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1. Introduction

ABSTRACT

The Metabasites in the Meydanak area are exposed in the Doroud-Azna (Zhan) magmatic-
metamorphic complex, which is part of the Sanandaj-Sirjan structural zone. The main minerals include
amphibole, plagioclase, and quartz, with minor minerals such as chlorite, epidote, biotite, titanite,
and opaque (mainly ilmenite). Plagioclase composition ranges from anorthite (2.69-36.07 %), albite
(63.44-97.04 %), and orthoclase (0.18-0.49 %). Amphiboles are calcic, including magnesio-
hornblende and tschermakite. The temperature and pressure of the studied amphiboles are about
830-867 °C and 3.8-6.5 kbar, respectively. Additionally, the temperatures calculated from the
plagioclase-amphibole pairs range between ~600 °C and 720 °C, indicating that the metamorphic
environment of these rocks formed under moderate to high-temperature conditions. The pressures
obtained with this method range from 5.1 to 6.7 kbar, indicating a depth of 18 to 24 km within the
metamorphic environment of the middle and lower continental crust, equivalent to a geothermal
gradient of approximately 30 °C/km. Therefore, the region’s rocks have undergone upper amphibolite
metamorphic facies at relatively high temperatures during a significant metamorphic event, resulting

in the migmatization of the rocks.

The area is part of the Azna-Dorud metamorphic complex, located
16 km northeast of Dorud (western Iran), with geographical
coordinates between 49°3'56" to 49°17'55"E and 33°30'24" to
33°39"27"N. This areais apart of the 1:250,000-scale Khorramabad
geological map (Berthier et al., 1992) and the 1:100,000-scale
Shazand geological map (Sahandi et al., 2006). Structurally,

it is a part of the Sanandaj-Sirjan Zone, which belongs to the

Zagros orogenic belt (Figure 1-a-b). The area has a complex and
prolonged metamorphic history, experiencing multiple tectonic
and deformational events in addition to metamorphism, with the
main metamorphic phase occurring in the Jurassic (Davoudian et
al., 2016). This metamorphism occurred through intra-continental
subduction and slab break-off processes (Shabanian and Neubauer,
2024).
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Mineralogy and chemical composition of minerals are key
tools for understanding geological and metamorphic processes
(Princivalle et al., 2000; Avanzinelli et al., 2004). Minerals such as
plagioclase, amphibole, epidote, and ilmenite play a crucial role in
interpreting the petrological evolution of the rocks, including their
origin and formation conditions. The chemical composition of these
minerals helps determine the temperature and pressure conditions
of metamorphic and magmatic processes and the tectonic settings
in which these rocks formed.

This study examines the chemical composition of minerals in
the region’s amphibolites and utilizes the data obtained to calculate
metamorphic temperature and pressure conditions. By analyzing
the chemistry of amphibole, plagioclase, epidote, and ilmenite, this
research aims to provide detailed insights into the metamorphic
processes that contributed to the formation of these rocks. These
analyses are essential for better understanding of the geological
history, tectonic events, and metamorphic evolution of the region,

as part of the Zagros orogeny.

2. Research Methodology

This study was conducted based on geological maps, satellite
imagery, field observations, petrography on thin sections, and
mineral chemical analyses on selected samples from the Meydanak
amphibolites. A total of 41 thin-section samples were prepared
and studied. After petrographic observations, electron microprobe
analyses (EPMA) were performed on polished thin sections at the
Department of Geology, University of Salzburg, Austria, using
a JEOL-JX860 system (equipped with three spectrometers and
LiF, PET, and TAP crystals). The analysis was conducted under
conditions of 15 kV accelerating voltage, with a counting time of
10 seconds for peaks and 3 seconds for the background. The point

analysis accuracy for major element oxides was about 0.01%.

3. Results

The results of electron microprobe analysis (EPMA) of amphiboles
in the Meydanak amphibolites are presented in Table 1. The
normalization method Si + Ti + Al + Fe + Mn = 13 was used to
calculate the structural formula of the amphiboles, as it provided
the most accurate results (Cosca et al., 1989). The Fe** and Fe**
values in the structural formula were determined using the methods
of Droop (1987) and Leake et al. (1997).

Based on EPMA results, amphiboles from these metabasic
rocks, according to the classification of Leake et al. (1997), which
considers the type of elements present in the B-site of the crystal
structure, fall within the group of calcic amphiboles (Figures
6-a and 6-b). The composition of calcic amphiboles reflects the
composition of their host rock (Leake, 1978). To simplify amphibole

classification, diagrams in Figure 2 were used (Leake et al., 1997).

