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Fig. 2. Roads map for access to the Jandaq area and Toveireh, Soheyl-e Pakuh, Ayrakan, Kal-e-Kafi and Kuh-e Dom

granitoid (adopted from Bahktiyari, 2005)

1. Electron microprobe
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Plagioclase, Qz: Quartz, Opq: Opaque. Mineral abbreviations are from Whitney and Evans (2010)
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Table 1. Electron microprobe analyses of amphiboles and their calculated structural formula from Toveireh

granodiorite
Sample B403 B725 B404 B404 B404 B404 B404 B404 B725
SiO: 45.51 48.54 49.56 49.65 48.50 49.21 48.68 49.33 48.20
TiO: 1.26 0.79 0.79 0.56 1.02 0.77 0.91 0.85 0.89
ALO3 6.26 4.94 3.88 4.13 4.75 4.77 4.64 4.05 5.51
FeO* 22.65 21.67 18.87 18.33 19.35 18.94 18.41 19.16 20.59
MnO 0.49 0.64 0.51 0.45 0.39 0.41 0.38 0.48 0.55
MgO 8.56 10.22 12.23 12.73 11.35 11.76 11.85 11.98 10.65
CaO 10.53 9.46 10.38 10.79 11.15 10.80 10.93 10.15 9.72
Naz20 1.90 1.66 1.29 1.48 1.58 1.60 1.64 1.54 1.81
KO 0.73 0.39 0.41 0.47 0.56 0.55 0.52 0.38 0.53
Total 97.88 98.31 97.92 98.57 98.65 98.80 97.97 97.92 98.44
Number of ions on the basis of 23 Oxygens

Si 6.88 7.10 7.23 7.20 7.14 7.18 7.17 7.20 7.05
Ti 0.14 0.09 0.09 0.06 0.11 0.08 0.10 0.09 0.10
AlY 1.06 0.78 0.64 0.68 0.80 0.76 0.77 0.67 0.87
ALV 0.06 0.09 0.04 0.03 0.04 0.06 0.05 0.04 0.10
Fe?* 2.14 1.39 1.27 1.31 1.79 1.58 1.64 1.31 1.41
Fe** 0.72 1.26 1.03 091 0.60 0.73 0.63 1.03 1.10
Mn 0.06 0.08 0.06 0.06 0.05 0.05 0.05 0.06 0.07
Mg 1.93 2.23 2.66 2.75 2.49 2.56 2.60 2.61 2.32
Ca 1.71 1.48 1.62 1.68 1.76 1.69 1.73 1.59 1.52
Na 0.56 0.47 0.36 0.42 0.45 0.45 0.47 0.44 0.51
K 0.14 0.07 0.08 0.09 0.11 0.10 0.10 0.07 0.10
Cations 15.40 15.03 15.06 15.18 15.32 15.24 15.29 15.10 15.13
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Table 2. Electron microprobe analyses of plagioclase and their calculated structural formula from Toveireh granodiorite

Sample B403 B403 B403 B404 B404 B404 B404 B404 B404

SiO2 54.40 53.84 54.26 53.94 54.79 60.94 66.92 56.54 63.78
TiO2 0.02 0.03 0.01 0.06 0.07 0.00 0.01 0.02 0.06

ALOs 28.21 28.33 27.99 28.24 27.97 24.09 20.83 27.17 21.84

FeO* 0.52 0.50 0.47 0.54 0.43 0.26 0.07 0.40 0.11
MnO 0.01 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.00
MgO 0.04 0.06 0.05 0.04 0.03 0.02 0.00 0.02 0.01
CaO 11.54 11.82 11.40 11.63 11.09 6.10 1.83 9.96 3.24
Na.O 5.09 5.01 5.25 4.90 5.18 7.95 10.81 5.81 10.02
K20 0.31 0.32 0.32 0.32 0.34 0.69 0.22 0.43 0.20

