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With an east–west exposure trend, Peshtasar Complex, which is located in the sedimentary basin of
Moghan, northwestern Iran, is lithologically varied. The main constituent minerals are plagioclase,
clinopyroxene and iddingsitised olivine in basalts and plagioclase megacryst, clinopyroxene and leucite
in tephrite. The studied rocks are plotted in the fields of basaltic trachy-andesite, trachy-andesite and
tephri-phonolite in the total alkali-silica (TAS) diagram as well as high-K to calc-alkaline and shoshonite
fields. The chondrite normalised pattern of rare earth elements indicates the enrichment of LILE and
LREE as well as the depletion of HFSE and HREE. Nb and Ti have a negative anomaly in the spider
diagram. Eu/Eu* represents a positive anomaly for Eu indicating the frequency of calcic plagioclase and
low oxygen fugacity in rocks. Geochemical parameters and diagrams predict a magmatic evolution via
assimilation – fractional crystallisation process. According to the Ce/Yb vs. Ce diagram, partial melting
has happened within the garnet–lherzolite field in the depth of ∼100 km. Based on 87Sr/86Sr, Shahyourdi
samples have EM1 sources, whereas Germi and Tazehkand basalts have EM11 sources that are indicative
of different mantle sources for basalts in the western Moghan of the central and eastern areas. Basalts
are found in active continental margins associated with the post-collision arcs.
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1. Introduction

Eocene volcanic activity is one of the most
important magmatic phenomena in Iran. Its effects
can be traced in most parts of the country, except
for Zagros and Kopeh Dagh. Peshtasar basalts of
the Moghan sedimentary basin could be regarded
as an example of these activities. Basalts are
recognised as basic volcanic rocks that are poor
in silica (silica oxide < 53 wt%) and rich in MgO
(>5 wt%) (Le Maitre et al. 1989). The basaltic

magma is a primary magma produced by partial
melting of a source region of peridotitic rocks
(BVSP 1981). Therefore, the study of geochemical
characteristics of these rocks, as well as xenoliths
entrained in them, provides a lot of information
about the composition and mineralogy of their
source regions. Basalts erupt in a wide range of
tectonic environments. The basaltic magmas are
known to be parental to most of the more evolved
magmas in oceanic as well as continental envi-
ronments (Gill 2010). Despite several studies of
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basalts in Moghan sedimentary basin, which have
been carried out separately, there is a lack of a
comprehensive and systematic study of genesis,
tectonics and the source of their parental magmas
based on geochemical and isotopic parameters on
Peshtasar basalts. Therefore, the present research
aims to study their geochemical properties and
determine the tectonic setting, magmatic series,
the factors affecting the magmatic evolution of
Peshtasar basalts and their origin.

1.1 Geological background

Moghan sedimentary basin is located in the north-
west of Iran and is bounded by longitudes 46◦39′–
48◦10′E and latitudes 38◦30′–39◦42′N. There is a
vast area in the northern margin of this region
which is related to the Kura structural–sedimen-
tary basin. The southern part of Moghan shares its
border with Khorosloo heights whereas its north-
eastern margin is located between the Tazehkand
section and Bilehsavar township with a length
of 49 km. The opposite margin, however, spreads
along a distance of 67 km from Tazehkand to
Aslandoz township. Moghan hydrocarbon basin
occupies the southeastern margin of Caucasus sed-
imentary basin, which lies between the remaining
ocean basins of the Caspian Sea and Black Sea
(figure 1A). Moreover, the region is limited to
the Republic of Azerbaijan in the north and east,
Meshkin-Shahr and Ahar in the south and Ghare-
hbagh of Armenia in the west. The roads leading
to the studied area are presented in the satellite
images (figure 1B).

Talysh basin (Azerbaijan) is mainly covered by
the volcanic units of Jurassic–Quaternary, while
its southern part spreads towards Iran (Moghan
plain). The Peshtasar basalt is named after a vil-
lage, Peshtasar, in Azerbaijan–Talysh (IFP 1961;
Badiozamani 1967). The type section of this basalt,
with a thickness of more than 1300m, is located
in Peshtasar village in Azerbaijan–Talysh. The
basalt is a dark andesite–basaltic lava and is com-
posed of olivine, augite and plagioclase within
a glassy and microcrystalline groundmass. Well-
preserved pillow structures near southern Germi
(northeast of Moghan) (figure 2A) and Shahyourdi
(west of Moghan) (figure 2B) indicate a subma-
rine eruption. In areas like Tazehkand (figure 2C),
Salim Aghaji (figure 2D), Mardlu and Abesh
Ahmad basalts are massive without the pillow
structure. Salim Aghaji Formation underlies this
basalt with a distinct and sharp boundary, while

the Lower-Ojagh–Gheshlagh Formation has a sharp
contact in its upper boundary. In other words, this
basalt, as a specific horizon, separates these two
formations and is called Key Horizon B (IFP 1961).
The Peshtasar basalt, with an east–west trend,
divides upper Eocene sediments of the Talysh basin
into two parts (figure 1A). Based on the tectonic
divisions by different geologists such as Nabavi
(1976), the sedimentary basin of Moghan is con-
sidered as a part of western Alborz–Azerbaijan,
which is located in the northern part of a wide
orogenic zone. However, according to Aghanabati
(2004) and Golonka (2004) this basin is located in
the Caspian region, Talysh. In fact, Moghan plain
is a part of Talysh basin in the Republic of Azerbai-
jan that elongates towards Iran and has one of the
most complete Paratethys deposits. The Qara Su
Formation is the first tertiary outcrop of the area.
The Gare Aghaj Formation lies on the Qara Su
Formation with a discontinuous unconformity and
is divided into two parts: the lower part is siliceous,
whereas, the upper part is made of shale sand with
lava from the late to middle Eocene. From mid-
dle to upper Eocene, the formation is gradually
replaced with Shekarlu Formation that is composed
of marly clay and tuff layers and is overlain by
Salim Aghaji Formation.

1.2 Tectonic structure and geodynamic evolution

The Moghan area in the northwest of Iran covers
about 6500 km2 in northern Ardabil and East-
Azerbaijan provinces. In terms of tectonic settings,
Moghan basin represents a part of the complex
named Talysh–Lesser Caucasus orogenic belt at
the southern margin of the Kura basin (figure 3).
Moghan basin is located in the northern part of
a collision zone in Eurasia–Arab plate. Moghan
region is situated in the northern branch of Alpine–
Himalayan orogenic belt and covers the western
folded zone of Talysh area, Pliocene–Quaternary
plain on the north and Kura depression on the
southern edge. Talysh folded zone is a segment of
Lesser Caucasus–Talysh–Alborz system, formed in
Late Cenozoic along the northern margin of Arab–
Eurasian collision zone. Kura depression refers to
the system of intermountain troughs of Alpine
folded belt and separates the structures of the
Greater and the Lesser Caucasus. It represents a
single basin with South Caspian depression.

