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Batholith of Shirkuh, Yazd, is part of the central Iranian structural zone, located southwest of
the province. The lithology of this complex comprises mostly monzogranite and granodiorite
and some quartz monzonite, quartz monzodiorite and syenogranite.Plagioclase, quartz,
orthoclase, biotite and amphibole are the dominant minerals in these rocks. The
composition of plagioclases varies from labradorite to oligoclase, and alkali feldspars belong
to the orthoclase category. Amphiboles are calcic, rich in iron and Fe-Mg-Mn amphiboles,
and range from ferro-hornblende to tschermakite, and tschermakite hornblende. According
to various geobarometry methods using the amphibole composition, it is estimated that the
calc-alkaline batholith has been formed in a supra-subduction tectonomagmatic
environment at 700-900 °C and 0.8—1.5 kbar pressure under high oxygen fugacity. Moreover,
based on the thermometry results of feldspars, the emplacement temperature was obtained
in the 770-920 °C range by the Anderson method for the Shirkuh granitoid batholith.
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RESUMO

O batdlito de Shirkuh, Yazd, faz parte da zona estrutural central do Ir3, localizada a sudoeste
da provincia. A litologia deste complexo compreende principalmente monzogranito e
granodiorito e alguns monzonitos de quartzo, monzodioritos de quartzo e sienogranitos.
Plagioclasio, quartzo, ortoclase, biotita e anfibdlio sdo os minerais dominantes nessas rochas.
A composicao das plagioclases varia de labradorita a oligoclase e os feldspatos alcalinos
pertencem a categoria ortoclase. Os anfibdlios sdao calcicos, ricos em ferro e anfibdlios Fe-
Mg-Mn, e variam de ferro-hornblenda a tschermakite e tschermakite hornblende. De acordo
com varios métodos de geobarometria usando a composicao de anfibdlio, estima-se que o
batdlito calcalcalino tenha sido formado em um ambiente tectonomagmatico de supra-
subduc¢do a 700-900 ° C e 0,8-1,5 kbar sob alta fugacidade de oxigénio. Além disso, com
base nos resultados da termometria dos feldspatos, a temperatura de colocagao foi obtida
na faixa de 770-920 ° C pelo método de Anderson para o batdlito granitdide Shirkuh.
Palavras-chave: Granitoide Shirkuh; Quimica mineral; Geobarometria; Supra-subduccao;
Fugacidade do oxigénio.

INTRODUCAO

The Electron Microprobe (EMP) is a major contributor to progress in petrology, as a
field of science, and can provide significant help in identifying rock formations and
determining the temperature and pressure conditions of intrusive rocks. Geologists,
including Anderson (1997), estimate the formation temperature of rocks based on the
chemical composition of plagioclases and the tectonomagmatic classification (Leake, 1971),
magmatic origin (Droop, 1987), and oxygen fugacity (Helmy et al.,2004), emplacement
temperature and pressure (Ernest & Liu, 1998; Johnson Rutherford, 1989) of rock masses
based on the chemical composition of amphibole minerals. In this study, the
tectonomagmatic classification, magmatic origin and oxygen fugacity are investigated using
the chemical composition of feldspars and amphiboles to estimate the geothermobarometry

conditions.

RESEARCH METHOD
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Following field investigation, sampling from various lithological units of the rock
mass, and detailed petrographic studies, a total of 12 undisturbed samples of the granitoid
batholith of Shirkuh were selected for electron microprobe studies in Kansaran Binaloud Co.
to determine the chemical composition of amphibole and feldspar minerals. In these
samples, 120 points in the feldspar minerals and 30 points in the amphibole minerals were
analyzed using an XGT-7200 HORIBA microprobe at a 12 kV accelerating voltage, 15 nA
current, 40 s exposure, and exact point analysis at a 10 or 100 um resolution over an arbitrary
point from Na to U (Tables 1 and 2). The results were analyzed and interpreted with the help
of Min-Pet and Excel. The chemical formula of amphibole was calculated based on 23 oxygen
atoms with an average of 13 and 15 cations, and that of plagioclase based on eight oxygen

atoms and five cations.

Quartz monzodiorite

Sample | Si0, | TiO, | Al,05 | Fe;03 | MnO | CaO | Na,0 | K,0 | Cr,05 | An%
100-1 | 61.58 | 0.1 20.64 | 0.52 - 10.97 | 5.35 0.7 - 50.9
100-2 60.8 | 0.14 | 21.45 | 0.42 - 11.11 | 5.43 | 0.58 - 51.4
100-4 | 61.75 - 21.02 | 043 - 10.17 | 5.82 | 0.75 - 47.1
100-5 | 59.88 - 21.72 | 0.37 - 12.05 | 535 | 0.56 - 53.8
100-8 | 60.8 - 20.29 | 0.43 - 9.98 7.9 0.47 | 0.08 | 40.2
100-9 | 59.8 - 22.93 | 0.89 - 146 | 0.01 | 0.82 | 0.89 | 93.6
100-10 | 62.14 - 20.96 | 0.52 - 9.68 | 6.19 | 0.45 | 0.02 | 45.2
100-11 | 63.46 - 21.11 | 0.58 - 11.25 | 3.08 | 0.44 | 0.04 | 64.8
100-14 | 61.55 - 2224 | 1.11 - 12.19 | 1.54 0.9 0.47 76
100-18 | 59.05 - 22.11 | 0.49 - 11.83 | 5.32 1.08 - 52
100-19 | 59.15 - 21.86 | 0.38 - 9.68 8.39 | 049 - 38