Total 100.16 99.91 99.75 99.68 99.90 100.04 100.68 100.35 99.26

Number of ions on the basis of 8§ Oxygens

Si 2.46 2.45 2.47 2.45 2.48 2.72 2.92 2.54 2.84
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.50 1.52 1.50 1.51 1.49 1.27 1.07 1.44 1.15
Fe?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.02 0.02 0.02 0.02 0.02 0.01 0.00 0.02 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.56 0.58 0.56 0.57 0.54 0.29 0.09 0.48 0.16
Na 0.45 0.44 0.46 0.43 0.45 0.69 0.92 0.51 0.87
K 0.02 0.02 0.02 0.02 0.02 0.04 0.01 0.03 0.01
Cations 5.02 5.02 5.02 5.01 5.01 5.01 5.01 5.00 5.02
Ab 43.60 42.70 44.70 42.50 44.90 67.60 90.40 50.10 83.90
An 54.60 55.50 53.60 55.80 53.20 28.60 8.40 47.40 15.00

Or 1.80 1.80 1.70 1.80 2.00 3.80 1.20 2.50 1.10
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Fig. 5. A: (Cat+Na+K) vs Si (apfu) plot for Toveireh granodiorite amphiboles (Giret et., al.1980), B and C: classification
digrams of Toveireh granodiorite amphiboles (Leake et al. , 1997), D: Plagioclase chemistry in the Or- Ab- An diagram

(Deer et., al. 1991), and E: Plagioclase zoning in Toveireh granodiorite
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Fig. 6. A: Discriminating plot of primary magmatic, reequilibrated and neoformed Toveireh granodiorite biotites
(Nachit et al., 2005), B: Classification graph of Toveireh granodiorite biotite (Foster,1960), C: Classification graph of
Toveireh granodiorite chlorites (Hey, 1954), and D: Al'"-Fe/(Fe+tMg) plot and chemical position of Toveireh
granodiorite biotites, amphiboles and chlorites (Zhao et al., 2005)

1. Intra-plate Amphiboles
2. Suprasubduction Amphiboles
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Table 3. Electron microprobe analyses of biotite and their calculated structural formula from Toveireh granodiorite

Sample B404 B404 B404 B404 B404 B404 B404 B752 B752

SiO: 36.25 36.89 38.41 37.84 37.46 38.22 37.85 37.64 37.66
TiO2 3.92 4.15 3.53 3.69 3.56 3.82 3.43 3.64 4.21
ALOs 12.63 12.38 12.18 12.26 12.05 12.07 11.92 12.55 12.60

FeO* 25.01 24.40 22.01 23.25 21.82 22.31 22.29 23.23 22.78

MnO 0.11 0.19 0.14 0.15 0.03 0.07 0.16 0.10 0.09
MgO 9.59 9.28 11.61 10.69 11.50 11.39 11.26 10.90 10.22
CaO 0.04 0.01 0.01 0.01 0.02 0.02 0.00 0.03 0.03
Na.O 0.13 0.18 0.14 0.12 0.09 0.10 0.13 0.18 0.14
K20 7.91 9.01 9.11 9.09 8.85 9.37 8.91 8.23 8.82

Total 95.58 96.49 97.12 97.10 95.38 97.37 95.97 96.50 96.53

Number of ions on the basis of 22 Oxygens

Si 5.65 5.71 5.81 5.77 5.77 5.79 5.81 5.74 5.75
Ti 0.46 0.48 0.40 0.42 0.41 0.44 0.40 0.42 0.48
AlY 2.35 2.30 2.19 2.23 2.23 2.21 2.19 2.26 2.25
ALV 0.04 0.04 0.02 0.03 0.04 0.06 0.03 0.00 0.02
Fe* 3.26 3.16 2.79 2.96 2.81 2.83 2.86 2.96 291
Fe** 0 0 0 0 0 0 0 0 0
Mn 0.02 0.03 0.02 0.02 0.00 0.01 0.02 0.01 0.01
Mg 2.23 2.14 2.62 2.43 2.64 2.57 2.58 2.48 2.33
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Na 0.04 0.06 0.04 0.04 0.03 0.03 0.04 0.05 0.04
K 1.57 1.78 1.76 1.77 1.74 1.81 1.75 1.60 1.72

