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In the Shourestan area, 14 kilometers west of Sarbisheh city, in South
Khorasan province, volcanic rocks with pyroxene-andesite composition
belonging to Eocene-Oligocene are exposed. The constituent minerals of
these rocks include plagioclase and pyroxene. The composition of
plagioclases have range from Absz, Angs to Absg, Ans, and are andesine-
labradorite type. Clinopyroxene and orthopyroxene have diopside-like
augite and enstatite composition, respectively. The crystallization
temperature for clinopyroxene and orthopyroxene were about 1175 and
1200 °C respectively and the pressure (for both types) was 2 to 5 kb. The
geochemical data of whole rocks show that the andesitic lavas of Shourestan
have high potassium calc-alkaline nature and the amount of Mg# in them
varies from 40.97 to 60.97, which indicates the role of mantle components
in their formation. These rocks show signs of differentiation including
LREE/HREE ((La/Yb)n) between 9.95 to 12.42, LREE/MREE ((La/Sm)n)
between 3.53 to 6.55, MREE/HREE ((Sm/Yb)n) between 1.89 to 2.99. High
ratios of Zr/Nb (9.81-22.10), Th/Nb (0.68-1.79), Th/Ta (7.29-24), and
Nb/Ta (9.69-15.66) along with the pattern of LIL elements, support the
possibility of different degrees of crustal contamination-assimilation of
magma during its ascent to the earth's surface. The studied rocks have low
ratios of Cel/Y (2.44-3.48), (Th/Yb)n (1.17-1.39), Sm/Yb (1.92-2.78), and
relatively flat MREE-HREE pattern that confirms the melting of the
subcontinental lithospheric mantle in the field of spinel stability and at a
depth of fewer than 75 kilometers.
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EXTENDED ABSTRACT

Introduction

Calc-alkaline magmas are commonly active in
convergent plate margins and their petrogenesis is
crucial for understanding the origin and evolution of
the andesitic continental crust. The generation of
calc-alkaline magmatic series in oceanic subduction
zones has been primarily attributed to the partial
melting of enriched mantle sources with the
involvement of fluids and/or melts from the
subducted oceanic lithosphere or the partial melting
of metasomatized sub-continental lithospheric
mantle that had been modified by previous plate
subduction (Cheng et al., 2020). Andesite is the
second most common volcanic rock type on earth
and provides abundant information about the
interaction between the mantle and crust in the
subduction zones. However, the petrogenesis of
subduction-related andesite is being debated, since
andesite can form via different processes, such as (1)
magma mixing between felsic and mafic/ultramafic
melt; (2) fractional melting or assimilation fractional
crystallization from basaltic composition; (3) partial
melting of the hydrated mantle wedge peridotite (Li
et al, 2013). Experimental investigation
demonstrates that plagioclase and clinopyroxene
composition can be used to estimate the P-T
condition of volcanic rock crystallization. The
chemical composition of pyroxene in volcanic rocks
shows the nature of the host lava and is used to
determine  the  magmatic  series, tectonic
environment, and origin of the igneous rock (Putirka,
2008).

In the Shourestan area, 14 kilometers west of
Sarbisheh city in South Khorasan province, Eocene-
Oligocene volcanic rocks with pyroxene-andesite
composition are exposed. Based on the results of
previous studies, the Tertiary lavas in the Sarbisheh
area have calc-alkaline nature and are related to
active continental margins (Mohammadi and
Nakhaei, 2022). In this research, the chemical
composition of minerals has been used to determine
the nature of magma, tectonic setting and evaluation
of the temperature and pressure conditions for the
crystallization of andesitic lavas. Also, by using the
geochemical data of the whole rock, the geochemical
characteristics, tectonic setting, and origin of these
rocks have been investigated.

Materials and Methods

Microprobe analysis of pyroxene and plagioclase
minerals was done at the institute of Earth sciences
in Academia Sinica, Taipei, Taiwan. A scanning
electron microscope (JEOL SEM JSM-6360LV) was
used to observe micro-scale texture. Identification of
mineral phases was done by an energy dispersive
spectrometer equipped with SEM, under the beam
conditions of 15 kV, and 0.2 nA for the acceleration
voltage, and beam current, respectively.
Mineralogical investigation was carried out by an
electron probe micro analyzer (JEOL EPMA JXA-
8900R) equipped with four wave-length dispersive
spectrometers. For geochemical investigations, 8
samples were analyzed in Acme laboratory in
Canada by ICP method (for major elements) and
ICP-MS (for trace and rare earth elements) and 3
samples in ZarAzma Company (Tehran, Iran) by
alkaline melting method (for major elements) and
ICP-MS (for trace and rare earth elements).