Quartz monzodiorite

Sample | Si0O, | TiO, | Al,05 | Fe,O3 | MnO | CaO | Na,0 | K,0 | Cr,05 | An%
13-6 57.29 | 0.78 | 22.43 | 0.21 - 11.27 | 6.35 1.61 - 45.7
13-7 58.45 | 0.85 | 20.25 | 0.25 - 12.11 | 5.75 2.25 - 48.1
13-8 58.64 - 22.37 | 041 - 12.65 | 4.75 1.14 - 55.9
13-9 57.68 - 21.84 | 0.39 - 13.54 6 0.49 - 54.2
13-10 | 62.15 - 19.37 | 0.37 - 13.04 | 4.62 0.39 - 59.6

13-12 | 56.41 - 18.96 | 1.35 - 11.8 | 0.53 | 10.88 - 45.9
13-13 55.63 - 23.53 | 0.76 - 17.46 | 1.52 1.04 - 81.4
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13-14 60.1 - 21.79 | 0.53 - 12.9 3.9 0.72 - 62
13-19 | 60.42 - 20.38 | 0.56 - 13.02 | 4.57 1 - 57.9
13-20 | 57.96 - 22.61 | 0.48 - 15.04 | 3.12 0.74 - 69.7
13-21 | 87.54 - 6.17 0.17 - 3.88 | 1.76 0.45 - 51

Syenogranite

Sample | Si0, | TiO, | Al,05 | Fe;05 | MnO | CaO | Na,0 | K,0 | Cry05 | An%
98-1 60.64 - 20.4 0.5 - 11.06 | 6.45 | 0.71 0.17 46.9
98-2 63.15 - 19.66 0.5 - 11.58 | 3.91 1.07 | 0.06 58.1
98-3 61.87 | 0.08 | 20.92 | 0.48 - 11.87 | 3.56 | 0.84 - 61.5
98-4 | 63.12 | 0.08 | 19.96 | 0.39 - 10.68 | 4.93 | 0.52 - 52.8
98-5 96.75 | 0.57 0.73 0.08 - 0.18 143 | 0.21 - 5.8
98-6 73.83 - 15.62 | 0.29 - 4.53 5.14 | 0.49 0.1 314
98-7 73.65 - 13.55 | 0.29 - 4.16 7.81 | 047 | 0.06 22.1
98-8 64.73 - 1835 | 0.34 - 6.44 8.92 1.09 | 0.08 27
98-9 79.61 - 8.03 0.06 - 1.22 3.97 7.01 0.05 7.3
98-10 | 69.32 - 18.48 | 0.24 - 6.34 4.52 1.08 - 40
98-11 | 71.49 - 16.79 | 0.21 - 4.28 5.28 1.92 - 26.5
98-12 | 68.11 - 16.45 | 0.34 - 6.71 7.14 | 0.98 - 32.3

98-13 | 66.27 - 17.84 0.3 - 5.92 8.17 | 0.82 - 26.1
Granodiorite

Sample | Si0, | TiO, | Al,05 | Fe,05 | MnO | Ca0O | Na,0 | K,0 | Cry05 | An%
69-1 62.26 - 21.59 | 0.24 - 9.86 | 4.07 191 - 50.6
69-2 62.3 - 20.33 | 0.15 - 7.2 8.63 | 1.34 - 29.5
69-3 64.1 - 18.14 | 0.16 | 0.09 | 6.29 | 10.04 | 0.71 - 24.9
69-4 | 64.83 - 1891 | 0.14 | 0.08 | 6.84 | 8.13 | 0.62 - 30.7
69-5 65.51 - 20.02 | 0.2 0.01 | 735 | 525 | 1.21 - 39.1
69-6 63.19 - 21.6 0.26 0.01 | 8.17 | 4.39 2.29 - 43.4
69-7 68.51 - 18.56 | 0.09 - 3.76 | 8.37 0.65 - 19.1
69-8 63.96 - 2235 | 0.21 - 6.74 | 3.95 2.74 - 39.3
69-9 66.8 - 18.52 | 0.23 - 535 | 7.42 0.83 - 27

69-10 | 66.76 - 19.28 | 0.17 - 6.01 | 6.97 | 0.13 - 30.9

Quarts monzonite

Sample | SiO, | TiO, | Al,05 | Fe,05 | MnO | CaO | Na,0 | K,0 | Cry05 | An%
37-1 59.52 - 2298 | 0.47 - 11 3.77 2.19 - 53.8
37-2 58.06 - 23.84 | 0.87 - 11.9 4.1 1.88 - 53.7
37-3 60.24 - 22.58 | 0.35 - 9.98 3.29 3.51 - 49.6
37-4 | 60.59 - 22.36 | 0.25 - 11.89 | 3.6 1.26 - 59.7
37-5 61.57 - 21.18 | 0.36 - 9.13 | 4.46 | 3.25 - 43.3
37-6 | 59.03 - 22.05 | 0.24 - 13.16 | 4.76 0.7 - 58.2
37-7 | 59.03 - 22.05 | 0.24 - 13.16 | 4.76 0.7 - 58.2

