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Fig. 1. Structural division (Ghasemi and Talbot, 2006) and Geological maps of Ghaleh Yaghmesh (adopted from the

geological map 1: 100000 of Sarv-e-Bala) (Amidi, 1989)
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Fig. 2. A: Intrusion of tonalite into the dacites in the Ghaleh Yaghmesh area, and B: the occurrence of mafic
microgranular enclave into the Ghaleh Yaghmesh tonalites (note the sharp boundary with the host rock)
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Table 1. Microprobe analysis results of amphiboles from the Ghaleh Yaghmesh granodiorites.

Sample T4-2 T4-3 T4-4 T4-5
SiO, 46.94 50.50 50.65 49.41
TiO, 0.10 0.60 0.49 0.31
Al,O4 7.19 1.55 1.24 423
FeO 20.09 10.02 10.05 15.61
MnO 0.52 0.41 0.40 0.48
MgO 9.46 13.30 13.59 11.86
ZnO 0.00 0.04 0.04 0.02
CaO 11.76 20.96 20.71 14.76
BaO 0.07 0.03 0.00 0.03
Na,O 0.52 0.40 0.37 0.40
K,O 0.73 0.00 0.00 0.40
F 0.02 0.00 0.04 0.09
Cl 0.78 0.00 0.00 0.44
O=F -0.01 0.00 -0.02 -0.04
0=Cl -0.18 0.00 0.00 -0.10
Total 97.94 97.81 97.56 97.89
Structural formula based on 23 Oxygens
Si 7.151 7.441 7.480 7.376
Ti 0.012 0.067 0.055 0.035
AlY 0.945 0.132 0.106 0.607
A1V 0.327 0.146 0.116 0.138
Fe?* 2.108 0.827 0.818 1.747
Fe’* 0.417 0.448 0.461 0.207
Mn 0.067 0.052 0.050 0.060
Mg 2.147 2.922 2.993 2.627
Zn 0.002 0.004 0.004 0.002
Ca 1.919 3.310 3.276 2.358
Ba 0.001 0.000 0.000 0.001
Na 0.153 0.114 0.107 0.119
K 0.143 0.000 0.000 0.079
F 0.011 0.000 0.020 0.042
Cl 0.201 0.000 0.000 0.114
Cations 15.445 15.415 15.421 15.386
Name Magnesio Actinolitic ~ Actinolitic ~ Actinolitic
Hornblende Hornblende Hornblende Hornblende

1. Mafic Microgranular Enclave (MME)
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Table 2. Chemical analyses data (XRF) of the Ghaleh Yaghmesh granitoids (Gh02 and Gh04 from Loghmani Dastjerdi

(Loghmani Dastjerdi, 2001)

