Seyed Emami, 2003; Brunet et al., 2003;
Shahidi, 2005; Shahidi, 2008; Nazari and Shahidi, 2011).

In the Kamarbon area, the outcrop of TABR allows us to
investigate the Triassic alkaline volcanism of the Alpine Hi-
malayan orogenic belt in Iran. In particular, geochemical and
petrological studies on alkaline volcanic rocks may lead to
explain the different contribution of the processes like
d hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Fig. 1. General tectonic map of Iran with Arabian and Eurasian plate and the location of studied area in Central Alborz zone.
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fractional crystallization, magma mixing or crustal contami-
nation in magma genesis (Hawkesworth and Vollmer, 1979;
McKenzie and Bickle, 1988; Wilson, 1989; Rollinson, 1993;
Hallman, 1996; Best, 2002; McBirney, 2006).

Little is known about the Paleozoic and Mesozoic igneous
activities in Central Alborz, whereas only few aspects are
known for the Cenozoic magmatic activity. However, neither
whole-rock geochemistry nor microprobe or isotopic data have
been so far published for the TABR of the Kamarbon area. In
this study, major and trace elements, mineral electron micro-
probe data and SreNd isotopic analysis of TABR are used to
provide constrains on the composition of mantle sources, depth
and degree of partial melting related with this magmatism. The
results of this study may contribute to elucidate the genesis of
the Triassic magmatism that produced the alkaline volcanic
rocks in Alpine Himalayan orogenic belt in Central Alborz.

2. Geological background and the occurrence of the
TABR

Central Alborz was a part of Gondwana in the early
Paleozoic. It separated from Gondwana during Ordovician to
Silurian and then collided with Eurasian plate in the Triassic,
causing the Paleotethys Ocean closure to the north, and the
formation of the Neotethys Ocean to the south (Stocklin, 1974;
Berberian and King, 1981; Stampfli et al., 1991). After the
Triassic collisional event, along both sides of the Neotethys
Ocean intracontinental compressions were initiated and
accompanied by deposition of the coal bearing Shemshak
Formation (Berberian, 1983). After the compressional move-
ments and uplift, the Mesozoic extensional phases started,
marked by the Rhaetic rift volcanism. The early Jurassic
extensional phases and subsidence which were also recorded
in the West of Alborz (Caucasus) resulted by the formation of
the oceanic basin along the Sevan-Akera suture zone (Adamia
et al., 1977; Berberian et al., 1982).

In the Central Alborz, the Early Triassic carbonates are
overlapped by the Late Triassic shales and sandstones.
Extensional phases in the area started in the Late Triassic
associated with alkaline igneous activity (Berberian and King,
1981; Berberian, 1983). The occurrence of alkaline lavas and
pyroclastic rocks interbedded with the Late Triassic shales and
sandstones reveals the existence of an extensional system in
Central Alborz (Nazari et al., 2004). The evolution of this
extensional regime can generate the basins of Caspian Sea and
Black Sea in Late-Middle Jurassic (Nazari, 2006).

During Late Triassic, the structural features of the lower
part of Shemshak Formation reveal an important extensional
system with several occurrences of normal faults. This
extensional regime is also registered in the lower part of the
Shemshak Formation by changes in thickness. These changes
are related to the activity of big normal faults or thrust faults in
Central Alborz (Nazari and Shahidi, 2011).

Allenbach (1966) claimed that the outcrops of several
alkaline dykes inside the Shemshak Formation prove the
occurrence of extensional phases and continental fracturing
during the Middle Triassic-Late Jurassic in Central Alborz.
TABR have been placed on the Carnian massive dolomites of
Elika Formation, covered by Norian-Rhaetian sandstones and
clays of late Triassic (Saidi and Ghassemi, 1993) (Fig. 2).

Fig. 3 and Fig. 4a illustrate that the TABR locate above the
Carnian Elika massive dolomites and beneath the Late Triassic
Shemshak sandstones, indicating Late Triassic age of the
magmatism. Exfoliation and mechanical weathering are
observed in some of TABR samples (Fig. 4b). Also in Central
Alborz, there are several small gabbroic intrusions that are
emplaced inside the Shemshak Formation (Saidi and Ghassemi,
1993).



Fig. 2. Geological map of the study area. Modified from the geological map of 1/100000 Marzanabad, Iran.

Fig. 3. Stratigraphic column of the Triassic and Jurassic rocks within the Kamarbon area, after Vahdati Daneshmand and Nadim (1999).
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TABR are dark gray to dark green in hand specimen
(Fig. 4b). The rocks are mainly analcime olivine basalts with
mostly porphyritic texture. Phenocrysts of TABR are pyroxene,
olivine and rare plagioclase. The most abundant mineral in
TABR is euhedral to subhedral pyroxene that can observe with
the grain size up to 2 cm (Fig. 5a, b and c). They mostly reveal
plane polarized pink color which can be the sign of high amount
of Ti (Jung, 2003). Some of the pyroxenes show the glomer-
oporphyric texture (Fig. 4d). Olivine is the second mineral in
terms of abundance, showing wide alteration to chlorite and
some iddingsite (Fig. 5a and c). The rare plagioclase pheno-
crysts mostly show alterations to sericite, albite and calcite.
Groundmass of TABR contains pyroxene, olivine, plagioclase,
analcime and accessory minerals as opaque and apatite. The
groundmass olivines as the phenocryst olivines exhibit alter-
ation to iddingsite and chlorite. The alteration to iddingsite in
groundmass olivines is more common, possibly indicating the
more fayalitic composition. Anhedral analcime in groundmass
crystallized between pyroxene and olivine, indicating it is a
late-stage crystallized phase (Fig. 5e and f).



Fig. 4. Field photographs showing (a) TABR in contact with the late Triassic sandstones (b) Exfoliation mechanical weathering in TABR.