Monzogranite

*
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Sample | SiO, | TiO, | Al,05 | Fe,O05 | MnO | CaO | Na,0 | K,0 | Cr,05 | An%

88-1 62.46 - 20.33 | 0.52 - 11.36 | 447 | 0.79 - 55.7
88-2 60.27 - 20.13 | 0.37 - 9.5 8.74 | 0.94 - 35.9
88-3 64.02 - 20.89 | 0.44 - 11.13 | 2.34 | 1.11 - 66.7
88-10 | 61.17 - 20.79 | 0.39 - 9.8 7.36 0.5 - 41.3
88-11 | 62.58 - 20.33 | 0.45 - 1043 | 5.26 | 0.73 - 50.1

Monzogranite

Sample | SiO, | TiO, | Al,05 | Fe,O05 | MnO | CaO | Na,0 | K,0 | Cry,05 | An%

44-1 56.97 - 23.19 | 0.19 | 0.04 | 12.73 | 6.23 | 0.59 - 51.5
44-2 58.18 - 22.1 0.24 | 0.03 | 1435 | 439 | 0.64 - 62.2
44-3 61.23 - 21.77 | 0.19 | 0.03 | 12.56 | 3.59 | 0.48 - 64.1
44-4 89.21 - 6.39 0.11 | 0.15 | 2.66 1.26 | 0.18 - 51.6
44-5 59.07 - 2135 | 0.11 - 11.73 | 7.21 | 0.49 - 46.2
44-6 59.01 - 22.58 | 0.11 - 14.14 | 3.66 | 0.43 - 66.5
44-7 59.5 - 21.85 | 0.14 - 12.35 | 5.53 | 0.57 - 53.6
44-8 60.94 - 21.47 | 0.18 - 13.01 | 3.61 | 0.75 - 63.7
44-9 60.92 - 22.88 | 0.19 - 13.06 | 2.33 | 0.57 - 72.7
44-10 | 60.03 - 23.52 0.2 - 12.41 | 3.25 | 0.54 - 65.5
44-11 | 59.21 - 21.09 | 0.21 - 12.1 | 6.83 | 0.51 - 48.3
44-12 | 55.75 - 22.09 0.2 0.07 | 12.77 | 8.26 0.8 - 44.5
44-13 | 58.64 - 22,74 | 0.19 | 0.16 | 12.73 | 4.51 | 0.98 - 57.7
44-14 | 58.77 - 21.36 | 0.25 | 0.13 | 1048 | 6.04 | 2.92 - 42.1
44-15 | 60.25 - 2237 | 0.18 | 0.19 | 10.64 | 4.44 | 1.88 - 50.9

Monzogranite

Sample | Si0, | Ti0, | Al,0; | Fe,05 | MnO | Ca0 | Na,0 | K,0 | Cr,05 | An%

46-1 56.83 - 22.57 | 0.19 - 13.53 6 0.81 - 53.4
46-2 60.48 - 21.76 | 0.13 - 13 4.04 | 0.52 - 62.1
46-3 58.34 - 21.36 | 0.15 - 13.44 | 6.2 0.42 - 53.4
46-4 59.1 - 22.96 | 0.15 - 13.53 | 2.94 | 0.69 - 68.8
46-5 56.32 - 20.28 | 0.14 - 12.79 | 9.29 | 0.52 - 42.3
46-6 57.69 - 22.44 | 0.16 - 13.48 | 5.38 0.5 - 56.6
46-7 58.58 - 21.47 | 0.08 - 12.41 | 7.18 | 0.27 - 48.2
46-8 59.23 - 21.76 | 0.16 - 13.04 | 5.31 | 0.44 - 56.3
46-9 57.62 - 21.75 | 0.13 - 13.6 | 6.59 | 0.32 - 52.5
46-10 | 56.32 - 22.13 | 0.26 - 12.05 | 897 | 0.23 - 42.2
46-11 | 56.66 - 23.18 | 0.19 - 1331 | 6.38 | 0.24 - 52.9
46-12 | 61.59 - 22.76 | 0.26 - 15 - 0.34 - 97.4
46-14 | 59.04 | 0.56 | 22.3 0.12 | 0.03 | 12.09 | 5.31 0.5 - 54.2
46-15 | 58.86 | 0.52 | 21.32 0.1 0.03 | 1124 | 7.6 0.3 - 44.3
46-16 | 58.87 | 0.62 | 20.22 | 0.12 | 0.03 | 11.57 | 7.028 | 0.54 - 45.6

