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The alkali-basalt and basaltic trachy-andesites volcanic rocks of south Marzanabad were erupted during
Cretaceous in central Alborz, which is regarded as the northern part of the Alpine-Himalayan orogenic
belt. Based on petrography and geochemistry, en route fractional crystallization of ascending magma was
an important process in the evolution of the volcanic rocks. Geochemical characteristics imply that the
south Marzanabad alkaline basaltic magma was originated from the asthenospheric mantle source,
whereas the high ratios of (La/Yb)N and (Dy/Yb)N are related to the low degree of partial melting from the
garnet bearing mantle source. Enrichment pattern of Nb and depletion of Rb, K and Y, are similar to the
OIB pattern and intraplate alkaline magmatic rocks. The K/Nb and Zr/Nb ratios of volcanic rocks range
from 62 to 588 and from 4.27 to 9 respectively, that are some higher in more evolved samples which may
reflect minor crustal contamination. The isotopic ratios of Sr and Nd respectively vary from 0.70370 to
0.704387 and from 0.51266 to 0.51281 that suggest the depleted mantle as a magma source. The
development of south Marzanabad volcanic rocks could be related to the presence of extensional phase,
upwelling and decompressional melting of asthenospheric mantle in the rift basin which made the
alkaline magmatism in Cretaceous, in northern central Alborz of Iran.

� 2015, China University of Geosciences (Beijing) and Peking University. 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/).
1. Introduction

Plutonic or volcanic alkaline rocks are typically associated with
continental rifting or intraplate continental and oceanic settings
that typically related to the partial melting of asthenospheric
mantle (McKenzie and Bickle, 1988; White and McKenzie, 1989;
Wilson and Downes, 1991; Ernst et al., 2005; Ganguly, 2005;
Lustrino and Carminati, 2007).

Fractional crystallization, magma mixing and crustal contami-
nation are the main processes in the evolution of magmas (Best,
1970; Wilson, 1989; Hall, 1996; Rollinson, 1998; McBirney, 2006).
The effect of these processes in magmatism in orogenic belts, could
be cleared by geochemistry and petrology studies.
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Marzanabad area in northern part of central Alborz is a part of
Alpine-Himalayan orogenic that formed in Cretaceous with well
developed sub-marine alkaline volcanic sequences. The volcanism
associated with BarremianeAptian and Cenomanian limestone
layers clarified Cretaceous age for volcanic rocks (Cartier, 1971;
Sussli, 1976; Vahdati Daneshmand and Nadim, 2001), while there
are no corresponding radiometric ages available.

In Marzanabad area, the outcrops of volcanic rocks, allow us to
investigate the Cretaceous volcanism of Alpine Himalayan orogenic
belt in Iran. Little is known on Paleozoic and Mesozoic igneous
activity in central Alborz, whereas only few aspects are known for
the Cenozoic activity. However, neither whole-rock geochemistry
nor microprobe or isotopic data have been published for the vol-
canic rocks of Marzanabad area. In this study, major and trace
element, microprobe and Sm-Nd isotopic data are used to constrain
the role of fractional crystallization and mantle source in the
petrogenesis of alkaline magma from Marzanabad area, central
Alborz.
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Figure 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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Results of this study may help to have a better understanding
of Cretaceous alkaline magmatism that produced the alkaline
volcanic rocks in Alpine Himalayan orogenic belt in central
Alborz.

2. Geodynamics background

Central Alborz was a part of the Gondwana plate in early
Paleozoic. It separated from Gondwana during Ordovician to Silu-
rian and then collided with Eurasian plate in 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 Paleotethys Ocean, intracontinental com-
pressions were initiated and accompanied by deposition of coal
bearing Shemshak Jurassic formation (Berberian, 1983). Compres-
sional tensions coupled with some regional extensional pressures,
which were caused by the convergence of Arabian and Eurasian
plates (Zanchi et al., 2006).
Figure 2. Geological map of the study area with the position of analyzed sam
In central Alborz, Mesozoic era began with the deposition of
detrital carbonate sediments which is continued with deposition
of Shemshak Formation in late Triassic. In the studied area,
extensional phases were started in upper Triassic associated
with alkaline igneous activity. This alkaline magmatic phase can
be assumed as an evidence for intracontinental tectonic setting
related to a rift system in central Alborz during late Triassic
(Furon, 1941; Steiger, 1966; Taraz, 1974; Annells et al., 1975;
Nabavi and Seyed emami, 1977; Kristan-Tollmann et al., 1979;
Berberian and King, 1981; Berberian, 1983; Völlmer, 1987; Fau-
velet and Eftekhar Nezhad, 1992; Sabzehei, 1993; Brunet et al.,
2003; Seyed emami, 2003; Shahidi, 2005, 2008; Nazari and
Shahidi, 2011).

In central Alborz, extensional movements started at the same
time with Rhaetic rift volcanism and deposition of coal-bearing
Shemshak Formation, in Mesozoic era (Berberian, 1983; Nazari
et al., 2004). The extensional phases developed some regional
rifts which caused volcanism and plutonism activities in central
Alborz (Berberian, 1983).

Soffel and Förster (1984) believed that the extensional move-
ments lead to separation of the central Iranian plate from Eurasia
plate, during Jurassic. Lithospheric ruptures, tensions and exten-
sions with ascending of asthenospheric plumes and their partial
melting caused the development of the rift system in Alborz zone
from middle Jurassic to lower Cretaceous. Extension and the rift
development could not persist more than few million years since
the tectonical movements of Maastrichtian (Laramide) terminated
the extension period.
3. Regional geology

Alborz Mountains are a geological structural zone in north of
Iran considered as part of the northern margin of the Alpine-
Himalayan orogenic belt (Fig. 1). Alborz block is connected to
Caucasus Mountains in the northwest and is bounded by Hindu
Kush Mountains in the east (Zanchi et al., 2006), that was part of
the Gondwana plate in early Paleozoic. During Ordovician to Silu-
rian, Alborz separated from Gondwana and finally collided with the
ples. Modified from the 1:100,000 Marzanabad geological map of Iran.



Figure 3. (a) Phenocrysts of olivine (Ol) in alkali-olivine basalts; (b) megacryst of pyroxene (Cpx) in alkali-olivine basalts; (c) glomeroporphyric texture in Cpx of alkali-basalts; (d)
phenocrysts of Cpx and plagioclase in basaltic trachy-andesites; (e) kaersutite (Krs) amphibole in basaltic trachy-andesites; (f) megacryst of plagioclase in basaltic trachy-andesite
rock.
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Eurasia plate in Triassic (Alavi, 1991; Stampfli, 1996, 2000). So, the
Alborz block can be considered as an active mountain belt which is
the consequence of Gondwana and Eurasia plate collision in Triassic
(Stocklin, 1974; Berberian and King, 1981; Sengör et al., 1988;
Sengör, 1990; Stampfli et al., 1991; Sengör and Natalin, 1996;
Guest et al., 2006). In Paleozoic and early Mesozoic, regional
extensional events are reported by different studies in all basement
of Iran including Alborz block, central Iranian plateau, Kopeh Dagh
zone, Zagros zone, Lut block and Sanandaj-Sirjan zone (Berberian,
1979; Berberian and King, 1981; Berberian et al., 1982; Zanchi
et al., 2006).