Fig. 5. Clinopyroxene (Cpx), analcime (Anl) and olivine (Ol) minerals in TABR (a, c and e) Plane polarized light image (b, d and f) Cross-polarized transmitted

light images.
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3. Analytical methods

Samples with the most possible unaltered chips were
selected and powdered in an agate mill. X ray fluorescence
(XRF) analyses for major and some trace elements (Ni, Co,
Cr, V, Sr, Ba and Rb) were performed on powder pellets, using
a wavelength-dispersive automated Philips PW 1400 spec-
trometer at the Department of Earth Sciences of Ferrara
University in Italy, based on the method by Franzini et al.
(1975) and Leoni and Saitta (1976) for matrix correction.
Accuracy and precision for major elements are estimated as
better than 3% for Si, Ti, Fe, Ca and K, and 7% for Mg, Al,
Mn, Na; for trace elements (above 10 ppm) they are better than
10%. Trace and rare-earth elements were analyzed by induc-
tively coupled plasma mass spectrometry (ICP-MS) at the
same place, using a VG Plasma Quad2 plus. Accuracy and
precision, based on replicated analyses of samples and stan-
dards, are estimated as better than 10% for all elements well
above the detection limit.

Mineral compositions were measured at the Department of
Mineralogy of Padua University in Italy, with a
CamecaeCamebax electron microprobe (fitted with three
spectrometers) at accelerating voltage of 15 kV, and beam
current of 15 nA, using natural silicates and oxides as stan-
dards. The beam was enlarged to a diameter of 5 mm and the
counting times were set to 10 s for both peak and background
and the data correction was performed using PAP methods
(Pouchou and Pichoir, 1984).

Isotopic analyses on whole rocks were carried out at the
Department of Mathematics and Geosciences of Trieste Uni-
versity in Italy; whole-rock was leached with hot 6N HCl and
then totally digested with HFeHNO3. Strontium and REE
were separated by using standard cation exchange chromato-
graphic columns with an AG 50W - X8 resin using 2.5N HCl
for Sr and 6N HCl for the REE as an eluent. Nd was separated
from the other REE by reversed-phase chromatography using
HDEHP-coated Teflon columns and 0.12N HCl. The isotopic
compositions were measured by using a VG Micromass 54E
mass spectrometer for both Sr and Nd isotopes. Repeated
analysis of the NIST e NBS 987 reference standard gave an
average of 87Sr/87Sr ¼ 0.71024 ± 0.00004 (2SD) (n ¼ 45) and
no correction was applied for instrumental bias. The total
procedural blank for Sr was less than 50 pg. Repeated mea-
surements of the JNd-i standard (in consistency with La Jolla
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standard) yielded an average of 143Nd/144Nd of
0.512118 ± 0.000018 (2SD) (n ¼ 45) in agreement within
experimental errors with the certified value of 0.5121116. The
total procedural blank for Nd was less than 30 pg. The
measured Sr and Nd isotope-ratios were back-calculated to
Upper Triassic by using the radioactive decay equation and the
proper decay constants (Dickin, 2005). The Sr and Nd isotope
ratios were corrected by normalizing to the average 87Sr/86Sr
ratio for the standard NIST NBS-987 ¼ 0.710244 ± 0.000036
and the average 143Nd/144Nd ratio for the standard
JNDi ¼ 0.51200 ± 0.000008.
3.1. Mineral chemistry
Representative compositions of pyroxenes are shown in
Table 1. Pyroxene is the main mineral in TABR. In the py-
roxene classification diagram of Morimoto et al. (1988) all
analyzed samples reveal diopside composition, although some
of them show tendency toward more calcic pyroxene (Fig. 6).
Pyroxenes of feldespatoid bearing alkaline rocks or teschenites
can be plotted above diopside field because of their high
contents of Al and Ti that cause the analyzed points to be
above the diopside field (Wlodyka, 2002; Bardintzeff et al.,
2012). The chemical composition of pyroxenes in TABR
ranges from Wo44.3 Fs9.3 En46.4 at core to Wo50.6 Fs13.9 En35.4
at rim that shows enrichment of Fe and Ca and depletion of
Mg at rims. The composition of fine pyroxenes in groundmass
reveals higher values of FeO than phenocrysts rims.

Representative compositions of feldspars are shown in
Table 2. Only the plagioclases in groundmass are analyzed due
to the striking alteration of the rare plagioclase phenocrysts.
Compositions of the plagioclases in the groundmass of TABR
plot in the field of labradorite, ranging from Ab31.0An65.3Or3.6
to Ab41.6An55.0Or3.2 (Fig. 7). Most of the plagioclases have
undergone weathering and display alteration to secondary
minerals like sericite, clay, albite and zeolite.

Representative compositions of analcimes are shown in
Table 3. The analcimes of TABR are colorless in thin section
and isotropic. This mineral crystallized interstitially among
olivine, pyroxene and plagioclase minerals. Analcimes have
Na2O 9.35e10.53 wt.%; Fe2O3 (0.01e0.06 wt.%); K2O,
0.02e0.16 wt. %; [Na/(Na þ K)], 0.99 and the high values of
Na2O/K2O ratio (ranging from 3.58 to 7.48). Analcime
regarded as a widespread mineral occurring in many different
kinds of environments and can occur in igneous rocks as
primary or secondary mineral (Deer et al., 2004). The anal-
cimes of TABR are regarded as secondary analcimes that can
produced by alteration of other minerals during the crystalli-
zation process.
3.2. Major elements, trace elements and isotope
geochemistry
All samples in this study are plotted in the field of alkali-
basalt in the Winchester and Floyd classification diagram
(1977) (Fig. 8). SiO2, MgO and Mg# [Mg-number ¼ 100(Mg/
Mg þ Fetotal)] range from 42.24 to 45.21 wt.%, 10.95 to
15.49 wt.% and 60.28 to 69.81, respectively (Table 4). There is
no any systematic observed pattern between the variations of
major oxides (SiO2, Al2O3, Na2O, K2O, Fe2O3 and CaO)
versus MgO in TABR. The studied rocks show a range of trace
element contents that Ni, Co and Cr vary from 222 to
289 ppm, from 59 to 72 ppm and from 251 to 358 ppm
respectively.

All the TABR samples are enriched in high field strength
elements (HFSE) like Y (20e30 ppm), Zr (165e200 ppm) and
Nb (63e73 ppm) with respect to primitive mantle. They are
also enriched in LREE with respect to HREE in chondrite-
normalized diagrams (Fig. 9a), with (La/Yb)N and (Dy/Yb)N
ratios ranging from 17.42 to 20.05 and 1.52 to 1.62,
respectively.