Results

The constituent minerals of these rocks include
plagioclase and pyroxene. The composition of
plagioclases changes from Abs, Anss to Abss ANy
and are andesine-labradorite type. Clinopyroxene
and orthopyroxene have diopside-like augite and
enstatite composition, respectively. The
crystallization temperature for clinopyroxene and
orthopyroxene were about 1175 and 1200 °C
respectively and the pressure was 2 to 5 kb. The
geochemical data of whole rocks show that the
andesitic lavas of Shourestan have high potassium
calc-alkaline nature and the amount of Mg# in them
varies from 40.97 to 60.97, which indicates the role
of mantle components in their formation. These
rocks show signs of differentiation including
LREE/HREE ((La/Yb)n) from 9.95 to 12.42,
LREE/MREE ((La/Sm)n) from 3.53 to 6.55,

MREE/HREE ((Sm/Yb)x) from 1.89 to 2.99. High

ratios of Zr/Nb (9.81-22.10), Th/Nb (0.68-1.79),
Th/Ta (7.29-24), and Nb/Ta (9.69-15.66) along with
the pattern of LIL elements, support the possibility
of different degrees of crustal contamination-
assimilation of magma during its ascent to the earth's
surface. The studied rocks have low ratios of Ce/Y
(2.44-3.48), (Tb/Yb)n (1.17-1.39), Sm/Yb (1.92-
2.78), and relatively flat MREE-HREE pattern that
confirms the melting of the subcontinental
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lithospheric mantle in the field of spinel stability and
at a depth of fewer than 75 kilometers.

Discussion

Petrographic studies show that the volcanic rocks of
the Shourestan area have pyroxene-andesite
composition. After plagioclase, pyroxene is the most
abundant mineral in Shourestan andesitic lavas. The
values of Mg# in clinopyroxene and orthopyroxene
are 72-78 and 71-77, respectively. High values of
Mg# in pyroxenes indicate the role of mantle
components in the magma source. Based on the
chemistry of clinopyroxene, andesitic lavas of the
Shourestan area have sub-alkaline nature and are
located in the field of volcanic arc basalts. The
anorthite content of plagioclases in andesitic lavas of
Shourestan (52-66%) and Mg# of clinopyroxenes
(72-78) indicate the low amount of water during the
formation of these minerals from primary magma.
The formation temperature of investigated
clinopyroxene and orthopyroxene was about 1200 °C
and the calculated pressure at the time of their
crystallization was determined 2 to 5 kb. The
volcanic rocks of Shourestan were located in the
range of andesite with high potassium calc-alkaline

nature. The amount of Mg# in these rocks varies
from 40.97 to 60.97, which indicates the role of
mantle components in their formation. The presence
of negative Ti, Nb, and P anomalies in trace element
diagrams of the studied samples, confirms the
formation of these rocks in subduction zones.
Relatively low values of Yby in the samples (8.42 to
10.05 ppm) indicate low amounts of garnet in the
source. Geochemical characteristics of the
Shourestan andesitic rocks such as K>O/P,Os ratio >2
along with high Al.Os; and Th enrichment can be
related to crustal contamination or magma formation
from a heterogeneous metasomatized mantle source.
In addition, Th/Ta (7.29-24), Nb/Ta (9.69-15.66) and
Ta/La (0.02-0.05) ratios also indicate different
degrees of the crustal contamination-assimilation of
magma during the ascent to the surface of the earth.
Based on various element ratios, the Shourestan
andesitic lavas originated from a subcontinental
lithospheric mantle that evolved during subduction.
The geochemical characteristics of the investigated
rocks, such as the high ratio of LILE/HFSE and
LREE/HREE, as well as the different tectonic
discriminant diagrams, confirm active continental
margin tectonic setting.
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Fig. 1. Geographical location and geological map of the Shourestan area, modified and redrawn based on 1:100000
geological map of Sarbisheh (Nazari and Salamati, 1999)
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Fig. 2. Field images of rock units in the Shourestan area. A: Brown sandstone, B: Pyroclastic units under the lavas (view
to the northwest), C: Sheared tuffs (view to the southwest), D: Alteration of tuffs to bentonite (view to the southwest), E:
Fresh samples of andesite in gray, and F: Dome structure of andesite (view to the north).
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Fig. 3. Microscopic characteristics of pyroxene andesites in the Shourestan area. A to D: Porphyric texture with microlitic
groundmass, A, B and D: Plagioclase phenocrysts with zoning and sieve texture, A to D: Clinopyroxene, and D:
Orthopyroxene. Abbreviations after Whitney and Evans (2010) (Cpx: Clinopyroxene, Opx: Orthopyroxene, PlI:
Plagioclase).
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Table 1. EPMA results of representative plagioclases from the Shourestan andesitic lavas with structural formula
recalculation based on 8 oxygen atoms.