During Mesozoic in central Alborz, extensional phases are
started along with the occurrence of upper Triassic rift volcanism
Table 1
Representative microprobe analysis of olivines in south Marzanabad volcanic rocks (oxid

Sample CA53 CA53 CA53 CA53 CA53 CA53

Note Core Core Core Rim Rim Rim

Na2O 0 0 0.01 0 0.02 0
MgO 37.17 38.27 36.68 34.61 33.68 42.8
Al2O3 0.04 0.1 0.02 0.01 0 0.0
SiO2 37.13 37.16 37.11 36.68 36.36 38.6
CaO 0.31 0.34 0.3 0.31 0.45 0.3
TiO2 0.05 0.07 0.04 0.03 0.06 0
Cr2O3 0.02 0.03 0.02 0 0 0.0
MnO 0.43 0.37 0.48 0.58 0.56 0.2
FeO 25.82 24.02 25.83 28.69 28.98 18.0
Total 100.97 100.5 100.76 101.15 100.17 100.2
Si 0.98 0.97 0.98 0.98 0.98 0.9
Ti 0 0 0 0 0 0
Al 0 0 0 0 0 0
Cr 0 0 0 0 0 0
Fe2þ 0.57 0.53 0.57 0.64 0.65 0.3
Mn 0.01 0.01 0.01 0.01 0.01 0.0
Mg 1.46 1.5 1.44 1.38 1.35 1.6
Ca 0.01 0.01 0.01 0.01 0.01 0.0
Na 0 0 0 0 0 0
Ni 0 0 0 0 0 0
Total 3.02 3.02 3.02 3.02 3.02 3.0
Fo 71.62 73.66 71.3 67.82 67.01 80.5
Fa 27.91 25.94 28.17 31.54 32.35 19.1
Mg# 71.96 73.96 71.68 68.26 67.45 80.8
(Rhaetic) and deposition of shaly, coal-bearing Shemshak Forma-
tion by the Triassic collision between Arabian and Eurasian plates
(Berberian et al., 1982). During upper Jurassic and lower Cretaceous,
in the study area, shallow marine limestones deposited and
accompanied with eruptions of alkaline basalts (Barrier and
Vrielynck, 2008; Nazari and Shahidi, 2011).

The study area is located in the northern part of Alborz struc-
tural zone that is called central Alborz (Fig. 1). Central Alborz is
composed of Paleozoic to Quaternary sedimentary rocks, wide
range of Paleozoic to Quaternary volcanic rocks and some outcrops
of metamorphic rocks in the northern border line. Intrusions are
also common in this area, with the probably age of Paleocene and
Oligocene (Fig. 2).
es are in wt.% and elements are in apfu). Calculation is based on four oxygen.

CA53 CA53 CA53 CA53 CA53 CA53

Rim Core Rim Core Core Core

0.02 0 0 0 0.01 0.02
44.13 44.25 43.48 44.38 46.56 47.41

6 0.04 0.06 0.03 0.07 0 0.03
2 38.45 38.72 38.81 39.34 40.01 40.27
1 0.24 0.23 0.21 0.12 0.27 0.25

0.02 0.01 0 0 0.02 0
2 0.01 0 0.02 0.02 0.1 0.04
9 0.2 0.23 0.29 0.21 0.15 0.21
9 17.47 16.56 17.02 16.85 13.27 12.44
7 100.65 100.06 99.86 100.99 100.38 100.67
8 0.97 0.98 0.99 0.99 0.99 0.99

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

9 0.37 0.35 0.36 0.35 0.28 0.26
1 0 0 0.01 0 0 0
3 1.67 1.67 1.65 1.66 1.72 1.74
1 0.01 0.01 0.01 0 0.01 0.01

0 0 0 0 0 0
0 0 0 0 0 0

1 3.03 3.02 3.01 3.01 3.01 3.01
8 81.65 82.45 81.75 82.26 86.08 86.98
1 18.13 17.31 17.95 17.52 13.76 12.8
3 81.83 82.65 82 82.44 86.22 87.17



Figure 4. FeO, MnO and CaO versus Mg# in the olivines of south Marzanabad volcanic rocks.
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A sequence of Precambrian to Cretaceous sedimentary rocks
with some unconformities and hiatuses are observed in the study
area. In 1971 Cartier suggested a collection of Cretaceous carbonate
sediments and volcanic rocks as Chalus Formation in north Mar-
zanabad that locates on Jurassic Shemshak Formation with angular
unconformity. Cartier (1971) regarded 5 members for this forma-
tion. The first member consists of lower Cretaceous basic volcanic
rocks which covered by the Tizkouh Formation (AptianeCenoma-
nian orbitolina-enriched limestone). However, volcanic rocks
which covered the Tizkouh Formation belong to upper Cretaceous
and include other members of Chalus Formation (Cartier, 1971). In
some places, limestone layers with large amount of Orbitolina and
other CenomanianeConiacian fossils, are observed among volcanic
rocks (Vahdati Daneshmand and Nadim, 2001).

4. Analytical methods

Samples with the most possible fresh chips were selected and
powdered in an agate mill. X ray fluorescence (XRF) for major and
Table 2
Representative microprobe analysis of pyroxenes in south Marzanabad volcanic rocks (o