Moghan region represents the western part of
South Caspian basin. The formation of an inter-
continental basin in Moghan region refers to the
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Figure 1. (A) Simplified geological map of the studied area (adapted from maps 1:100,000 Zeiveh and Aslanduz). (B) The
leading roads to the studied area in satellite images.
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Figure 2. (A) Pillow lava in southern Germi, northeastern Moghan, eastward view. (B) Pillow structure in the west
of Moghan, Shahyourdi village, westward view. (C) Massive lava in Moghan centre, Tazehkand village, northward view.
(D) Massive lava in Moghan centre, Salim Aghaji village, northward view.

Figure 3. Moghan region position within Kura basin.
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Mesozoic extension phase. An inversion during
Cenozoic stages of Arabia–Eurasia collision has
exposed the rocks in Alborz, Koppeh Dagh and
Binalud mountains in northern Iran, as well as the
eastern extent of the Greater Caucasus. The geo-
dynamic evolution and sedimentation of an area
stretching from South Caspian basin–eastern Cau-
casus to Central Iran is mainly controlled by the
evolution of two subduction systems closing the
Palaeotethys and Neotethys oceans successively
(Brunet et al. 2009).

The geology and more importantly the tec-
tonic style of Iran are highly influenced by the
development and history of the Tethyan region.
The Tethyan region including Iranian plate
underwent three major evolutionary stages in rela-
tion to the opening and closing of Palaeotethys.
The first tectonic events around Iranian plate
correlate with rifting of Gondwana. Gondwana
break-up was associated with tensional basins and
basement highs. The central Iranian block was
separated from Arabian plate along High Zagros
Zone.

As a consequence Neotethys was opened. The
closure of Neotethys started during Late Creta-
ceous and continued until Cenozoic (data from the
dissertation Geological situation of Iran). In the
Eocene, a strong extension along normal faults
with west–east striking zones was active. The
first compressional deformations, which are related
to Arabia–Eurasia collision, started in the Late
Eocene (Barrier and Vrielynck 2008). Arab–Eurasia
convergence took place first in southern Iran.
Continent–continent collision generated the main
orogenic belts of the Middle East (i.e., the Cauca-
sus–Alborz, southern Turkey and Zagros ranges;
Brunet et al. 2009).

2. Materials and methods

During various outcrop examinations and field
operations, 110 rock samples from the Peshtasar
basalt units were collected across the Moghan
basin. Following microscopic studies with a polar-
ising microscope, 25 least altered samples of the
Peshtasar basalt were analysed for major and trace
elements, including rare earth (REE) and high
field strength (HFS) elements. Five of these sam-
ples were also analysed for Sr and Nd isotope
compositions. Major and trace elements in the
bulk rock were analysed by inductively coupled-
plasma optical emission spectrometry (ICP-OES)

and inductively coupled-plasma mass spectrometry
(ICP-MS), respectively, at Zarazma Mineral Stud-
ies laboratory. Instrumental precision by ICP-OES
for major elements and trace elements was 1–
3% and 3–10%, respectively. Instrumental preci-
sion on low-abundance high field strength element
(HFSE) and REE is 2–12%, depending on the
element and the sample. Trace element content
of bulk rocks was obtained by ICP-MS, using
multi-element MERCK 6 and AGILENT 1.3 and
4 standards (see results in table 1). Strontium
and neodymium isotope compositions were deter-
mined at the Laboratory of Isotope Geology of
the University of Aveiro, Portugal. The selected
powdered samples were dissolved by HF/HNO3

solution in PTFE-lined Parr acid digestion bombs
at a temperature of 180◦C for 3 days. After evap-
oration of the final solution, the samples were
dissolved in HCl (6.2 N) as well as in acid diges-
tion bombs, and dried again. The elements to be
analysed were purified using conventional ion chro-
matography technique in two stages: separation
of Sr and REE in ion exchange columns con-
taining AG8 50W Bio-Rad cation exchange resin
followed by the separation of Nd from other lan-
thanides in columns containing cation exchange
Eichrom Ln resin. All reagents used in the prepa-
ration of the samples were sub-boiling distilled,
and the water was produced by a Milli-Q Ele-
ment (Millipore) apparatus. Strontium was loaded
on a single Ta filament with H3PO4. Nd, how-
ever, was loaded on a Ta outer side filament with
HCl in a triple filament arrangement. 87Sr/86Sr and
143Nd/144Nd isotopic ratios were determined using
a multi-collector thermal ionisation mass spectrom-
eter VG Sector 54. Data were acquired in dynamic
mode with peak measurements at 1–2 V for 88Sr
and 0.5–1.0 V for 144Nd. Typical runs consisted
of the acquisition of 60 isotopic ratios. Stron-
tium and neodymium isotopic ratios were corrected
for mass fractionation relative to 88Sr/86Sr =
0.1194 and 146Nd/144Nd = 0.7219. During this
study, through the SRM-987 standard, the aver-
age value of 87Sr/86Sr was measured and found
to be 0.710266(14) (N=13; confidence limit =
95%) and the average value of 143Nd/144Nd through
JNdi-1 standard was measured and found to be
0.5121050(58) (N=12; confidence limit = 95%) (see
the results in table 2).

Finally, data of the study were assessed by
combining the information gathered through field
operations, petrography and geochemical studies
(major, trace and rare earth elements).
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Table 1. The results of chemical analysis of Peshtasar basalt of the Moghan sedimentary basin. The major elements (in wt%)
and the rare elements (in ppm) are reported.