Sample 16-10-1 16-10-5 16-10-6 16-10-7 16-10-8 16-10-12 16-10-14 16-10-15 16-10-16
SiO2 54.01 5211 5114 5198  52.46 53.00 57.12 53.82 54.68
TiO2 0.02 0.05 0.09 0.06 0.03 0.15 0.14 0.18 0.03
Al203 29.27 30.26 3042 2994  29.60 28.71 26.70 28.00 28.74
Cr20s 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
FeO 0.41 0.30 0.33 0.26 0.27 0.71 0.87 1.25 0.28
MnO 0.00 0.00 0.04 0.05 0.00 0.00 0.00 0.01 0.00
MgO 0.05 0.07 0.15 0.06 0.06 0.06 0.03 0.33 0.08
CaO 12.01 1266 1315 1273  12.07 11.34 8.57 11.14 10.46
Na:O 4.44 4.02 3.70 3.70 4.29 5.01 5.51 4.67 5.12
K20 0.32 0.24 0.19 0.27 0.26 0.36 0.59 0.51 0.40
Total 100.53 99.71  99.20 99.05  99.04 99.32 99.53 99.95 99.79

Si 2.43 2.37 2.34 2.38 2.40 2.42 2.58 2.45 2.47
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Al 1.55 1.62 1.64 1.62 1.60 1.55 1.42 1.50 1.53
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.02 0.01 0.01 0.01 0.01 0.03 0.03 0.05 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.01
Ca 0.58 0.62 0.65 0.62 0.59 0.56 0.41 0.54 0.51
Na 0.39 0.35 0.33 0.33 0.38 0.44 0.48 0.41 0.45
K 0.02 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.02
Total 4.99 5.00 5.00 4.98 5.00 5.03 4.97 5.01 5.00

Xab: Na/(Na+K+Ca) 0.39 0.36 0.33 0.34 0.39 0.44 0.52 0.42 0.46
Xor: K/(Na+K+Ca)  0.02 0.01 0.01 0.02 0.02 0.02 0.04 0.03 0.02
Xan:Ca/(Na+tK+Ca)  0.59 0.63 0.66 0.64 0.60 0.54 0.45 0.55 0.52
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Table 1 (Continued). EPMA results of representative plagioclases from the Shourestan andesitic lavas with structural
formula recalculation based on 8 oxygen atoms.

Sample 16-10-17 16-10-18 16-10-20 16-10-23 16-10-24 16-10-26 16-10-27 16-10-28 16-10-31
SiO2 53.16 52.43 53.79 53.33 52.19 55.61 51.16 52.05 51.84
TiO2 0.02 0.07 0.04 0.03 0.07 0.19 0.06 0.06 0.10
Al203 29.79 29.62 28.60 29.51 30.38 26.97 30.52 29.95 30.65
Cr20s 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.01 0.00
FeO 0.26 0.34 0.33 0.27 0.29 0.94 0.33 0.34 0.41
MnO 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.00 0.00
MgO 0.06 0.03 0.09 0.07 0.06 0.03 0.03 0.10 0.05
CaO 12.21 12.07 11.23 12.04 12.45 9.48 13.15 12.54 12.69
Na:O 4.28 4.35 4.89 4.48 4.12 5.79 3.84 3.97 3.94
K20 0.25 0.32 0.34 0.27 0.26 0.51 0.56 0.26 0.29
Total 100.03 99.22 99.31 99.99 99.81 99.61 99.39 99.27 99.97