Sample RD29 RD2 RD29 CA53 CA53 CA53

Note Rim Middle Core Core Middle Rim

Na2O 0.43 0.4 0.43 0.59 0.59 0.52
MgO 15.15 14.96 15.13 13.07 13.19 12.93
Al2O3 6.42 6.54 6.31 8.56 8.28 6.08
SiO2 49.19 48.85 48.61 44.94 45.83 46.35
K2O 0.01 0.01 0 0 0.01 0
CaO 21.23 21.05 21.18 21.67 22.08 22.32
TiO2 0.84 0.82 0.79 2.57 2.44 2.63
Cr2O3 0.53 0.66 0.62 0.81 0.79 0.35
MnO 0.13 0.14 0.17 0.11 0.1 0.13
FeO 5.96 5.93 5.9 6.25 6 6.66
Total 99.9 99.36 99.16 98.56 99.29 97.97
Si 1.8 1.8 1.8 1.68 1.7 1.75
Ti 0.02 0.02 0.02 0.07 0.07 0.07
Al 0.28 0.28 0.27 0.38 0.36 0.27
Cr 0.02 0.02 0.02 0.02 0.02 0.01
Fe3þ 0.09 0.08 0.1 0.13 0.11 0.1
Fe2þ 0.1 0.11 0.08 0.07 0.07 0.11
Mn 0 0 0.01 0 0 0
Mg 0.83 0.82 0.83 0.73 0.73 0.73
Ca 0.83 0.83 0.84 0.87 0.88 0.91
Na 0.03 0.03 0.03 0.04 0.04 0.04
Total 4 4 4 4 4 4
AlIV 0.2 0.2 0.2 0.32 0.3 0.25
AlVI 0.08 0.09 0.07 0.06 0.07 0.03
Mg# 89.42 88.38 91.37 91.62 90.86 86.48
Ti/Al 0.08 0.08 0.08 0.19 0.19 0.28
Wo 0.47 0.48 0.48 0.52 0.52 0.52
Fs 0.06 0.05 0.05 0.04 0.07 0.06
En 0.47 0.48 0.47 0.43 0.42 0.42
some trace elements (Ni, Co, Cr, V, Sr, Ba and Rb) was analyzed on
powder pellets, using a wavelength-dispersive automated Philips
PW 1400 spectrometer at the Department of Earth Sciences (Fer-
rara University), based on the method by Franzini et al. (1975) and
Leoni and Saitta (1975). Trace and rare-earth elements were
analyzed by inductively coupled plasma mass spectrometry (ICP-
MS) at the same place, using a VG Plasma Quad2 plus. Mineral
compositions were measured at the Department of Mineralogy
(Padua University) with a CamecaeCamebax electron microprobe
(fitted with three spectrometers) at accelerating voltage of 15 kV,
and specimen current of 15 nA, using natural silicates and oxides as
standards. 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 (Trieste University);
whole-rock was leached with hot 6 N HCl and then digested with
HF-HNO3. Strontium and REE were separated by using standard
xides are in wt.% and elements are in apfu). Calculation is based on six oxygen.

RD107 RD107 RD107 RD107 RD107 RD107

Core Middle Rim Core Middle Rim

0.29 0.37 0.37 0.35 0.45 0.6
14.57 13.65 12.25 13.85 13.15 11.66
3.86 3.33 6.92 3.25 2.7 2.25

48.45 49.45 45.54 49.75 49.77 47.77
0 0 0 0 0 0

21.33 21.44 21.82 22 21.94 22.09
1.53 1.63 2.84 1.82 1.95 1.72
0.03 0.05 0 0 0.04 0.03
0.2 0.21 0.2 0.2 0.21 0.23
8.64 9.24 8.95 8.29 9.39 12.6

98.9 99.37 98.89 99.51 99.6 98.97
1.82 1.86 1.72 1.86 1.87 1.82
0.04 0.05 0.08 0.05 0.06 0.05
0.17 0.15 0.31 0.14 0.12 0.1
0 0 0 0 0 0
0.13 0.08 0.12 0.06 0.06 0.19
0.14 0.21 0.17 0.2 0.23 0.21
0.01 0.01 0.01 0.01 0.01 0.01
0.81 0.76 0.69 0.77 0.74 0.66
0.86 0.86 0.88 0.88 0.88 0.9
0.02 0.03 0.03 0.03 0.03 0.04
4 4 4 4 4 4
0.17 0.14 0.28 0.14 0.12 0.1
0 0 0.03 0 0 0

83.05 78.02 80.52 79.37 74.31 65.06
0.25 0.31 0.26 0.36 0.46 0.49
0.47 0.51 0.48 0.48 0.51 0.5
0.12 0.1 0.11 0.13 0.12 0.14
0.42 0.4 0.42 0.4 0.37 0.37



Figure 5. (a, b) Pyroxene composition of the south Marzanabad volcanic rocks in the ternary classification diagram from Morimoto et al. (1988). 1eAnorthite, 2eBytonite,
3eLabradorite, 4eAndesine, 5eOligoclase, 6eAlbite, 7eAnorthoclase, 8eSanidine. (c, d) Plagioclases composition of south Marzanabad volcanic rocks in the ternary diagram. (e, f)
Composition of amphiboles in south Marzanabad basaltic trachy-andesite rocks which represents pargasite, ferroan pargasite and kaersutite composition (Leake et al., 1997).
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cation exchange chromatographic columns with an AG 50W-X8
resin using 2.5 N HCl for Sr and 6 N HCl for the REE. Nd was
separated from the other REE by using HDEHP-coated Teflon col-
umns and 0.12 N HCl. The Sr and Nd isotope ratios were corrected
by normalizing to 86Sr/88Sr ¼ 0.1194 and 146Nd/144Nd ¼ 0.7219 and
using standards SRM 987 and JNdi-1 for Sr and Nd, respectively.
5. Petrography

Based on petrographical studies, south Marzanabad volcanic
rocks are classified into two groups: alkali-basalts and basaltic
trachy-andesites.
5.1. Alkali-basalts

Alkali-basalts are dark gray to dark green in hand specimen and
show massive structures. The rocks are mainly alkali-basalts and
alkali-olivine basalts with mostly porphyritic texture. Phenocrysts
of alkali-olivine basalts are olivine, pyroxene andminor plagioclase,
while the matrix consists of pyroxene, plagioclase and accessory
apatite and opaque oxide minerals (Fig. 3a). Olivine phenocrysts
mostly altered to iddingsite. Porphyritic alkali-basalts contain py-
roxene and plagioclase as phenocrysts with glomeroporphyric
texture in some pyroxenes (Fig. 3b,c). Matrix of Alkali-basalts
contains plagioclase and pyroxene with apatite, alkali feldspar
and opaque accessory minerals.



Table 3
Representative microprobe analysis of plagioclases in south Marzanabad volcanic rocks (oxides are in wt.% and elements are in apfu). Calculation is based on 8 oxygen.