Sample AH-1 AH-3 AH-DYKE GRM-3 GRM-6 GRM-7 GRM-11 GRM-13 GRM-15

SiO2 52.8 52.71 52.97 54.28 54.53 54.27 53.66 54.39 53.69

TiO2 0.4 0.62 0.44 1.05 1.03 1.06 1.06 1.05 1.07

Al2O3 17.76 16.75 18.94 15.94 16.79 16.71 16.8 16.47 17.21

FeO 2.14 4.02 2.36 3.85 3.96 4.03 2.99 3.69 4.06

Fe2O3 2.21 3.5 2.32 2.91 2.93 2.99 2.09 2.67 2.85

MnO 0.18 0.21 0.17 0.15 0.16 0.15 0.18 0.16 0.18

MgO 1.21 3.51 1.46 4.17 3.73 3.87 3.9 3.78 3.9

CaO 4.88 7.36 4.42 7.64 7.71 7.76 8.29 8.5 8.42

Na2O 6.69 4.51 6.47 2.73 2.79 2.8 2.78 2.89 2.76

K2O 3.28 2.15 2.87 3.52 3.23 3.24 3.04 3.19 3.05

P2O5 0.43 0.58 0.42 0.54 0.48 0.5 0.48 0.5 0.5

LOI 7.55 3.55 6.55 2.56 1.99 1.89 1.72 2.01 1.57

Total 99.53 99.47 99.39 99.34 99.33 99.27 96.99 99.3 99.26

Ba 1198 1516 1153 800 1002 826 742 911 854

Rb 65 16 55 74 61 66 66 63 54

Sr 326.7 877.6 690.8 447.9 510.9 503.8 542.1 551.2 590.6

Zr 128 119 129 185 178 179 163 167 171

Nb 9.2 8.3 8.1 21.1 20.1 19.6 18.4 19.8 19.9

Ni 1 9 3 45 49 47 54 50 55

Co 9 19.6 11.2 20.9 21.6 21.8 22.8 22.2 23.6

Zn 139 521 275 83 111 111 99 127 95

Cr 8 31 11 113 116 137 156 146 159

La 29 41 26 36 35 35 32 33 34

Ce 62 98 63 80 86 78 71 79 78

Pr 7.23 8.52 7.5 7.34 7.09 6.97 6.61 6.68 6.91

Nd 26 32.9 27.8 27.7 27 26.3 25.3 25.5 26

Sm 5.13 7.37 5.91 5.56 5.53 5.34 5.17 5.27 5.3

Eu 1.87 2.45 2.05 1.65 1.64 1.61 1.58 1.6 1.65

Gd 3.98 5.41 4.45 4.58 4.61 4.52 4.36 4.38 4.47

Tb 0.51 0.74 0.6 0.68 0.7 0.68 0.65 0.66 0.67

Dy 2.68 4.14 3.36 4.15 4.25 4.06 3.99 3.96 4.05

Er 1.54 2.19 1.83 2.41 2.55 2.44 2.35 2.33 2.38

Tm 0.22 0.28 0.26 0.33 0.36 0.34 0.33 0.32 0.33

Yb 1.6 2.6 1.9 2.7 2.7 2.8 2.7 2.6 2.7

Lu 0.23 0.29 0.27 0.34 0.35 0.34 0.33 0.33 0.33

Y 13.1 19.7 16 21.3 21.9 20.9 20.3 20.5 20.9

Cs 3.7 2.3 4.2 0.7 1 0.8 0.9 1.1 0.7

Ta 0.89 1.09 0.84 1.62 1.61 1.46 1.36 1.61 1.49

Hf 2.66 2.71 3.02 4.23 4.24 4.03 3.76 3.77 3.93

Th 10.56 9.14 10.14 10.67 10.53 10.17 9.23 9.2 9.23

V 76 193 119 170 174 182 181 176 179

Pb 63 124 135 22 22 410 43 42 107

U 2.6 2.5 2.1 2.9 2.81 2.7 2.4 2.6 2.6

S.I 7.90 20.24 9.58 24.69 22.82 23.27 26.73 23.69 23.88

Mg# 36.12 46.61 38.22 52.00 48.50 48.99 56.60 50.60 48.99

Eu/Eu* 1.22 1.14 1.18 0.97 0.97 0.98 0.99 0.99 1.01

(La/Sm)N 3.10 3.05 2.41 3.55 3.47 3.59 3.39 3.43 3.52

(La/Yb)N 10.98 9.56 8.29 8.08 7.86 7.58 7.18 7.69 7.63

(Tb/Yb)N 1.36 1.21 1.34 1.07 1.10 1.03 1.02 1.08 1.06
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Table 1. (Continued.)

Sample GRM-19 ML-2 SA-2 SH-2 SH-11 TZ-2 TZ-4 TZ-5

SiO2 54.58 56.99 57.28 54.2 55.07 56.01 52.78 53.41

TiO2 1.07 0.86 0.86 0.42 0.44 0.66 0.93 1.02

Al2O3 17.01 17.73 17.71 18.38 20.14 19.66 16.36 16.15

FeO 3.7 2.83 2.73 2.05 2.29 2.48 4.12 4.04

Fe2O3 2.73 2.82 2.78 1.98 2.23 2.23 2.81 3.42

MnO 0.17 0.15 0.13 0.13 0.13 0.1 0.15 0.15

MgO 3.81 2.39 2.06 1.38 2.45 2.08 5.87 4.86

CaO 8.13 4.73 5.18 6.75 4.83 6.26 7.24 7.97

Na2O 2.86 3.34 3.44 3.83 2.84 3.44 2.56 2.68

K2O 3.19 5.37 5.34 5.32 5.71 4.38 3.05 3.03

P2O5 0.48 0.72 0.72 0.45 0.45 0.57 0.49 0.45

LOI 1.64 1.53 1.25 4.31 2.77 1.62 2.98 1.97

Total 99.37 99.46 99.48 99.2 99.35 99.49 99.34 99.15

Ba 749 1128 1090 1505 1319 1209 898 959

Rb 65 94 118 72 90 78 55 68

Sr 528.3 458.3 484.4 1067.7 1279.9 633.9 497.2 511.6

Zr 168 177 173 138 141 128 148 155

Nb 19.4 16.4 16.8 10.8 11.3 13.4 17.7 20

Ni 54 9 9 3 2 14 69 61

Co 23.8 11.4 11.3 11.4 10.7 11.9 23 23.7

Zn 118 175 128 87 155 81 77 87

Cr 150 19 21 9 15 29 153 161

La 33 33 35 39 40 25 31 31

Ce 72 78 79 85 85 69 76 77

Pr 6.81 7.27 7.61 7.58 7.95 5.54 6.91 6.94

Nd 26 27.2 28.7 28 28.9 21.1 26.7 26.2

Sm 5.27 5.68 5.91 6.11 6.04 4.52 5.59 5.52

Eu 1.68 1.71 1.78 2.05 2.06 1.61 1.76 1.71

Gd 4.45 4.56 4.56 4.43 4.46 3.78 4.69 4.6

Tb 0.67 0.65 0.69 0.61 0.61 0.54 0.7 0.68

Dy 4.06 3.94 4.15 3.47 3.46 3.2 4.27 4.19

Er 2.4 2.39 2.49 1.97 1.94 1.9 2.45 2.51

Tm 0.33 0.34 0.35 0.28 0.28 0.27 0.35 0.33

Yb 2.7 2.7 2.7 2 2 1.9 2.5 2.5

Lu 0.32 0.34 0.36 0.29 0.29 0.28 0.34 0.34

Y 20.9 20.7 21.6 16.8 16.6 16 21.9 21.6

Cs 0.8 1.6 2.5 3.5 3.1 1.3 0.7 1.4

Ta 1.4 1.22 1.25 0.95 0.94 1.13 1.44 1.53

Hf 3.95 4.02 4.09 3.38 3.21 3.27 3.74 3.68

Th 9.39 9.52 9.75 13.05 13.17 7.45 9.13 9.56

V 186 140 140 107 109 113 172 176

Pb 24 25 21 38 42 74 17 812

U 2.6 3.07 3.1 4.3 3.9 2.1 2 2.2

S.I 23.79 14.51 12.82 9.61 16.02 14.46 32.38 27.48

Mg# 50.73 45.79 43.01 40.23 51.69 45.61 58.76 54.61

Eu/Eu* 1.04 1.00 1.01 1.15 1.16 1.16 1.03 1.01

(La/Sm)N 3.43 3.19 3.25 3.50 3.63 3.03 3.04 3.08

(La/Yb)N 7.41 7.41 7.86 11.82 12.12 7.97 7.52 7.52

(Tb/Yb)N 1.06 1.02 1.09 1.30 1.30 1.21 1.19 1.16
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Table 1. (Continued.)