SmeNd and RbeSr Isotopic analyses of TABR are re-
ported in Table 5 and Table 6. The measured Sr and Nd
isotope-ratios were back-calculated to Upper Triassic by using
the radioactive decay equation and the proper decay constants
(Dickin, 2005). The studied samples locate close in the
slightly depleted part relative to bulk Earth composition regard
to their 87Sr/86Sr (0.70448e0.70522) and high 143Nd/144Nd
(0.51269e0.51280) (Fig. 10). They typically lie in the isotopic
composition of OIB field.

4. Discussion
4.1. Alteration effects on the mobility of elements
Petrographic evidence and the relatively high LOI (ranging
from 1.00 wt.% to 3.2 wt.%, Table 4) indicate that TABR have
been altered to various extent. For instance the analcime min-
eral in TABR was produced by the alteration of primary
nepheline as a result of the increment of H2O during the
crystallization process. If analcime was a primary phase and
generated during fractional crystallization, it typically would
contain Fe2O3 � 1 wt.% (Luhr and Kyser, 1989). However, the
Fe2O3 in analcime of TABR is between 0.01 and 0.06 wt.%,
likely indicating their secondary origin. Secondary analcime
can be formed by the reaction of leucite þ Na þ
H2o↔Analcime þ K in volcanic rocks (Gupta and Fyfe, 1975;
Taylor and Mackenzie, 1975). These secondary analcime
contain Fe2O3z 0.3 wt.% and K2O� 1 wt.% (Luhr and Kyser,
1989). It should be considered that the presence of primary
leucite in alkaline rocks is usually accompanied by the presence
of other K-enriched minerals (like alkali feldspar), while in
TABR there is the lack of alkali feldspar and other K-enriched
phases. The amount of Fe2O3 (0.01e0.06 wt.%) and K2O
(0.02e0.16 wt. %) in analcime of TABR, coupled with the high
values of Na2O/K2O ratio (ranging from 3.58 to 7.48) and the
lack of potassic mineral phases in TABR samples demonstrate
that the analcime is an alteration product (Morata et al., 2005;
Morata and Higueras, 1996).

The occurrence of alteration is reflected by the variability in
concentration of the most mobile elements (e.g. K2O, Na2O,
Rb and Ba, Table 4) although transition metals (e.g. Cr and
Ni), high-field strength elements (e.g. Ti, Zr, Y, Nb and REE)
remain relatively immobile under low-temperature alterations



Table 1

Representative microprobe analysis of pyroxenes in TABR, values are given in wt.%. The structural formula calculation is based on six oxygens and cations are in

apfu (atoms per formula unit).

Sample RD122 RD122 RD122 RD122 RD122 RD182 RD182 RD182 RD182 RD182 RD182 RD182 RD122 RD122 RD122

Note core rim core middle rim core middle rim core rim rim rim rim core middle

SiO2 49.46 43.90 46.47 47.88 47.69 47.50 43.84 47.38 48.44 47.28 47.39 47.11 43.42 47.73 52.33

TiO2 1.30 2.93 1.88 1.73 1.80 1.90 3.17 2.23 1.82 2.30 2.24 2.22 3.67 2.27 0.71

Al2O3 5.02 8.52 7.58 5.14 7.18 7.46 9.12 5.76 4.93 5.88 6.26 5.65 9.40 5.55 4.89

Cr2O3 0.42 0.03 0.63 0.16 0.05 0.66 0.00 0.01 0.21 0.03 0.00 0.03 0.08 0.00 0.13

FeO 5.69 7.47 5.82 6.41 7.62 5.79 7.87 7.14 6.75 7.17 6.94 7.14 7.87 7.23 5.95

MnO 0.10 0.13 0.10 0.11 0.22 0.11 0.07 0.10 0.13 0.17 0.10 0.07 0.17 0.14 0.15

MgO 14.80 11.80 13.15 14.27 12.98 13.34 11.68 13.71 13.96 13.48 13.32 13.61 11.48 13.47 13.37

CaO 21.80 22.60 21.99 22.09 21.01 22.22 22.72 22.98 22.87 23.07 22.97 23.09 22.81 22.69 22.37

Na2O 0.52 0.49 0.60 0.40 0.71 0.63 0.50 0.42 0.36 0.38 0.43 0.41 0.52 0.41 0.96

Total 99.10 97.86 98.24 98.20 99.25 99.60 98.98 99.74 99.47 99.76 99.65 99.33 99.42 99.50 100.87

Si 1.83 1.67 1.74 1.80 1.78 1.76 1.65 1.76 1.80 1.76 1.76 1.76 1.63 1.78 1.91

Ti 0.04 0.08 0.05 0.05 0.05 0.05 0.09 0.06 0.05 0.06 0.06 0.06 0.10 0.06 0.02

Al 0.22 0.38 0.34 0.23 0.32 0.33 0.40 0.25 0.22 0.26 0.27 0.25 0.42 0.24 0.21

Cr 0.01 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Fe3þ 0.07 0.15 0.10 0.10 0.08 0.08 0.16 0.14 0.10 0.13 0.11 0.14 0.15 0.10 0.00

Fe2þ 0.11 0.09 0.09 0.10 0.16 0.10 0.09 0.08 0.11 0.10 0.11 0.08 0.09 0.12 0.18

Mn 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00

Mg 0.82 0.67 0.74 0.80 0.72 0.74 0.66 0.76 0.77 0.75 0.74 0.76 0.64 0.75 0.73

Ca 0.87 0.92 0.88 0.89 0.84 0.88 0.92 0.91 0.91 0.92 0.91 0.92 0.92 0.91 0.87

Na 0.04 0.04 0.04 0.03 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.07

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Al IV 0.17 0.33 0.26 0.20 0.22 0.24 0.35 0.24 0.20 0.24 0.24 0.24 0.37 0.22 0.09

Al VI 0.05 0.05 0.08 0.03 0.09 0.08 0.05 0.01 0.02 0.01 0.04 0.00 0.04 0.02 0.12

Wo 46.46 50.29 48.97 46.97 46.49 48.96 50.30 48.17 47.99 48.51 48.87 48.45 50.62 48.09 48.91

En 43.91 36.53 40.73 42.21 39.97 40.90 35.99 39.99 40.74 39.44 39.43 39.74 35.44 39.72 40.68