Sample RD109 RD109 RD109 RD109 RD150 RD150 RD107 RD107 RD107 CA24 CA24 CA24

Note Core Rim Core Core Rim Core Middle Middle Core Core Core Rim

Na2O 1.48 3.8 1.64 3.5 5.33 3.59 6.18 5.66 4.14 5.72 6.08 6.27
MgO 0.05 0.1 0.08 0.1 0.06 0.07 0.05 1.03 0.11 0.03 0.01 0.02
Al2O3 33.67 29.86 32.97 30.57 28.01 30.39 26.55 25.29 29.52 27.57 26.99 26.2
SiO2 45.6 51.14 46.26 50.19 54.84 49.99 56.68 54.61 52.14 55.51 56.32 56.69
K2O 0.03 0.24 0.07 0.16 0.5 0.17 0.72 0.67 0.39 0.61 0.73 0.78
CaO 17.51 13.24 16.82 14.1 10.12 13.84 8.61 8.25 12.48 9.54 8.64 8.14
TiO2 0.02 0.15 0.03 0.06 0.15 0.1 0.07 0.05 0.14 0.07 0.08 0.04
Cr2O3 0 0 0.02 0.01 0.02 0.01 0.03 0.02 0.05 0.02 0 0
MnO 0 0.01 0 0 0 0.04 0 0.05 0 0 0.01 0.01
FeO 0.44 0.82 0.45 0.71 0.53 0.54 0.3 1.66 0.57 0.25 0.19 0.28
Total 98.78 99.2 98.32 99.35 99.4 98.62 99.12 97.23 99.41 99.26 98.98 98.38
Si 2.13 2.35 2.16 2.31 2.49 2.31 2.57 2.54 2.38 2.52 2.56 2.59
Ti 0 0.01 0 0 0.01 0 0 0 0 0 0 0
Al 1.85 1.62 1.82 1.66 1.5 1.66 1.42 1.39 1.59 1.47 1.44 1.41
Cr 0 0 0 0 0 0 0 0 0 0 0 0
Fe 0 0 0 0 0 0 0 0 0 0 0 0
Mn 0 0 0 0 0 0 0 0 0 0 0 0
Mg 0 0.01 0.01 0.01 0 0 0 0.07 0.01 0 0 0
Ca 0.88 0.65 0.84 0.69 0.49 0.69 0.42 0.41 0.61 0.46 0.42 0.4
Na 0.13 0.34 0.15 0.31 0.47 0.32 0.54 0.51 0.37 0.5 0.54 0.55
K 0 0.01 0 0.01 0.03 0.01 0.04 0.04 0.02 0.04 0.04 0.05
Total 5.01 5.01 5 5.02 5.01 5.02 5.01 5.04 5.01 5.01 5.01 5.01
Ab (%) 13.25 33.7 14.97 30.71 47.35 31.62 54.15 53.12 36.68 50.2 53.65 55.56
An (%) 86.58 64.91 84.62 68.35 49.71 67.42 41.7 42.77 61.04 46.28 42.11 39.86
Or (%) 0.16 1.38 0.41 0.95 2.94 0.96 4.15 4.11 2.28 3.52 4.24 4.58
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5.2. Basaltic trachy-andesite

Basaltic trachy-andesites are porphyritic, aphyric and less often
amygdaloidal that contain pyroxene, plagioclase and minor
amphibole (Fig. 3d,e). In some samples, the grain size of plagioclase
reaches up to 3 cm (Fig. 3f). Matrix contains plagioclase and py-
roxene, the accessory minerals are opaque, alkali feldspar and
apatite. Biotite is observed in some samples which can be the
alteration product of mafic minerals.
Table 4
Representative microprobe analysis of amphiboles in south Marzanabad volcanic rocks (

Sample CA24 CA24 CA24 CA24 CA24 CA2

Na2O 2.54 2.55 2.53 2.52 2.54 2.5
MgO 11.68 11.61 11.64 11.62 11.76 11.3
Al2O3 13.6 13.74 13.88 13.86 13.32 13.7
SiO2 39.4 39.06 38.83 38.98 41.06 39.1
K2O 1.13 1.1 1.09 1.08 1.09 1.1
CaO 10.55 10.45 10.48 10.53 10.22 10.5
TiO2 6.68 6.62 6.74 6.73 6.54 6.6
Cr2O3 0.02 0.03 0 0 0.02 0.0
MnO 0.18 0.16 0.13 0.13 0.17 0.1
FeO 12.18 12.81 12.4 12.69 12.37 12.9
Total 97.95 98.13 97.73 98.13 99.09 98.2
Si 5.81 5.75 5.73 5.73 5.95 5.7
AlIV 2.19 2.25 2.27 2.27 2.05 2.2
AlVI 0.17 0.13 0.14 0.13 0.23 0.1
Ti 0.74 0.73 0.75 0.74 0.71 0.7
Cr 0 0 0 0 0 0
Fe3þ 0.27 0.43 0.39 0.41 0.3 0.3
Fe2þ 1.23 1.14 1.14 1.15 1.2 1.2
Mn 0.02 0.02 0.02 0.02 0.02 0.0
Mg 2.57 2.55 2.56 2.55 2.54 2.4
Ca 1.67 1.65 1.66 1.66 1.59 1.6
Na 0.73 0.73 0.72 0.72 0.71 0.7
K 0.21 0.21 0.21 0.2 0.2 0.2
Total 15.39 15.37 15.38 15.38 15.3 15.3
Mg# 0.68 0.69 0.69 0.69 0.68 0.6
6. Mineral chemistry

6.1. Olivine

Representative compositions of olivines in south Marzanabad
volcanic rocks, are displayed in Table 1. The olivine cores of alkali-
olivine basalts have higher MgO and lower FeO, CaO and MnO
rather than rims (Fig. 4). Their cores and rims reveal Fo71-86 and
Fo67-81 composition respectively.
oxides are in wt.% and elements are in apfu). Calculation is based on 22 oxygen.

4 CA24 CA24 CA24 CA2 CA24 CA24

8 2.54 2.16 2.1 2.56 1.39 2.57
11.85 11.76 11.21 11.35 11.73 11.76

8 13.29 13.51 14.07 14.02 13.78 13.9
5 41.18 38.95 39.79 38.95 38.64 39.01

1.01 1.01 1.04 1.06 1.05 1.06
10.82 10.73 10.15 10.08 10.59 10.52

4 6.32 6.27 6.03 6.8 6.96 6.9
3 0.02 0 0 0 0 0.03
7 0.17 0.19 0.16 0.15 0.19 0.11
8 11.96 12.14 12.16 12.57 12.12 12.36
2 99.16 96.72 96.7 97.55 96.45 98.21
7 5.99 5.79 5.88 5.74 5.71 5.73
3 2.01 2.21 2.12 2.26 2.29 2.27
6 0.27 0.16 0.34 0.18 0.12 0.13
4 0.69 0.7 0.67 0.75 0.77 0.76

0 0 0 0 0 0
4 0.09 0.42 0.43 0.45 0.67 0.37
6 1.37 1.09 1.08 1.1 0.83 1.15
2 0.02 0.02 0.02 0.02 0.02 0.01
8 2.57 2.61 2.47 2.5 2.59 2.57
6 1.69 1.71 1.61 1.59 1.68 1.66
4 0.71 0.62 0.6 0.73 0.4 0.73
1 0.19 0.19 0.2 0.2 0.2 0.2
9 15.4 15.33 15.21 15.32 15.08 15.39
6 0.65 0.7 0.7 0.69 0.76 0.69



Figure 6. Classification of south Marzanabad volcanic rocks according to Winchester
and Floyd (1977).

