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1. Introduction

Biotite is a common mineral in many types of igneous and
metamorphic rocks that reacts to the smallest change in
physicochemical conditions (Speer, 2018). Diagnosing the origin of

biotite in petrological interpretations before drawing petrogenetic

ABSTRACT

The Dalayon granitoid mass is located in the south of Borujerd, in the north of Lorestan province and,
is part of the Sanandaj-Sirjan zone. The lithological composition of this mass includes granodiorite,
granite, pegmatite-granite, tonalite, quartz diorite, tourmaline-bearing pegmatite, and quartz-
tourmaline veins intruded into volcanic and metamorphic rocks. The minerals set of granodiorite
mass with color leucocratic to mesocratic index mainly minerals quartz, plagioclase, orthose and
microcline and secondary minerals biotite, muscovite, zircon, garnet, apatite, rutile, leucoxene,
titanium minerals and sphene. The indicator mineral of ferromagnesian in these rocks is biotite,
which has a primary nature rich in magnesium and poor in chlorine in composition. The value of
Fe/Fe+Mg ratio shows an average 0.44(apfu), that indicates that the studied micas are placed in the
range of biotite and between siderophiles and anite poles. The average crystallization temperature
of biotites is 681°C and the average formation pressure is 2.95kb based on the total aluminum of
biotites, which indicates formation at a shallow depth. Based on the proportions of MgO, FeO and
Al O, in biotites, the magma that produced this mineral is of the calc-alkaline type. The existence of
relatively high fugacity of oxygen and oxidant environment indicates magma of mantle-crust origin

and host rock of magnetite granitoid series and I-type granitic rock for biotites.

diagrams and its separation is of particular importance since
metamorphism, hydrothermal alteration and coexisting mineral
complexes can change the initial composition of biotite (Dubosq

et al., 2019). With the help of this mineral, it is possible to provide
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a suitable quantitative and qualitative estimate of pressure,
temperature, oxygen fugacity and geological environment (Lopez-
Munguiral et al., 2002; Mata et al., 2001; Klein and Hurlbut,
1999). The purpose of this paper is to determine the petrogenesis
and tectonic environment of granitoids based on biotite chemistry,
which can be used for better interpretation of the tectono-magmatic
and petrogenic characteristics of the Dalayon area and complement

the geochemical and lithological data.

2. Research methodology

The mineralogical and geochemical composition of biotites in
the Dalayon area was determined using thin-polished sections
prepared from 20 non-weathered surface samples collected from
different parts of the alteration area. Also, with the help of electron
microprobe analysis for 10 points and using the CAMECA-SX-100
device and different standards for 12 parameters, the composition,
type, and origin of biotite was determined in the electron microprobe
laboratory of Iran Mineral Processing Research Center. The
structural formula of biotite was calculated based on 22 oxygens
(Table 1).

3. Results
The Dalayon area is located between longitudes 49° 00" to 48° 50’
East and latitudes 33° 40" to 33° 50’ south of Borujerd city and in the
north of Mohsen-ebne-Ali fault (Figure 1). From the point of view
of structural geological divisions, this area is a part of the Sanandaj-
Sirjan metamorphic zone (Stocklin, 1968), which is located under
the Biston zone (Mohajjeh and Sahandi, 2001). The oldest rock
units belong to the Upper Triassic-Jurassic period, which includes
a relatively uniform sequence of slate, schist with siliceous veins
and veins, cordierite, and sillimanite mica schist along with black
hornfels and metamorphosed sandstones (Shahrokhi, 2002).
Geologically, granodiorites are the host rock of biotites, and
their color index is leucocratic to mesocratic. Quartz can be seen
as fine to medium-grained along with feldspar and a small amount
of sphene, rutile and apatite (Figure 2-a). Plagioclases are shape-
formed to semi-formed and sometimes have zoning, and their
composition is mainly oligoclase (Figure 2-b). Biotite is often with
stringy crystals, shaped, with brown color and strong multicolor
and index from dark to light brown, and they occupy 10-15% of
the total volume of the rock (Figure 2-c). In some parts, chlorite
crystals often contain amorphous inclusions of rutile and sphene
(Figure 2-d). Moreover, biotite filaments show shape changes in
the form of bending or wrinkling of crystals in thin section (Figure
2-c). Zircon with dimensions up to 0.4 mm can be recognized
among biotite (Figure 3-a). Mineralogical studies indicate presence
of minerals such as pyrite, hematite, limonite, gold, and corundum

(Figure 3-b).

4. Discussions

Table 1 shows that the constituent of biotites is the last member of
siderophyllite-anite. Based on the classification of micas (Foster,
1960), the samples from the Dalayon area are in the range of Mg-rich
biotites (Figure 4-a).