Si 241 2.40 2.45 2.42 2.37 2.52 2.34 2.38 2.36
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Al 1.59 1.60 1.54 1.58 1.63 1.44 1.65 1.61 1.64
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.01 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Ca 0.59 0.59 0.55 0.58 0.61 0.46 0.65 0.61 0.62
Na 0.38 0.39 0.43 0.39 0.36 0.51 0.34 0.35 0.35
K 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02
Total 4.99 5.01 5.01 5.00 5.00 5.02 5.01 5.00 5.00
Xab: Na/(NatK+Ca)  0.38 0.39 0.43 0.40 0.37 0.51 0.34 0.36 0.35

Xor: K/(Na+K+Ca) 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02
Xan: Ca/(Na+K+Ca)  0.60 0.59 0.55 0.59 0.62 0.46 0.64 0.63 0.63

DOI: 10.22067/econg.2023.80746.1065 Foslad OF 055 OF ) cabasl ol e

\lY4


https://doi.org/10.22067/econg.2023.80746.1065

et 23T SIS gl a3 ol 5 e e ¢ mten )LiS —Les cla SIS and

Q\J&h} Sdaen

Orthoclase
and Microcline

KAISi30s
Or

Ab ( A M \ \ An
Albite  Oligoclase Andesine Labradorite Bytownite Anorthite
NaAISi308 CaAl2Si208

R R e Plagioclase Feldspars - - - - - - — — = >

(Deer et al., 1991) s )Ll S 13 305 53 Oliwy 5 allain okl g SIS 6N S 5 IS
Fig. 4. The composition of the investigated plagioclases of the Shourestan area in the classification diagram of feldspars

(Deer et al., 1991)

Wile (g ol (51 O &8 55 5L polie Cote s olomin o
GsTi Nb sle gyl o s K U (Th (Rb Cs
236 ol JS Ol (A=A S ) 55 b a0 s P (550
5055 VFO/H ) PPM G AYS/FY iy s b slaojlS s Sl
0L HREEw o W LREE Sus o b cstl o oS!
o ol 385 glawilss K ) (B-A JSK2) dias o
o—— ((La/Yb)n) LREE/HREE
Carus /00 G ¥/0F - ((La/Sm)n) LREE/MREE o\ Y/¥Y
(Gd/Yb)n) /44 5 V/AS s ((SM/YDINMREE/HREE

L5 4/40

S A e DL Y/ V/0F o DY/YD 5 VAR V/FF o
<l LREE Sz o Kb

g o 3 gai 31 Ol 5 SLaitsT & (6,18 6L (s
i eslizul (Cox et al., 1979) judw blas 55 ST
IS8 iz B 515 5T 05 gudous 55 Lad gad 415 503 ol ol
il KK il K o) SN pL L S (A-Y
BY U AP VI R PV -2t B I P POV Ty PR
Le Maitre, ) ,=.4J 5 (Peccerillo and Taylor, 1976)
o 3hT o5 gdoee 53 Oliwny 48 SLiiisT claeSin ;5 (2002
s jlaeigy SlaS olie sla s sei (B-Y JSK2) Wi &5
—ole 5 (Sun and McDonough, 1989) a_Jl a2 & L,
sl (Boynton, 1984) ¢y juS™ L o jleigs jols S
o330l B s A A IS 55 Ll 5 4 Ol ) 9 adbate (L ga

L@j‘”}fl{ov\_&)wng_o.a.'&v\.l:’-)‘.’}oa')b.c_,_w‘ou

DOI: 10.22067/econg.2023.80746.1065

AV

¥ osled OF 6,55 VY (3Ll owlis e


https://doi.org/10.22067/econg.2023.80746.1065

et 5 5T (o318 il e ol 5 g e ¢ i LiS —Lo3 la SIS e O 5 (Sdases

# el gz ke go s ol o 4 Oy g (25T (o318 55 sy 235 90 SUa S s s S5, 51 55 4 o s Y S

O3Sl 051
Table 2. EPMA results of clinopyroxenes from the Shourestan andesitic lavas with structural formula recalculation based
on 6 oxygen atoms