Monzogranite

*
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Sample | SiO, | TiO, | Al,05 | Fe,O3 | MnO | CaO | Na,0 | K,0 | Cry,05 | An%
82-1 60.22 - 22.9 0.21 - 14.13 | 1.82 0.65 - 77.6
82-2 59.53 - 21.63 | 0.19 - 12.76 5.2 0.63 - 55.7
82-5 59.28 - 21.21 | 0.39 - 14.43 | 3.16 1.46 - 65.9
82-6 58.71 - 21.71 | 0.16 - 12.85 | 6.09 0.42 - 52.7
82-7 87.85 - 472 0.23 - 1 1.21 4.95 - 11
82-8 69.35 - 12.06 | 0.07 - 0.38 | 2.07 | 16.01 - 1.6
82-9 61.52 - 21.06 | 0.21 - 10.97 | 4.07 | 2.12 - 52.6
82-10 | 57.01 - 21.79 | 0.16 - 14.82 5.7 0.47 - 57.7
82-11 56.93 - 23.35 | 0.15 - 1299 | 6.16 0.42 - 52.7
82-12 60.39 - 22.24 | 0.18 - 13.39 3.3 0.51 - 67.1
82-13 | 59.98 - 22.67 | 0.07 - 12.83 | 3.89 | 0.56 - 62.5

Monzogranite

Sample | Si0, | TiO, | Al,05 | Fe,O3 | MnO | CaO | Na,0 | K,0 | Cry,03 | An%
81-1 72.22 - 18.47 | 0.06 0.01 | 3.71 | 479 | 0.72 - 28
81-2 72.22 - 18.47 | 0.06 0.01 | 3.71 | 479 | 0.72 - 28
81-3 67.37 - 18.15 | 0.05 - 418 | 9.33 | 0.92 - 18.9
81-4 | 66.96 - 18.79 | 0.03 - 488 | 849 | 0.85 - 22.9

Monzogranite

Sample | Si0, | TiO, | Al,05 | Fe;,05 | MnO | CaO | Na,0 | K,0 | Cry05 | An%
95-1 60.35 - 21.46 | 0.54 - 11.97 | 391 | 1.24 - 58.3
95-2 | 49.85 - 25.06 | 0.97 - 18.76 | 4.37 | 0.43 - 69
95-5 61.82 - 21.4 0.7 0.12 | 10.36 | 4.51 | 1.04 - 52.4
95-6 63.8 - 19.62 | 0.45 | 0.11 | 10.05 | 4.12 1.8 - 51.1
95-9 61.77 - 19.74 | 0.72 - 9.58 6.97 1.21 0.01 40.5
95-10 | 60.76 - 20.34 | 0.43 - 1162 | 6.16 | 0.54 | 0.15 49.6
95-13 | 63.56 - 2231 | 0.73 - 10.37 1.9 0.98 0.1 69.3
95-14 64.1 - 21.62 | 0.47 - 11.2 1.47 1.05 0.04 74.1

Monzogranite

Sample | Si0, | Ti0, | AL,O; | Fe,05 | MnO | Ca0 | Na,0 | K,0 | Cr,05 | An%
356 |59.74| - | 20.69 | 0.13 - |1238] 6127 [ 083 | - | 505
35-7 |59.34| - |2133] 018 - |1252] 549 | 109 | - | 527
35-8 |59.09| - |21.86]| 0.13 - 1149 632 [ 107 | - | 475
359 |5934| - |2133] 018 - |1252] 549 | 109 | - | 527
35-10 | 59.34 | - | 2133 0.18 - 1252 549 [ 100 | - | 527
35-11 |59.02| - | 2207 | 014 | 026 | 13.95| 394 | 056 | - | 64.1
35-12 | 56.89 | - | 2301 12 | 023 | 121 | 619 | 03 - [ 511
35-13 | 5953 | - | 2203 019 | 019 | 132 | 419 | 062 | - | 613