According to the TSi vs. Mg/(Mg+Fe*") diagram (Leake et
al., 1997), the amphiboles are classified as magnesio-hornblende
and tschermakite (Figure 6-c). The Mg/(Mg+Fe*") ratio in these
amphiboles ranges from 0.54 to 0.67, indicating a higher MgO
content relative to FeO in their structure (Table 1).

Based on the NBa vs. Si diagram (Leake et al., 1997), the EPMA
results show that all analyzed amphiboles fall within the pargasite/
tschermakite and hornblende/edenite fields (Figure 6-d). These
compositions indicate diverse pressure-temperature conditions in
the formation environment. In general, the presence of pargasite and
tschermakite suggests higher temperature and pressure conditions,
while hornblende and edenite represent a broader range of pressure-
temperature conditions.

The chemical composition of amphiboles provides insights into
their origin and tectonic setting. Generally, magmatic amphiboles
have Si < 7.3, while those with Si > 7.3 result from subsolidus
processes. Additionally, alkaline amphiboles contain higher Na:O,
TiO2, K20, and Al:Os compared to sub-alkaline types.

According to the Si vs. (Ca+Na+K) diagram, all analyzed
amphiboles fall within the primary amphibole field. The variations
in Si (6.4 to 6.7) and total Ca+Na+K (2.1 to 2.3) indicate an igneous
origin for them. The AlV!'vs. Al"Y diagram (Fleet and Barnett, 1978)
also corresponds with this classification.

However, since these rocks have undergone metamorphism,
the amphiboles are now considered metamorphic amphiboles.
Therefore, caution is required when using igneous vs. metamorphic
amphibole classification diagrams, as geological context is
important and must be considered. In this region, the rocks have

been entirely metamorphosed.

4. Discussions

The amphibolite rocks in the area, alongside orthogneisses,
represent one of the most abundant metamorphic lithologies in
the Meydanak region. Mineralogically, these rocks are composed
predominantly of amphibole, plagioclase, and quartz. Chemical
analyses of plagioclase samples reveal that the anorthite content
ranges from 2.69 % to 36.07 %, albite from 63.44 % to 97.04
%, and orthoclase from 0.18 % to 0.49 %. These compositions
reflect the metamorphic processes and tectonic history of the
region. Variations in plagioclase chemistry indicate changes in the
crystallization environment, likely influenced by fluctuations in
temperature, pressure, and possibly the chemical composition of
the surrounding medium.

Based on EPMA analyses, the amphiboles are classified as calcic
amphiboles, specifically magnesio-hornblende and tschermakite.
These mineral compositions suggest medium to high-temperature
and medium-pressure conditions associated with magmatic and

metamorphic processes. The estimated temperatures for peak
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condition of metamorphism range from approximately 830°C to
867°C with pressures between 5.1 and 6.7 kbar (according to the
method of Ridolfi et al. 2010), indicating high-grade metamorphism
within the upper amphibolite to incipient granulite facies, likely
driven by intense regional tectonic events.

Petrographic observations and Ps values reveal the presence
of secondary epidote, specifically clinozoisite, which typically
forms under low- to medium-grade metamorphic conditions. These
epidotes reflect retrograde metamorphic processes following peak
metamorphism in the geological history of these rocks.

The mineralogical evidence (presence of magnesio-hornblende
and tschermakite) and analytical results collectively indicate
that the area underwent significant tectono-metamorphic events,
resulting in the formation and evolution of these rocks. Overall, the
findings contribute to a better understanding of the metamorphic
history, from peak high-grade amphibolite facies metamorphism
to retrograde conditions corresponding to the greenschist facies,
within the region.

Amphibolite rocks are one of the most abundant metamorphic
rocks found alongside orthogneiss. The main minerals include
amphibole, plagioclase, and quartz. The mineral chemistry of the
plagioclase samples shows that the amounts of anorthite range
from 2.69 to 36.07%. Additionally, the present epidotes are of the
substitutional and clinopyroxene type, reflecting transformations
following the peak of metamorphism. These compositions reflect
the characteristics of metamorphic processes related to the
geological history of the area.

