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The Robat-Shahr Babak region, located in Kerman Province, lies in the southeastern part of the
Sanandaj-Sirjan Zone, southwest of Shahr Babak City, and north of the Shahr Babak granodiorite
batholith. Intrusive bodies in this area include hornblende gabbros and granodiorites. The hornblende

gabbros exhibit granular, intergranular, sieve, and corona textures, while the granodiorites

predominantly display granular and granophyric textures. The occurrence of disequilibrium textures,
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minerals and variations in water fugacity. Opaque mineral compositions range from magnetite-
titanomagnetite (titanium-containing iron oxide) to a solid solution of ulvospinel. Biotite crystals
are classified as magnesium biotites, and amphiboles are calcic, indicative of subduction-related

environments. These minerals have less Na,O and TiO, than intraplate environments.

1. Introduction

The studied area of Robat is located in the southeast of the
Sanandaj-Sirjan magmatic-metamorphic zone (Berberian and
King, 1981, Mohajjel et al., 2003). Some researchers believe that
the intrusive bodies of the Sanandaj-Sirjan zone were created from
the subduction of the Neotethys under the central Iranian plate

(Shahabpour, 2005). Mafic and ultramafic gabbroic rocks are

common in the Sanandaj-Sirjan zone (Fazlnia et al., 2013), and
this zone was an active continental margin during the Mesozoic
(Berberian and King, 1981).

Berberian and Berberian (1981) studied the intrusive bodies of
this region, which have a combination of gabbro to granite, and

only considering that they are covered with Cretaceous formations,
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they thought these bodies as intrusive Jurassic known. According
to the studies obtained by Fazlania et al. (2007), using the U-Pb
method on zircon minerals, the age of the mafic-ultramafic body of
Tale Pahlevani has been determined to be 170.5+1.9 Ma.

The studied area is located between the longitudes 54° 34’ to 54°
43, and latitudes 29° 56" to 29° 58’. The location of this area is
shown on the map of Iran in Fig. 1- a and in the 1:250000 geological
map of Neyriz from the Geological Organization of the country by
Valeh and Alavi Tehrani (1985), in Fig. 1-b.

The purpose of this article is to study the chemistry of mafic
minerals using microprobe analysis and thermometric studies
to determine thermodynamic conditions (temperature, pressure,
and oxygen fugacity), and to determine the tectonic-magmatic
environment of the samples in the study area.

The studied area contains gabbro rocks and granodiorite body
(Fig. 2-a). Tale Pahlevani (Fig. 2- b), is the highest gabbro body,
which is outcropped with a height of 1663 meters. In this region,
hornblende gabbros are the most abundant (Fig. 2- ¢) and are in
the form of domes and bodies (Fig. 2- d). Hornblende gabbros
show granular texture and are highly tectonized and crushed. The
intrusive body of granodiorite in this area, with a height of 1606
meters above sea level, has an outcrop along the gabbro bodies and
between them (Fig. 2- e). These rocks are dark gray freshly broken
surfaces. In these rocks, water penetrated through the joints and
caused the granodiorites to be chemically eroded in the form of

onion skin erosion (Fig. 2- f).

2. Research Methodology

After field studies and sampling, 70 thin sections and 3 polished
sections were prepared from healthier samples. After preparing
the thin sections, petrographic studies were carried out using a
polarizing microscope at Shahid Bahonar University in Kerman.
Then, the next stages of geochemical tests were carried out in Italy
and at the University of Unimi (Universita Degli Studi Di Milano)
on opaque minerals (12 points), biotite (10 points), and amphibole
(21 points) present in the hornblende gabbros, and granodiorites
of the study area microprobe analysis was done (Tables 1, 2, and
3). Chemical analysis of minerals was performed with a JEOL
8200 super probe (WDS) at an accelerating voltage of 15 kV and
with a beam current of 5 nA, and then, by graphic and specialized
software (Excel, CoreIDRAW, Igpet, Minpet) the processing and
analysis of geochemical analyzes were performed, and the results

of the analyzes were examined.