Table 1. The results of electron microprobe analysis for plagioclases collected from Shirkuh, Yazd, Iran.
Source: Authors (2020).
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Sample | Si0O, | TiO, | Al,0; | FeO | MnO | MgO | CaO K,0 | P,0s
100-3 | 39.44 | 3.48 4.66 | 21.54 | 0.64 10.8 | 13.52 | 0.83 -
100-6 | 41.75 | 2.42 4.69 | 23.03 | 0.83 8.57 | 13.55 | 0.98 -
100-7 | 40.86 | 2.02 4.75 23.81 | 0.65 9.65 13.77 | 0.86 -
100-12 | 38.82 | 3.02 4.48 | 21.52 | 0.78 | 10.63 | 13.88 | 0.84 0.83
100-13 | 42.1 1.34 3.52 | 22.43 | 0.99 | 10.01 | 14.69 | 0.55 1.01
100-16 | 37.21 | 1299 | 3.34 | 4.35 0.63 7.58 | 18.56 | 0.36 -
100-17 | 42.32 | 3.34 4.95 20.25 | 0.66 8.96 13.36 1.02 -
95-3 38.58 | 2.49 6.17 | 23.79 | 0.99 9.27 134 0.85 -
95-4 40.84 1.33 3.88 | 25.25 1.44 10.71 | 12.72 | 0.62 -
95-7 37.34 | 3.21 5.71 26.98 1.37 8.38 9.47 2.75 -
95-8 40.51 | 2.17 4,28 | 25.72 1.27 9.37 11.08 1.84 -
95-11 | 41.45 2.51 54 22.04 | 0.75 9.09 12.82 1.36 -
95-12 | 41.39 | 2.13 5.43 23.04 0.9 9.36 12.69 | 0.79 -
95-15 | 40.72 | 2.43 5.71 21.16 | 0.88 9.68 13.85 1.16 0.17
95-16 | 41.24 | 2.17 5.03 20.01 | 0.82 9.67 14.77 1.04 1.18
88-4 40.4 2.14 491 22.8 0.77 10.31 | 14.04 0.8 -
88-5 43.66 191 6.52 20.71 | 0.84 8.52 1348 | 0.69 -
88-6 41.77 1.77 4.33 23.79 1.14 104 13.12 0.5 -
88-7 41.88 1.44 3.99 25.04 | 1.36 9.32 13.39 | 0.51 -
88-8 | 39.46 | 1.74 | 436 | 25.53 | 1.15 9.18 | 13.86 | 0.82 0.5
88-9 | 3946 | 1.74 | 436 | 25.53 | 1.15 9.18 | 13.86 | 0.82 0.5
88-12 | 37.84 | 2.21 431 | 2198 | 0.75 | 10.06 | 15.62 | 0.78 2.63
88-13 | 38.86 | 1.95 5.03 | 22.94 | 0.74 | 10.82 | 14.09 | 0.79 1.11
88-14 | 38.55 1.75 5.39 28.16 1.02 9.94 11.29 | 0.51 0.01
88-15 | 41.33 1.91 4.39 24.01 1 9.89 13.19 | 0.61 0.06
88-16 | 40.14 1.98 4.35 24.66 1.05 9.72 13.68 | 0.71 -
88-17 | 40.65 1.67 4.49 25.25 1.22 8.94 13.6 0.68 -
13-5 | 42.73 | 0.91 451 | 26.27 | 0.97 7.33 | 13.88 | 0.88 -
13-22 | 46.14 | 0.72 3.95 | 25.62 | 1.03 8.04 | 11.38 | 0.78 -
13-23 | 41.25 | 1.48 5.14 26.2 1.06 6.84 | 13.06 | 1.89 -

Table 2. The results of electron microprobe analysis for amphiboles collected from Shirkuh, Yazd, Iran.
Source: Authors (2020).
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GEOLOGY OF THE REGION

With a 1000 km2 outcrop, the granitoid batholith of Shirkuh is located in the
coordinates range 31° 23’ to 31° 45’ N and 53° 50’ to 20° 54’ E, in Yazd Province, southeast

of Taft and west of Mehriz, Iran (Figure 1).
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Figure 1. Geography of Yazd Province on the map of Iran (courtesy of Natural Geography of Yazd Province).
Source: Authors (2020).

According to the structural zones of Iran, the study range is situated in Central Iran
(Stocklin. 1988) and in the middle of the Urmia—Dokhtar volcanic belt (Figure 2). The
geological map of Iran (courtesy of Moine-Vaziri, 1985) dates back this region to the volcanic
period of The Paleocene. Shirkuh batholith, having cut through the Nayband formation
(Upper Triassic) with Cretaceous limestones and a sandstone and conglomerate unit (Lower
Cretaceous) lying on top as an angular unconformity, probably dates back to the Jurassic.

The Shirkuh granite is younger than the Nayband formation but older than those

from the Cretaceous. Forster (1972) dated the Shirkuh granite by the Rb—Sr method at

—
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17610 million years, whereas Rir and Mohafez (1972) dated the Shirkuh granitoid feldspars
at 159-186 million years by the K-Ar method.

The said batholith is composed of five rock units, namely monzogranite, granodiorite,
guartz monzonite, quartz monzodiorite, and syenogranite. Monzogranites, as the largest unit,

form the main body of the batholith.

31,45}

31,30

O o SN W e
- ©
% R 2 f ;\\ ; Dacite i - Granite and granodiorite
[ A 5
3
T - Conglomerate and sandstone H Granodiorite
Oligo-Miocene = Marl, conglomerate and sandstone Triassic Shale (Shotori FM.)
rman conglomerate Permi EEEEEE | nestone (Jamal M)
e 2 e
\g faAqnq Andesite Devonian Shale, sandstone and imestone
E:ﬂ Limestone (Taft FM.) — Dolomit (Soltanieh FM)
2
H Dolomite
: TN [ LY
g T Precambrian
s} ~ :" ~~ Marl, Shale and limestone (Dareh Zanjir FM.) Fault

Figure 2. The situation of the study region east of the 1:100000 map of Khezrabad (Hajmolla’ali, 1993), west
of the 1:100000 map of Yazd (Hajmolla’ali, 2000), north of the 1:100000 map of Nir (Shahraki Ghadimi,
2008), and north of the 1:100000 map of Dehshir (Sabze’i, 1997).