Sample type Quartzdiorite

Sample No Gh22 Gh37 Gh14 Gh44 Gh34 Gh27
Si0,(Wt%) 51.35 53.36 54.48 55.95 57.48 58.45
TiO, 0.60 0.58 0.61 0.57 0.58 0.60
Al,O4 19.99 19.14 20.13 18.88 19.41 18.47
Fe,0; 7.37 7.98 6.69 6.92 6.31 6.55
Fe,0; 2.07 2.24 2.53 2.61 2.37 2.47
FeO 4.87 5.22 3.78 3.92 3.58 3.71
MnO 0.15 0.15 0.15 0.14 0.14 0.12
MgO 7.30 6.82 5.78 4.89 4.03 4.25
CaO 9.41 8.23 7.74 6.25 6.85 6.31
Na,O 2.89 2.67 3.28 4.17 3.35 3.54
K,O 0.50 0.58 0.68 1.72 1.36 1.13
P,0s 0.15 0.25 0.20 0.19 0.22 0.23
LOI 0.98 1.25 1.06 1.22 1.12 1.01
Total 100.26  100.48 100.42 100.50 100.48  100.29
Cr(ppm) 99 139 159 70 139 166
Ni 30 10 13 11 12 7
Co 35 29 27 26 24 21
Sc 21 17 10 13 9 12
\% 181 193 159 143 156 138
Cu 71 61 19 61 24 34
Zn 63 95 96 62 98 57
Mo 9.00 14.00 21.00 9.00 17.00 19.00
Ag 18.0 9.0 8.3 8.0 18.0 20.0
Rb 9 10 8 51 32 24
Cs 143.00 153.00 147.00 130.00 164.00 148.00
Ba 417 464 486 797 597 547
Sr 373 564 429 403 419 407
Tl 9.00 7.39 9.20 21.00 7.14 6.86
Ga 20 25 19 25 14 14
Ta 2.32 2.36 2.06 1.99 1.94 1.95
Nb 7.0 7.0 8.6 7.6 7.8 7.1
Hf 8.95 9.01 7.77 7.50 7.29 6.14
Zr 33 32 47 58 61 78
Y 8 7 8 13 8 13
La 13.87 15.14 11.50 14.59 12.00 14.00
Ce 22.00 28.38 22.05 19.79 24.40 20.00
Pr 9.12 6.14 5.43 7.59 8.46 6.43
Nd 30.00 38.00 27.00 39.00 36.00 29.00
Er 9.00 8.65 41.00 36.00 45.00 7.46
Yb 23.00 9.00 16.00 16.00 31.00 8.00
Na,0+K,0 3.40 3.25 3.96 5.89 4.71 4.67
P= K- (NatCa) -250.38  -220.67 -229.43 -209.50 -201.38 -202.76
Q= Si/3- (K+Na+2Ca/3) 69.07 99.76 89.94 65.01 100.47  111.02
A/CNK 0.89 0.96 1.00 0.94 1.00 0.98
A/NK 3.77 3.82 3.28 2.16 2.78 2.62
FeO*/(FeO*+MgO) 0.49 0.52 0.52 0.57 0.60 0.60
Y+Nb 15 14 16.6 20.6 15.8 20.1
Na,0+K,0+FeO+MgO+TiO, 0.27 0.26 0.31 0.63 0.58 0.55
(Na,0+K,0)/(FeO+MgO+TiO,) 16.16 15.87 14.13 15.27 12.90 13.23
(Na+K+2Ca)/(Al.Si) 0.05 0.06 0.05 0.05 0.05 0.05
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Table 2 (Continued). Chemical analyses data (XRF) of the Ghaleh Yaghmesh granitoids (Gh02 and Gh04 from
Loghmani Dastjerdi (Loghmani Dastjerdi, 2001)