Table 5
Representative analysis of south Marzanabad volcanic rocks (oxides are in wt.% and elem

Sample CA21 CA18 RD14 RD114 CA23 RD109

SiO2 48.08 42.91 47.75 42.45 46.53 45.92
TiO2 1.74 2.98 2 3.25 2.14 2.25
Al2O3 18.86 14.1 14.83 15.22 17.29 17.37
Fe2O3 12.1 17.4 12.12 17.16 12.64 12.89
MnO 0.13 0.3 0.15 0.18 0.2 0.22
MgO 5.11 7.26 10.31 7.33 7.92 7.07
CaO 10.61 10.67 9.32 9.82 10.42 10.42
Na2O 2.33 1.57 2.08 2.14 2.29 3.3
K2O 0.74 1.18 0.97 0.83 0.29 0.25
P2O5 0.31 0.64 0.47 0.63 0.29 0.31
Sum 100 99 100 99 100 100
L.O.I 2.3 1.9 2.3 3.5 2.3 2.1
Ba 236 440 292 428 188 201
Co 46 60 51 58 53 60
Cr 41 200 222 161 136 153
Cu 62 52 22 54 56 25
Ga 18 21 16 23 15 17
Hf 3 7 5 6 3 5
Nb 13 21 36 38 18 20
Nd 19 38 27 46 19 17
Ni 10 170 99 103 37 35
Rb 4 10 4 0 0 0
Sc 34 25 24 21 30 30
Sr 350 656 652 765 562 677
Th 4 6 4 6 5 5
V 355 316 213 261 306 341
Y 21 23 23 32 23 25
Zn 99 99 70 108 75 77
Zr 81 143 165 186 99 110
La 29.1 25.5
Ce 66 29
Pr 7.93 3.76
Sm 6.57 3.92
Eu 2.01 1.39
Gd 5.72 3.68
Tb 0.88 0.64
Dy 3.86 3.1
Ho 0.7 0.61
Er 1.69 1.55
Tm 0.23 0.23
Yb 1.26 1.29
Lu 0.17 0.18
Hf 4.29 1.88
Ta 1.83 1.01
U 0.87 0.47

Sample RD142 RD29 CA53 RD7 CA20 RD125

SiO2 43.82 46.93 43.86 44.28 52.18 54.08
TiO2 2.88 2.26 3.26 2.11 1.6 1.49
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6.2. Clinopyroxene

Representative compositions of pyroxenes are shown in Table 2.
Pyroxene is the main mineral in both alkali-basalts and basaltic
trachy-andesites. Their cores are enriched of Mg, Si and Cr, and
depleted of Fe, Ti, Al, Ca and Mn.

According to pyroxene classification diagram (Morimoto et al.,
1988), all analyzed samples are located in diopside field
(Fig. 5a,b). Composition of pyroxenes in alkali-basalts and basaltic
trachy-andesites ranges fromWo47.9Fs4.5En47.6 to Wo49.8Fs12.6En37.6
and from Wo44.8Fs10.7En44.5 to Wo49.5Fs13.6En36.9 respectively. Both
TiO2 and Al2O3 show the greatest variation among oxides. TiO2
ranges from 0.7 to 2.94 wt.% in alkali-basalts and from 1.53 to
3.44 wt.% in basaltic trachy-andesites. Al2O3 varies from 2.89 to
9.47 wt.% in alkali-basalts and from 2.25 to 6.91 wt.% in basaltic
trachy-andesites. The composition of pyroxenes in groundmass is
almost similar to the composition of pyroxene phenocrysts rims,
but shows rather higher values of SiO2 and FeO.
ents are in ppm).

RD150 RD107 RD57 RD101 RD111 RD113 RD104

45.27 53.37 51.18 44.54 46.42 46.42 46.9
2.05 1.56 1.98 3.19 2.39 2.39 2.4

15.83 18.16 17.51 15.11 17.92 17.92 17.86
12.89 9.24 9.6 16.35 13.39 13.39 13.48
0.19 0.16 0.23 0.16 0.2 0.2 0.22

11.68 2.92 4.45 7.18 4.6 4.6 5.1
8.92 8.84 8.56 9.79 10.98 10.98 8.99
1.75 4.85 5.4 2.19 3.13 3.13 3.94
1.03 1.26 0.52 0.82 0.59 0.59 0.73
0.39 0.64 0.57 0.67 0.37 0.37 0.38

100 101 100 100 100 100 100
3 0.7 1.2 2.1 1.4 1.8 2

280 455 349 374 322 288 230
57 47 33 55 47 41 44

218 6 3 152 44 48 47
99 8 29 56 26 19 25
18 18 17 21 21 20 19
4 4 5 8 5 5 5

29 50 41 43 22 22 19
20 34 37 48 28 30 25
94 0 0 100 9 10 10
3 11 2 0 3 0 6

24 8 13 23 35 36 38
531 663 737 788 479 486 672

4 4 6 7 5 5 6
238 109 150 258 401 393 377
25 24 35 34 35 34 31
85 99 105 94 92 97 102

153 402 358 368 153 149 130

RD26 RD140 RD127 RD56 RD57 CA52 RD100

48.36 49.89 44.97 49.49 51.18 51.8 44.01
2.2 1.79 2.97 2.05 1.98 2.66 3.19

(continued on next page)



Table 5 (continued )

