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Fig. 1. Geological setting of Mahiroud area, A) Geological map of Iran (Ghasemi and Talbot, 2006), B) Simplified
map of the study area (Guillou et al., 1981).
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Fig. 2. Field images and sampling points of the Granitoids in the Mahiroud area
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Table 1. Geochemical analysis data of granitoid rocks in the Mahiroud area by AF-01-Lithium Fusion and ICP-MS
methods

Sample GSh-Tol GSh-To2 GSh-To3 GSh-To4 GSh-To5 GSh-To6 GSh-To7 GSh-To8
Element Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt%
SiO: 72.19 61.95 64.93 7041 74.36 70.85 72.24 68.57
TiO: 0.50 0.86 0.73 0.48 0.45 0.53 0.48 0.47
ALO3 13.27 21.88 20.16 14.13 14.01 13.89 13.05 14.82
Fe203 3.30 0.37 0.39 3.87 0.66 3.11 2.79 2.64
MgO 1.30 1.33 0.93 1.14 0.94 1.29 1.23 1.54
MnO 0.08 0.09 0.11 0.12 0.07 0.07 0.09 0.07
Ca0O 4.96 3.33 2.02 3.86 3.72 3.89 3.23 3.58
Na;O 3.34 7.66 8.85 3.89 3.88 3.59 3.32 3.99
K20 0.16 0.54 0.39 0.74 0.07 0.59 1.42 1.03
P20s 0.15 0.20 0.18 0.13 0.09 0.12 0.12 0.12
Total 99.3 98.2 98.7 98.8 98.3 97.9 98 96.8
ppm ppm ppm ppm ppm ppm ppm ppm
Ba 21 33 34 110 28 87 117 135
Rb <1 <1 <1 3 <1 8 7 11
Sr 261.1 344.9 244.9 201.4 265 197.8 177.8 225
Y 20.7 22.6 17.6 23.1 235 26.9 27.3 29
Zr 21 18 16 14 20 109 113 117
Nb 4.7 9.3 6.7 3.8 3.7 3.2 32 3
Th 0.58 0.94 0.6 1.04 0.69 1.91 1.75 1.4
<0.5 0.58 <0.5 <0.5 <0.5 0.96 0.78 3.1
U 0.3 0.3 0.2 0.2 0.2 0.3 0.2 0.5
Pr 2.42 0.58 0.35 2.93 1.23 2.98 2.84 3.24
Nd 11.8 5.5 3.8 14.3 7.3 12.6 11.8 14.8
Sm 2.64 2.29 1.56 3.55 2.2 3.01 2.95 4.1
Eu 0.82 0.48 0.27 0.96 0.58 0.89 0.86 1.1
Gd 2.71 3.16 1.89 3.53 2.52 3.27 3.28 4.4
Tb 0.54 0.69 0.48 0.66 0.56 0.57 0.58 0.7
Dy 3.65 5.1 3.43 4.65 4.28 3.4 3.49 4.8
Co 6.5 <1 <1 6.6 1.1 4.8 3.6 8
Cs <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Ta 0.26 0.46 0.37 0.25 0.21 0.34 0.34 0.3
A\ 70 50 54 68 34 68 67 76
La 8 <1 <1 9 3 7 7 9.4
Ce 20 4 2 22 11 20.4 21.6 22.8
Yb 2.1 2.1 1.7 2.4 2.2 2.7 2.4 3.2