Sample type Mafic Microgranular Enclave Tonalite

Sample No Gh32 Ghl6 Gh24E  Gh46R Gh42 Gh24R
Si0,(Wt%) 51.95 56.71 59.61 59.76 61.08 61.40
TiO, 0.71 0.59 0.46 0.60 0.54 0.47
ALO; 20.49 18.60 18.18 15.96 16.59 18.41
Fe,0; 8.15 7.00 5.93 6.19 5.77 4.80
Fe,0; 3.08 2.64 2.23 2.34 2.18 1.81
FeO 4.61 3.96 3.36 3.50 3.26 2.72
MnO 0.20 0.16 0.13 0.12 0.13 0.09
MgO 6.00 5.53 4.28 4.85 4.20 3.68
CaO 7.67 6.85 6.23 6.53 5.82 6.57
Na,O 3.47 3.24 3.11 2.97 3.32 3.29
K,O 0.86 0.83 1.65 2.27 1.93 0.77
P,0s 0.23 0.19 0.18 0.33 0.26 0.25
LOI 1.18 1.21 0.93 0.72 0.58 1.04
Total 100.45 100.49  100.34 99.95 99.89 100.49
Cr(ppm) 94 185 172 241 283 249
Ni 15 20 17 13 20 18
Co 30 34 23 27 23 24
Sc 18 7 10 13 9 7
\% 207 142 119 101 111 96
Cu 76 8 25 35 26 42
Zn 114 140 56 90 99 58
Mo 17.00 8.00 12.00 23.00 9.00 17.00
Ag 25.0 6.6 8.7 9.0 7.3 24.0
Rb 16 11 32 49 42 17
Cs 136.00  139.00  114.00  190.00  169.00  162.00
Ba 475 550 561 863 822 570
Sr 413 539 434 440 404 469
Tl 8.64 22.00 6.42 37.00 7.25 8.92
Ga 20 17 19 18 21 22
Ta 2.19 1.83 1.02 2.36 2.14 2.54
Nb 7.2 9.7 8.8 8.9 7.1 8.9
Hf 8.38 8.50 8.94 7.24 8.16 6.75
Zr 39 69 64 133 123 80
Y 9 10 11 20 20 7
La 12.10 16.82 16.11 13.34 14.09 17.02
Ce 19.09 21.00 18.00 13.81 18.29 26.00
Pr 8.68 7.92 7.64 6.59 8.67 31.00
Nd 57.00 35.00 41.00 47.00 43.00 41.00
Er 51.00 8.00 35.00 7.49 8.14 27.00
Yb 29.00 14.00 9.00 20.00 20.00 18.00
Na,0+K,0 4.33 4.07 4.76 5.24 5.25 4.06
P= K- (NatCa) -230.55  -207.00 -176.42 -164.09 -169.94  -207.02
Q= Si/3- (K+Na+2Ca/3) 66.85 11092  121.24  109.86  121.55 140.05
A/CNK 1.00 1.00 1.00 0.84 0.91 1.01
A/NK 3.09 2.98 2.63 2.17 2.20 2.95
FeO*/(FeO*+MgO) 0.56 0.60 0.57 0.55 0.56 0.55
Y+Nb 16.2 19.7 19.8 28.9 27.1 15.9
Na,0+K,0+FeO+MgO+TiO, 0.38 0.40 0.59 14.19 13.25 10.93
(Na,0+K,0)/(FeO+MgO+TiO,) 15.65 14.15 12.86 0.59 0.66 0.60
(Na+K+2Ca)/(AlSi) 0.05 0.05 0.27 0.06 0.05 0.04
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Table 2 (Continued). Chemical analyses data (XRF) of the Ghaleh Yaghmesh granitoids (Gh02 and Gh04 from
Loghmani Dastjerdi (Loghmani Dastjerdi, 2001)

Sample type Tonalite Granodiorite ~ Granite
Sample No Gh40 Gh31R Gh45 Gh04 Gh 02
Si0,(Wt%) 62.11 62.84 64.20 70.78 69.88
TiO, 0.46 0.46 0.43 0.34 0.53
Al,O4 17.07 17.09 16.82 14.15 14.33
Fe,05" 4.73 5.40 4.51 2.80 3.00
Fe,0; 1.79 2.03 1.69 1.02 1.36
FeO 2.67 3.06 2.56 1.50 1.35
MnO 0.08 0.12 0.08 0.06 0.05
MgO 3.58 3.38 2.94 1.20 0.47
CaO 6.02 4.96 5.03 2.60 1.92
Na,O 3.78 3.48 3.56 3.47 3.28
K,O 1.63 1.80 1.91 2.95 5.53
P,0s 0.25 0.19 0.20 0.08 0.08
LOI 1.01 1.00 0.89 1.20 0.53
Total 100.45 100.41 100.31 99.35 99.30
Cr(ppm) 223 229 286 10 15
Ni 15 14 13 5 14
Co 16 18 20 42 15
Sc 10 8 9 9 12
\% 82 94 80 45 48
Cu 18 40 8 26 86
Zn 55 84 39 23 39
Mo 13.00 25.00 14.00 5.00 4.13
Ag 6.8 18.0 8.4 7.7 11.0
Rb 41 35 40 63 84
Cs 165.00 175.00 168.00 2.29 1.25
Ba 758 754 791 500 1188
Sr 392 408 339 298 200
Tl 8.25 7.19 6.63 8.86 7.58
Ga 16 19 19 12 11
Ta 2.09 1.97 2.14 2.27 3.19
Nb 7.9 8.4 8.9 16.4 20.5
Hf 8.34 8.05 9.43 4.59 6.39
Zr 121 125 108 151 251
Y 11 14 12 18 24
La 16.28 12.70 12.00 16.02 45.98
Ce 22.50 23.00 14.53 25.90 62.30
Pr 5.94 6.38 5.76 7.43 8.75
Nd 23.00 30.00 45.00 17.60 27.30
Er 32.00 37.00 33.00 9.23 7.65
Yb 16.00 21.00 15.00 9.30 8.01
Na,0+K,0 5.41 5.28 5.47 6.42 8.81
P=K- (NatCa) -194.72 -162.53 -164.02 -95.70 -22.67
Q= Si/3- (K+Na+2Ca/3) 116.41 139.14 140.94 187.15 141.59
A/CNK 0.90 1.02 0.99 1.04 0.96
A/NK 2.14 2.23 2.12 1.59 2.26
FeO*/(FeO*+MgO) 0.55 0.60 0.60 0.68 0.85
Y+Nb 18.9 22.4 20.9 25.9 32.5
Na,0+K,0+FeO+MgO+TiO, 12.12 12.18 11.40 9.46 11.16
(Na,0+K,0)/(FeO+MgO+TiO,) 0.81 0.77 0.92 2.11 3.75
(Na+K+2Ca)/(AlSi) 0.05 0.04 0.04 0.02 0.03