The chemical composition of the amphiboles indicates
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that all samples are classified as calcic amphiboles, including
magnesio-hornblende and tschermakite. According to quantitative
geothermobarometric results (Holland and Blundy, 1994), the
estimated temperature for the peak condition of the metamorphism
in the rocks is around 600 to 720 °C, while the pressure range is
from 5.1 to 6.7 kbar, indicating a relatively high-grade metamorphic
condition. This corresponds to an average peak geothermal
gradient of 30 °C/Km during the metamorphism event. These
results emphasize the significant metamorphic processes that have
contributed to the formation and evolution of these rocks, aiding
in clarifying the metamorphic evolution history within the tectonic
framework of the region.

The metamorphic rocks of the region, including amphibolites
of Meydanak in the North of Doroud, have undergone high-
temperature amphibolite facies during an important metamorphism

event.

5. Conclusion

The mineral chemistry of the amphiboles shows that these crystals
are classified as magnesio-hornblende and tschermakite.

The estimated P-T conditions for the formation of the metamorphic
rocks are T = 600-720 °C and P = 5.1 to 6.7 Kbar for high-
temperature amphibolite facies.

Based on geothermobarometric calculations, an average peak
geothermal gradient of 30 °C/Km has been proposed during the
metamorphism event.

The high-grade metamorphic phase has been responsible for

migmatization in the metabasic rocks.
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Figure 1- a) The location of the area on the structural map of Iran. b) Geological map of the area taken from (modified after Shabanian

et al., 2018).
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Figure 3. Spaced foliation of rough type (XPL), b) S-C shear band cleavage texture (XPL), c¢) View of

simple twinning in an amphibole crystal. Amphibole crystals with two sets of intersecting cleavages in the

plane of perpendicular to the c-axis, d) Amphibole crystals with a set of cleavages in a plane of parallel

to the c-axis, showing the curvature of the amphibole crystal (XPL), e) View of Amphibole fish, group 1
(PPL), f) fish amphibole, Group 5 (XPL), g) The alteration of amphibole crystal into epidote and chlorite

(XPL), h) View of overprint biotite on amphibole mineral (PPL), i) undulous extinction in plagioclase

crystals (XPL).
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Figure 4- a) Sericitization of plagioclase, deformation twin in plagioclase, polysynthetic twin with sharp
and as stepped, b) View of deformation twin in a plagioclase crystal (XPL), ¢) Rectangular grain boundary
migration between amphibole and plagioclase minerals (XPL), d) View of undulous extinction in quartz
crystals, e) Microphotograph of chequerboard extinction in quartz crystals, quartz crystals with 120°
angle of GBAR type (XPL), f) New fine-grains formed around older quartz grains (XPL), g) New quartz
grains formed by dynamic recrystallization (GBM), recrystallization with bulging at crystal boundaries

(XPL), h) Titanite surrounds ilmenite (XPL), i) Apatite inclusions in plagioclase crystals (XPL).
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Table 1. Results of electron microprobe analyses of amphiboles from the amphibolite rocks of Meydanak, based on 13 cations.

Sample NI18-2-1_1 | N18-2-1 5 | N18-2-1 10 | N18-2-1_13 | N18-2-1_20 | N18-2-1 21 | N18-2-1 22 | N18-2-1 24 | N18-2-1 26 | N18-2-1 28
SiO, 44.36 44.90 43.08 44.79 4431 42.93 44.64 43.65 44.82 42.97
TiO, 0.81 0.76 0.70 0.76 0.70 0.97 0.84 0.72 0.71 0.94
ALO, 11.24 10.25 10.84 10.37 11.23 11.33 10.86 10.98 9.83 11.26
FeO 19.20 18.40 19.90 18.32 19.35 20.20 18.08 18.97 18.25 18.87
MnO 0.25 0.28 0.25 0.21 0.25 0.19 0.25 0.22 0.22 0.26
MgO 9.13 9.65 9.57 9.63 8.68 8.82 9.61 9.69 10.02 9.06
CaO 10.99 10.93 10.30 10.95 10.88 10.69 11.10 10.85 11.06 11.00
Na,0 127 1.42 1.23 1.31 1.31 1.40 133 135 1.44 1.43
K,0 0.52 0.43 0.44 0.49 0.54 0.54 0.50 0.49 0.41 0.48

TOTAL 97.76 97.03 96.32 96.82 97.28 97.07 97.20 96.92 96.77 96.27

Si 6.58 6.69 6.47 6.69 6.62 6.43 6.64 6.51 6.69 6.48
Ti 0.09 0.09 0.08 0.09 0.08 0.11 0.09 0.08 0.08 0.11
Al 1.96 1.80 1.92 1.83 1.98 2.00 1.90 1.93 1.73 2.00