Sample RD142 RD29 CA53 RD7 CA20 RD125 RD26 RD140 RD127 RD56 RD57 CA52 RD100

Al2O3 16 16.94 13.37 15.72 18.18 18.09 18.05 17.68 14.52 18.1 17.51 16.88 15.07
Fe2O3 15.28 12.93 14.27 12.83 10.15 9.05 12.21 11.29 15.9 11.21 9.6 10.52 16.83
MnO 0.18 0.2 0.17 0.17 0.18 0.16 0.17 0.17 0.18 0.28 0.23 0.14 0.16
MgO 9.62 5.82 10.77 11.83 3.27 3.24 3.48 5.18 8.08 3.64 4.45 4.59 6.96
CaO 7.95 11.42 10.01 9.68 8.41 6.34 11.05 8.91 8.63 8.83 8.56 7.76 10.02
Na2O 1.77 2.91 3.18 1.73 3.97 5.76 3.26 3.33 1.85 5.47 5.4 3.28 2.21
K2O 1.74 0.27 0.46 1.23 1.35 1.24 0.92 1.01 2.11 0.47 0.52 1.61 0.89
P2O5 0.75 0.3 0.66 0.41 0.71 0.55 0.29 0.73 0.78 0.57 0.57 0.77 0.67
Sum 100 100 100 100 100 100 100 100 100 100.1 100 100 100
L.O.I 2.4 1.5 2.4 2.4 0.6 1.6 1.3 1.6 2.1 2.3 1.2 3.3 1.8
Ba 376 208 782 324 518 461 375 514 559 296 350 821 352
Co 49 54 67 59 21 28 41 33 52 47 33 50 51
Cr 12 142 453 248 0 12 46 1 149 25 3 41 153
Cu 59 34 77 92 3 12 42 15 51 20 29 42 55
Ga 19 16 17 18 18 18 19 19 23 20 17 21 22
Hf 6 4 6 3 4 6 4 4 8 5 5 7 7
Nb 56 19 61 35 28 29 19 24 24 31 41 40 42
Nd 40 19 33 19 39 33 19 40 54 28 37 64 54
Ni 37 36 197 117 0 2 10 0 86 6 0 22 103
Rb 8 1 2 5 16 13 12 3 18 0 2 33 0
Sc 17 37 31 27 10 8 31 13 18 18 13 14 25
Sr 886 392 573 325 608 1023 303 718 1235 1006 738 823 792
Th 6 5 8 4 3 5 5 3 7 4 6 9 6
V 193 327 307 242 88 150 357 137 239 261 150 199 253
Y 28 24 32 25 27 30 31 27 29 24 35 34 34
Zn 81 71 82 80 81 82 85 99 103 92 105 74 96
Zr 248 104 290 151 255 194 132 156 124 155 358 359 366
La 13.7 40.1 23.8 13.7 47.6 21.2 34.4 40.5
Ce 78 29 44 78 93 41 69 82
Pr 8.97 3.82 4.8 10.37 11.18 5.54 8.96 10.15
Sm 6.58 3.89 4 9.68 8.3 5.38 7.6 8.1
Eu 2.04 1.38 1.33 3.1 2.59 1.67 2.68 2.54
Gd 5.81 3.64 3.87 8.16 7.18 5.07 6.92 7.19
Tb 0.86 0.63 0.64 1.24 1.08 0.89 1.12 1.13
Dy 3.74 3.02 3.02 5.01 4.67 4.39 5.17 5.09
Ho 0.68 0.59 0.58 0.83 0.84 0.9 1.01 0.94
Er 1.69 1.51 1.45 1.84 2.05 2.41 2.6 2.36
Tm 0.24 0.22 0.21 0.23 0.28 0.38 0.39 0.33
Yb 1.3 1.22 1.15 1.17 1.55 2.22 2.22 1.84
Lu 0.18 0.17 0.16 0.15 0.21 0.32 0.32 0.26
Hf 4.54 1.69 2.16 2.31 5.14 2.48 2.65 3.89
Ta 3.27 0.97 1.56 2.48 2.85 1.04 1.47 2.2
U 1.51 0.48 0.68 1.27 1.35 1.05 0.92 0.9
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6.3. Plagioclase

Representative compositions of plagioclases are listed in Table 3.
In Ab-An-Or ternary diagram, they present wide range of compo-
sition from andesine to bytownite (Fig. 5c,d). Na2O and K2O in-
crease from core toward rim, whereas CaO decreases. The
composition of plagioclases in alkali-basalts varies from Ab13.2-
An86.59Or0.16 at core to Ab47.35An49.71Or2.93 at rim and in basaltic
trachy-andesites ranges from Ab36.67An61.04Or2.27 at core to
Ab55.56An39.86Or4.57 at rim.
6.4. Amphibole

Representative compositions of amphiboles are presented in
Table 4. Amphiboles of basaltic trachy-andesite samples, plot in the
fields of pargasite and ferroan pargasite. They represent the kaer-
sutite composition due to high Ti content [Ti (apfu) > 0.5] (Leake
et al., 1997) (Fig. 5e,f). No systematic variation or zoning pattern
observed in Kaersutite phenocrysts.
7. Whole rock chemistry

7.1. Major element geochemistry

South Marzanabad volcanic rocks are compositionally alkali-
basalts and basaltic trachy-andesite according to Winchester and
Floyd (1977) classification diagram (Fig. 6).

SiO2, MgO and Mg# [Mg# ¼ 100 � Mg/(Mg þ FeT)] ranges from
43.45 to 52.36 wt.%, 2.92 to 11.81 wt.% and 36 to 64.63, respectively
(Table 5). According to Frey et al. (1978) primitive magmas have
Mg# > 68 and Ni > 320 ppm. The most nearer sample to primitive
composition hasMg#¼ 64.63 andNi¼ 117 ppm. The lowNi content
in this sample could signify the fractionation of olivine and Cpx
(Wörner, 1999).

Basaltic trachy-andesites have higher SiO2, Al2O3 and
Na2O þ K2O with lower MgO content compared to alkali-basalts
(Fig. 7aec). In CaO versus MgO and SiO2 versus Al2O3 diagrams,
both decreasing and increasing trends are observed (Fig. 7d,h).
MgO versus CaO/Na2O diagram, shows positive trend in south
Marzanabad volcanic rocks (Fig. 7f).



Figure 7. (a) MgO versus Al2O3, (b) MgO versus SiO2, (c) MgO versus Na2O þ K2O, (d) MgO versus CaO, (e) MgO versus CaO/Al2O3, (f) MgO versus CaO/Na2O, (g) CaO/Al2O3 versus Sc,
(h) SiO2 versus Al2O3 in south Marzanabad volcanic rocks.

Figure 8. (a) MgO versus Cr, (b) MgO versus Co, (c) MgO versus Ni in south Marzanabad volcanic rocks.
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Figure 9. (a) Chondrite normalized diagram for south Marzanabad volcanic rocks, normalized values are from McDonough and Sun (1995). (b) Primitive mantle normalized di-
agram for south Marzanabad volcanic rocks, normalized values are from McDonough and Sun (1995).
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7.2. Trace element and isotopic geochemistry

Ni, Co and Cr represent positive correlationwith increasingMgO
in both groups of alkali-basalts and basaltic trachy-andesites
(Fig. 8). They respectively vary from 453 to 12 ppm, from 198 to
9 ppm and from 67 to 46 ppm in alkali-basalts and from 47 to
0 ppm, from 22 to 0 ppm and from 47 to 21 ppm in basaltic trachy-
andesites.

South Marzanabad volcanic rocks are enriched in LREE respect
to HREE and show the similar trend with OIB basalts and conti-
nental alkaline volcanic rocks (Beccaluva et al., 2002; Bianchini
et al., 2002; Beccaluva et al., 2009) (Fig. 9a). They show enrich-
ment of Nb and depletion of Rb, K and Y (Fig. 9b).

The (La/Yb)N ratio in both groups of rocks almost is similar and
ranges from 7.00 to 20.93 with an average of 13.53. The (Dy/Yb)N
ratio almost is similar in all samples and varies from 1.30 to 2.80
with an average of 1.81. Small positive Eu anomalies (Eu/
Eu* ¼ 1.00e1.12) are displayed in all samples, except one basaltic
trachy-andesite sample, that shows small Eu negative anomaly
(0.97).