Fs 9.64 13.19 10.30 10.81 13.54 10.14 13.71 11.85 11.27 12.05 11.70 11.81 13.93 12.19 10.41

Mg# 88.36 88.45 89.53 89.13 81.97 87.96 87.66 89.98 87.35 88.66 87.34 90.67 87.31 85.83 80.03

Ti/Al 0.16 0.22 0.16 0.22 0.16 0.16 0.22 0.25 0.24 0.25 0.23 0.25 0.25 0.26 0.09

Sample RD122 RD122 RD121a RD121a RD121a RD121a RD121a RD121a RD35 RD35 RD35 RD35 RD35 RD35 RD35

Note rim rim core middle rim core core rim rim core rim core rim groundmass groundmass

SiO2 49.69 48.61 46.73 42.67 44.16 49.49 50.71 46.24 44.56 42.39 44.57 46.50 44.12 43.19 45.40

TiO2 1.06 1.49 2.42 3.83 2.99 0.92 0.92 2.62 3.05 4.16 3.28 2.52 3.33 3.23 3.05

Al2O3 5.36 6.20 6.06 9.61 8.62 4.84 4.81 6.77 8.93 10.38 8.37 6.14 8.74 8.65 11.37

Cr2O3 0.11 0.10 0.00 0.02 0.05 1.21 0.76 0.07 0.03 0.02 0.20 0.00 0.21 0.09 0.00

FeO 5.71 5.80 7.45 7.85 7.56 5.18 5.47 7.20 7.66 8.11 7.32 7.25 7.45 8.05 8.34

MnO 0.10 0.09 0.18 0.10 0.13 0.15 0.11 0.14 0.11 0.14 0.09 0.12 0.13 0.12 0.13

MgO 13.43 13.44 13.22 11.28 12.05 15.00 15.68 12.92 11.89 11.02 12.01 13.11 11.71 11.42 11.10

CaO 22.90 23.18 23.08 22.96 23.00 20.86 20.80 23.11 22.84 23.20 23.04 23.27 23.12 23.07 18.12

Na2O 0.83 0.88 0.45 0.50 0.44 0.57 0.62 0.43 0.51 0.41 0.43 0.40 0.45 0.51 1.45

Total 99.18 99.77 99.58 98.83 99.02 98.22 99.88 99.49 99.60 99.84 99.33 99.31 99.25 98.33 99.81

Si 1.84 1.79 1.74 1.61 1.66 1.85 1.86 1.72 1.66 1.59 1.67 1.74 1.66 1.64 1.69

Ti 0.03 0.04 0.07 0.11 0.08 0.03 0.03 0.07 0.09 0.06 0.09 0.04 0.09 0.09 0.09

Al 0.23 0.27 0.27 0.43 0.38 0.21 0.21 0.30 0.39 0.46 0.37 0.27 0.39 0.39 0.50

Cr 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00

Fe3þ 0.08 0.13 0.15 0.17 0.16 0.04 0.05 0.13 0.14 0.16 0.13 0.14 0.14 0.19 0.06

Fe2þ 0.10 0.05 0.08 0.08 0.07 0.12 0.12 0.09 0.10 0.09 0.10 0.09 0.10 0.07 0.20

Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.74 0.74 0.73 0.63 0.67 0.84 0.86 0.72 0.66 0.62 0.67 0.73 0.66 0.65 0.62

Ca 0.91 0.91 0.92 0.93 0.93 0.83 0.82 0.92 0.91 0.93 0.93 0.93 0.93 0.94 0.72

Na 0.06 0.06 0.03 0.04 0.03 0.04 0.04 0.03 0.04 0.03 0.03 0.03 0.03 0.04 0.10

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.02

Al IV 0.16 0.21 0.26 0.39 0.34 0.15 0.14 0.28 0.34 0.41 0.33 0.26 0.34 0.36 0.31

Al VI 0.08 0.06 0.01 0.04 0.04 0.06 0.07 0.02 0.06 0.05 0.04 0.01 0.04 0.03 0.19

Wo 49.65 49.88 48.67 51.18 50.25 45.46 44.28 49.37 50.25 51.59 50.61 49.24 51.00 50.88 45.10

En 40.52 40.23 38.78 34.98 36.64 45.48 46.45 38.40 36.39 34.10 36.69 38.59 35.94 35.06 38.44

Fs 9.83 9.89 12.55 13.83 13.11 9.06 9.28 12.23 13.36 14.31 12.70 12.17 13.06 14.07 16.46

Mg# 88.43 93.58 89.82 88.91 90.15 87.71 87.73 88.92 87.32 86.78 86.92 89.57 87.22 90.37 75.23

Ti/Al 0.13 0.15 0.25 0.25 0.22 0.12 0.12 0.25 0.22 0.13 0.25 0.15 0.24 0.24 0.17
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Fig. 6. Pyroxenes of TABR in the classification ternary diagram of pyroxenes

(Morimoto et al., 1988). Closed symbols represent phenocryst core whereas

open ones represent phenocryst rim.

Fig. 7. Composition of plagioclases from TABR in the ternary diagram of

plagioclases, 1 ¼ Anorthite. 2 ¼ Bytownite. 3 ¼ Labradorite. 4 ¼ Andesine.

5 ¼ Oligoclase. 6 ¼ Albite. 7 ¼ Anorthoclase. 8 ¼ Sanidine.
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(Pearce and Cann, 1973; Winchester and Floyd, 1977;
Bienvenu et al., 1990; Dai et al., 2011).

It is assumed that TABR preserve their pristine HFSE
characteristics because of the uniform HFSE abundances
(Table 4). Hence, HFSES and the ratios like Zr/Ce, Zr/Nb, Th/
Nb, La/Ta, La/Yb, Ce/Yb, Sm/Yb, Dy/Yb and Zr/La will be
used in the following discussion in order to investigate the
possible magma mantle sources.
4.2. The role of crustal contamination
Zr/Nb ratio in TABR samples varies from 2.13 to 2.81.
However this ratio ranges from 2 to 4 in alkaline igneous rocks
Table 2

Representative microprobe analysis of plagioclases in TABR, values are given in wt.

in apfu (atoms per formula unit).