2.1. Petrography
Using the volume percentage of minerals, the exact name of the
samples of the studied area was determined. IUGS classification

diagrams from Streckeisen (1976) were used for their exact naming.

Based on petrographic studies, the samples of this area include
hornblende gabbro (Fig. 3- a) and granodiorite (Fig. 3- b).

- Hornblende gabbros: these rocks have the main minerals
plagioclase (54%), alkaline feldspar (5%), pyroxene (15%) and
olivine (5%). Also, hornblende gabbros have secondary minerals
of opaque, biotite, apatite, and secondary minerals of amphibole,
chlorite, and calcite. These stones have granular and intergranular
(Fig. 4- a), sieve (Fig. 4- a), and corona or marginal textures
(Fig. 4- b). In the plagioclase and pyroxenes of the samples,
imbalanced textures such as sieve texture and zoning are observed,
which occur due to the presence of hydrous minerals in the samples
and due to the change in water fugacity. Thus, in hydrous magmas,
the release of water vapor with pressure reduction can cause the
dissolution of crystals and form a sieve texture (Humphreys et al.,
2006). In hornblende gabbros, plagioclases with a size of about
0.5 to 4.5 mm have an extinction angle of 30 degrees and are
labradorite. Pyroxenes with a size of about 0.5 to 5 mm, have an
extinction angle of 35 to 45 degrees and are clinopyroxene. In these
rocks, pyroxene minerals are being transformed into amphibole

minerals (Fig. 4. ¢).

- Granodiorites: These rocks have plagioclase (45%), alkaline
feldspar (15%), quartz (20%), and pyroxene (3%) as the main
minerals. Also, granodiorites have secondary minerals biotite,
opaque, apatite, and secondary minerals amphibole, calcite, and
chlorite. These rocks have granular (Fig. 4- d) and granophyric
(Fig. 4- e) textures. In granodiorites, the extinction angle of
plagioclase minerals is 30 to 38 degrees, which indicates that they
are labradorite. Pyroxenes, with a size of 0.5 to 2.5 mm, have
an extinction angle of 30 to 48 degrees and show the nature of
clinopyroxene. In some parts of this rock, biotite minerals have

turned into blue chlorite (Fig. 4. f).

2.2. Chemistry of minerals

A selection of the results obtained from microprobe analysis on
opaque, biotite, and amphibole minerals in the samples can be seen
(Tables 1, 2, and 3). opaques are visible as secondary minerals in
sections of igneous rocks. In parts of opaque minerals, the amount
of titanium and iron is high, which indicates that titanium can be
substituted in crystalline defects (Mason and Moore, 1966) and
form the mineral titanomagnetite (magnetite containing titanium).
At high temperatures, the solubility of elements increases and
during crystallization of magma, titanium is placed in a large
amount in the magnetite mineral, but at low temperatures, due to
the decrease in solubility, the amount of titanium element in the
magnetite mineral decreases. As a result, this element is placed in
crystal defects, holes, and fractures and creates a solid solution such

as ulvospinel (Craig and Vaughan, 1994). Based on the triangular
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diagram of the FeO-TiO,-Fe,0, solid system from Grant and West
(1965), the composition of opaque minerals in the samples of this
region varies from magnetite-titanomagnetite (iron-titanium oxide)
to ulvospinel solid solution (Fig. 5).

The Mg/Fe cation ratio is used as an index to distinguish
Mg and Fe biotites (Deer et al., 2013). In the diagram of Fe*%/
(Fe™+Mg) versus Si from Rieder et al. (1998), most of the biotites
in the region are in the biotite range (Fig. 6- a), and based on the
diagram of Si versus Fe'?/(Fe">+Mg) from Speer, 1984, the biotites
are Mg-bearing biotites (Fig. 6- b). In the triangular FeO-MgO-
Al O, diagram of Fleet and Deer (2003), zone 1 belongs to biotite
minerals with quartz and muscovite. Zone 2 is related to biotite
minerals without other mafic minerals, and in zone 3, there are
biotite minerals associated with pyroxene, olivine, and amphibole
minerals. According to this diagram, the biotite minerals of the
samples of the studied area are located in Zone 3, therefore, the
location of these minerals in Zone 3 and the placement of biotite
minerals along with minerals such as pyroxene, olivine, and
amphibole also confirm the petrographic results (Fig. 6- ¢). Nachit
et al. (2005), based on FeO, MnO, TiO,, and MgO variation trends
in micas, proposed a diagram to distinguish primary biotites from
crystallized primary biotites and secondary biotites. According to
this diagram, biotite minerals of hornblende gabbros of this region
are in the range of primary crystallized biotites, and biotite minerals
of granodiorites are located in the range of primary biotites (Fig.
6- d).