Lu 0.34 0.53 0.35 0.41 0.36 0.34 0.32 0.5
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Table 1. EPMA analysis of amphibole in the Mahiroud granitoid rocks
Core Rim Core Rim
Point 1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10
Si0: 4932 | 49.82 5240 | 4929 | 4894 | 5141 | 5074 | 5055 | 53.55 | 53.25 | 4979 | 4760 | 5201 | 51.12 | 51.53 51.19
TiO; 132 1.01 041 1.07 1.20 087 | 526 531 162 | 263 | 583 497 | 381 4.20 4.66 4.76
ALOs 577 5.17 2.94 5.57 471 841 | 84l 710 | 000 | 780 | 690 760 | 144 7.40 10.56 9.61
Fe;0s 11.01 | 1084 10.01 11.99 1033|992 | 832 930 | 2269 [ 920 | 1010 | 937 | 1807 1600 | 7.10 8.50
FeO 694 7.15 821 5.25 7.03 739 | 076 069 [ 203 | 110 | 064 058 | 0.44 039 0.72 0.59
MnO 078 0.70 081 075 0.61 0381 13.66 13.66 | 1358 | 1290 | 13.81 1262 | 1065 | 9.03 12.46 12.30
MgO 1324_| 13.60 13.70 14.23 1356 | 13.08 | 1039 1033 | 594 | 1155 | 11.04 1050 | 1226 | 12.34 10.55 10.42
Ca0 1000 | 10,52 11.00 1031 1036 | 10.02 | 181 186 | 033 | 074 | 1.69 187 | 036 034 1.65 1.66
Naz0 181 1.68 0.69 1.88 2.00 100 | 020 021 | 008 | 015 | 018 020 | 0.9 0.19 0.15 0.16
K:0 022 0.19 0.18 0.18 021 024 | 052 014 | 009 [ 010 | 011 0.14__| 0.01 0.00 0.70 0.28
Total 10039 | 100.67 | 10035 | 10052 | 100.17 | 9945 | 10275 | 99.14 | 99.91 | 99.43 | 100.08 | 9922 | 10140 | 101.01 | 100.08 99.48
Based on 23 oxygen

Si 7.00 7.04 7.40 6.95 6.95 730 | 717 714 | 780 [ 746 | 7.1 706 | 7.59 7.48 7.17 7.20
Aliy 097 0.86 049 0.93 0.99 070 | 083 086 | 020 | 043 | 089 087 | 041 0.52 0.77 0.79
T site 797 7.91 7.89 7.88 7.95 800 | 800 800 | 800 | 790 | 800 793 | 8.00 8.00 7.94 7.9
Aly; 0.00 0.00 0.00 0.00 0.00 009 | 005 002 [ 007 [000 | 009 000 | 025 0.21 0.00 0.00
Ti 0.14 0.11 0.04 0.11 0.13 009 | 0.10 012|003 | 004 | 0.10 012|001 0.01 0.08 0.09
Fe 2.00 2.00 2.03 1.89 1.94 194 | 1.8 183 | 276 | 223 | 201 201 | 236 276 1.90 1.80
Mn 0.09 0.08 0.10 0.09 0.07 010 | 009 008 | 025 | 013 | 008 007 | 0.05 0.05 0.08 0.07
Mg 2.80 2.87 2.88 2.99 2.87 277 | 288 287 | 295 | 270 | 273 279 | 232 1.97 3.00 3.06
Ossite 503 5.06 5.06 5.09 5.01 498 | 5.00 493 | 606 | 5.10 | 500 500 | 5.00 5.00 5.06 5.01
Ca 1.52 1.59 1.67 1.56 1.58 152 | 157 156 | 093 | 158 | 1.69 167 | 1.92 1.94 1.57 1.57
Na 050 0.46 0.19 051 0.55 028 | 050 051 | 009 [020 | 047 054 | 0.10 0.10 0.44 045
K 0.04 0.03 0.03 0.03 0.04 004 | 004 004 | 002 003 |003 004 | 0.04 0.03 0.03 0.03
Casite 2.06 2.09 1.89 211 2.16 184 | 211 211 103 | 181 | 219 225 | 2.05 2.07 2.04 2.05
F 0.00 0.07 0.06 0.05 0.05 006 | 023 006 | 004 | 005 | 005 007 | 0.01 0.00 031 0.12
cl 0.00 0.04 0.03 0.03 0.02 003__| 004 003 | 002 | 002 | 003 004 | 0.00 0.00 0.04 0.03
Calculation =13 =13 =13 =13 =13 =13 =13 =13 | =13 =13 =13 =13 T13 T13 T13 T13
Mg/(Mg+Fe) | 0.77 0.77 0.75 0.83 0.77 076 | 075 076 | 052 | 071 | 068 071__| 051 0.44 0.79 0.80
(Ca+Na) (B) | 2.00 2.00 1.85 2.00 2.00 180 | 200 200 | 095 | 179 | 2.00 200 | 2.00 2.00 2.00 2.00
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Fig. 3. Microscopic images of the granitoids in the Mahiroud area: A) amphibole and plagioclase (XPL), B, C) granoular