Sample RD121a RD121a RD121a RD122 RD1

SiO2 52.17 50.81 52.91 50.98 51.9

TiO2 0.18 0.14 0.17 0.21 0.16

Al2O3 29.75 30.93 28.67 31.10 30.9

FeO 0.57 0.52 0.52 0.67 0.58

K2O 0.18 0.54 0.32 0.59 0.57

CaO 12.14 12.62 12.88 11.98 12.2

Na2O 4.45 3.80 3.99 5.01 3.21

Total 99.48 99.43 99.54 100.58 99.7

Si 2.37 2.32 2.40 2.31 2.35

Ti 0.01 0.00 0.01 0.01 0.01

Al 1.59 1.66 1.54 1.66 1.65

Ca 0.59 0.62 0.63 0.58 0.59

Na 0.39 0.34 0.35 0.44 0.28

K 0.01 0.03 0.02 0.03 0.03

Total 5.01 5.02 4.99 5.08 4.96

Ab % 39.45 34.14 35.25 41.69 31.0

An % 59.52 62.65 62.88 55.09 65.3

Or % 1.02 3.21 1.87 3.22 3.61
and from 8 to 12 in the continental crust samples (Weaver,
1991) which is possibly indicating the lack of a significant
crustal contamination in the studied rocks (Wӧrner 1999). The
(Th/Nb)N vs. (La/Nb)N diagram is used to show the continental
crustal contamination effects (Dai et al., 2011) (Fig. 11). In this
diagram all samples place near to the field of OIB and far from
the lower crust composition, supporting the hypothesis that the
crustal contamination process in these rocks, if occurred, is a
minor process. The lack of Ti and other HFSE negative
anomalies, as well as the presence of a negative anomaly of K
in primitive mantle-normalized multilemental diagrams, are
incompatible with a substantial involvement of continental
crust in the genesis of TABR (Fig. 9b).
%. The structural formula calculation is based on eight oxygens and cations are

22 RD122 RD182 RD182 RD182 RD182

8 52.17 51.17 50.91 52.98 51.55

0.21 0.18 0.16 0.19 0.16

8 29.97 30.75 31.02 28.76 31.01

0.61 0.65 0.56 0.55 0.66

0.12 0.44 0.25 0.33 0.55

1 12.78 12.85 12.88 11.89 12.32

4.02 3.45 4.21 4.85 3.55

8 99.93 99.55 100.05 99.60 99.88

2.36 2.33 2.31 2.41 2.33

0.01 0.01 0.01 0.01 0.01

1.60 1.65 1.66 1.54 1.65

0.62 0.63 0.63 0.58 0.60

0.35 0.30 0.37 0.43 0.31

0.01 0.03 0.01 0.02 0.03

5.00 4.94 4.99 4.98 4.93

7 36.02 31.81 36.63 41.68 33.12

1 63.26 65.52 61.93 56.46 63.51

0.73 2.67 1.43 1.87 3.38



Table 3

Representative microprobe analysis of analcimes in TABR, values are given in wt.%. The structural formula calculation is based on six oxygens and cations are in

apfu (atoms per formula unit).

Sample RD122 RD122 RD122 RD121a RD121a RD121a RD182 RD182 RD182 RD182

SiO2 55.47 55.51 55.94 56.15 55.81 62.43 56.47 57.22 54.88 56.04

TiO2 0.11 0.12 0.11 0.16 0.15 0.00 0.10 0.10 0.10 0.13

Al2O3 25.64 25.40 24.97 25.19 25.30 21.81 25.33 25.66 25.72 25.27

FeO 0.29 0.14 0.21 0.21 0.17 0.59 0.32 0.18 0.25 0.18

Fe2O3 0.03 0.01 0.02 0.02 0.02 0.06 0.03 0.02 0.03 0.02

CaO 0.11 0.14 0.10 0.17 0.16 1.82 0.15 0.12 1.22 0.13

Na2O 10.48 10.33 10.54 9.65 10.47 9.36 10.73 9.87 10.21 10.52

K2O 0.03 0.04 0.03 0.09 0.08 0.16 0.04 0.03 0.06 0.08

Total 92.22 91.72 92.07 91.66 92.21 96.86 93.29 93.40 92.64 92.43

Si 1.99 2.00 2.01 2.02 2.00 2.13 2.02 2.00 2.03 2.03

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 1.09 1.08 1.06 1.07 1.07 0.88 1.09 1.07 1.07 1.09

Fe2þ 0.01 0.00 0.01 0.01 0.00 0.02 0.01 0.01 0.02 0.00

Ca 0.00 0.01 0.00 0.01 0.01 0.07 0.00 0.00 0.02 0.00

Na 0.73 0.72 0.73 0.67 0.73 0.62 0.71 0.69 0.69 0.69

Total 3.83 3.82 3.83 3.78 3.82 3.75 3.84 3.78 3.86 3.83

Fig. 8. Classification of TABR according to Winchester and Floyd (1977).
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Hart et al. (1989) reported that the basaltic magmas which
are influenced by crustal contamination contain La/Nb>1.5
and La/Ta>22. In TABR, the low values of La/Nb (0.50e0.62)
and La/Ta (10.52e12.52) ratios, coupled with SreNd isotopic
composition (see further on) indicate the magma underwent
little or no crustal contamination.
4.3. The role of fractional crystallization and partial
melting
According to Kelemen et al. (2004), rocks contain Mg#>60
represent primitive magma composition. All the TABR sam-
ples have Mg#>60, represent primitive magma composition.

In TABR, there is no clear correlation among major ele-
ments and, Ni, Cr and Co and MgO. The relatively high Mg#
(60.28e69.81) and the Ni and Cr content highlight that olivine
and clinopyroxene fractionation was not a significant process
during magma evolution. In addition, the absence of
plagioclase phenocrysts and the lack of a negative Eu anomaly
in TABR reveal that there was no plagioclase fractionation
(Fig. 9). Indeed, the high MgO content (10.95e15.49 wt. %)
and the lack of correlation between MgO and other oxides
support the hypothesis that the fractional crystallization was
not a major process in TABR genesis.