Sample KL-1 KL-2 KL-3 KL-4 KL-5 KL-6 KL-7 KL-8

SiO2 51.7 52.46 50.71 49.98 52.47 51.14 49.44 50.78

TiO2 0.48 0.52 0.61 0.72 0.54 0.49 0.68 0.62

Al2O3 17.14 16.98 17.41 17.16 16.78 16.88 17.21 17.86

FeO 3.73 3.94 4.04 4.33 3.68 3.53 4.6 3.76

Fe2O3 3.58 4 3.73 3.48 3.39 3.74 3.68 3.1

MnO 0.19 0.24 0.26 0.28 0.17 0.2 0.27 0.24

MgO 3.84 2.81 3.44 4.96 3.61 3.87 4.71 4.04

CaO 6.81 6.85 6.94 7.12 6.88 6.84 8.85 8.74

Na2O 5.86 6.14 5.71 4.94 5.61 6.72 4.91 5.21

K2O 3.64 3.66 3.48 2.84 3.34 3.94 2.88 2.64

P2O5 0.44 0.56 0.52 0.61 0.55 0.48 0.62 0.52

LOI 1.86 1.36 2.31 2.15 2.02 1.44 1.52 1.82

Total 99.27 99.52 99.16 98.57 99.04 99.27 99.37 99.33

Ba 1162 1159 1189 1021 1194 926 947 1014

Rb 66 61 60 54 48 51 54 53

Sr 336 354 477 645 372 482 686 598

Zr 126 132 117 106 139 127 107 112

Nb 9.4 9.2 18.6 19.4 10.1 11.2 17.4 18.2

Ni 3 5 7 10 9 11 14 6

Co 11 18 16 21 14 22 26 20

Zn 97 106 112 78 112 131 102 97

Cr 9 12 14 22 17 24 20 19

La 29.1 32.6 31.7 26.1 31.4 25.2 26.7 28.1

Ce 56 69 51 47 58 61 46 48

Pr 7.21 7.25 6.82 6.94 7.14 7.26 6.91 6.88

Nd 26.2 29.4 27.1 24.9 27.3 31.2 25.4 26.2

Sm 5.11 5.14 5.31 5.42 5.91 5.81 5.17 5.35

Eu 1.88 1.72 2.44 2.72 1.92 1.84 2.51 2.62

Gd 3.82 4.36 4.71 3.76 4.04 3.92 4.17 4.34

Tb 0.54 0.56 0.62 0.66 0.52 0.53 0.61 0.58

Dy 2.68 3.11 3.21 3.74 2.61 2.74 3.68 4.01

Er 1.61 1.72 1.84 2.51 2.08 1.92 2.48 2.31

Tm 0.24 0.26 0.33 0.31 0.23 0.28 0.35 0.32

Yb 1.81 2.14 2.61 2.77 2.86 1.74 2.77 2.44

Lu 0.24 0.26 0.23 0.34 0.23 0.25 0.33 0.3

Y 16.12 14.16 21.14 27.17 17.14 17.81 24.14 23.14

Cs 3.4 3.7 2.6 2.4 3.4 3.5 2.8 2.7

Ta 0.88 0.92 1.08 1.42 1.02 1.12 1.36 1.32

Hf 2.71 2.66 2.81 3.04 4.02 3.12 2.94 3.14

Th 24.86 25.14 23.12 20.14 26.77 24.41 20.02 21.14

V 82 74 114 144 92 106 145 132

Pb 68 69 71 54 94 81 74 82

U 5.44 6.14 4.98 5.12 6.31 5.41 4.86 5.02

S.I 18.92 13.95 17.18 24.55 18.71 18.06 23.07 21.91

Mg# 50.73 41.63 45.99 53.39 49.52 52.30 50.59 51.79

Eu/Eu* 1.25 1.09 1.47 1.75 1.14 1.11 1.61 1.62

(La/Sm)N 3.12 3.48 3.27 2.64 2.91 2.38 2.83 2.88

(La/Yb)N 9.74 9.23 7.36 5.71 6.65 8.78 5.84 6.98

(Tb/Yb)N 1.27 1.11 1.01 1.01 0.77 1.30 0.94 1.01
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Table 2. The results of Sr and Nd isotope analysis of the studied samples.

Sample GRM-6 GRM-19 SH-2 SH-11 TZ-5

Lithology Basalt Basalt Tephrite Basalt Basalt

Analysis conc. ICPMS ICPMS ICPMS ICPMS ICPMS

Sr (ppm) 511 528 1068 1280 512

Rb (ppm) 61 65 72 90 68
87Rb/86Sr 0.345 0.356 0.195 0.203 0.384

Erro (2s) 0.010 0.010 0.006 0.006 0.011
87Sr/86Sr 0.705387 0.705155 0.704759 0.704846 0.705238

Erro (2s) 0.000025 0.000020 0.000021 0.000017 0.000021

Nd (ppm) 27.0 26.0 28.0 28.9 26.2

Sm (ppm) 5.53 5.27 6.11 6.04 5.52
147Sm/144Nd 0.124 0.123 0.132 0.126 0.127

Erro (2s) 0.007 0.007 0.007 0.007 0.007
143Nd/144Nd 0.512673 0.512676 0.512782 0.512776 0.512650

Erro (2s) 0.000019 0.000024 0.000013 0.000016 0.000016
87Sr/86Sr (35) 0.705218 0.704981 0.704664 0.704747 0.705050

SrUR(35) 0.704460 0.704460 0.704460 0.704460 0.704460

εSr(35) 10.76 7.40 2.90 4.08 8.38
143Nd/144Nd (35) 0.512644 0.512648 0.512752 0.512747 0.512621