texture and presence plagioclase and amphibole phenocrysts in granitoieds (XPL), D, E) quartz with embayed texture and
amphibole in granitoid rocks (XPL, PPL). F) biotite and amphibole in granitoid rocks (XPL). G) sphene in granitoid rocks
with granular texture (XPL, PPL), H, I) chlorite in granitoid rocks (XPL, PPL). Abbreviated names of minerals are from
Whiteny and Evans (2010): Amp: amphibole; Pl: plagioclase; Qtz: quartz; Bt: Biotite; Chl: chlorite; Sph: Sphene.
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Fig. 4. A, B) The amphiboles in the study granitoids are in the igneous area; Figure A (Fleet and Barnett, 1978), Figure
B (Sial et al., 1998), C, D) The study amphiboles are Ca-amphiboles and Mg-hornblende type (Leake et al., 1997).
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Fig. 5. Separation of S-type amphiboles (subduction-dependent) from I (Within plate) amphiboles (Coltorti et al., 2007).
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Fig. 12. A) Evaluation of the possible composition of subduction components in the study granitoids based on the Nb/Yb

Vs. Th/Yb diagram (Pearce and Peate, 1995), B) the study samples plotted in the arc magmas area derived from mantle
(Martin,1993).
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Abstract

The study granitoid pluton is a part of the Mahiroud (Cheshmeh Ostad) volcano-plutonic complex in
the southeast of Sarbisheh (South Khorasan province). The composition of this pluton is mostly
granodiorite-tonalite. Its main minerals include plagioclase, quartz, orthose and hornblende with
granular texture. Based on mineral chemistry, amphiboles in these rocks have a calcic composition and
are placed in the Mg-hornblende subgroup. These amphiboles crystallized under pressure conditions of
0.5 to 2 kbar, temperature between 700 - 725 °C and high oxygen fugacity. Based on the geochemical
results, this granitoid pluton is in the range of type I, metalunimous and calc-alkaline granites. Also, this
puloton is been formed through mantle partial melting so that La and Dy increase with the increase of
La/Sm and Dy/Yb ratios. These rocks were formed through partial melting and less than 5% of
sediments have been subducted and fluid has entered the magma source. The spider diagram of trace
elements normalized with the primary mantle shows relative enrichment with a gentle slope of LREE
elements compared to HREE. This granitoid pluton is similar to subduction-related granites and is
consistent with the calc-alkaline magmatic arc in the eastern of Iran which is the result of the subduction
of the Neotethys oceanic plate (Sistan Ocean) under the eastern zone of Iran.

Keywords: High oxygen fugacity, Calc-alkaline, Granodiorite, Subduction-related granites, Mahiroud

Introduction

The granites are generally divided into two
separate groups, I and S, which are respectively
the result of partial melting of two types of
source rocks, i.e. older igneous and
sedimentary rocks. Based on the U/Th ratio,
granitoids are divided into three categories: S,
A, and 1. The most granites are formed by
melting of pre-existing continental crust,
which in many cases is supplemented by
mantle, especially in continental arc systems.
The granitoid rocks are dominant in the upper
and middle parts of the continental crust. It is
widely believed that many granites were
formed as a result of partial crystallization of
basaltic magmas derived from the mantle, even
in active continental margin. On the other
hand, the granites are the product of partial
melting of middle-lower crustal protoliths,
during orogeny and thickening or thinning of
the crust. It is widely accepted that significant
volumes of granitoids usually occur in
orogenic belts where the continental crust has

thickened during subduction or collision.
Therefore, these rocks are important indicators
in understanding the evolution of the
continental crust and geodynamic processes
throughout the history of the earth. Two
processes are most likely involved in the
formation of I-type granitoids, including
partial melting of mafic rocks to intermediate
crustal metagenes (Chappell and White, 1992)
or mixing between melts derived from crustal
materials and lithospheric melts derived from
the mantle. The granitoids in the orogenic belt
of eastern Iran (SiSZ) are the main signs for
understanding the tectonic setting of this area.
This zone continued from Birjand in South
Khorasan province to Saravan in Sistan and
Baluchistan  province; its  geodynamic
evolution is affected by the opening and
closing of some branches of the Neotethys
(Sistan Ocean) which has undergone several
orogenic phases. Ophiolites are the oldest
rocks in the eastern part of Iran, which are a
sign of the remnants of the oceanic crust. In this
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study, the petrogenesis and physico-chemical
conditions of granitoids of Mahiroud complex
are investigated based on whole rock chemistry
and amphibole mineral chemistry.