Cations 15.54 15.60 15.60 15.61 15.60 15.62 15.60 15.53 15.50
Fe# 0.59 0.60 0.52 0.55 0.52 0.52 0.53 0.54 0.56

Mgt 0.41 0.40 0.48 0.45 0.48 0.48 0.47 0.46 0.44
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Table 4. Electron microprobe analyses of chlorites and their calculated structural formula from Toveireh granodiorite

Sample B404 B404 B404 B404 B404 B404 B404 B752
SiO: 26.638 26.065 26.536 28.198 27.697 26.703 28.185 27.455
TiO: 0.019 0.003 0.032 0.041 0.017 0.038 0.029 0.018
ALO3 18.943 18.96 18.219 17.181 18.87 19.113 18.754 19.458
FeO* 29.333 30.547 29.85 28.013 27.676 27.996 27.54 28.199
MnO 0.172 0.11 0.118 0.113 0.105 0.094 0.098 0.104
MgO 13.042 12.784 13.443 14.612 14.353 12.977 14.829 14.112
CaO 0.099 0.037 0.002 0.048 0.034 0.069 0.045 0.033
Na:20 0.01 0.013 0.02 0.021 0.017 0.005 0.02 0.001
KO 0.008 0.01 0.006 0.01 0.024 0.012 0.025 0
Total 88.26 88.53 88.23 88.24 88.82 87.01 89.53 89.38

Number of ions on the basis of 28 Oxygens

Si 5.692 5.596 5.695 5.971 5.808 5.743 5.851 5.733
Ti 0.003 0 0.005 0.006 0.003 0.006 0.005 0.003
Al TV 2.308 2.404 2.305 2.029 2.192 2.257 2.149 2.267
Al VI 2.459 2.39 2.3 2.256 2.468 2.584 2.436 2.518
Fe?* 5.242 5.485 5.358 4.961 4.854 5.036 4.781 4.924

Fe** 0 0 0 0 0 0 0 0
Mn 0.031 0.02 0.021 0.02 0.019 0.017 0.017 0.018
Mg 4.154 4.092 4.301 4.613 4.487 4.161 4.589 4.393
Ca 0.023 0.009 0 0.011 0.008 0.016 0.01 0.007

Na 0.004 0.005 0.008 0.009 0.007 0.002 0.008 0

K 0.002 0.003 0.002 0.003 0.006 0.003 0.007 0

Cations  19.918 20.005 19.995 19.879 19.857 19.825 19.853 19.863
Fett 0.56 0.57 0.55 0.52 0.52 0.55 0.51 0.53
Mg# 0.44 0.43 0.45 0.48 0.48 0.45 0.49 0.47
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Fig. 7. A: Chemical composition of biotite from Toveireh granodiorite plotted in the discrimination diagram of (Abdel-
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Fig. 8. A: Plot of Na,O vs SiO; diagram from Toveireh granodiorite amphiboles (Coltorti et al., 2007), and B: Plot of
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amphiboles field in both diagrams.
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Table 5. Results of geothermobarometry and Oxygen fugacity for the Toveireh granodiorite.

Sample  Amph Al (total) T ((C) P (Kbar) Log FO:
B404 0.866 692 1 -16.85
B403 0.961 727.5 1.57 -15.7
B725 0.717 800 0.4 -15.85
B725 0.832 789 0.22 -12.11
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Introduction

Granitoids are the most common igneous rocks
that are found in all parts of the continental crust
and play an important role in the formation and
evolution of the Earth’s continental crust (Clarke,
1992).  Granitoid plutons contain  useful
information on factors and processes related to
their generation and differentiation (Castro, 2013).
The wide range of sources and processes that may
be involved in the formation of granitoids is
reflected in their compositional range. Although
yet there is a long way to achieve a consensus
about the origin of granite, different
interpretations of the geochemical granitoid data
represents  geological understanding of the
complexities of these rocks.