According to the diagram of B Na vs. B Na + B Ca from Leake
et al. (1997), the amphibole minerals in the samples of the area
are located in the range of calcic (Deer et al., 2013) and calcic
amphiboles (Leake et al., 1997) are located (Fig. 7- a). Based on
the diagram of Mg/Mg+Fe™ against Si from Leake et al. (1997),
it can be seen that the amphibole minerals in hornblende gabbros
are in the range of magnesian hornblende and tschermakite and the
amphibole minerals of granodiorites are in the range of Magnesian
hornblende and actinolite (Fig 7- b). According to the Na +Ca +K
versus Si diagram from Sial et al. (1998), the amphibole minerals of

the area samples are in the igneous range (Fig. 7- ¢).

3. Results and Discussions

3.1. Magmatic evolutions

Petrographic signs of sieve textures and zoning (early crystallization
in magma) (Chatterjee et al., 2021), indicate disequilibrium
conditions during magma solidification (Filipov and Janasi, 2008).
Also, the corona or marginal texture in the samples of the region
can be created for various reasons, which include: 1- due to changes
in pressure, temperature, and chemical potential conditions (Dey et
al., 2023), 2- in parts by fluids, during the stages Final crystallization

or as a result of increased vapor pressure during the transfer of
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magma to higher levels (Molina et al., 2009). These textures show a
complex history of crystallization, deformation, and metamorphism
(Barkov et al., 2023).

In the hornblende gabbros of this region, the pyroxene mineral
is transformed into an amphibole mineral, and the alteration of
pyroxene minerals and their transformation into amphiboles is
called Oralitization. The formation of Oralite depends on the
activities of hydrothermal solutions that were probably created
during the final phases of magma crystallization, or it is related to the
activities of solutions that penetrated the rock after freezing. Also,
the phenomenon of pyroxene Oralitization is related to regional
and thermal transformations or metasomatism processes (Deer et
al., 2013). The replacement of pyroxene by amphibole is due to
the presence of a vapor phase during crystallization (Mohammadi,
2020), which is true for samples from the region.

In mineral chemistry studies, biotites of hornblende gabbros are
in the range of primary crystallized biotites (low TiO, content) and
biotites of granodiorites are in the range of primary biotites (high
TiO, content). The biotites that are placed in these two ranges are
different from each other in terms of color, color, and shape. In this
way, biotites with low amounts of TiO, have weak polychroism,
and lighter color, while biotites with high amounts of TiO, contain
strong polychroism, dark brown color, and self-form. The amount
of Fe™, Ti, and Mg has an effect on the color of these minerals,
and brown and green biotites are usually rich in magnesium and

are found in rocks associated with magmatic arcs (Lalonde, 1993).

3.2. Geothermometry of minerals

Based on the triangular diagram of the FeO-TiO,-Fe,0, solid
system from Broska et al. (2003), the formation temperature of
opaque minerals in the samples of the region is more than 600
degrees Celsius (Fig. 8).

Based on the diagram Ti vs. Mg/Mg+Fe* from Henry et al.
(2005), and the calculation of T in the following formula, the
crystallization temperature of biotite minerals in the samples of the
region has been obtained (Table 2).