NdChur(35) 0.512593 0.512593 0.512593 0.512593 0.512593

εNd(35) 1.00 1.06 3.09 3.00 0.54

3. Petrography

Peshtasar basalts depict lithologically different
compositions throughout the basin. The eastern
part of the Moghan basin has basaltic lithol-
ogy with the pillow structure and gabbroic rocks.
The main minerals of basalts are clinopyroxene,
plagioclase and olivine. Besides, plagioclase micro-
crystals along with clinopyroxene and glass (rich/
poor in the glass with different amounts) make up
the groundmass. The dominant texture of these
rocks changes between hyalomicrolitic porphyry
(figure 4A) and microlitic porphyry (figure 4B).
The glomeroporphyric texture derived from the
accumulation of clinopyroxenes and idingisitised
olivine is another texture that is observed
(figure 4C). Plagioclase phenocrysts in some spec-
imens have sieve texture with a growth mar-
gin (figure 4D). Euhedral olivine phenocryst has
been altered to iddingesite, carbonate, bulengite
and anthophyllite (figure 4E); they are some-
times seen as the inclusion within clinopyrox-
enes. The middle part of the basin has basaltic
andesite, megaporphyric andesite, tephrite and
tephritic dykes. The main minerals are clinopyrox-
ene, plagioclase, olivine and leucite, while micro-
crystalline plagioclase along with pyroxene and
glass form the groundmass. Moreover, titanomag-
netite and apatite are the accessory minerals
in these rocks. Zeolite, calcite, iddingesite and

kaolinite are secondary minerals. The dominant
textures of these rocks in thin section are hyalomi-
crolitic porphyry, hyaloporphyric (figure 4F) and
microlitic porphyry. Lithophysa and amygdaloid
are subordinate textures. Analcime is an alter-
ation product of leucite. The presence of mafic
magma cells, as well as the presence of glasses
of two different refractive indices, is the evidence
of magma mixing in these rocks (figure 4G).
Other rock types in the area are volcanic brec-
cia with breccia texture and agglomerate. The
western part of the basin is predominantly com-
posed of basaltic andesite, leucite tephrite, andesite
and microgabbroic dykes. Basaltic flows have pil-
low structures. The main minerals are pyroxene,
plagioclase, olivine and leucite, while the ground-
mass is made of microcrystalline plagioclase along
with pyroxene and glass. The secondary miner-
als are titano-magnetite and apatite. The dom-
inant texture of these rocks is hyalomicrolitic
porphyry and microlitic porphyry. As subordi-
nate textures, lithophysa, amygdaloid and glom-
eroporphyric textures are formed as a result of
the clinopyroxene accumulation. Since plagioclase
phenocrysts with sieve texture are surrounded with
leucite, they have been crystallised first. Besides,
they are crushed and altered in some samples.
The leucite crystals are euhedral (figure 4H) and
have been altered to analcime in some samples
(figure 4I).
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Figure 4. (A) Hyalomicrolitic porphyry texture and plagioclase, clinopyroxene and idingisitised olivine phenocrysts in basalt
XPL. (B) Microlitic porphyry texture and plagioclase, clinopyroxene and idingisitised olivine crystals in basalt XPL.
(C) Glomeroporphyric texture resulting from accumulation of clinopyroxene and idingisitised olivine in basalt XPL.
(D) Sieve texture with a growth margin of plagioclase phenocrystal in basalt XPL. (E) Olivine alteration to iddingesite,
carbonate, bulengite and anthophyllite in basalt XPL. (F) Hyaloporphyric texture and olivine, plagioclase and clinopyroxene
phenocrysts in basalt PPL. (G) Magma mixing with two different textures in basalt XPL. (H) Euhedral leucite crystal in
leucite tephrite XPL. (I) Pseudomorph leucite crystal by analcime in leucite tephrite XPL. The mineral abbreviations are
adopted from Kretz (1983).

4. Results and discussion

4.1 Geochemistry

4.1.1 Major elements

The results of chemical and isotopic analyses of
Peshtasar basalts of the Moghan sedimentary basin
are presented in tables 1 and 2. SiO2 content
ranges from 49.44% to 57.28% that is similar
to basalt and basaltic andesites. In basalts the
amounts of TiO2, FeO, Fe2O3 and MgO oxides
are 0.40–1.07, 2.05–4.60, 1.98–4 and 1.21–5.87wt%,
respectively. Variations of some major elements
against SiO2 are shown for basaltic rocks. As SiO2

increases, TiO2, FeOt and MgO decreases. This

fact is representative of fractional crystallisation of
clinopyroxene minerals during the crystallisation of
magma (Gourgaud and Vincent 2004) (figure 5).
As incompatible elements, Na2O and K2O display
an increasing trend with increasing SiO2 (figure 5).
P2O5 shows an increasing trend with increasing
SiO2, which is because of the incompatibility of
phosphor in the early stages of basic magma frac-
tionation and apatite crystallisation in the final
stages of fractional crystallisation (figure 5). The
high Al2O3 content in basalts reflects the crys-
tallisation of mafic minerals from parental magma
(primary) at relatively high pressures (Yoder Jr
and Tilley 1962; Gust and Perfit 1987), leading
to not only the concentration of aluminium in the
remaining melt, but also the crystallisation of
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Figure 5. Major oxides and rare elements variation diagrams vs. SiO2 and MgO.

plagioclase at lower pressures. As SiO2 increases,
the amount of CaO in the samples decreases
slightly – this can be attributed to the evolution
of the plagioclase from calcic to sodic during the
fractional crystallisation of the magma (figure 5).

4.1.2 Minor and trace elements

The amounts of Ni, Cr and Sc are 1–69, 8–161,
and 4.8–21.6 ppm, respectively. As Mg decreases
and crystallisation progresses, Ni, Cr and Sc
values decrease, which can be attributed to
the fractional crystallisation of olivine and

clinopyroxene minerals. Thus, as MgO decreases,
Ni is absorbed by olivine, while Cr and Sc are
absorbed by clinopyroxene. The aluminium con-
tent of the samples is high, about 17.35%. Primary
magmas, which are in equilibrium with the upper
mantle mineralogical composition, must have a
magnesium number above 70, nickel content greater
than 1400–1500 ppm, chromium more than
1000 ppm and silicon oxide less than 50 wt% (Gae-
tani 2004). However, if the basic magma is derived
from the metasomatic mantle instead of a normal
mantle, these criteria will not be applicable (Wil-
son 1989). Moreover, considering an increase in
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magma evolution, the magnesium number reduces.
The analysed samples with an average magnesium
number of 48.52, the mean chromium of 62.84 ppm
and average 23.96 ppm of nickel are not in equi-
librium with the upper mantle. The value of Mg#
used for the detection of primary magma from frac-
tionated magma (Jenner et al. 1987; Downes et al.
1995) varies from 36.12 to 58.76 in the studied
rocks and has an average content of 48.52.

The binary diagrams including Sr–Ba, (Pearce
and Norry 1979; Kim and Cho 2003) (figure 6A),
Zr–Y (Irvine and Baragar 1971) (figure 6B) and
SiO2–Al2O3/CaO (Zhu et al. 2007) (figure 6C)
have been used to characterise the most important
fractionated minerals from magmas. Clinopyroxene
separation affects Sr and Ba ratio, whereas the
ratio of Zr and Y is controlled by plagioclase
separation. The SiO2–Al2O3/CaO diagram shows
clinopyroxene separation in basalts. This is obser-
ved in petrographical studies.