The Ti/Al ratios in Cpx composition give constraints about
their pressure condition of crystallization (e.g. Wilkinson,
1974; Dobosi et al., 1991; Wlodyka, 2002; Ali and Ntaflos,
2011). The average value of Ti/Al ratio in clinopyroxene
cores of TABR is ~0.17, whereas the average value of this
ratio in clinopyroxene rims is ~0.22 (Fig. 12). Considering the
lower Ti/Al ratio in clinopyroxene cores, they should be
crystallized at rather higher pressures than clinopyroxene rims.

The high LREE/HREE ratios indicate low degrees of partial
melting (Wilson and Downes, 2006). The differentiation degree
of LREE relative to HREE is defined by the (La/Yb)N ratio,
varies from 17.42 to 19.05 with an average of 18.06 in TABR.



Table 4

XRF and ICP analysis of TABR. Major elements, trace and rare earth elements values are given in wt.% and ppm, respectively.

Sample RD35 RD182 RD85 RD88 RD121 RD121a RD122 RD123 RD124 RD163 RD72

SiO2 42.24 43.25 44.66 42.5 43.3 45.21 42.82 42.8 43.12 43.21 43.6

TiO2 2.35 2.39 2.45 2.41 2.45 2.61 2.47 2.45 2.40 2.48 2.31

Al2O2 13.01 13.05 13.27 13.01 13.22 13.42 13.16 13.13 13.26 13.25 13.21

Fe2O3 13.28 13.93 13.35 14 13.1 14.3 13.94 14.21 13.91 14.01 13.48

MnO 0.17 0.22 0.27 0.19 0.21 0.25 0.16 0.16 0.21 0.22 0.21

MgO 15.49 13.12 12.1 14.53 14.12 10.95 13.65 13.5 13.45 12.98 13.1

CaO 10.23 10.41 11.29 10.5 10.85 10.2 11.06 11.23 10.88 11.51 11.3

Na2O 1.73 1.71 2.11 1.87 1.63 2.41 1.75 1.7 1.82 1.98 1.84

K2O 0.35 0.46 0.49 0.25 0.44 0.39 0.44 0.48 0.39 0.40 0.4

P2O5 0.51 0.55 0.54 0.5 0.57 0.48 0.55 0.54 0.49 0.56 0.55

Sum 99.36 99.09 100.5 99.76 99.89 100.22 100 100.2 99.93 100.6 100

L.O.I 2.2 2.1 3.1 3.2 1.5 1.8 2.1 3.2 1.00 1.90 3.08

Ba 1149 997 676 654 1810 1012 660 636 701 759 680

Co 72 61 61 66 60 63 60 61 65 59 64

Cr 358 265 277 299 260 251 270 301 288 301 287

Cu 49 132 49 59 89 94 61 63 40 49 61

Ga 11 18 15 17 14 13 15 15 12 14 12

Hf 3 5 4 4 4 5 4 4 4 3 4

Nb 63 74 70 73 70 73 67 67 69 73 71

Nd 41 36 38 36 36 36 42 42 41 36 40

Ni 289 234 233 260 251 239 231 226 228 242 265

Rb 5 9 9 4 2 4 12 14 11 12 8

Sc 20 26 25 32 29 28 29 28 24 31 27

Sr 589 624 1100 950 1164 1209 887 870 942 641 921

Th 5 6 6 7 6 7 6 6 6 5 6

V 230 275 267 252 241 285 265 271 270 256 267

Y 20.5 21.1 30 26 28 20.4 29 27 27 22.4 25

Zn 62 91 94 98 915 78 97 89 85 91 98

Zr 178 158 198 188 190 175 195 192 200 165 188

La 49.2 46.9 45.8 46.2

Ce 101 82.0 81.1 83.0

Pr 10.7 9.27 9.09 9.41

Sm 6.87 6.79 6.69 6.82

Eu 2.17 2.17 2.26 2.18

Gd 6.32 6.18 6.25 6.22

Tb 0.92 0.95 0.94 0.94

Dy 4.08 4.31 4.26 4.29

Ho 0.78 0.82 0.82 0.82

Er 2.04 2.10 2.11 2.10

Tm 0.30 0.31 0.31 0.30

Yb 1.75 1.77 1.79 1.78

Lu 0.26 0.25 0.26 0.25

Hf 3.43 3.26 3.55 3.38

Ta 4.67 3.74 3.84 3.92

U 2.21 1.59 1.67 1.61

Sample RD117 RD118 RD119 RD156

SiO2 44.25 43.12 42.54 43.09

TiO2 2.4 2.38 2.4 2.41

Al2O2 13.01 13.21 13.11 13.2

Fe2O3 13.88 14.01 13.38 13.89

MnO 0.24 0.21 0.18 0.22

MgO 12.86 13.14 14.59 13.05

CaO 10.41 11.09 10.8 10.83

Na2O 1.9 1.79 2.03 1.95

K2O 0.47 0.47 0.4 0.45

P2O5 0.56 0.58 0.56 0.57

Sum 99.98 100 99.99 99.66

L.O.I 1.89 2.81 1.81 2.25

Ba 797 702 995 712

Co 63 62 69 61

Cr 260 261 331 290

(continued on next page)
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Table 4 (continued )

Sample RD117 RD118 RD119 RD156

Cu 55 58 54 66

Ga 14 14 13 14

Hf 5 4 4 3

Nb 71 68 68 74

Nd 37 43 37 40

Ni 222 228 269 244

Rb 7 5 8 8

Sc 26 28 28 30

Sr 951 912 812 878

Th 6 7 5 5

V 260 252 241 261

Y 25.0 28 23.5 26

Zn 90 92 72 90

Zr 187 185 188 196

La 47.1

Ce 90

Pr 9.87

Sm 6.78

Eu 2.2

Gd 6.16

Tb 0.93

Dy 4.34

Ho 0.81

Er 2.09

Tm 0.31

Yb 1.75

Lu 0.25

Hf 3.31

Ta 4.01

U 1.81

Fig. 9. (a) Chondrite normalized diagram for TABR, Kenya rift alkaline basalts (KRAB) and Ethiopian rift alkaline basalts (ERAB), normalized values are from

McDonough and Sun (1995). (b) Primitive mantle normalized diagram for TABR, Kenya rift alkaline basalts (KRAB) and Ethiopian rift alkaline basalts (ERAB),

normalized values are from McDonough and Sun (1995).
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Table 5