T= ([ In (Ti)-a-c (X Mg)’}/b)*3** «T:480-800°C, Ti:0.04-0.6,
XMg:O.275-1 «a:2.3594, b:4.65¢%°, C: -1.728

According to this diagram, the crystallization temperature of
biotite minerals in hornblende gabbros is around 658 to 703
degrees Celsius and the crystallization temperature of biotites in
granodiorites is around 715 to 734 degrees Celsius (Fig. 9).

Using amphibole minerals is a common method for evaluating
temperature, pressure, and oxygen fugacity. Because these
minerals crystallize in all calc-alkaline infiltration bodies of
acidic, intermediate, and basic compounds and are stable at high
temperatures and pressures. Also, the chemical compositions of

amphibole minerals change based on temperature, pressure, oxygen
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fugacity, and the type of coexisting phases. For example, the
amount of aluminum in amphibole minerals depends on the depth
of crystallization and pressure (Hammarstrom and Zen, 1986), and
the amount of titanium in hornblende has a direct relationship with
temperature (Anderson and Smith, 1995).

According to the diagram of Al (IV) versus Ti from Helz (1973),
the formation temperature of hornblende gabbro amphiboles
is around 750°C and the formation temperature of amphibole
minerals in granodiorites is 740°C (Fig. 10-a). Oxygen fugacity is
one of the main factors in the creation of minerals in a rock, which
depends on the conditions of the magma’s tectonic environment. To
evaluate oxygen fugacity, amphibole minerals A1"Y>0.75 and Fe(t)/
(Fe(t)+tMg)> 0.3 are suitable. Based on changes in oxygen fugacity
and temperature, the pressure can be estimated. If the fugacity of
oxygen is high, the pressure decreases (Anderson and Smith, 1995).
In the diagram of Fe(t)/Fe(t)+Mg versus Al®™Y) from Anderson and
Smith, 1995, the amphibole minerals of the samples of the studied
area are located at high oxygen fugacity (Fig. 10- b).

3.3. Tectonic environment

According to the diagram of Na,0 vs. TiO, from Molina et al.
(2009), the amphiboles of the samples of this area have a sub-
alkaline characteristic (Fig. 11- a). The chemical composition of
amphibole minerals can be used to determine different tectonic
environments, especially the differentiation of subduction
environments from intraplate environments. Amphiboles from
subduction environments have lower Na,O and TiO, than those
from intraplate environments (Coltorti et al., 2007). According
to the graph of Na,O versus SiO, from Coltorti et al. (2007), the
amphibole minerals of the samples of the studied area are located
in the subduction zone (Fig. 11- b).

The studied area is located in the southeast of the Sanandaj-Sirjan
zone, and this zone is the most turbulent and unstable structural
zone in Iran (Dewey et al., 1986) and it was created for three
reasons, which are: 1- subduction along the active margin of central
Iran on the Northeastern border of Tethys. 2- Ophiolitic subduction
along the Northeastern border of Tethys. 3- The continental
collision of Central Iran and Arabia in the Miocene (Fazlnia, 2019).
Many metamorphosed or non-metamorphosed intrusive bodies are
located in different parts of this zone and among the metamorphosed
rocks. In the southern part, there are more gabbro bodies than in the
northern part. The age of the intrusive bodies in the Southern part of

the Sanandaj-Sirjan zone is older (Triassic) than the Northern part

of this zone (Late Jurassic and Late Cretaceous) (Ghorbani et al.,
2007). Accordingly, Talebian and Jackson (2004), believe that the
subduction of the Southern part of the Sanandaj-Sirjan zone is more
than its northern part.

The age of Tale Pahlevani is 170.5+1.9 Ma. and the granodiorite
batholith of Shahr Babak City is 164.3£8.1 Ma. (Fazlnia et al.,
2007). The granodiorite body of the region protrudes along the

gabbro bodies and between them.

4. Conclusion

According to the studies conducted in the region and this article,
the gabbros of the area are part of the precursor gabbros of the
Shahr Babak granodiorite intrusive body, and the most important
evidence of this claim are 1- The gabbros are linear and located
on the margins of the granodiorites. 2- Granodiorite enclave is not
seen in gabbros. 3: The age of gabbros is older than granodiorites.
Therefore, it can be concluded that the gabbroic rocks of the studied
area were replaced before the granodiorites and the granodiorites of
this area are the youngest and last magmatic phase.