In TAS diagram (Le Bas et al. 1986) (figure 7)
the samples are plotted in the field of basaltic
trachy-andesite, trachy-andesite and tephri-
phonolite. In K2O–SiO2 (Le Maitre 2002)
(figure 8A) and Th–Co diagrams (Hastie et al.
2007) (figure 8B) the samples plot in high potas-
sium calc-alkaline and shoshonitic fields. The posi-
tion of the samples in the (Shand 1943) diagram
indicates the meta-aluminous nature of rocks and
only one sample plots in peraluminous field
(figure 8C). In TiO2 vs. Ti/Y diagram (Zhou et al.
2008) basaltic samples are located in low titanium
fields (figure 8D).

4.1.3 REE spider diagrams

Chondrite-normalised multivariate charts have
been used to investigate and evaluate the trace and
rare earth elements. According to the chondrite-
normalised spider diagram (Thompson 1982), bas-
altic samples from the Moghan basin are enriched
in LILEs (Ba, Rb, Th, K) and depleted in HFSEs
(Ti, Yb, Y) (figure 9A). Enrichment of LILE is
either inherited from the mantle origin, which has
been already metasomatised by combining subduc-
tion areas, or resulted from crustal arc contamina-
tion (Liu and Liu 2014). Studying the variation
of REEs based on the chondrite-normalised spi-
der diagram (Boynton 1984), the LREEs are more
enriched than HREEs (figure 9B). The REE pat-
tern in the rare earth element diagram depicts a
low negative gradient. (La/Yb)N varies between
5.71 and 12.12. The amount of (Eu/Eu*) calculated

Figure 6. Characteristic diagram of the main fractionated
minerals from parental magma. (A) Ba vs. Sr diagram
(Pearce and Norry 1979; Kim and Cho 2003) indicates
clinopyroxene crystallisation. (B) Y vs. Zr diagram (Irvine
and Baragar 1971) indicates plagioclase crystallisation. (C)
Al2O3/CaO vs. SiO2 (Zhu et al. 2007) indicates clinopyrox-
ene crystallisation.

in the basalts fluctuates between 0.97 and 1.75.
Besides, its mean value is 1.16, which represents
the positive anomaly of Eu in basalts, indicating
frequency of calcic plagioclase in the rocks and
low oxygen fugacity. In these diagrams the par-
allel trend pattern of element frequency reveals
the same origin and their evolution through the
fractional crystallisation of primary magmas
(Nicholson et al. 2004). Enrichment in LREE
and LILE, as well as the depletion in HREE



J. Earth Syst. Sci.          (2019) 128:63 Page 13 of 22    63 

Figure 7. Position of samples in TAS diagram (Le Bas et al. 1986).

and HFSE, is considered as characteristics of
calc-alkaline rocks in active continental margin vol-
canoes (Nagudi et al. 2003) and of subduction
zones (Zanetti et al. 1999; Winter 2001; Wilson
2007; Gill 2010). Primary magma for the studied
volcanic rocks might be derived from the sub-
ducting oceanic crust above the mantle wedge.
Geochemical characteristics of this magma, such
as HFSE and HREE, change as it ascends to the
surface due to fractional crystallisation and assim-
ilation with the crust components. Nb and Ti
(Thompson 1982) have a negative anomaly in the
spider diagram. Negative anomalies of HFSEs, such
as Nb and Ti, are the features of arc settings (Wil-
son 2007). It may also be due to the contamination
and magma mixing with crustal material during
the ascent and replacement in subduction zones
(Wilson 2007). Some researchers have suggested
that the depletion of melted mantle wedge is due
to the presence of long-lasting phases containing
these elements (such as rutile, pargasitit amphi-
bole, sphene, apatite and ilmenite) in eclogitic
rocks of the subducted oceanic crust or non-melted
mantle wedges as these elements are very compat-
ible in the aforementioned phases (Ayers 1998).

LILE/HFSE enrichment is a feature of subduc-
tion environments (Taylor and Martinez 2003).
Such a high ratio in the rocks of arctic areas
can be attributed to the introduction of LILE
components of the subducted ocean crust into the
mantle wedge above (Mohamed et al. 2000). This

depletion of HFSE but not LILE is because of the
influence of fluids or melts that result from the
oceanic subducted slab into the sub-continental
mantle in the arc zone (Winter 2001). The neg-
ative anomalies of Nb and Ti, which led to the
zigzag pattern in the variation trend of rare ele-
ments, are representative of subduction zones. As
a matter of fact, in these regions, the released flu-
ids from the subducted lithosphere (poor in Nb
and rich in LILE) are increased in the mantle
wedge. Based on Aldanmaz et al. (2006) the nega-
tive anomaly of Nb indicates an active continental
margin and is the result of the contaminated and
subducted crust materials. Titanium element in
the subduction zone has a negative anomaly due
to high oxygen fugacity and high melting tem-
peratures of titanium-bearing minerals (Ionov and
Hofman 1995).

4.2 Tectonic setting

The geochemical characteristics of the samples
have been used to evaluate the tectonic setting of
igneous rocks in the area. The Peshtasar basalts
show ultra-potassic (K2O/Na2O > 3; Foley and
Peccerillo 1992) and shoshonitic (Le Maitre 2002)
characteristics. K2O varies between 2.15 and 5.71.
Such rocks are known to occur in the calc-alkaline,
island arc type, subduction zone volcanisms
(Morrison 1980; Muller and Groves 2016). The
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Figure 8. (A) K2O vs. SiO2 diagram (Le Maitre 2002). (B) Th vs. Co diagram (Hastie et al. 2007). (C) A/NK vs. A/CNK
diagram (Shand 1943). The samples are located in the meta-aluminous field. (D) Ti/Y vs. TiO2 diagram (Zhou et al. 2008).
Samples are located in the Lowe titanium field.

Peshtasar basalts belong to island arc subduction-
type environments. This fact is evident in the
Zr vs. Y (figure 10A; Muller and Groves 1997),
Th/Yb vs. Ta/Yb (figure 10B; Pearce 1983) and
DF2 vs. DF1 (figure 10C; Agrawal et al. 2008)
binary plots as well as Nb*50–Ce/P2O5–Zr*3
(figure 10D; Muller and Groves 1997) ternary plot.
Further support is received from trace element
spider diagrams that indicate post-collision arc set-
tings (figure 11; Muller and Groves 1997). Ba/La
ratio in these basalts shows the features of igneous
rocks in arc-related settings. This ratio is between
4 and 10 for NMORB and between 10 and 15
for EMORB and more intra-plate basalts, while

it is greater than 15 for the volcanic rocks of
convergent plate boundaries (Wood 1980). It is
higher in volcanic arcs than tensile regions and
back-arc basins. This ratio varies between 22.22
and 48.36 (average 33.57) for Peshtasar basalts like
those of arc magmas. Another important geochem-
ical proxy is Ba/Ta ratio, which is higher than 450
in arc magmas (Macdonald et al. 2000). This ratio
is between 493.83 and 1584.21 for the Peshtasar
basalts. Thus, several lines of evidence indicate
that the studied rocks represent the basalts of
island-arc tectonic settings (average 919.10). The
TiO2 content is less than 1.3 wt% (Macdonald et al.
2000).
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Figure 9. Spider diagrams of Moghan sedimentary basin samples: (A) normalised chondrite in basalt (Thompson 1982) and
(B) normalised to rare earth element of chondrite in basalt (Boynton 1984).