FAY RS TR COW USRS IR 31 BPUPIVCICIE I JaPS X e OYA0 JL) ¥ o )lods A al>

FeO*

Quartzdiorite ()
Tonalite [l
Granodiorite 0
Granite VY
Enclave @

Tholeiitic

Calc-Alkaline

NayO + K0 MgO
drvine and Barager, 1971) ,1,L g cpgp! 5l 48,5 5 .conl Sioss aald lacSligish sl KIS Wy, S5lo AFM Jloges ¥ S
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Fig. 9. Granitoid rocks from the Ghaleh Yaghmesh area display I-type nature (after Chappell and White, 1992)
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Yaghmesh samples.

Siits] GlgleS g, ald ot 9550 Sigigh (leSiw
OF JS5) aig o 65‘5

J_>L§LA ) (N320+K20) )b/ 5 u..:l )| B

dalaio Q—.’.‘ 89583 035 ole sWSb ‘(FCO‘FMgO‘f‘TlOz)

ey Slgs o5 L ol en Yool gl iducsd
Patino Douce and Beard, ) ccul oais Jool> 4wy
OF s (1996

Green ) ;yosly g 0,5 lawgs oo dl] Jloges 4 azgi b
3O oy Oy9-0 dithaie s (and Watson, 1982
AD-°C 5l iy (oS LA %C 5l 1 aS oles o0gumxe
OO JS8) conl ouis jglie

e K
e 4 S () 3l S iy 4 it sl

aS aas e LS (VIVA L +/0F) b (Ce/YD)N Cos
255 Olie L (o5 Gos) atisS (VL sltond I LSLo
(Ce/Yb)n YL comus ( Julin jo aul ooy LSiis ol
b 05) 3k Ges 5l LSl (385 deiar Kbl
o SIOZ )‘09_.0..1 9 JB_H.M—‘ LS‘[SLSQ’W )| oolazul lJ (1995
S-) iilyg,2 4 aialy slaJgiol Glgi oo NasO il
3,5 la> (FAmph) glaxa o o\ glsl 511, (Amph
slo Jgiol ¢ wlwl !, (Coltorti et al., 2007)
So—i g0 gBly ialyg A Ally osgazme )3 Cuyp3gil S

O IS
9 V= Ja_wy 00— 4_1“)‘ Rb JALD.A o Y+Nb )|O9_43
Ages 45 A e oylis (Pearce et al., 1984) - Sen



olatl ulis e alone en 5 Lols FAS

Barbarin, ) o ,Ls,b Gelwl o ccul (2ilyg,8 4 aaly
(ACG) ,ls Jg—sirel JLSITSIS slaasg5l,5 (1999

Sy ale (o8 GlelS gz g (Lo 20,5 5 Cailendiws
boseslS g5 cnl SlaS g oz 5l oS3l Vol 579 e
(Barbarin, 1999) 554 oo ©gue

sl Joial 8929 pimad ol dlwgy g aigS olKiwls
o ellasl o) Sllwsiegd] (sLoails 855 SeulS

]
4 1
[-Amph
= 3 "
a«
Z
O
a2 L
=
S-Amph
A
u I |
40 45 a0 55

Si0, fwi%)
(2007
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Fig. 16. A: petrographic evidences indicating that magma mixing was somehow involved in generation of granitoids
from the Ghaleh Yaghmesh area A: accicular apatite in quartzdiorite, B: amphiboles from the quartzdiorite with
corroded margins, C: reaction rims around amphibole in quartzdiorite, and D: corrosion in rim of plagioclase from
granodiorite. (Ap: apatite, Amp: amphibole, Pl: plagioclase (Whitney and Evans, 2010))
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Introduction