The triangular diagram 10TiO,-MgO-FeO+MnO can be used
to separate primary biotites from secondary biotites (Nachit et al.,
2005). The location of the samples in the studied area shows that
biotites are mostly primary and magmatic. Some samples are also
in the range of newly equilibrated biotites, which can be due to the
lower content of TiO, in these samples (Figure 4-b). On the other
hand, with the help of standard quadrilateral classification (ASPE)
(Deer et al., 1992), the composition of samples from this area are in
the range of biotite and between the siderophyllite-anite pole, and
none of the samples are in the phlogopite range (Figure 4-c).

Based on the binary diagram of FeO/(FeO+MgO) versus MgO
(Zhou, 1986), all the samples are placed in the middle part of the
diagram, which indicates mantle-crustal origin for the granitoid
mass which is consistent with the magnetite series of this mass
(Figure 4- d). Considering that magnetite series granitoids are
formed at a greater depth and in the upper-lower crustal front
when compared to ilmenite series (Ishihara, 1977), the Fe and Mg
of biotite is affected by the depth of formation of the producing
magma. Accordingly, biotite of deep granites is rich in magnesium
while biotites of shallow granites are rich in iron (Yang et al., 1986).
Thus, the biotite samples from the Dalayon area correctly provide a
deep source for productive granitoid mass.

Using the analysis of MgO, Al,O, and FeO oxides in the biotite
mineral, different charts are presented to determine the magma
series, which categorizes the granitoid rocks in three magma series
and three tectonic ranges. In the mentioned diagram, the biotite
studied samples are placed in zone C, which is related to the biotite
range of subduction calc-alkaline rocks (Figure 5-a).

Moreover, by using Fe/(FetMg) vs. Al¥!diagram to distinguish
granitic rocks hosting biotite (Jiang et al., 2002). Biotites of the
Dalayon area are located in type I orogenic zone (Figure 5-b).

Considering that Ti concentration and Ti/Fe*" ratio in biotite
are very sensitive to temperature, thermometry of igneous and
metamorphic rocks using biotite provides accurate results (Luhr et
al., 1984; Douce, 1993; Henry and Guidotti, 1985).

In order to determine the formation temperature of biotites in
the Dalayon area, the formula T(°K) =838/(1.0337-Ti/Fe?**), known
as the Ti-Fe** relationship, was used (Luhr et al., 1984). According
to this thermometer, biotites are formed at a temperature between
612.85°C and 717.48 °C with an average of 680.98°C.

Estimation of the freezing pressure of granitic rocks can be
done from the total aluminum content of biotite and the formula
P(kb) = 3.03xAl1-6.53 (+ 0.33) (Uchida et al., 2007). The range of
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pressure changes using this formula in the Dalayon area, including
the calculated error, varies between 1.15Kb and 4.05Kb with an
average of 2.95Kb, which is in agreement with the pressure obtained
from the biotite pressure gauge calibration curve for granite rocks
(Figure 6) and shows the formation of biotites is less than 3 km deep.

With the help of Fe# vs. Al graph, the biotite samples of the
studied area are in the range of magnetite series granitoids and
show an average of 2.3 as the FQM average (Figure 7-a). Based on
this diagram, the composition of biotites in the Dalayon area shows
oxide conditions for the intrusive mass.

Also, with the help of AIV'+AI"Y diagram vs. Fe#, it is possible
to present a small amount of oxygen fugacity (Figure 7-b). Based
on this diagram, the high oxygen fugacity is estimated to be 10-10
to 10-12 bar, which is a suitable environment for gold and copper
mineralization in epithermal and porphyry systems (Sun et al.,
2004; Wones and Eugster, 1965).

5. Conclusion

The Dalayon granitoid mass includes granodiorite, granite,

pegmatite-granite, tonalite, quartz diorite, and quartz tourmaline
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veins. According to field studies, the colored index of granodiorite
is leucocratic to mesocratic. Mineral chemistry studies show that
the biotites in the granodiorite are rich in magnesium and most of
them fall into the area of primary and balanced biotites. According
to these studies, biotite is associated with the calc-alkaline rocks
and is located in the area of type I mountaineering. With the Fe#
diagram vs. the al -samples of the study biotite in the studied area,
they are in the range of magnetite series granitoids and show the
average of 3.2 as FQM average. According to these studies, the
composition of the Dalayon area’s biotites shows oxide conditions
for the penetration mass. With the help of biotites, the approximate
temperature shows an average of 685 °C685. Moreover, the range
of pressure changes in the Dalayon area, including the calculated
error with an average of 2.95 kb. This complies with the pressure
obtained in the calibration curve of the biotite barometry for granite
stones and indicates the formation of biotites at these temperatures.
Itis relatively high and at a depth of less than 3 km. Oxygen fugacity
changes from 10-10 to 10-12 bar during crystallization, which
provides a suitable environment for gold and copper mineralization