Sample 16-10-39 16-10-40 16-10-41 16-10-42 16-10-43 16-10-44 16-10-45 16-10-51 16-10-52
Sio, 51.26 5156 5227 5149 5156 5019 5170  50.81  51.05
TiO, 1.03 0.98 0.71 0.74 0.87 0.96 0.86 0.87 0.98
AlO3 2.99 2.77 2.73 2.93 2.88 3.72 2.93 2.97 2.78
Cr:0s 0.06 0.00 0.00 0.04 0.00 0.05 0.03 0.03 0.00
FeO 8.38 7.77 9.04 8.64 9.78 8.93 7.90 7.85 7.97
MnO 0.20 0.18 0.26 0.11 0.19 0.22 0.18 0.14 0.18
MgO 1554 1542 1503 1515  14.02 1528 1537  16.02 1595
CaOo 1979 2034 1958 1991  19.34 1956  20.34 2017  19.85
Naz0 0.29 0.30 0.37 0.32 0.42 0.44 0.33 0.32 0.30
K20 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01
Total 9953  99.32  99.99  99.34  99.10  99.34  99.68 9920  99.07
Si 1.91 1.92 1.94 1.92 1.92 1.89 1.92 1.90 1.91
Ti 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.03
Al 0.13 0.12 0.12 0.13 0.13 0.16 0.13 0.13 0.12
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.26 0.24 0.28 0.27 0.31 0.28 0.24 0.25 0.25
Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Mg 0.85 0.86 0.83 0.84 0.78 0.85 0.85 0.89 0.89
Ca 0.79 0.81 0.78 0.80 0.78 0.78 0.81 0.81 0.79
Na 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg#: Mg/(Mg+Fe?")  0.77 0.78 0.75 0.76 0.72 0.75 0.78 0.78 0.78
Fe2*/(Fet°t) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
En 0.45 0.45 0.44 0.44 0.42 0.44 0.45 0.46 0.46
Fs 0.14 0.13 0.15 0.14 0.16 0.15 0.13 0.13 0.13
Wo 0.41 0.42 0.42 0.42 0.42 0.41 0.43 0.42 0.41
Jd 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.02
Ac 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aug 0.98 0.98 0.97 0.98 0.97 0.97 0.98 0.98 0.98
Xpr 37.94 3813 3838 3802 37.85 37.09 3814 3783  37.93
Yer 2792 -2823  -27.87 -27.90 -26.79  -27.47  -28.34  -28.34  -28.17
F1 083 -083 -082 -082  -084  -082  -083  -0.81  -0.82
F2 249  -248  -251  -246  -249  -245 248 244  -2.46
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Table 2 (Continued). EPMA results of clinopyroxenes from the Shourestan andesitic lavas with structural formula
recalculation based on 6 oxygen atoms

Sample 16-10-54 16-10-55 16-10-56 16-10-57 16-10-58 16-10-59 16-10-60 16-10-61
SiO2 50.88 5157 5054 5154 5060 5101 5122  51.36
TiO2 1.03 0.94 0.84 0.96 0.99 1.02 0.98 0.99
Al,O3 2.74 2.83 3.08 2.88 3.23 2.98 3.02 3.09
Cr0s 0.09 0.02 0.03 0.03 0.02 0.00 0.00 0.05
FeO 7.97 8.00 8.86 8.22 8.52 8.28 7.91 7.90
MnO 0.15 0.17 0.26 0.17 0.19 0.17 0.18 0.19
MgO 1571 1613 1534 1515 1569 1579 1567 1561
CaO 2041 1968  19.89 2042  20.17 2038 2033  19.76
Na.0 0.33 0.35 0.43 0.36 0.42 0.34 0.36 0.32
K20 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Total 99.30 9969  99.27  99.75  99.84  99.98  99.67  99.27
Si 1.90 1.91 1.89 1.91 1.88 1.89 1.90 1.91
Ti 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03
Al 0.12 0.12 0.14 0.13 0.14 0.13 0.13 0.14
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.25 0.25 0.28 0.26 0.27 0.26 0.25 0.25
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.85 0.87 0.85 0.81 0.86 0.84 0.85 0.85
Ca 0.82 0.78 0.80 0.81 0.80 0.81 0.81 0.79
Na 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg#: Mg/(Mg+Fe?*)  0.78 0.78 0.76 0.77 0.77 0.77 0.78 0.78
Fe2*/(Fel®) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
En 0.45 0.46 0.44 0.44 0.45 0.45 0.45 0.46
Fs 0.13 0.13 0.14 0.13 0.14 0.13 0.13 0.13
Wo 0.42 0.41 0.41 0.43 0.41 0.42 0.42 0.41
Jd 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.02
Ac 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aug 0.98 0.98 0.97 0.97 0.97 0.98 0.97 0.98
Xpr 3803 3811 3763 3816 3775 3810  37.97  37.77
Yer -28.05  -28.46  -2755 -28.01  -27.90 -28.11  -2827 -28.21
F1 -0.83 -0.82 -0.82 -0.84 -0.83 -0.84 -0.83 -0.82
F2 -2.45 -2.45 -2.49 -2.45 -2.48 -2.46 -2.49 -2.45
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Table 3. EPMA results of orthopyroxenes from the Shourestan andesitic lavas with structural formula recalculation based
on 6 oxygen atoms