Source: Authors (2020).
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PETROGRAPHY

Based on the petrographic studies and the modal analysis (Figure 3), the batholith
complex of Shirkuh is composed of an acidic part consisting of monzogranite, granodiorite,
and syenogranite, and an intermediate part consisting of quartz monzonite and quartz
monzodiorite. The major minerals include quartz, plagioclase and orthoclase, and the minor
minerals are biotite, amphibole, muscovite, garnet, tourmaline, epidote, zircon, sphene and
apatite (Az Mikaelians, 2020). It is noteworthy that amphibole is the primary mineral in the

monzogranite and quartz monzodiorite units.

Q
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Figure 3. Modal classification of the samples collected from the Shirkuh granitoid batholith (1973).
Source: Authors (2020).
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MINERAL CHEMISTRY

Twelve cross-sections of the plagioclase and amphibole minerals were analyzed by
the electron microprobe to identify the physiochemical conditions of the magma, forming
the granitoid batholith of Shirkuh.

FELDSPAR CHEMISTRY (THE COMPOSITION OF FELDSPARS WITH DIFFERENTIATION
OF ROCK UNITS)

Some plagioclases in the intrusive masses studied by microscopy showed zoning,
whereas others did not show any zoning. Therefore, both types of plagioclases were analyzed
by the electron microprobe. In general, the chemical composition of zoning-free plagioclases
varies from labradorite to oligoclase but is mainly concentrated in the labradorite range
(Figures 4, 5, 6a, b, c). Nonetheless, the core is richer in sodium than the margin in the zoning
plagioclases, indicating reverse zoning. Both regular and reverse zonings are observed in the

plagioclases.

Oligoclase Andesine

°
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°
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Figure 4. The normative Ab-An-Or ternary diagram for the probed granodiorite [69], syenogranite [98] and
Quarts monzonite [37] plagioclases.
Source: Authors (2020).
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Figure 5. The normative Ab-An-Or ternary diagram for the probed Quartz monzodiorite [13, 100].
Source: Authors (2020).
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Figure 6a. The normative Ab-An-Or ternary diagram for the probed monzogranite [35, 44].
Source: Authors (2020).
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Figure 6b. The normative Ab-An-Or ternary diagram for the probed monzogranite [88,95].
Source: Authors (2020).
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Source: Authors (2020).
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THERMOMETRY OF FELDSPARS

The results obtained from the analysis of feldspars are matched on the normative
Ab-An-Or ternary diagram (Anderson, 1996) (Figure 7). Based on this method, a temperature
ranges of 770 to 920 °C was determined for the granitoid rocks of Shirkuh (assuming a 1 kbar

pressure).

Or

Figure 7. The Ab-An-Or thermometry diagram for determining the equilibrium temperature of feldspar
minerals in the probed samples at a pressure of 1 kbar.
Source: Anderson (1996); Carle (1993).

AMPHIBOLE CHEMISTRY

According to Leake et al. (1997) zoning, the amphiboles in the Shirkuh batholithic
complex are placed into two main categories of Fe-Mg-Mn and calcic amphiboles (Figure 8a).
The composition of amphiboles is of tschermakite (at high pressures, anorthite diffuses into
the hornblende structure and converts it into tschermakite (Best, 2003), hornblende, and

tschermakite hornblende types (Figure 8b).

*
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Figure 8. (a) Classification of amphiboles based on the average of 13 and 15 cations (Avg15-NK, 13-CNK) and
(b) nomenclature of amphiboles based on their composition.
Source: Leake et al. (1997).

Since the Fe3+ level in the structural formula of amphiboles in quartz monzodiorite
and monzogranite is greater than 1 (the structural formula of amphiboles was calculated
based on the average of 13 and 15 cations (Avg15-NK,13-CNK)), the prefix "ferro" can be
used for naming the hornblendes in these rocks. The amphiboles collected from the study

area lack Na.

TECTONOMAGMATIC CLASSIFICATION OF AMPHIBOLES

The geochemical forms of amphiboles, consisting primarily of mantle xenoliths, were
evaluated to identify metasomatism features in intraplate and supra-subduction
tectonomagmatic environments. The amphiboles formed in the mantle wedge above the
subduction zone (S-Amph) contain lower TiO2 and Na20 levels than intraplate amphiboles
(I-Amph) (Coltori et al.,2007). However, these two groups considerably overlap. Based on the
tectonomagmatic diagram of Na20 versus SiO2, the amphiboles in the Shirkuh granitoid

batholith are of S-Amph type depending on the subduction environment (Figure 9).

*
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Figure 9. Determination of the tectonic environment of amphiboles.

Source: Coltori et al.(2007).

The presence of amphibole crystals may raise the question of whether local

amphiboles are magmatic or metamorphic? The significance of this issue is further

highlighted in the geothermometry and geobarometry of amphiboles for determining the

crystallization conditions of the granitoid mass. Based on the Si variations versus Na+Ca+K

(Leake et al., 1997), all points analyzed in the amphiboles are placed within the range of

magmatic (igneous) amphiboles (Figure 10a, b).
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Figure 10. (a) The composition of amphibole crystals in the Shirkuh intrusive mass, all points are in the
range of igneous amphiboles and (b) differentiation of metamorphic and magmatic amphiboles.