Fe(iii) 0.63 0.56 0.92 0.56 0.56 0.83 0.55 0.83 0.60 0.69
Fe(ii) 1.75 1.73 1.58 1.73 1.86 1.70 1.70 1.54 1.68 1.69
Mn 0.03 0.04 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03
Mg 2.02 2.14 2.14 2.14 1.93 1.97 2.13 2.15 223 2.04

Ca 1.75 1.75 1.66 1.75 1.74 1.72 1.77 1.73 1.77 1.78

Na 0.37 0.41 0.36 0.38 0.38 0.41 0.38 0.39 0.42 0.42

K 0.10 0.08 0.09 0.09 0.10 0.10 0.10 0.09 0.08 0.09
TOTAL 15.20 15.23 15.08 15.21 15.21 15.21 15.24 15.20 15.26 15.28
Fe*/(Fe*+Fe’) 0.65 0.68 0.42 0.68 0.69 0.57 0.69 0.56 0.67 0.66
Fe’/(Fe’+Fe?) 0.35 0.32 0.58 0.32 0.31 0.43 0.31 0.44 0.33 0.34
Mg/(Mg+Fe*) 0.57 0.58 0.67 0.58 0.54 0.58 0.58 0.62 0.59 0.57
Fe*'/(Fe**+[6] Al) 0.63 0.62 0.83 0.61 0.57 0.73 0.57 0.72 0.65 0.64
T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Si 6.55 6.67 6.40 6.66 6.59 6.40 6.62 6.48 6.67 6.46

Al (iv) 1.42 1.31 1.53 1.31 1.38 1.57 1.36 1.49 1.31 1.52

C 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Al (vi) 0.54 0.49 0.39 0.51 0.59 0.44 0.54 0.43 0.42 0.48

Ti 0.09 0.08 0.08 0.08 0.08 0.11 0.09 0.08 0.08 0.11

Fe(iii) 0.84 0.74 1.43 0.74 0.75 1.07 0.69 1.04 0.75 0.81
Fe(ii) 1.53 1.55 1.04 1.54 1.65 1.44 1.55 1.32 1.52 1.56
Mn 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03
Mg 2.01 2.14 2.12 2.13 1.92 1.96 2.12 2.14 2.22 2.03

B 2.00 2.00 1.99 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Ca 1.74 1.74 1.64 1.74 1.73 1.71 1.76 1.72 1.76 1.77
Na 0.26 0.26 0.35 0.26 0.27 0.29 0.24 0.28 0.24 0.23
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Continued from Table 1. Results of electron microprobe analyses of amphiboles from the amphibolite rocks of Meydanak, based on 13

cations.
Sample N18-2-1_1 | N18-2-1_5 | N18-2-1_10 | N18-2-1_13 | N18-2-1_20 | N18-2-1_21 | N18-2-1_22 | N18-2-1_24 | N18-2-1_26 | N18-2-1_28
A 0.20 0.23 0.08 0.21 0.21 0.21 0.24 0.20 0.26 0.28
Na 0.10 0.15 0.00 0.12 0.11 0.11 0.14 0.11 0.18 0.19
K 0.10 0.08 0.08 0.09 0.10 0.10 0.10 0.09 0.08 0.09
Fe(iii) 0.84 0.74 1.43 0.74 0.75 1.07 0.69 1.04 0.75 0.81
Fe(ii) 1.53 1.55 1.04 1.54 1.65 1.44 1.55 1.32 1.52 1.56
FeT 2.37 2.28 2.47 2.28 241 2.52 2.24 2.35 2.27 2.37
Mg 2.01 2.14 2.12 2.13 1.92 1.96 2.12 2.14 2.22 2.03
P (Kbar)' 6.29 5.53 6.02 5.64 6.36 6.47 6.01 6.12 5.20 6.49
P (Kbar) 2 4.81 4.13 4.56 4.23 4.87 4.96 4.56 4.66 3.84 4.98
Si* 7.87 7.99 7.87 7.97 791 7.78 7.89 7.83 7.99 7.75
T (°C)? 848.99 831.30 848.82 833.06 843.25 861.84 846.31 855.37 830.20 867.47
1: P (Schmidt, 1992), P (+0.6Kb) =-3.01+4.76Al"
2: P (Johnson & Rutherford, 1989), P(+.0.5Kbar)=-3.46+4.23Al"
3: T °C (Ridolfi et al., 2010)
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Figure 5. Classification of amphiboles and positions of the samples (Leake et
al., 1997).
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Figure 6- a and b) Si (a.p.fu.) versus K+Na+Ca diagram (Keeditse et al.,