Figure 10. Tectonic setting discrimination diagrams of Moghan sedimentary basin Peshtasar basalts: (A) Y vs. Zr diagram
(Muller and Groves 1997), basaltic rocks are located in volcanic arcs; (B) Ta/Yb vs. Th/Yb diagrams (Pearce 1983), basaltic
rocks are located in active continental margin; (C) Agrawal et al. (2008) diagram, the samples are located within island arc;
and (D) triangular diagram (Muller and Groves 1997), the samples are located in post-collision arc setting.

4.3 Implications for crustal contamination

Magma contamination with crustal materials
increases the amount of Rb, Ba and K, although

Nb, Zr, Ti and Y remain intact (Reichow et al.
2005). Several geochemical diagrams have been
routinely used to investigate crustal
contamination. The Rb/Y vs. Nb/Y diagram
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(Edwards et al. 1991) shows that the Peshtasar
basalts have a vertical trend indicating either fluid
enrichment in the subduction zone or crustal con-
tamination (figure 12A). The basalts found in the
subduction zone usually show low values of Nb/Y,
which is generally attributed to the depletion of
HFS elements. In such regions, HFS elements (such
as Ti, Nb) remain on the subducted plate due to
their inability to dissolve. In contrast, LIL elements
(such as Ba, Rb, K) that are able to dissolve, are
easily transmitted to the upper part of the man-
tle at high temperatures and pressures (Pearce
1983). The Nb/U ratio is less than 47 and dis-
plays the contribution of the crustal material in
magma generation (Hofmann et al. 1986). The low

Figure 11. Multivariate diagrams normalised to chondrite
(Muller and Groves 1997).

Nb/U ratio (less than 47) in the studied basalts
indicates the involvement of crustal material in the
evolution of Peshtasar basalts. The La/Sm ratio
is used to model crustal contamination (DePaolo
1981) in which various values of r and diago-
nal curves are shown. In fact, the value of ‘r’
represents assimilation rate in comparison with
fractional crystallisation rate. The closer the com-
position of rocks is to the composition of the crust,
the higher the r value will be (Keskin et al. 1998).
Except for three samples with the r values less
than 0.03, for Peshtasar basalts it is in the range
of 0.03–0.15. This range shows fractionation pro-
cess as the dominant one with very little crustal
contamination (figure 12B). A low Nb/Th ratio
is a continental crust feature (Rudnick and Foun-
tain 1995). This ratio is low in the studied samples
varying from 0.37 to 2.16 in basalts. In Nb/Th vs.
Th diagram, which is used to determine crustal
contamination, basalts are located in the range of
upper crustal composition (Taylor and McLennan
1981) (figure 13A). Rb/La vs. Th diagram con-
firmed crustal contamination. Basaltic samples are
located near the upper crustal composition in this
chart (Taylor and McLennan 1981) (figure 13B).
All the samples have a trend along AFC and FC
(assimilation–fractional crystallisation and frac-
tional crystallisation) in the K2O/Na2O vs. Rb/Zr
diagram (Esperança et al. 1992) (figure 13C).
Basalts show crustal contamination and fractional
crystallisation trends in the Th/Yb vs. Ta/Yb dia-
gram (Pearce 1983) (figure 10B). In the Th/Nb
vs. Ba/Th diagram (Orozco-Esquivel et al. 2007),
which is used to investigate the upper sedimentary

Figure 12. Crustal contamination diagrams of Moghan sedimentary basin Peshtasar basalts: (A) Rb/Y vs. Nb/Y diagram
(Edwards et al. 1991), enrichment of the samples by fluids in subduction zone or crustal contamination and (B) La/Sm vs.
La diagram (DePaolo 1981).
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Figure 13. Crustal contamination diagrams of Moghan sedimentary basin Peshtasar basalts: (A) Nb/Th vs. Th diagram
(Taylor and McLennan 1981), (B) Rb/La vs. Th diagram (Taylor and McLennan 1981), (C) K2O/Na2O vs. Rb/Zr diagram
(Esperança et al. 1992). Samples have a trend along AFC and FC. (D) Th/Nb vs. Ba/Th diagram (Orozco-Esquivel et al.
2007).

of the subducted plate and lower crustal melting,
low Ba/Th and Th/Nb values indicate slight con-
tributions of subduction zone materials (solutions
and melt materials) and the effect of crustal con-
tamination on the rocks’ formation. High values
of Th/Nb and low values of Ba/Th indicate that
upper crust materials contributed dominantly in
the formation of the rocks. Peshtasar basalts of
the Moghan basin show high values of Th/Nb and
low values of Ba/Th. According to geochemical
diagrams, melting of the subducted plate, upper
crust composition and the extent of their partic-
ipation play important roles in the formation of
these rocks (figure 13D).

4.4 The origin of igneous rocks in Moghan basin

The La/Sm vs. La diagram (Aldanmaz et al. 2000)
has been used to identify the mineralogical compo-
sition of the source and the degree of partial melt-
ing in basalts. Peshtasar basalts are consistent with
the melting curve of garnet lherzolite and show
1–5% of melting (figure 14A). One of the character-
istics of the melting process in the subducted plate

(slab) is (La/Yb)N > 12 (Defant and Drummond
1990). The mean value of this ratio for basalts is
8.19. It is lower than this value which indicates the
derivation of basalts from mantle magmas. Accord-
ing to the Y vs. Zr diagram (Abu-Hamatteh 2005)
the basalts are located within the enriched mantle
range (figure 14B). Based on the Ce/Yb vs. Ce dia-
gram (Ellam 1992), the igneous rocks derived from
a depth of 100–110 km indicating a partial melting
within the garnet-lherzolite field (figure 14C). In
the Nb/La vs. La/Yb diagram (Fitton et al. 1991;
Chen and Arculus 1995) the Nb/La ratio is greater
than 1 for the asthenospheric mantle and smaller
than 0.5 for the lithospheric mantle. Basaltic sam-
ples belong to the lithospheric mantle area. Some
of them, however, indicate a deeper source (fig-
ure 14D). The average Nb/La is 0.48 for basalts. To
determine the role of the participant components
in magmatic arcs, the Th/Nb vs. Ba/Th diagram
(Orozco-Esquivel et al. 2007) is used. According
to this diagram the melting of the upper sedi-
ments in the subducted plate, the metasomatism
of the upper crust and mantle origin enrichment
play important roles (figure 13D). Rare element
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Figure 14. Mantle origin characteristic diagrams of Moghan sedimentary basin igneous rocks: (A) La/Sm vs. La diagram
(Aldanmaz et al. 2000), correlation samples with melting curve of garnet lherzolite; (B) Y vs. Zr diagram (Abu-Hamatteh
2005), samples are located within enriched mantle range; (C) Ce/Yb vs. Ce diagram (Ellam 1992), indicates depth of the
melting location of igneous rocks origin from 100 to 110 km of studied samples; (D) Nb/La vs. La/Yb diagram (Fitton et al.
1991; Chen and Arculus 1995), location of samples in lithospheric mantle field.