Sample 16-10-86 16-10-87 16-10-88 16-10-89 16-10-90 16-10-91 16-10-92 16-10-93 16-10-94
SiO, 5244 5308 5324 5276 5338 5237 5202 5176 5277
TiO> 0.39 0.37 0.38 0.41 0.47 0.41 0.37 0.43 0.34
Al.Os 2.42 1.59 1.53 1.64 1.80 3.03 1.26 1.66 1.65
Cr:0s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 1700 1657 1683 1662 1594 1750 1847 1713  16.27
MnO 0.40 0.30 0.28 0.31 0.34 0.34 0.23 0.39 0.36
MgO 2536 2581 2524 2597 2629 2398 2576 2605  26.23
CaO 1.63 1.54 1.64 1.57 1.65 1.65 1.64 1.56 1.64
Na.0 0.07 0.05 0.01 0.03 0.05 0.01 0.03 0.02 0.02
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.71  99.27 9914 9930 9991 9930  99.77  99.01  99.28
Si 1.92 1.94 1.95 1.93 1.94 1.93 1.92 1.91 1.93
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.10 0.07 0.07 0.07 0.08 0.13 0.05 0.07 0.07
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.50 0.51 0.52 0.51 0.48 0.54 0.57 0.53 0.50
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.38 1.40 1.38 1.40 1.41 1.31 1.38 1.40 1.41
Ca 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.06
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg#: Mg/(Mg+Fe?*)  0.73 0.74 0.73 0.74 0.75 0.71 0.71 0.73 0.74
Fe2*/(Fet°t) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
En 0.70 0.71 0.70 0.71 0.72 0.69 0.69 0.71 0.72
Fs 0.26 0.26 0.26 0.26 0.25 0.28 0.28 0.26 0.25
Wo 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
XpT 36.85 3742 3751 3737 3749 3636 3779 3711  37.35
Yer 2769  -28.05 -27.72  -27.99  -2864 -2698 -26.95 -27.48  -28.29
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Table 3 (Continued). EPMA results of orthopyroxenes from the Shourestan andesitic lavas with structural formula

recalculation based on 6 oxygen atoms

Sample

16-10-107 16-10-109

SiO2
TiO2
Al203
Cr20s3
FeO
MnO
MgO
CaO
Na.O
K20
Total
Si
Ti
Al
Cr
Fe2+
Mn
Mg
Ca
Na
K
Total
Mg#: Mg/(Mg+Fe?*)
Fe?*/(Fe')
En
Fs
Wo
Xpt
Yer

53.98
0.45
1.62
0.00

14.74
0.24

27.00
1.70
0.06
0.01

99.80
1.95
0.01
0.07
0.00
0.45
0.01
1.44
0.07
0.00
0.00
4.00
0.77
1.00
0.74
0.23
0.03

37.64
-29.60

52.67
0.52
3.86
0.09

16.35
0.25

25.30
1.33
0.03
0.00

100.40
1.90
0.01
0.16
0.00
0.49
0.01
1.36
0.05
0.00
0.00
4.00
0.73
1.00
0.71
0.26
0.03
36.05

-28.32
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Fig. 5. The position of clinopyroxenes and orthopyroxenes of the Shouresta andesitic lavas in A and B: Q-J diagram
(Morimoto et al., 1988), C and D: Pyroxene classification diagram (Morimoto et al., 1988; Morimoto et al., 1989)
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Fig. 6. A: BSE image, and B: Variation of Mg and Fe values in clinopyroxene of the Shourestan area andesites
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Table 4. Geochemical analyses of major (wt.%) and rare (ppm) elements for volcanic rocks of the Shourestan area