2016). c) the samples on the AIY! vs Al diagram, which discriminates

between igneous from metamorphic amphiboles (Fleet and Barnett, 1978).
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Figure 8. Pressure estimation based on the
chemical composition of the amphiboles

(Schmith, 1992).
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Figure 7. Oxygen fugacity using the chemical
composition of amphiboles (Anderson and Smith,

1995).
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Table 2. Calculation of T and P of metamorphism by combining two methods of geothermometry (Holland

and Blundy, 1994) and geobarometry (Anderson and Smith, 1995) along with calculation of average depth

and geothermal gradient.

Mineral geothermal

T (°C) P (Kbar) Depth gradient

Plagioclase Amphibole (Km) °C/Km
1 N18-2-1 2 N18-2-1_1 683.1 6.2 22.1 30.8
2 N18-2-1 4 N18-2-1_10 595.0 6.7 239 249
3 N18-2-1_17 N18-2-1_21 720.1 5.8 20.7 34.8
4 N18-2-1_25 N18-2-1_26 686.4 5.1 18.2 37.7
average 674.3 5.9 21.1 32.3
Min 595.0 5.1 18.2 249
Max 720.1 6.7 239 37.7
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Figure 10. Diagram showing the composition
of feldspars from the study area on the
orthoclase—albite—anorthite ternary plot (Deer
etal, 1991).
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Figure 9. Si vs. Ti plot (Liao et al., 2021) of the
amphiboles with high-grade amphibolite (HAM),
high-temperature granulite (HT-GR) and ultra-high-
temperature granulite (UHT) facies boundaries, in
which the amphiboles are mainly plotted within the
high-grade amphibolite facies field.
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Table 3. Results of EPM analyses of feldspars from the study area, along with calculation of their structural formula based on 8 oxygen atoms.

ov;t"j(z: N18_2 | N18_ 3 | N18 4 | N18_7 | N18_8 | N18_9 | N18_17 | N18_18 | N18_19 | N18 25 | N18 27 | N18_7 | N18_9 | N18_10 | N18 12
Sio, 58.87 | 58.50 | 67.00 | 59.86 | 58.41 | 58.09 | 59.47 68.10 67.76 59.76 57.12 | 59.28 | 5891 | 60.57 60.56
TiO, 0.02 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00
ALO, | 25.55 | 25.83 | 21.20 | 25.22 | 26.03 | 25.80 | 24.89 20.29 20.09 24.82 2547 | 24.76 | 2522 | 24.23 24.92
FeO 0.14 0.09 0.29 0.08 0.02 0.04 0.13 0.06 0.11 0.03 0.03 0.03 0.10 0.03 0.09
CaO 6.94 7.23 1.46 6.37 7.33 7.36 6.34 0.60 0.61 6.58 7.59 7.11 7.19 6.04 6.31
Na,O 7.73 7.65 11.34 | 8.12 7.51 7.53 8.04 11.89 11.73 8.06 7.37 7.93 7.72 8.44 8.35
K,0 0.04 0.06 0.06 0.07 0.06 0.07 0.04 0.05 0.04 0.06 0.09 0.03 0.05 0.05 0.05
TOTAL | 99.32 | 99.37 | 101.36 | 99.74 | 99.36 | 98.89 | 98.95 | 101.02 | 100.35 | 99.33 97.69 | 99.20 | 99.21 | 99.38 | 100.31
Formula units based on 8 oxygen atoms
Si 10.58 | 10.52 | 11.63 | 10.70 | 10.50 | 10.50 | 10.71 11.82 11.84 10.72 10.47 | 10.68 | 10.61 10.85 10.76
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 5.41 5.47 434 5.31 5.51 5.50 5.28 4.15 4.14 5.25 5.50 5.25 5.35 5.11 522
Fe(ii) 0.02 0.01 0.04 0.01 0.00 0.01 0.02 0.01 0.02 0.00 0.00 0.01 0.02 0.00 0.01
Ca 1.34 1.39 0.27 1.22 1.41 1.42 1.22 0.11 0.11 1.27 1.49 1.37 1.39 1.16 1.20
Na 2.69 2.67 3.82 2.81 2.62 2.64 2.81 4.00 3.97 2.80 2.62 2.77 2.69 2.93 2.87
K 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
TOTAL | 20.06 | 20.08 | 20.11 | 20.06 | 20.06 | 20.08 | 20.05 20.11 20.09 20.06 | 20.10 | 20.09 | 20.07 | 20.07 20.08
An 33.08 | 3420 | 6.62 | 30.11 | 34.94 | 3494 | 30.30 2.69 2.78 31.00 36.07 | 33.06 | 33.90 | 28.27 29.40
Ab 66.69 | 65.49 | 93.07 | 69.51 | 64.75 | 64.68 | 69.50 97.04 96.99 68.67 63.44 | 66.75 | 6581 | 71.43 70.33
Or 0.23 0.31 0.31 0.38 0.32 0.37 0.20 0.26 0.23 0.33 0.49 0.18 0.29 0.30 0.28
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Table 4. Results of EMP analyses of the epidotes along with calculation of their structural formula.
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Figure 12- a) The composition of the ilmenite crystals on the FeO-Fe,0,-TiO,