in epithermal and porphyry systems.
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Figure 1. Geological map of Dalayon area and Its location in the Sanandaj-Sirjan zone.
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Table 1. Electron probe microprobe analysis results of biotites in granodiorites from Dalayon area.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
SiO, 33.79 34.68 34.42 34.97 31.00 33.80 32.30 33.70 32.90 33.63
Tio, 3.86 3.79 3.63 3.82 1.87 3.74 3.89 3.08 291 3.25
ALO, 15.15 16.29 15.05 16.74 16.91 15.20 15.89 16.59 15.95 16.35
FeO 18.35 19.35 17.99 18.29 18.00 18.15 20.17 17.00 19.19 18.30
MnO 0.13 0.14 0.13 0.23 0.30 0.25 0.20 0.15 0.22 0.24
MgO 13.56 12.04 14.00 12.45 13.72 12.05 11.63 14.59 10.80 13.19
BaO 0.02 0.04 0.04 0.02 0.04 0.02 0.02 0.03 0.02 0.02
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.05 0.09 0.08 0.06 0.05 0.05 0.08 0.07 0.06 0.08
K,0 9.50 9.36 9.37 9.45 9.41 9.43 9.36 9.34 9.35 9.28
H,O 1.59 1.81 1.62 1.75 1.72 1.64 1.68 1.80 1.66 1.65
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Continued from Table 1. Electron probe microprobe analysis results of biotites in granodiorites from Dalayon area.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
Total 96.00 97.59 96.33 97.78 93.02 94.33 95.22 96.35 93.06 95.99
Si 5.71 5.68 5.36 5.40 5.62 5.78 5.10 5.78 5.47 5.75
AIY 2.29 2.32 2.64 2.60 2.38 222 2.90 2.22 2.53 2.25
Al 2.71 3.38 2.65 3.61 3.69 2.82 3.45 3.55 3.51 3.40
AIM 0.42 1.06 0.01 1.01 1.31 0.60 0.55 1.33 0.98 1.15
Ti 0.44 0.42 0.41 0.43 0.22 0.43 0.44 0.35 0.33 0.38
Fe** 2.44 2.45 2.23 2.31 225 2.29 2.60 2.18 2.44 243
Mn 0.02 0.02 0.02 0.03 0.04 0.03 0.02 0.02 0.03 0.03
Mg 3.26 2.72 3.42 2.81 3.32 2.72 2.70 3.33 2.55 3.19
Ba 0.001 0.003 0.003 0.001 0.003 0.001 0.001 0.003 0.001 0.001
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.01 0.03 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02
K 1.81 1.77 1.78 1.80 1.79 1.80 1.77 1.76 1.76 1.74
Total 16.401 16.473 15.893 16.411 16.943 15.881 16.101 16.993 16.111 16.941
Fe/Fe+Mg 0.43 0.47 0.40 0.45 0.40 0.46 0.49 0.40 0.49 0.43
Mg/Mg+Fe 0.57 0.53 0.60 0.55 0.60 0.54 0.51 0.60 0.51 0.57
T(°K) 981.98 971.85 986.06 988.73 895.37 990.63 969.38 959.74 932.71 950.72
T(°C) 708.83 612.85 712.91 715.58 622.22 717.48 696.23 686.59 659.56 677.57
P(Kb) 1.35 3.36 1.15 4.05 3.30 1.66 3.57 3.87 3.75 3.47
S11 S12 S13 S14 S15 S16 S17 S18 S19 S20
Sio, 33.75 33.69 33.61 30.95 3291 34.69 34.41 33.79 3491 33.61
TiO, 4.11 3.30 3.09 3.59 3.79 3.26 3.29 3.99 3.79 3.81
ALO, 16.21 16.09 16.59 16.29 15.99 16.29 16.26 15.19 15.24 15.21
FeO 18.19 18.35 20.11 16.61 18.31 18.29 17.99 17.59 19.39 18.10
MnO 0.19 0.30 0.41 0.16 0.15 0.30 0.35 0.31 0.35 0.12
MgO 14.30 13.55 11.99 14.60 13.21 12.46 14.03 13.75 12.09 12.08
BaO 0.05 0.02 0.02 0.04 0.04 0.04 0.04 0.05 0.02 0.02
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.07 0.06 0.08 0.06 0.09 0.06 0.05 0.06 0.08 0.06
K,0 5.51 7.04 8.01 5.29 7.97 7.05 7.18 8.06 6.45 7.44
H20 1.73 1.60 1.78 1.82 1.69 1.59 1.71 1.64 1.81 1.74
Total 94.11 94.99 95.71 89.41 94.15 94.09 95.31 94.43 94.04 92.20
Si 5.81 5.80 5.74 5.59 5.45 5.67 5.34 5.69 5.61 5.69
AlY 2.24 2.21 2.27 2.38 2.56 231 2.66 231 2.39 2.30
Al 3.41 3.34 3.66 3.45 3.25 3.45 3.41 2.86 2.84 2.85
AV 1.17 1.13 1.39 1.07 0.69 1.14 0.79 0.55 0.45 0.55
Ti 0.38 0.37 0.35 0.39 0.45 0.40 0.41 0.41 0.43 0.39
Fe* 2.29 2.45 2.58 2.18 231 2.44 2.25 231 2.51 2.29
Mn 0.03 0.03 0.05 0.03 0.03 0.03 0.05 0.04 0.03 0.02
Mg 3.36 3.26 2.72 3.86 3.11 2.81 3.31 3.28 2.75 2.75
Ba 0.003 0.001 0.001 0.001 0.003 0.003 0.003 0.003 0.001 0.001
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.02 0.02 0.02 0.02 0.03 0.02 0.01 0.02 0.02 0.02
K 1.27 1.54 1.67 1.25 1.67 1.54 1.57 1.74 1.41 1.64
Total 16.613 16.811 16.791 16.781 16.283 16.353 16.343 16.313 15.611 15.691
Fe/Fe+Mg 0.40 0.45 0.49 0.36 0.43 0.46 0.40 0.40 0.47 0.45
Mg/Mg+Fe 0.59 060 0.51 0.64 0.57 0.54 0.59 0.60 0.50 0.54
T(°K) 965.70 949.38 933.14 980.34 998.93 963.48 984.17 978.73 971.72 960.87
T(°C) 692.55 676.23 659.99 707.19 725.78 690.33 711.02 705.58 698.57 687.72
P(Kb) 3.80 3.59 4.56 3.92 3.31 4.16 3.80 2.13 2.08 2.11
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Figure 2. Microscopic images of thin and polish sections of Dalayon
area. a) Quartz, feldspar, muscovite, and biotite in the fine field
of sericite-muscovite, chlorite, apatite, rutile and titanium-bearing
minerals. b) The presence of plagioclase with quartz along with biotite
and muscovite strands with the direction of finding due to crushing
with mylonitic fabric. ¢) Disruption of the primary biotite crystal by
compressed blades of muscovite with plagioclase sericitized. d) Presence
of quartz and feldspar along with microcrystals of rutile and sphene