concentrations and ratios are used to identify
mantle sources (HIMU, EM1, EM2). The K/La
ratio is greater than 260 in EM basalts and less
than 260 in the HIMU basalts; the concentra-
tion of Rb is greater than 30 ppm in EM basalts
and less than 30 ppm in HIMU basalts (Will-
bold and Stracke 2006). The average K/La ratio
and Rb concentration are 937.33 and 64.28 ppm,
respectively, in these basalts representing the EM
domain. Besides, the Nb/Rb ratio is different in
EM from HIMU basalts. In fact, this ratio is less
than 1.5 in EM1 and EM2 basalts, whereas it is
greater than 2.5 in HIMU basalts (Willbold and
Stracke 2006). The average Nb/Rb is 0.26 in stud-
ied basalts. K depletion is the feature of HIMU
basalts that makes them different from EM1 and
EM2 types (Chauvel et al. 1992). Potassium enrich-
ment is obvious in normalised diagrams. Hence, the
geochemistry of rare elements indicates the mantle
origin of the EM type for the studied rocks.

Considering the importance of the lithology
and the origin of the studied samples, 87Sr/86Sr

and 143Nd/144Nd analyses were performed on five
samples to determine the primary magma origin
at the University of Portugal, Aveiro. The results
of the analyses are presented in table 2. The
87Sr/86Sr isotopes vary in the range of 0.704759–
0.705387. The maximum value is observed in the
Germi and Tazehkand samples, while the minimum
value belongs to the Shahyourdi samples. Nd
isotopic ratio (143Nd/144Nd) varies from 0.512650
to 0.512782, for which the maximum and minimum
values are identified in Shahyourdi and Tazehkand
basalts, respectively. εSr and εNd have been cal-
culated based on the relative age of the samples
(35million years). Positive εSr and εNd values vary
between 2.90 and 10.76 and 0.54 and 3.09, respec-
tively. Positive εNd values indicate that the igneous
rocks derived from a parental magma of mantle
origin. These rocks are the results of old par-
tial melting events that have suffered depletion.
The measured 143Nd/144Nd values are higher than
that of the present chondritic uniform reservoir
(0.512638). Considering the small variation in εNd,
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Figure 15. Isotope correlation diagrams of Moghan sedimentary basin Peshtasar basalts: (A) 143Nd/144Nd vs. 87Sr/86Sr
diagram (Zindler and Hart 1986), location of samples in lithospheric mantle array; (B) εNd vs. εSr diagram, samples are
located on the right side of mantle array (Arjmandzadeh and Santos 2014). Upper continental crust (Taylor and McLennan
1985), lower continental crust (Rudnick and Fountain 1995).

the depletion process was found to be relatively
weak as it has been formed during a partial melt-
ing degree of less than 5%. In the Sr–Nd correlation
diagram, the samples are plotted within or near
the bulk silicate Earth to the right of the mantle
array (figure 15A). In this diagram the samples
have a trend towards Area 4. As a matter of fact,
the difference in Sr and Nd variations is related
to different mantle origins. Based on the 87Sr/86Sr
ratio, Shahyourdi samples have enriched mantle
origin (EM1) and indicate pelagic sediments as
their source, while Germi and Tazehkand samples
have enriched mantle origin (EM11) and indicate
terrigenous sediments in their source. The samples
show the same features in εNd vs. εSr diagram
(figure 15B). Considering the tectonic setting of
Peshtasar basalts that is related to a post-collision
arc and the sea water enrichment in Sr and lack
of Nd, the fluids that are released from the sub-
ducted oceanic crust into the mantle wedge over
the subduction zone increased the strontium iso-
tope of metasomatised mantle. Fluids released from
the subducted oceanic crust may result in higher
Rb/Sr ratios (Faure 1986).

5. Conclusion

In terms of the magmatic series, the Peshtasar
basalts indicate high potassium calc-alkaline to
shoshonitic characteristics. Based on the geochem-
ical diagrams and rare elements these rocks are
formed in an active continental margin and a
post-collision arc system. Moreover, chondrite-
normalised REE patterns confirm that these

basalts are formed in a post-collisional setting. The
patterns of trace elements and REE variations
indicate enrichments in LILE and LREE and
depletion in HFSE and HREE in these rocks.
Binary and ternary variation diagrams, geochemi-
cal parameters and element ratios indicate evolved
magmas. The fractional crystallisation was a dom-
inant mechanism in the evolution of the basaltic
magma. The geochemical data indicate that the
Peshtasar basalts were formed in a post-collision
island-arc tectonic setting. Moreover, 1–5% par-
tial melting of the enriched garnet–lherzolite ori-
gin is attributed to the genesis of the studied
basalts. Although all these basalts originated from
a lithospheric mantle source, they are formed in
different depths. Based on the Ce/Yb vs. Ce
diagram, basalts derived from a depth of 100–
110 km, which is representative of a partial melting
within the garnet–lherzolite zone. The results of
the isotopic analyses of five samples of Peshtasar
basalts using 87Sr/86Sr and 143Nd/144Nd ratios
and the calculated results of εSr and εNd suggest
that these rocks have lithospheric mantle sources.
Based on the 87Sr/86Sr ratio Shahyourdi samples
have an enriched mantle origin (EM1) and show
pelagic sediments in their source, while Germi and
Tazehkand samples have an enriched mantle origin
(EM11) and indicate terrigenous sediments in their
source. These geochemical characteristics indicate
different mantle origins of basalts in the cen-
tral, western and eastern Moghan basin. Based on
geochemical diagrams, the role of the upper crust
in the crustal contamination of basalt-forming
magma is more important. The palaeontological
evidence in the upper and lower sediments of
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Peshtasar basaltic lava confirms the Eocene age
for this complex (Fotouhi 1973). These lavas are
derived from an enriched lithospheric mantle source
in a post-collisional magmatic arc setting (Moayyed
2001, 2002), which has undergone crustal contam-
ination, fractional crystallisation and crystalline
partition. This has led to the further evolution of
a primary basaltic magma.
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