Isotopic analyses of south Marzanabad volcanic rocks are rep-
resented in Table 6. Studied samples locate in the depleted part
relative to bulk earth composition regard to their low 87Sr/86Sr
(0.70370e0.704387) and high 143Nd/144Nd (0.51266e0.51281)
Table 6
Rb, Sr, Nd and Sm concentrations and present-day Nd and Sr isotopic ratios for south M

Sample 87Sr/86Sr 2s Rb (ppm) Sr (ppm) Rb/Sr 87Rb/86Sr 1

RD29 0.703703 0.0033 1.14 392.12 0.0029 0.0084 0
CA53 0.704075 0.0037 1.91 573.12 0.0033 0.0096 0
RD7 0.703786 0.004 5.22 325.34 0.016 0.0464 0
RD26 0.704387 0.0037 11.16 303.39 0.0368 0.1064 0
(Fig. 10). They represent the isotopic composition of OIB field.
More evolved sample from basaltic trachy-andesite group with
low Mg# has more radiogenic 87Sr/86Sr and less radiogenic
143Nd/144Nd.
8. Discussion

8.1. Fractional crystallization

Based on petrographical studies (Section 4), south Marzanabad
volcanic rocks reveal the evolutionary trend.

For both alkali-basalts and basaltic trachy-andesites, negative
correlations between SiO2, Al2O3 and Na2O þ K2O with increasing
MgO, can indicate the derivation of volcanic rocks from the same
parental magma, during fractional crystallization (Fig. 7aec). In
CaO versus MgO diagram, negative trend for MgO values more than
7 wt.%, implies the fractionation of olivine and remaining CaO in
magma, whereas the fractionation of Cpx and plagioclase assumes
CaO and causes positive trend for MgO values less than 7 wt.%
(Rollinson, 1998) (Fig. 7d).

The correlation trend between MgO and CaO/Na2O can reveal
Cpx fractionation (Herzberg and Zhang,1996; Machado et al., 2005)
(Fig. 7f). SiO2 versus Al2O3 diagram (Fig. 7h) displays olivine
arzanabad volcanic rocks.

43Nd/144Nd 2s Sm (ppm) Nd (ppm) Sm/Nd 147Sm/144Nd

.51275 0.0044856 3.89 16.9 0.23 0.14

.512811 0.00507 6.6 32.9 0.2 0.12

.51275 0.0050707 4.00 19.3 0.21 0.13

.512666 0.0050715 5.38 24 0.22 0.14



Figure 10. Sr-Nd isotopic diagram for south Marzanabad volcanic rocks. The two types
enriched mantle (EMI and EMII), depleted MORB mantle (DM) and OIB field are also
shown in this diagram.

Figure 12. South Marzanabad volcanic rocks on 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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fractionation in alkali-basalts and Cpx or plagioclase fractionation
in the basaltic trachy-andesites (Wilson, 1989).

Basaltic trachy-andesites show the lowest Ni, Cr and V, which
indicate olivine and Cpx were important fractionating mineral
phases in the petrogenesis of south Marzanabad volcanic
magmas. Basaltic trachy-andesites reveal higher Ba/Nb, K/Nb, Zr/
Nb and Rb/Nb than alkali-basalts that display the effect of frac-
tionation process in their evolution. The average values of Ba/Nb,
K/Nb, Zr/Nb and Rb/Nb ratios in alkali-basalts and basaltic
trachy-andesites are 12.79, 273, 6, 0.14 and 15.31, 316, 8, 0.36
respectively.

Decreasing Al2O3 with increasing MgO and small Eu anomalies
indicate that plagioclase was not a major fractionating mineral
phase during the evolution of the magma, pointing that the frac-
tionation of studied rocks could occur in depth >15 km which is
correlated with pressures >5 kbar in lower crust (Jung et al., 2006).
Figure 11. (a) MgO versus Na2O þ K2O, (b) MgO versus SiO2, (c) MgO versus FeO, (d) MgO v
crystallization calculation by MELTS software with numbers that indicate the mass crystall
The MELTS software is used for reconstructing the fractional
crystallization process in south Marzanabad volcanic rocks. MELTS
is based on the work of Ghiorso and Sack (1995) and Asimow and
Ghiorso (1998). In present model, the sample RD7 was assumed
as a source magma that is the most primitive and undifferentiated
alkali-basalt with the highest Ni and Cr. Based on this model the
major element composition of alkali-basalts could be explained by
almost 30% of fractional crystallization, whereas basaltic trachy-
andesites could be explained by up to almost 50% of fractional
crystallization (Fig. 11).
8.2. Crustal contamination and source magma

The K/Nb ratio in the studied samples varies from 62 to 588 and
is averagely higher in evolved samples. This ratio ranges from 62 to
588 in alkali-basalts with an average of 234 and from 100 to 540 in
basaltic trachy-andesites with an average of 316. Based on Taylor
ersus CaO in south Marzanabad volcanic rocks. Lines represent the results of fractional
ized as wt.%.
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and McLennan (1985) K/Nb in the Earth’s crust is higher than
mantle. More values of K/Nb in basaltic trachy-andesites could
show the occurrence of some minor crustal contamination (Jung
et al., 2006).

In primitive mantle normalized diagram, basaltic trachy-
andesites show less depletion of K compared to alkali-basalts
which may reflect the effect of minor crustal contamination or
fractional crystallization. Zr/Nb varies from 4.27 to 5.59 in alkali-
basalts which are less evolved; however in more evolved basaltic
trachy-andesites, Zr/Nb ranges from 6.43 to 9, which could remark
the effect of minor crustal contamination (Wörner, 1999).

The HFSE/LREE ratio can indicate the characters of source
magma. According to Smith et al. (1999) ratios more than unity
represent the asthenospheric origin for magma, whereas ratios less
than unity represent the lithospheric origin. In south Marzanabad
volcanic rocks Nb/La, Zr/La and Zr/Ce ratios are 1.15, 4.51 and 2.23
respectively, which suggest the melt origination from an astheno-
spheric mantle. Based on rare earth elements and isotopic
composition, the studied rocks show the similar source character-
istics and derive from the same magmatic source in depleted
mantle with regard to bulk earth composition (Fig. 12).
8.3. Crystallization condition

Low Ti/Al ratios in Cpx composition specify the crystallization of
Cpx in low pressures (e.g., Wilkinson, 1974; Dobosi et al., 1991;
Wlodyka, 2002; Ali and Ntaflos, 2011). The Ti/Al ratio varies from
Figure 13. (a) Ti versus Al diagram in the pyroxenes of south Marzanabad volcanic
rocks. (b) Plot of AlVI versus AlIV in the pyroxenes of south Marzanabad volcanic rocks
(calculation is based on 6 oxygens), fields are: 1eeclogites, 2egranulites and inclusions
in basalts, 3eigneous rocks (Aoki and Shiba, 1973).
0.077 to 0.513 in alkali-basalts and from 0.154 to 0.537 in basaltic
trachy-andesites (Fig. 13a). The average of this ratio in alkali-basalts
and basaltic trachy-andesites respectively is 0.20 and 0.34. Con-
cerning the lower Ti/Al ratio in Cpx of alkali-basalts, they could be
crystallized in rather higher pressures than Cpx of basaltic trachy-
andesites. On the other hand, increasing of AlVI/AlIV ratio in Cpx,
shows the pressure increment during crystallization (Green and
Ringwood, 1968; Wass, 1979). AlVI/AlIV ratio varies from 0.00 to
0.49 in alkali-basalts with an average of 0.24 and from 0.00 to 0.39
in basaltic trachy-andesites with an average of 0.07 (Fig. 13b). As a
result, the crystallization of Cpx in alkali-basalts took place in
slightly higher pressures than Cpx in basaltic trachy-andesites.