Materials & Methods

In order to investigate the intrusive part of
Mahiroud volcanic-plutonic complex, field
operations were carried out in two rounds and
a total of 50 samples of rocks with low amounts
of weathering and alteration were collected.
From the collected samples, 25 thin sections
were prepared for microscopic studies. From
among these samples, 8 samples were selected
from the rocks of the area to conduct ICP-MS
geochemical analysis for rare elements and
alkaline fusion method (AF-01-Lithium
Fusion) for the main elements oxide and sent
to Zarazma laboratory in Tehran. The results of
the analyses are shown in Table 1. To
investigate the mineral chemistry of amphibole
in Mahiroud granitoids, a number of 16 points
of this mineral have been microprobe analysis
in the Department of Earth and Environmental
Sciences, Yamagata University, Japan.
GCDkit, Excel and CorelDraw software were
used to draw diagrams.

Discussion and Results

Petrographic studies of Mahiroud granitoid
pluton show that the main minerals in this
pluton are plagioclase, quartz, orthose and
hornblende, and the size of the crystals in these
rocks is usually medium to coarse crystal with
granular texture.

Based on the results of whole rock analysis, the
study granitoid has SiO, content between 61-
74% Wt and total alkali elements (NaxO +
K,0) between 3.5 - 9.24Wt, MgO between
0.93 up to 1.54% Wt, Al,O3 ranges from 13.05
to 21.55% Wt and the amount of CaO varies
from 2.02 to 4.96 Wt. Based on the diagram of
Na,O+K,0 versus SiO, (Middlemost, 1985),
the study rocks are in the ranges of granite,
granodiorite and quartz monzogranite and in
the An-Ab-Or diagram (O'Connor, 1965), are
in the range of tronjemite and tonalite. Based
on A/NK versus A/CNK diagram, the study
granitoids are in the metaaluminum range.
Based on the diagrams of Rb vs. Y+Nb and Nb

vs. Y (Pearce et al., 1984), the study samples
are in the ranges of volcanic arc granitoids and
in the 3x Zr, Nbx 50 and Ce/P,Os diagram
(Miiller et al., 1992) are located in the
continental arc range (CAP). Also, based on
Rb/Sr ratio versus SiO, diagram (Condie
1989), Mahiroud samples are related to
volcanic arcs.

Based on mineral chemistry, amphiboles in
these rocks have a calcic composition and are
placed in the Mg-hornblende subgroup. These
amphiboles crystallized under pressure
conditions of 0.5 to 2 kbar, temperature
between 700 - 725 °C and high oxygen
fugacity.

Conclusions

The granitoid rocks of the Mahiroud complex
have penetrated into andesite-basalts in the
form of stocks and apophyses. Their dominant
composition is granodiorite-tonalite. These
rocks have a granular texture and their main
minerals are: plagioclase, quartz, amphibole
and biotite, and the presence of zircon, sphene
and opaque minerals can be mentioned among
the important minerals. Based on mineral
chemistry, amphiboles in these rocks have a
calcic composition and are placed in the Mg-
hornblende subgroup. These amphiboles
crystallized under pressure conditions of 0.5 to
2 kbar, temperature between 700 - 725 °C and
high oxygen fugacity. Based on the
geochemical results, this granitoid pluton is in
the range of type I, metalunimous and calc-
alkaline granites. Also, this puloton is been
formed through mantle partial melting so that
La and Dy increase with the increase of La/Sm
and Dy/Yb ratios. These rocks were formed
through partial melting and less than 5% of
sediments have been subducted and fluid has
entered the magma source. The spider diagram
of trace elements normalized with the primary
mantle shows relative enrichment with a gentle
slope of LREE elements compared to HREE.
This granitoid pluton is similar to subduction-
related granites and is consistent with the calc-
alkaline magmatic arc in the eastern of Iran
which is the result of the subduction of the
Neotethys oceanic plate (Sistan Ocean) under
the eastern zone of Iran.