diagram (Deer et al., 1991). b) Correlation diagram of FeO vs. MnO c) Correlation
diagram of FeO vs. TiO,.
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Sample N18-11 N18-12 Sample N18-11 N18-12
SiO, 38.61 38.544 Si 6.28 6.32
TiO, 0.06 0.00 Ti 0.01 0.00
ALO, 28.03 27.383 g Al 5.37 5.30
)
Fe,O, 7.37 8.615 E’ Fe (iii) 0.45 0.53
MnO 0.02 0.072 § Mn 0.00 0.01
MgO 0.00 0.022 % Mg 0.00 0.01
w
CaO 22.47 21.953 2 Ca 391 3.86
w
SrO 0.00 0.00 ,E Sr 0.00 0.00
]
Na,O 0.00 0.01 $J Na 0.00 0.00
K,0 0.00 0.00 K 0.00 0.00
Cr,0, 0.027 0.019 TOTAL 16.03 16.03
Total 96.587 96.618
Rutile
(Anatase, Brookite)
a TiO,
FeTi,0,
Ferropseudobrookity
FeTiO, Fe,TiO,
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Figure 11. Diagram showing the composition
of epidote group minerals (Franz and

Liebscher, 2004; Armbruster et al., 2006).
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Table 5. Results of the EMP analyses of the Ti-Fe oxides (ilmenite) along with the calculation of their

structural formula.

N18_6 N18_15 N18_ 16 | N18 23 | N18_2 N18_6 N18_15
SiO, 0.00 0.01 0.02 0.01 0.03 0.03 0.01
TiO, 52.15 52.18 51.97 52.05 51.04 51.26 50.40
ALO, 0.02 0.00 0.00 0.00 0.00 0.00 0.01
FeO 47.03 46.54 46.82 46.92 48.19 47.31 48.43
MnO 1.70 1.84 1.80 1.66 1.57 1.70 1.46
MgO 0.09 0.11 0.09 0.11 0.10 0.11 0.06
CaO 0.01 0.03 0.05 0.04 0.09 0.05 0.00
Na,O 0.00 0.00 0.01 0.00 0.00 0.01 0.00
K,0 0.00 0.00 0.01 0.00 0.00 0.00 0.00
TOTAL 101.03 100.71 100.76 100.78 101.01 100.47 100.38
Formula units are based on 6 oxygen atoms.
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 1.96 1.96 1.96 1.96 1.91 1.93 1.90
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe (iii) 0.08 0.07 0.09 0.08 0.17 0.13 0.20
Fe (ii) 1.88 1.88 1.87 1.88 1.84 1.85 1.84
Mn 0.07 0.08 0.08 0.07 0.07 0.07 0.06
Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Fe/Fet+tMg 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Fe (ii) 1.88 1.88 1.87 1.88 1.84 1.85 1.84
Fe (iii) 0.08 0.07 0.09 0.08 0.17 0.13 0.20
Fe?/(Fe*+Fe’) 0.96 0.96 0.96 0.96 0.91 0.93 0.90
Fe¥/(Fe’+Fe?) 0.04 0.04 0.04 0.04 0.09 0.07 0.10
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Figure 13- a) Pressure-temperature diagram for showing metamorphic facies in the rocks with mafic igneous source (Bartoli et al., 2024),

samples are plotted in the range of amphibolite and melt-bearing amphibolite facies. b) The P-T results on geothermal gradient diagram.
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