Soirce: Leake et al. (1997).
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MAGMATIC ORIGIN

The composition of amphiboles can be used to determine the genesis and
tectonomagmatic environment of igneous rocks. Most scholars believe that the presence of
calcic amphiboles in the granitoid rocks indicates that the rocks are Type | granitoids due to
their high CaO levels, which eventually leads to the crystallization of hornblendes (Chappel
and White, 1974; White and Chappel, 1983; Whborn et al.,1981; Clemens and Wall,1984;
Stein and Dietl, 2001).

The diagram designed by Droop (1987) allows differentiation of calc-alkaline,

alkaline, ultramafic, and lamprophyric amphiboles based on the SiO; and TiO; levels (Figure

11).
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Figure 11. Differentiation of the tectonic environment of the Shirkuh batholitic intrusive complex by the
chemical composition of amphiboles.
Source: Droop (1987).

Plotting the studied amphiboles on this diagram reveals that most samples fall in the
calc-alkaline range and some in the alkaline range. On the other hand, Mg# (magnesium
number) in hornblendes is a crucial factor for identifying their magmatic origin (Xie and

Zhang,1990; Huaimin et al.,2006). Mg* levels of higher than 0.7 and less than 0.5 show the
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mantle and crustal origin, whereas an Mg level of 0.5-0.7 is suggestive of a combined
mantle-crustal origin. Table 2 shows the Mg*level in the monzogranite and quartz

monzodiorite amphiboles. As seen, all rocks have a mantle origin (Table 3).

Hornblende Sample No. | Mg*level | Origin
13-22 0/79 Mantle
13-5 0/79 Mantle
13-23 0.84 Mantle
88-5 0.83 Mantle
88-7 0.8 Mantle
95-11 0.77 Mantle
95-16 0.91 Mantle
100- 17 0.78 Mantle
100-6 0.87 Mantle
100- 13 0.86 Mantle

Table 3. The origin of amphiboles
Source: Authors (2020).

DETERMINATION OF OXYGEN FUGACITY FROM AMPHIBOLE COMPOSITION

The oxygen fugacity is among the factors affecting the minerals in a rock. The
chemical composition of amphiboles containing Al'Y>0.75 and Fe™%/ Fe™®+Mg>0.3 can be
used for determining the oxygen fugacity in the intrusive rocks. All the amphiboles analyzed
in this study meet these conditions. The Al variations against Fe™%/ Fe™®@+Mg indicate that
all amphiboles are placed in a wide range with a high oxygen fugacity (Helmy et al.,2004),
revealing that Shirkuh granitoids were formed in relation to the boundary of convergent

plates (Anderson, Smith, 1995; Anderson, 1997) (Figure 12).

*
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Figure 12. Determination of oxygen fugacity from amphibole composition.

Source: Helmy et al. (2004).

THERMOBAROMETRY OF MAFIC ROCKS

The aluminum and titanium levels on the margin of amphibole minerals were used

to calculate the geothermometry of the samples. Based on the Ernst and Liu (1998) method,

the geothermometry of the amphibole margins indicates a temperature of 650-950 °C for

lamprophyric amphiboles (Figure 13).
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Figure 13. Al,03 and TiO; isoplates in amphiboles based on the weight percentage as a function of

*

temperature and pressure
Source: Ernst and Liu (1998).

Revista Geoaraguaia — ISSN: 2236-9716 — V.10 n. Especial Geologia e Pedologia. Dez-2020

24



Revista Geoaraguaia
_@6@@ R H G U H I H ISSN:2236-9716
Barra do Gargas — MT s

v.10, n. esp. Geologia e
Pedologia p.06-32. Dez-2020

Amphiboles are suitable to evaluate the P-T conditions of calc-alkaline intrusive
masses. Hornblende often exists in these rocks and is stable in wide pressure and
temperature ranges of 1-23 kbar and 400-1150 °C, respectively. The mineral is the most
useful in geothermobarometry studies. The hornblende-plagioclase thermometry and
aluminum geobarometry of hornblendes are suitable to detect temperatures at which
granites are emplaced (Blundy & Holland, 1990; Holland & Blundy, 1994; Stein & Dietl, 2001;
Ernst, 2000).

Four conventional tectonic methods were used based on the amphibole Al content
to estimate the crystallization pressure of the selected amphiboles. The Al content varies
with the emplacement depth of masses and is dependent on the environment and multiple
factors leading to an error in the calculated pressure. Table 4 summarizes the calculated

crystallization pressure of amphiboles and their chemical formula.

1.P(x3Kbar)=-3.92+5.03Al(total).(Hammarstron & Zen 1986)
2.P(£0.5Kbar)= -3.46+4.23Al(total).(Johnson & Rutherford 1989)
3.P(£0.6Kbar)= -3.01+4.76 Al(total),(Sehmidth 1992)

4.P(x1.0Kbar)= -4.76+5.64Al(total),(Hollister & Grissorn 1987)

Sample Al Hammarstron & Johnson & Sehmidth Hollister &
No. Total Zen 1986 Rutherford 1989 1992 Grissorn 1987
13-5 0.81 0.1 -0.5 0.8 -0.2

13-22 0.7 -0.4 -0.5 0.3 -0.8
13-23 0.93 0.75 0.3 1.4 0.5
88-5 1.2 2.1 1.6 2.7 2

88-7 0.7 -0.4 -0.5 0.3 -0.8
95-11 1 1.1 0.77 1.8 0.9
95-16 0.9 0.6 0.3 1.3 0.5
100-6 0.83 0.1 -0.5 0.94 -0.1

—
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100-13 0.63 -0.9 -0.9 -0.01 -1.2
100-17 0.9 0.6 0.3 1.3 0.31

Table 4. The calculated crystallization pressure of amphiboles.
Source: Authors (2020).