Large parts of Iran and Central - East Iranian
Microcontinent (CEIM) structural zone have
suffered from the Eocene granitoid magmatism.
Toveireh granitoid intrusive body cropped out in
the southwest of the Jandaq city (NE of Isfahan
Province) and is one of the Eocene granitoid
bodies. It is hoped that this mineralogical and
petrological research will be wuseful in
understanding the nature of FEocene acidic
magmatism of Central Iran.

Material and methods

Chemical analyses of minerals in the Toveireh
granodiorites were carried out by a JEOL JXA-
8800R (WDS) electron probe micro-analyzer
(EPMA) at the Cooperative Center of Kanazawa
University, Kanazawa, Japan. The analyses were

performed under an accelerating voltage of 20 kV
and a beam current of 20 nA with a counting time
limit of 40 seconds. Natural minerals and
synthetic materials were used as standards. The
ZAF program was used for data correction. The
amounts of Fe*" and Fe’* contents of minerals
were estimated by assuming ideal mineral
stoichiometry in structural formula. Mineral
abbreviations in petrographic photomicrographs
and tables are taken from Whitney and Evans
(2010).

Results and discussion

Petrographic studies show that the Middle Eocene
Toveireh  granitoid intrusive  consists  of
granodiorite and granite. Granodiorites are coarse
grained, mesocratic and have microgranular mafic
enclaves in hand specimen. They are composed of
plagioclase, amphibole, quartz, orthoclase and
biotite. Accessory minerals are zircon, apatite,
sphene and magnetite. Chlorite, actinolite, epidote
and sericite are present as the secondary minerals.
In the study area, the most dominant texture of the
granodiorites are granular but graphic, perthite,
anti-perthite, anti-rapakivi textures are common.
The plagioclase (Anps4g) occurs mainly as
medium to coarse grains, subhedral, with zoning
and polysynthetic twinning that represent varying
degrees of saussuritization. Quartz occurs
commonly as medium to fine anhedral grains.
Graphic texture intergrowths of quartz and
feldspars are present. Graphic texture possibly
indicate rapid and simultaneous crystallization of
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quartz and K-feldspar from an under-cooled
liquid at shallow depths (Clarke, 1992; Barker,
1983). Hornblende is present as subhedral to
anhedral grains and in some cases partly altered to
chlorite and actinolite. Biotites are subhedral and
sometimes altered to chlorite, titanite and epidote.
Based on mineral chemistry data, amphiboles in
the investigated plutons are calcic in composition
and classify as magnesio-hornblende and
actinolite. Amphiboles are characterized by Mg#
0.67 to 0.47 and present geochemical features of
subduction zone-related amphiboles. Biotite is
characterized by variable and high Fe contents,
with Fe# [Fe*"/(Fe*" + Mg)] ratios between 0.52 to
0.60. Using the nomenclature scheme of Foster
(1960), they are Mg-biotite, and have composition
range of the calc-alkaline granites among the
different granitoid suites in discriminative trend
defined by Abdel-Rahman (1994). Chlorites are
brunsvigite in composition and have negligible
K,0 and TiO; but show similar Fe/(FetMg) ratios
with amphibole and biotite. Therefore, it can be
concluded that they are alteration products of
mafic minerals. Chlorite alteration temperature is
estimated to be 245 to 262°C from chlorite
geothermometry. The chemistry of hornblende
and biotite imply that Toveireh granodiorites have
[-Type nature and are products of crust-mantle,
mixed-source magma crystallization. Barometry
calculations of amphiboles indicate that these
rocks were emplaced at an average pressure of 1-
1.5 kbars corresponding to approximately 3.5-6
Km depth. Plagioclase-amphibole and biotite
thermometry suggests an equilibrium temperature
of 700 to 800°C. Estimation of Oxygen fugacity

by Fe# of amphibole and biotite indicate high
value of Oxygen fugacity (+1< AFQM < +2.0)
and suggest that the Toveireh granitoids belong to
the magnetite-series of granites. Petrography and
mineral chemistry of the studied rocks indicated
their subduction-related tectonic setting.
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