In plagioclase and pyroxene samples of the region, disequilibrium
textures are observed during magma solidification, such as sieve
textures and zoning. The presence of hydrous minerals in the
samples of this region and the changes in the fugacity of water
play an essential role in the stability and solubility of plagioclase
and pyroxene minerals in magma, and these factors lead to the
formation of sieve tissue by processes such as pressure reduction
and the release of volatile substances.

In mineral chemistry studies, the composition of opaque minerals
varies from magnetite-titanomagnetite (iron-titanium oxide) to
a solid solution of ulvospinel. Biotites are magnesium biotites.
Amphiboles are calcic amphiboles in the igneous, subalkaline range
and are related to subduction. Amphiboles of hornblende gabbros
are magnesium hornblende and tschermakite, and amphiboles of

granodiorites are magnesium hornblende and actinolite.
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Figure 2- a) The general view of the study area. b) The view of the Tale Pahlevani mafic mass. ¢) The general view of the hornblende gabbros.

d) Massive and rounded hornblende gabbros. e) The general outcrop of the mass Granodiorite. f) Erosion of onion skin in granodiorite.
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Figure 3. Classification diagrams of internal
igneous rocks from Streckeisen (1976). a) The
position of hornblende gabbro of the studied
area in the diagram of internal igneous rocks
Mafic. b) The position of granodiorite of the
studied area in the classification diagram of
the QAP medal.
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Figure 4- a) Intergranular and sieve textures in hornblende gabbros. b) Corona texture around olivine in hornblende gabbros.

c¢) Conversion of pyroxene to amphibole in hornblende gabbros. d) Granular texture in granodiorites. e) Granophyre texture in

granodiorites. f) Alteration of biotite to blue chlorite in granodiorites. Mineral abbreviations from Whitney and Evans (2010).

(P1: Plagioclase, Afs: Alkaline feldspar, Px: Pyroxene, Ol: Olivine, Bt: Biotite, Amp: Amphibole, Chl: Chlorite, Qz: Quartz).
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Table 1. A selection of the spot analysis results of opaque minerals in the samples. The calculation of cations based on 32 oxygen atoms

(Oxides of main elements based on wt% and cations based on apfu (atoms per formula units)).

Sample number
& Analyzed RA1-1-A1- | RA1-1-A3- | RAI1-1-A6- RA1-1-A8- | RA1-6-Al- | RA1-6-A7- | RA1-6-A10- | RA1-6-A14-
points Opq-4 Opgq-14 Opq-29 Opq-35 Opq-6 Opq-22 Opq-29 Opq-40
Rock type Hornblende | Hornblende | Hornblende | Hornblende G'raflo G'raflo G.raflo G.raflo
gabbro gabbro gabbro gabbro diorite diorite diorite diorite
SiO, 0.0525 0.0028 0.0087 0.0774 0.0721 0.0748 0.0937 0.0547
TiO, 1.3403 3.17 50.74 10.96 49.29 2.24 1.4663 1.2755
ALO, 0.6705 222 0.0462 2.42 0 1.3542 0.5541 1.344
Fe,0, 67.587 61.331 0 45.06 0 64.457 67.245 66.622
FeO 33.502 34.591 47.58 40.633 46.03 33.919 334 33.151
MnO 0.0956 0.1799 3.04 1.1556 3.9 0.2935 0.1471 0.1516
MgO 0.0069 0.1418 0.0337 0.0988 0 0.0085 0.0172 0.065
CaO 0 0 0.0112 0 0.0835 0 0 0
Na,O 0 0 0 0.0532 0.0048 0.03 0 0
K,0 0 0.0218 0 0 0 0 0.0024 0
Cr,0, 0.4088 0.3347 0.0029 0.2094 0 0.1431 0.152 0.1543
T"t(*"; t‘f,zi)des 103.6636 101.993 101.4627 100.6674 99.3804 | 102.5201 103.0778 102.8181
OX 32 32 32 32 32 32 32 32
Si 0.016 0.001 0.003 0.023 0.022 0.022 0.028 0.016
Ti 0.298 0.709 11.356 2.462 11.259 0.502 0.328 0.285
Al 0.234 0.778 0.016 0.852 0 0.475 0.194 0.471
Fe? 8.287 8.602 11.839 10.149 11.689 8.446 8.311 8.234
Fe® 15.043 13.724 0 10.128 0 14.443 15.058 14.891
Mn 0.024 0.045 0.766 0.292 1.003 0.074 0.037 0.038
Mg 0.003 0.063 0.015 0.044 0 0.004 0.008 0.029
Ca 0 0 0.004 0 0.027 0 0 0
Na 0 0 0 0.018 0 0 0 0
K 0 0 0 0 0 0 0 0
Cr 0.096 0.079 0.001 0.049 0 0.034 0.036 0.036
Total cations 24.001 24.001 24 24.017 24 24 24 24
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Table 2. A selection of the spot analysis results of biotite minerals in the samples. The calculation of cations based on 22