In all these four methods, the pressure in the environment is related to the total Al,
and other parameters such as temperature are not considered. Given the negligible AlTotal
in some quartz monzodiorite and monzodiorite amphiboles of Shirkuh batholith, the
resulting negative pressure is suggestive of amphibole crystallization at very low pressure
and low depth (Esmaeili et al., 2013), which is also confirmed by the Ti level in the
amphiboles of the Shirkuh batholitic mass indicating a pressure of below 1 kbar. In
comparison with Al, Ti ion has a larger ionic radius and thus is less affected by the pressure
rise. However, the Ti level increases in the amphibole with increasing temperature (Moody

et al., 1983; Ernst, 2002) (Figure 14).
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Figure 14: The total Al as a function of Ti level.
Source: Schmidt (1992).

The temperature rises, increasing the Ti level from 0.07 cation in the formula unit at

650 °C to 0.01-0.14 at 700 °C, 0.15-0.22 at 800 °C, 0.23-0.27 at 900 °C and 0.3-0.35 at 950 °C

*
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(Ernest & Liu, 1998). Based on the Ti level in the hornblendes of quartz monzodiorite (0.081-
0.38) and monzogranite (0.123-0.286), a temperature ranges of 675 to 975 °C is estimated,
whereas a temperature ranges of 679 to 972 °C is estimated for the formation of amphiboles

based on the thermometry conducted by Colombi (1989) (Table 5).

Thermometry T (°C)
Colombi 1989

Ti<0.08, T(°C)= 2816*Ti+445
Ti>0.08, T(°C)= 980*Ti+600

Sample No. 13-5 13-22 | 13-23 88-5 88-7 95-11 | 95-16 | 100-6 | 100-13 | 100-17

CTi 0.104 | 0.081 | 0.172 | 0.215 | 0.163 | 0.286 | 0.123 | 0.276 | 0.154 | 0.381

T(°C) 701 679 768 811 760 880 720 870 751 972

Table 5. The amphibole formation temperature range
Source: Authors (2020).

According to Hollister (1983), the magma temperature for hydrous magmas ranges
from 700 to 900 °C, and this temperature is relatively independent of pressure. However,
Anderson (1983) found an increase in the Ti level in hornblendes with increasing
temperature. Furthermore, Helz (1993) evaluated the formation temperature of amphibole
minerals using variations of Al level relative to the Ti level in their formula unit. In this study,
an approximate temperature ranges of 720 to 875 °C was obtained using Ti variations versus
Al™% for crystallization of hornblendes of those intrusive rocks in the region, preserving their

magmatic composition (Figure 15).

%
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Figure 15: The approximate formation temperature of amphiboles.

Source: Helz (1993).

On the other hand, according to Al™% versus Fe/Fe+Mg, a pressure range of less than

1 kbar and 0.5-1.5 kbar can be estimated respectively for quartz monzodiorite and

monzodiorite hornblendes (Figure 16).
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Figure 16. The approximate pressure calculated.
Source: Schmidt (1992).

The approximate temperature of the two rock units was estimated based on the

pressure variations (in kbar) with AI™® (Schmidt, Johanson ,1992). Accordingly, a

*
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temperature ranges of 700 to 830 °C was estimated for quartz monzodiorite and 770 to 850

°C for monzogranite hornblendes (Figure 17).

=3
® 100
¢ 88

g 95

o

®

Q

™

©

a

2 Schmidt (1992)

S at675C

©

e

z 7 Al-in hornblende barometry

1 L..- — . — .
0 5 10 15
Pressure(Kbar)
Figure 17. The temperature estimated.
Source: Schmidt (1992).
CONCLUSION

According to the electron microprobe analysis of plagioclases and amphiboles, the
following results were obtained regarding the formation of the Shirkuh granitoid batholitic
mass. In terms of magmatic series, the Shirkuh granitoid rocks are of the calc-alkaline type
formed in a supra-subduction tectonic environment. All amphiboles in this complex have a
magmatic origin and are categorized in the calcic and Fe-Mg-Mn amphibole groups. The
oxidation and reduction of the magmatic origin of granitoids based on the amphibole
composition are suggestive of high oxygen fugacity in the region. The thermometry of
amphiboles showed a temperature range of 700-900 °C. The barometry by the Hammarstron
and Zen (1986), Johnson, Rutherford (1989) Sehmidth (1992), Hollister and Grissorn (1987)

and Helz (1993) methods indicated an average pressure of 0.8-1.5 kbar. Moreover, the
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thermometry of feldspar by the Anderson (1997) method showed a temperature range of

770-900 °C.
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