Sm-Nd isotopic analyses of TABR. Initial (143Nd/144 Nd)0 ratios and 3NdCHUR
t were calculated for a crystallization age of 205Ma. 147Sm/144Nd ratios ¼ [(ConcSm/

ConcNd)*0.604491]. 143Nd/144 Nd ratios, normalized to 146Nd/144Nd ¼ 0.7219 (De Paolo, 1981). 3Nd (0) corresponds to actual (t ¼ 0) calculated according to the

equation ¼ {[(143Nd/144 Nd)am/0.512638]-1}*10
4, where 143Nd/144 NdCHUR ¼ 0.512638 (Hamilton et al., 1983). fSm/Nd ¼ {[(147Sm/144Nd)am/0.1967)]-1}, where

147Sm/144NdCHUR ¼ 0.1967 (Hamilton et al., 1983). Average 143Nd/144 Nd ratio for the standard JNDi ¼ 0.512100 ± 0.000008. Nd and Sm (in ppm) determined by

XRF and ICP, respectively.

Sample Sm, ppm Nd, ppm Sm/Nd 147Sm/144Nd 143Nd/144Nd 2s (143Nd/144Nd)0 3NdCHUR 3NdCHUR
t

RD35 6.87 41.40 0.17 0.1004 0.51269 0.0039 0.51255 1.0 3.5

RD121a 6.69 36.00 0.19 0.1124 0.51277 0.0051 0.51261 2.5 4.7

RD163 6.82 36.50 0.19 0.1130 0.51272 0.0051 0.51256 1.5 3.7

RD182 6.79 36.30 0.19 0.1132 0.51280 0.0049 0.51265 3.1 5.3

Table 6

RbeSr isotopic analyses of TABR. Initial (87Sr/86Sr)0 ratios were calculated

for a crystallization age of 205 Ma. 87Sr/86Sr ratio normalized to the
87Sr/86Sr ¼ 0.1194. Average 87Sr/86Sr ratio for the standard NBS-

987 ¼ 0.710244 ± 0.000036. Rb and Sr (in ppm) determined by XRF.

Sample Rb, ppm Sr, ppm Rb/Sr 87Rb/86Sr 87Sr/86Sr 2s (87Sr/86Sr)0

RD35 5.19 589 0.0088 0.0255 0.70522 0.0028 0.70514

RD121a 4.35 1209 0.0036 0.0104 0.70463 0.0037 0.70459

RD163 12.45 641 0.0194 0.0562 0.70493 0.0037 0.70481

RD182 9.21 624 0.0148 0.0427 0.70449 0.0035 0.70432
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The high (La/Yb)N, (Ce/Yb)N (12.00e15.18) and (Sm/Yb)N
(4.07e4.26) ratios suggest a low degree of partial melting in
their mantle source (Jung et al., 2006; Wilson and Downes,
2006). The HREE fractionation is represented by the (Dy/
Yb)N. The partial melts generated from a garnet-lherzolite
Fig. 10. SreNd isotopic diagram for TABR. Repeated analysis of the NIST e

NBS 987 reference standard gave an average of
87Sr/87Sr ¼ 0.71024 ± 0.00004 (2SD) (n ¼ 45) and no correction was applied

for instrumental bias. Repeated measurements of the JNd-i standard (in con-

sistency with La Jolla standard) yielded an average of 143Nd/144Nd of

0.512118 ± 0.000018 (2SD) (n ¼ 45) in agreement within experimental errors

with the certified value of 0.5121116. The measured Sr and Nd isotope-ratios

were back-calculated to Upper Triassic by using the radioactive decay equa-

tion and the proper decay constants (Dickin, 2005). The Sr and Nd isotope

ratios were corrected by normalizing to the average 87Sr/86Sr ratio for the

standard NIST NBS-987 ¼ 0.710244 ± 0.000036 and the average 143Nd/144Nd

ratio for the standard JNDi ¼ 0.51200 ± 0.000008. The two types enriched

mantle (EMI and EMII), depleted MORB mantle (DM) and OIB field are also

shown in this diagram.
source typically have (Dy/Yb)N>1.06 (Blundy et al., 1998;
Peters et al., 2008). The (Dy/Yb)N ratio in TABR ranges from
1.52 to 1.62 with an average of 1.57, which implies that the
garnet was a residual phase during the partial melting.

For modeling partial melting of common upper mantle
sources, REE ratios like the La/Yb vs Dy/Yb (Fig. 13) can be
useful (Thirlwall et al., 1994; Baker et al., 1997; Jung et al.,
2006). This plot allows to discriminate between melting in
the garnet peridotite stability field and spinel peridotite sta-
bility field due to the strong fractionation of HREE by garnet.
Partial melting in the source magma of TABR was recon-
structed (Fig. 13). Partial melting curves were calculated using
amodal melting model (Shaw, 1970). Mineralogical compo-
sition of primitive mantle (66% olivine, 14% orthopyroxene,
14% clinopyroxene, 6% garnet) and chemical composition of
primitive mantle are taken from (Hartmann and Wedepohl,
1990). Mineral-melt distribution coefficients are taken from
McKenzie and O'Nions (1991) and normalizing values are
from McDonough and Sun (1995). In this diagram samples
reveal an origin after about 3%e4% partial melting in the
garnet peridotite stability field, generating the primary magma
of TABR.
Fig. 11. The (Th/Nb)N vs. (La/Nb)N diagram for examining the continental

crustal contamination of TABR (Dai et al., 2011).



Fig. 12. Ti versus Al diagram in the pyroxenes of TABR. Closed symbols

represent phenocryst core whereas open ones represent phenocryst rim.