oxygen atoms (Oxides of main elements based on wt% and cations based on apfu (atoms per formula units)).

Sample number & | RA1-1-A5- RA1-1-A10- RA1-6-A3- RA1-6- RA1-6- RA1-6- RA1-6- RA1-6-
Analyzed points Bt-21 Bt-42 Bt-11 A4-Bt-14 | A6-Bt-18 | A7-Bt-21 | A9-Bt-27 | A13-Bt-36
Rock type Hornblende Hornblende Gfaflo G.raflo G.raflo G.raflo G.raflo Gfaflo
gabbro gabbro diorite diorite diorite diorite diorite diorite
SiO, 37.05 35.17 37.19 37.41 37.39 37.06 37.79 37.26
TiO, 1.94 2.69 4.57 4.29 4.65 4.36 4.13 4.11
ALO, 15.86 15.86 13.39 13.07 13.27 13.34 13.22 13.77
FeO 14.56 15.9 23.18 23.07 22.64 22.79 22.85 23.46
MnO 0.0844 0.1325 0.2214 0.1113 0.1621 0.2165 0.1593 0.1804
MgO 16.99 15.9 10.4 10.56 10.4 10.38 10.87 10.17
CaO 0.0573 0.0741 0.0141 0.0093 0.05 0 0 0.0159
Na,O 0.4916 0.3352 0.2255 0.2354 0.2967 0.1736 0.1865 0.1809
K,0 7.37 6.89 8.61 8.42 8.38 8.65 8.64 8.57
Cr,0, 0.0527 0.0165 0.0557 0 0.0224 0.072 0.0778 0.0114
Total oxides (Wt%) 94.456 92.9683 97.8567 97.176 97.2612 97.0421 97.9236 97.7286
OX 22 22 22 22 22 22 22 22
Si 5.513 5.358 5.618 5.673 5.654 5.635 5.671 5.63
Ti 0.214 0.311 0.517 0.491 0.527 0.502 0.469 0.463
Al 2.789 2.859 2.379 2.332 2.365 2.394 2.345 2.453
Fe™ 1.814 2.024 2.932 2.923 2.864 2.895 2.867 2.969
Mn 0.009 0.018 0.027 0.018 0.018 0.027 0.018 0.027
Mg 3.762 3.609 2.342 2.386 2.345 2.347 2434 2.288
Ca 0.009 0.009 0 0 0.009 0 0 0
Na 0.142 0.092 0.072 0.072 0.09 0.054 0.054 0.054
K 1.394 1.338 1.652 1.62 1.618 1.68 1.66 1.652
Cr 0 0 0 0 0 0 0.018 0
Total cations 15.646 15.618 15.539 15.515 15.49 15.534 15.536 15.536
Al 2.488 2.639 2.379 2.328 2.364 2.364 2.317 2.371
AAL M 0.301 0.22 0 0.004 0.019 0.03 0.028 0.082
Bt (kbar)-Jiang _ P
et al., 2008-22-0X- 1.921 2.133 0.678 0.536 0.636 0.724 0.575 0.903
Total Al
T_henry et al., 2005 657.791 702.854 730.739 724.638 734.013 727.436 719.925 714.738

\-
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Table 3. A selection of the spot analysis results of amphibole minerals in the samples. The calculation of cations based on 23 oxygen

atoms (Oxides of main elements based on wt% and cations based on apfu (atoms per formula units)).