The generation and evolution of granitic magmas
has been a hot debated subject among
petrologists. The diversity of their origin has led
different authors to propose that these rocks are
not simple in their origin and might be generated
in more ways than one. In the past several
decades, many petrologists used a variety
characteristics to subdivide the granitoid rocks.
Such proposals have of course been forward by
Chappell and White (1974) for the granitoids of
Eastern Australia. They divided these granitoids
into two distinct types (l-and S-type granitic
rocks), which they interpreted as being derived
from igneous and sedimentary source rocks,
respectively. The Ghaleh Yaghmesh plutonic
massif is located in the most western part of Yazd
and it forms a part of the Urumieh-Dokhtar
magmatic belt. The belt is response to subduction
of Neo-Tethyan oceanic crust beneath central Iran
(Alavi, 1994). During Cretaceous-Late Tertiary,
numerous granitoid bodies were exposed in this
belt, many of which have been studied by a
number of workers (e.g. Sepahi and Malvandi,
2008; Honarmand et al., 2013; Kananian et al.,
2014).

The massif composed of diorite, quartzdiorite,
tonalite, granodiorite and granite (Oligocene)
intruded into the Eocene volcanic and pyroclastic
rocks including rhyolite, rhyodacite, andesitic,
rhyodacitic and rhyolitic tuff. The main purpose
of the present paper is to describe the petrography,
and whole rock geochemistry of the Ghaleh

Yaghmish granitoids as well as discussing their
petrogenetic and tectonic significance in the light
of the regional geological framework of the study
area.

Materials and methods

After field studies and sampling, fifty thin
sections were prepared for petrographic study.
Twenty-one fresh samples were selected for XRF
chemical analysis performed at the Southern
Methodist University (Dallas - USA). Thin
polished sections of granodiorite rocks were
prepared for composition determining and
structure formula calculation of amphibole
minerals by Cameca SX50 microprobe device at
the Oklahomacity University (Norman - USA).

Results

The studied plutonic rocks are dominated by
plagioclase, orthoclase, quartz, amphibole
(magnesio hornblende and actinolite hornblende),
biotite, and pyroxene. Zircon, apatite, sphene,
tourmaline and opaque minerals as the common
accessory and chlorite, epidote and calcite are the
secondary minerals. On the base of petrographic
observation as well as mineral-chemistry and
geochemical data, the granitoid massif is
classified as I-type (magnetite series), calc —
alkaline and metaluminous composition. The
rocks under discussion are characterized by the
high level of LILE (Ba, Sr, K and Cs) and the
negative anomaly of HFS elements (Ti, Nb, Zr
and Y) indicating the subduction related
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magmatism. The Ghaleh Yaghmesh granitoids are
cogenetic and possibly developed in subduction
zone related to active continental margin calc —
alkaline volcanic arcs. Mixing process of acidic
and basic magmas is likely involved in generation
of the rocks being studied.

Discussion

The parent magma probably formed by partial
melting of amphibolites with some sedimentary
materials. Fractional crystallization of melt in the
higher levels of crust gave rise to various rock
types. Mantle - derived basaltic magmas
emplaced into the lower crust most likely provide
heat for partial melting (Clemens et al., 2011).
Field evidences such as the presence of mafic
microgranular enclaves having sharp boundaries
with the host rocks (Zorpi et al., 1989; Didier,
1991), petrographic  observations  (similar
mineralogy of MME and the host rock (Didier,
1991; Didier and Barbarin, 1991), the occurrence
of accicular apatite (Zorpi et al., 1989; Didier,
1991), the corroded margin of amphibole and
plagioclase (Zorpi et al., 1989; Shelley, 1993) and
the abundance of biotite and hornblende in MME
compared to the host rock (Ellis and Thompson,
1986)) and geochemical criteria (range of silica
from 51.35 to 70.78) indicate that magma mixing
process was likely responsible for the formation
of the rocks being studied.
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