Fig. 14. CaO and MgO diagram of the TABR compared with partial melts of

pyroxenite and peridotite (Herzberg et al., 2007).
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Some geochemical features like high MgO and low SiO2

values in alkaline mafic rocks which are formed by partial
melting little depend on the source composition, while they
more rely on the low degrees of partial melting (~5%) (Hirose
and Kushiro, 1993). The relatively high values of MgO
(10.95e15.49 wt.%) in TABR could be hence related to the
low degrees of partial melting.
4.4. Mantle potential temperature and source
characteristics
We used the PRIMELT2.XLS software from Herzberg et al.
(2007) to calculate primary magma composition and mantle
potential temperature. All rock samples of TABR plot above
the dashed-line in Fig. 14 that characterizes olivine-
fractionated primary magma from peridotitic sources. For
calculating the most proper primary magma composition for
TABR, we used the most primitive CA35 sample with Fe2O3/
TiO2 ¼ 1.0 to estimate Fe2O3 (Herzberg et al., 2007). The
calculated primary magma composition was 42.95 SiO2, 2.36
Fig. 13. La/Yb vs Dy/Yb covariation for the TABR. Partial melting curves

were calculated using a non-modal, fractional melting model (Shaw, 1970).
TiO2, 13.11 Al2O3, 2.36 Fe2O3, 10.02 FeO, 16.07 MgO and
10.31 CaO (all in wt.%). The calculated mantle potential
temperature for TABR is 1485 �C. The mantle temperature of
upper mantle sources beneath MORB is estimated to be about
1454 ± 81 �C (Putirka et al., 2007).

Primitive mantle-normalized multielemental diagrams
show patterns resembling typical OIB or intraplate alkaline
igneous rocks (Fig. 9b): key features are enrichment of LILE
(Ba, Sr and Th), HFSE (Nb, Ta and Zr) and P, and a through at
K and HREE (Yb, Lu) which resemble OIBs or intraplate
alkaline magmatic rocks (Beccaluva et al., 2002, 2009;
Bianchini et al., 2008). For comparison, spider diagrams of
Kenya rift alkaline basalts (KRAB) (Sp€ath et al., 2001) and
Ethiopian rift alkaline basalts (ERAB) (Beccaluva et al., 2009)
are plotted in Fig. 9. The observed patterns of Kenya rift
alkaline basalts (KRAB) and Ethiopian rift alkaline basalts
(ERAB) in spider diagrams show similarities with TABR. The
similarities of REE patterns argue in favor of a rifting basin in
Late Triassic. Most of the observations lead to hypothesize
that the formation of the TABR occurred in an intraplate
tectonic environment. The HFSE/LREE ratio could reveal the
source of parental magma. HFSE/LREE ratios less than unity
are usually assumed to reflect the derivation from a litho-
spheric mantle, whereas ratios more than unity are considered
to indicate an asthenospheric mantle provenance (Fitton et al.,
1991; Smith et al., 1999; Ali et al., 2013). TABR show Nb/La
(1.59e1.99), Zr/La (1.81e2.27) and Zr/Ce (1.75e2.15) ratios
more than unity which could be interpreted as an origin from
an asthenospheric mantle reservoir. Based on rare earth ele-
ments and isotopic composition, the study rocks show the
similar source characteristics and derivation from the same
magmatic source in slightly depleted mantle regard to bulk
earth composition (Fig. 15).
4.5. Depth and temperatures of melting
We also used the Visual Basic Excel Macro thermobar-
ometer of Lee et al. (2009) that is based on SiO2 and MgO



Fig. 15. TABR samples in the diagram of (Ta/Th)N and (Hf/Sm)N from Wang

et al. (2006). All samples locate in the field of depleted mantle.
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contents of mafic magma to constrain the pressures and tem-
peratures of magma generation. According to the thermobar-
ometer of Lee et al. (2009), the primitive samples of TABR
which contain 10.95 wt.%<MgO<15.49 wt.%, could have been
generated at pressures 2.1e3.2 GPa (corresponding to a depth
of about 66e101 km). Also based on the Albar�ede (1992)
barometer, TABR could form at pressures of 2.2e3.6 GPa
(corresponding to a depth of about 72e114 km). The calculated
melting temperatures of the TABR vary from 1420 �C to
1510 �C (Lee et al., 2009) or from 1380 �C to 1450 �C (Putirka,
2005). The calculated depth and temperature of magma gen-
eration imply that the melting could have been occurred within
the asthenospheric mantle in the garnet stability field.

Alborz zone reveals an elevation 3000e5000 m above sea
level. According to geophysical studies, mantle lithosphere is
almost absent underneath the Alborz Mountains (e.g., Sodoudi
et al., 2009; Mirnejad et al., 2010). The crustal thickness under
the central Alborz is estimated to be about 35e45 km
(Dehghani and Makris, 1984; Amjadi et al., 2012). However
inadequate crustal base and the relatively thin lithosphere
underneath the Alborz can indicate that the asthenospheric
mantle is supporting the high elevation (Sodoudi et al., 2009).
Based on the thermobarometry calculations, the magma
segregation depth of TABR which is about 66e101 km (Lee
et al., 2009) or 72e114 km (Albar�ede, 1992) defines the
location of their magma source region in the asthenospheric
mantle. Also the calculated mantle potential temperature is
consistent with the hypothesis that TABR formed from the
mantle at an ambient temperature which rules out the mantle
plume hypothesis (Hastie and Kerr, 2010). It is hence proposed
that TABR were formed by the extension and partial melting
of asthenospheric mantle in the late Triassic (Rhaetic rift
basin) without major contribution of subcontinental litho-
spheric mantle or crustal contamination.

5. Conclusion

The geochemical features of TABR indicate that they are
close to a primary magma compositions and that fractional
crystallization was not a major process during their evolution.
The low ratios of Zr/Nb, La/Nb and La/Ta along with the lack
of Ti negative anomaly in mantle-normalized multilemental
diagrams preclude any significant crustal contamination or
interaction with lithospheric mantle in their genesis.

It is proposed that the source magma of TABR was
generated by the low degree of partial melting from a garnet-
bearing mantle source. Based on 87Sr/86Sr, 143Nd/144Nd and
HFSE/REE ratios TABR should derived from the slightly
depleted mantle source with respect to bulk Earth
composition.

The depth of magma generation of these rocks is hypoth-
esized at about 66e114 km. The melting temperatures
calculated for TABR vary from approximately from 1380 �C
to 1510 �C. The calculated mantle source temperature argues
against the mantle plume hypothesis in the genesis of TABR.

It can be conclude that TABR were produced by the up-
welling and decompressional melting of an asthenospheric
mantle in the rifting basin in Late Triassic, without major
involvement of subcontinental lithospheric mantle or crustal
contamination.
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