inside chlorite crystals. Abbreviation from (Siivola and Schmid, 2017).
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Figure 3. Microscopic images of thin and polished sections of Dalayon area. a) Scattered
and mostly self-shaped and sometimes semi-shaped single crystals of zircon among biotite,
next to feldspar, microcline, and muscovite crystals. b) The presence of pyrite and very fine
particles of gold along with fine grains of corundum (blue ruby). Abbreviation from (Siivola

and Schmid, 2017).
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Figure 4-a) Triangular diagram AlY'+Fe+Ti-Mg-Fe+Mn (Foster, 1960) and
placing samples in the range of magnesium-bearing biotites. b) Triangular
diagram of 10TiO, - FeO*+MnO - Mg (Nachit et al., 2005) and the position of
biotites in Dalayon area. ¢) Diagram of Fe/Fe+Mg to Al'Y (Deer et al., 1992)
and placing all samples in the biotite range. d) Diagram of FeO/FeO+MgO to
MgO of biotites (Zhou, 1986).
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Figure 5-a) Determination of magmatic series based on biotite chemistry (Abdel-
Rahman, 1996) and placement of samples in the range of orogenic calc-alkaline.
A: Alkaline series (non-extensive orogenic regions). C: calc-alkaline series (mountain

subduction zones). P: Peraluminous rocks (impact environment, S type granites). b) the

diagram of changes in Fe/Fe+Mg ratio to A" of biotites for the separation of host granitic rocks

(Jiang et al., 2002). A: range of I-type granitoids. SH: shoshonite rocks.
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Figure 6. pressure of Biotite crystallization based on total

aluminum and biotite manometer calibration curve for

granite rocks (Uchida et al., 2007).
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Figure 7-a) Binary diagram of total Al to Fe# for biotites of Dalayon area (Anderson
et al., 2008) and granites separation of ilmenitic and magnetite series with relative

estimation of oxygen fugacity compared to FQM buffer (P, =P ) based on

H20
calibration (Wones, 1981). b) Diagram of changes in oxygen fugacity to temperature

(Wones and Eugster, 1965). The numbered lines represent the stable range of biotite

based on Fe/(Fe+Mg)*100 values.
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