Sample No. 2 3 16 18 19 74
Rock type Andesite Andesite Andesite Andesite Andesite Andesite
Long. 59°38'08"  59°37'30" 59°38'17" 59°38'10" 59°37'57"  59°39'58"
Lat. 32°32'02" 32°32'22" 32°31'49" 32°30"43" 32°31'29"  32°30'30"
SiO: 61.91 61.67 62.19 62.40 62.36 62.14
TiO:2 0.68 0.67 0.73 0.87 0.85 0.73
Al20s 16.38 16.18 15.58 15.48 15.45 15.55
Fe20st 441 4.48 4.77 4.75 4.73 4.87
MnO 0.18 0.17 0.18 0.18 0.18 0.18
MgO 2.98 2.95 3.38 3.67 3.61 3.2
CaO 4.8 4.77 491 5.01 4.89 4.94
Na.O 3.28 3.43 3.37 3.09 3.01 3.46
K20 2.85 2.68 2.89 3.29 3.29 2.92
P20s 0.27 0.27 0.29 0.29 0.28 0.31
LOI 1.9 24 1.3 15 19 14
Sum 99.85 99.84 99.84 99.83 99.83 99.84
Ba(ppm) 533 508 474 537 596 486
Cs 4.1 4.4 4.6 4.5 4.9 4.7
Hf 4.5 4.1 4.4 4.5 4.4 4.6
Nb 9 9.4 10.6 11.3 11 10.7
Rb 94.1 96.3 94 106.1 108.5 90.8
Sr 355.5 3352.6 377.9 3535 360.5 400.8
Ta 0.8 0.6 1 0.8 1 0.8
Th 14.6 144 14.3 14.1 14.3 13.8
Co 13.2 12.6 14.5 16 17.4 13.9
U 35 3.7 3.1 3 3.2 2.9
Vv 68 71 79 86 84 74
Zr 177 176.6 191 176.8 176.3 187.7
Y 17.3 17.4 17.4 18.8 18.1 18.3
La 30.5 30.7 315 30.5 311 317
Ce 55.2 51.9 56.1 53.9 55.7 55.5
Pr 5.64 5.57 5.87 5.96 5.92 5.88
Nd 20.3 21.2 20.9 21.7 20.3 215
Sm 3.7 3.77 3.8 4.15 3.74 3.76
Eu 0.92 0.97 0.97 0.94 0.95 0.89
Gd 3.57 3.53 351 3.72 3.79 3.46
Th 0.55 0.52 0.56 0.56 0.54 0.52
Dy 3.29 3.06 3.47 3.32 3.45 3.29
Ho 0.69 0.66 0.69 0.66 0.62 0.62
Er 1.95 191 1.94 2.02 2.01 1.77
m 0.26 0.28 0.29 0.27 0.30 0.26
Yb 1.90 1.96 1.97 1.90 1.90 1.77
Lu 0.28 0.29 0.29 0.28 0.27 0.27
Mgt 57.24 56.61 58.40 60.49 60.19 56.55
(La/Yb)n 10.82 10.56 11.18 10.82 11.85 12.14
Eu/Eu* 0.77 0.81 0.81 0.73 0.77 0.7
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Table 4 (Continued) Geochemical analyses of major (wt.%) and rare (ppm) elements for volcanic rocks of the Shourestan
area