Sample number & RA1-1-A3- RA1-1-A5- RA1-1-A5- RA1-1-A6- RAL- RAL- RAI- RAI-
Analyzed points Ampa-12 Ampb-19 Ampa-20 Ampb-27 6-Al- 6-AT- 6-A9- e
Amp-5 Amp-23 Amp-26 Amp-34
Tk (e Hornblende Hornblende Hornblende Hornblende G.raflo G.ra{w G_rafm G.rafm
gabbro gabbro gabbro gabbro diorite diorite diorite diorite
SiO, 41.99 51.9 44.08 52.59 53.41 47.13 52.06 47.61
TiO, 0.6705 0.3443 0.8541 0.3935 0.152 1.0943 0.2382 1.2634
ALO, 13.5 441 11.22 3.34 1.7841 5.95 2.15 6.03
Fe,0, 11.701 13.258 13.026 12.114 8.265 11.621 7.331 10.455
FeO 4.891 0 2.508 0.329 9.953 10.423 11.924 10.992
MnO 0.2352 0.3636 0.2873 0.3765 0.2994 0.477 0.731 0.4905
MgO 12.35 18.36 14.15 18.26 14.13 10.94 12.77 10.9
CaO 10.9 10.09 10.66 11.1 11.48 10.45 11.6 10.4
Na,0 2.54 0.927 2.35 0.8012 0.341 1.2279 0.4118 1.2681
K,0 0.2794 0.0959 0.3378 0.0677 0.1138 0.5503 0.1185 0.543
Cr,0, 0.0403 0 0.0373 0.0237 0.0576 0 0 0.0124
Total oxides (Wt%) 99.097 99.748 99.510 99.395 99.985 99.863 99.334 99.964
OX 23 23 23 23 23 23 23 23
Si 6.069 7.101 6.283 7.291 7.586 6.873 7.527 6.923
Ti 0.073 0.035 0.092 0.041 0.016 0.12 0.026 0.138
Al 23 0.711 1.885 0.546 0.299 1.023 0.366 1.033
Fe™ 0.591 0 0.299 0.038 1.182 1.271 1.442 1.337
Fe® 1.273 1.365 1.397 1.264 0.883 1.275 0.797 1.144
Mn 0.029 0.042 0.035 0.044 0.036 0.059 0.09 0.06
Mg 2.661 3.745 3.007 3.774 2.992 2.379 2.752 2.363
Ca 1.688 1.479 1.628 1.649 1.747 1.633 1.797 1.62
Na 0.712 0.246 0.649 0.215 0.094 0.347 0.115 0.357
K 0.052 0.017 0.061 0.012 0.021 0.102 0.022 0.101
Cr 0.005 0 0.004 0.003 0.006 0 0 0
Total cations 15.453 14.741 15.34 14.877 14.862 15.082 14.934 15.076
Al 1.931 0.711 1.717 0.546 0.299 1.023 0.366 1.033
Al 0.369 0 0.167 0 0 0 0 0
T 100 100 100 100 100 100 100 100
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Figure 5. The location of the opaque minerals of the

studied area samples in the triangular diagram of the

FeO-TiO,-Fe O, solid system from Grant and West

(1965).
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Figure 6- a) The position of biotites in the diagram of Fe*?/(Fe™+Mg) vs.
Si from Rieder et al. (1998). b) The position of biotites in the diagram of
Si vs. Fe™/(Fe?+Mg) from Speer (1984). c) The position of biotites in
the FeO-MgO-AL O, diagram from Fleet et al. (2003). d) The position of
biotites in the FeO+MnO-10TiO,-MgO diagram from Nachit et al. (2005).
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