8.4. Partial melting of source magma and mantle potential
temperature

The differentiation degree of LREE relative to HREE is defined by
the (La/Yb)N ratio that varies from 7.00 to 20.93 with an average of
13.53 in south Marzanabad volcanic rocks. High (La/Yb)N in studied
rocks suggests the low degree of partial melting in their mantle
source (Jung et al., 2006).

The HREE enrichment degree is represented by the (Dy/Yb)N
ratio. The partial melts generated from garnet-lherzolite source,
have (Dy/Yb)N > 1.06 (Blundy et al., 1998; Peters et al., 2008). (Dy/
Yb)N ratio ranges from 1.29 to 2.80 with an average of 1.81 in
Marzanabad volcanic rocks, which signifies the garnet was a re-
sidual phase during the partial melting.

We used PRIMELT2.XLS software from Herzberg and Asimow
(2008) to calculate primary magma composition and mantle po-
tential temperature. The four most primitive rock samples of south
Marzanabad volcanic rocks plot above the dashed-line in Fig. 14
that characterizes olivine-fractionated primary magma from peri-
dotitic sources. For calculating the most proper primary magma
composition for Marzanabad volcanic rocks, we used the most
primitive RD7 sample with Fe2O3/TiO2 ¼ 1.0 to estimate Fe2O3
(Herzberg and Asimow, 2008). The calculated primary magma
composition have 44.75 SiO2, 2.13 TiO2,15.89 Al2O3, 2.13 Fe2O3, 9.75
FeO, 11.95 MgO and 9.78 CaO (all in wt.%).

The calculated mantle potential temperature for Marzanabad
volcanic rocks is 1370 �C. The ambient mantle potential tempera-
tures that make MORB is about 1300e1454 �C (Herzberg et al.,
2007; Putirka et al., 2007), showing that the Marzanabad volcanic
rocks come up from an ambient mantle.

For modeling the partial melting of common upper mantle
source, REE systematics like the plot of La/Yb vs. Dy/Yb (Fig. 15) can
Figure 14. CaO and MgO diagram of the south Marzanabad volcanic rocks compared
with partial melts of pyroxenite and peridotite (Herzberg and Asimow, 2008).



Figure 15. La/Yb vs. Dy/Yb covariation for the south Marzanabad volcanic rocks. Partial
melting curves were calculated using a non-modal, fractional melting model (Shaw,
1970).
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be useful (Thirlwall et al., 1994; Baker et al., 1997; Jung et al., 2006).
This plot is easily recognizes between melting in the garnet peri-
dotite stability field and spinel peridotite stability field owing to the
strong fractionation of HREE by garnet.

Partial melting in the source magma of south Marzanabad vol-
canic rocks was reconstructed (Fig. 15). Partial melting curves were
calculated using a modal, fractionated melting model (Shaw, 1970).
Mineralogical composition of primitive mantle (66% olivine, 14%
orthopyroxene, 14% clinopyroxene, 6% garnet) and chemical
composition of primitive mantle are taken fromMertz et al. (2001).
Mineral-melt distribution coefficients are taken fromMcKenzie and
O’Nions (1991, 1995) and normalizing values are from McDonough
and Sun (1995). In both diagrams of Figs. 15 and 16, the most
primitive RD7 sample, reveals nearly 15% of partial melting in the
garnet peridotite stability field, which produces the primary
magma of south Marzanabad volcanic rocks.

8.5. Melt generation

The alkali basalt magmatism in central Alborz is related to deep
mantle melting or mantle plume associated with crustal contami-
nation in local extensional system or deep faults system
(Haghnazar et al., 2009; Jaffarian et al., 2009). Alborz zone reveals
Figure 16. Chondrite normalized Ce/Yb vs. Ce for south Marzanabad volcanic rocks.
Normalization values are from McDonough and Sun (1995).
an elevation 3000e5000 m above sea level. According to
geophysical studies, mantle lithosphere is almost absent under-
neath the Alborz Mountains (e.g., Sodoudi et al., 2009; Mirnejad
et al., 2010). The crustal thickness under the central Alborz is
estimated about 35e45 km (Dehghani and Makris, 1984; Amjadi
et al., 2012). However insufficient crustal base and the relatively
thin lithosphere underneath the Alborz can predicate that the
asthenospheric mantle is backing the high elevation (Sodoudi et al.,
2009). Ansari et al. (2011) believed that alkaline magmatism in
central Alborz zone was generated by the deep mantle melting and
the delamination of sub-continental lithosphere.

The calculated mantle potential temperature shows that south
Marzanabad volcanic rocks generated from the mantle at ambient
temperature which is against the mantle plume hypothesis (Hastie
and Kerr, 2010).

In summary, in south Marzanabad area in north of central
Alborz, like many other parts of Iran, an extensional rift basin was
originated during Cretaceous. Based on isotopic and REE data of
south Marzanabad volcanic rocks, alkaline volcanism was occurred
by the extension and partial melting of asthenospheric mantle in
the rift basin without major affecting of contribution subconti-
nental lithospheric mantle or crustal contamination. Erupted
alkaline volcanic rocks overlapped the upper Jurassic Shemshak
sediments with the angular unconformity. Existence of magmatic
chambers en route of ascending magma could cause crystal frac-
tionation. Finally in late Cretaceous, the Laramide orogenic phase
terminated the rifting extensional system and volcanism.

9. Conclusion

South Marzanabad volcanic rocks underwent fractional crys-
tallization that is confirmed by petrographical and geochemical
studies. Basaltic trachy-andesites formed from alkali-basalts due to
fractional crystallization. Based on the presented fractionation
model of south Marzanabad volcanic rocks, the composition of
more evolved samples could be explained by up to almost 50% of
fractional crystallization.

The sourcemagma of southMarzanabad rocks was generated by
the low degree of partial melting from the garnet bearing mantle
source with regard to high values of (La/Yb)N and (Dy/Yb)N. Based
on low 87Sr/86Sr, high 143Nd/144Nd and HFSE/REE ratios, south
Marzanabad volcanic rocks show the similar source characteristics
and derivation from the depletedmantle sourcewith regard to bulk
earth composition.

The calculated mantle potential temperature shows that south
Marzanabad volcanic rocks generated from the mantle at ambient
temperature which is contrary to mantle plume hypothesis. In
Cretaceous, alkaline volcanism was occurred by upwelling and
decompressional melting of an asthenospheric mantle in the rifting
basin without major involvement of subcontinental lithospheric
mantle or crustal contamination.
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