Sample No. 10 16-10 M-020-74 M-020-75 M-020-76
Rock type ;?;sri?e ;::lecslgé Andesite Andesite Andesite
Long. 59°38'42"  59°38'16"  59°38'19"  59°37'43" 59° 37" 39"
Lat. 32°32'04"  32°32'18"  32°32'14"  32°32"' 25" 32°32" 24"
SiO2 57.65 59.34 58.46 62.41 62.28
TiO2 0.88 0.72 0.70 0.62 0.63
Al203 16.97 16.39 16.84 16.16 16.40
Fe20st 6.83 6.24 6.45 4.26 4.36
MnO 0.2 0.08 0.09 0.08 0.09
MgO 2.93 2.37 2.26 3.36 3.39
CaO 6.14 6.67 6.66 4.60 4.76
Na20 3.84 401 3.80 3.13 3.34
K20 24 2.09 1.93 2.66 2.75
P20s 0.33 0.30 0.29 0.29 0.28
LOI 1.7 11 2.05 2.37 1.77
Sum 99.87 99.31 99.53 99.94 100.05
Ba(ppm) 544 432 444 529 498
Cs 4.1 3.7 3 5.2 4.5
Hf 4.5 3.7 4.74 4.84 4.8
Nb 135 13.8 15.6 8.8 8.1
Rb 75.9 63 56 111 93
Sr 461.3 461 472 407 406
Ta 1.2 1.01 161 0.76 0.76
Th 11.1 9.42 11.74 15.79 14.53
Co 17.8 19 185 15.3 15.1
U 2.3 2.04 2 3.3 2.8
Vv 144 153 155 81 83
Zr 185.5 158 153 187 179
Y 21.9 23 20.7 18.3 17.5
La 31.9 29.2 31 35 33
Ce 60.2 56.2 59 63 61
Pr 6.61 6.6 6.43 6.33 5.97
Nd 25 25.9 204 24.7 20.9
Sm 4.89 5.2 5.06 3.36 3.7
Eu 0.99 0.93 0.94 0.95 0.92
Gd 3.90 3.98 4,12 3.59 411
Tb 0.54 0.52 0.59 0.60 0.55
Dy 3.22 3.21 3.47 3.27 3.57
Ho 0.65 0.63 - - -
Er 2.08 2.04 2.02 1.72 1.87
Tm 0.32 0.32 0.28 0.32 0.25
Yb 1.76 1.93 2.10 1.90 1.80
Lu 0.32 0.28 0.33 0.27 0.32
Mao# 45.94 42.93 40.97 60.97 60.64
(La/Yb)n 10.92 10.20 9.95 12.42 12.36
Eu/Eu* 0.87 0.75 0.63 0.84 0.72
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Fig. 7. A: classification of volcanic rocks of Shourestan area based on total alkalis versus SiO; (Cox et al., 1979), and B:
Determining of magmatic series using KO versus SiO, diagram (Peccerillo and Taylor, 1976; Le Maitre, 2002)
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Fig. 8. A: Primitive mantle-normalized trace elements diagram (Sun and McDonough, 1989), and B: Chondritenormalized
REE diagram (Boynton, 1984) for andesitic lavas of Shourestan
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Fig. 10. A and B: Determining the temperature, C and D: Determining the pressure for crystallization of pyroxenes in
andesitic lavas of the Shourestan area using YPT versus XPT (Soesoo, 1997) (circle: clinopyroxene; square:

orthopyroxene)
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Table 5. Results of thermobarometry calculations of plagioclase, and water content for the Shourestan area andesites

based on plagioclase-liquid thermobarometr (Putirka, 2005; Putirka, 2008)

Temperature Pressure (kbar) ~ Water content (weight
(degrees Celsius) Based on percent) Based on .
Analyzed eqifggnozg equation25a equation25b (Putirka, <C(AN-AD)
point (Putirka, 2008) (Putirka, 2008) 2008)
1 1184 7.8 0.8 0.22
5 1187 7.1 0.7 0.19
6 1189 6.6 0.7 0.16
7 1189 6.8 0.7 0.17
8 1184 7.6 0.7 0.21
12 1179 8.7 0.9 0.26
15 1170 8.4 1.3 0.38
16 1182 8.7 0.8 0.24
17 1176 8.7 1 0.29
18 1184 7.5 0.7 0.20
20 1184 7.7 0.7 0.21
23 1179 8.6 0.9 0.25
24 1183 7.8 0.8 0.22
27 1186 7.3 0.7 0.19
28 1191 7.2 13 0.36
31 1187 7.1 0.6 0.17
1200 10
A A
AAAAAAAAAAAAAA 9- N
8 A A ’ A
& 1150 ) K A,
= o 4] A A A
& A
6
5§ 7 12 16 18 23 27 31 5 7 12 16 18 23 27 3]
].].OO i : 1 . T . I . 1 . 1 . T . 1 . 5 . | | : I : | . | I I ! I :

1 6 8 15 17 20 24 28 6 8 15 17 20 24 28

Analyzed points Analyzed points

(Putirka, 2008) 5,54 o5, 4 Ol g (sl 35T 53 39S 555 awiw;lid B 5 owisles AN U
Fig. 11. A: Results of thermometry, and B: barometry of plagioclase in andesites of Shourestan by the Putirkamethod

(Putirka, 2008)
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Fig. 12. Diagram of variation of Mg# in clinopyroxene versus plagioclase An% (Kvassnes et al., 2004) show dry
fractionation for genesis of the Shourestan area andesitic rocks.
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