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amphibole, . In addition to plagioclase and amphibole, which are the main constituent phases,
geothermobarometry, mineral . K X N
chemistry, amphibolite, other minerals such as zircon, sphene and quartz are also found in amphibolites.
Makran. According to mineral chemistry, the amphiboles in these rocks are calcic type, and
compositionally range from magnesian to ferrohornblende. Geothermobarometry of
the amphiboles indicates a pressure < 7 kbar (4-6 kbar) and a temperature range of
750-800°C. Thus, geothermobarometry of amphiboles shows that the Makran
amphibolites were metamorphosed at high-temperature and low to medium pressure
metamorphic facies (Abukuma-type metamorphism).

have an igneous origin with an oceanic

Introduction

The Makran area is located in the south of
Jazmurian. In this area, metamorphic rocks
with different metamorphic facies including
amphibolites are found. These rocks usually
contain minerals such as plagioclase, garnet
and amphibole, which are very sensitive to
temperature and pressure changes and were
generally used to determine and investigate
the  temperature-pressure  changes  of
metamorphism (Zenk and Schulz, 2004).
Though several studies have been done on
ophiolites, amphibolites are poorly studied.
U-Pb dating of zircons in amphibolites
indicates Late Permian to Late Triassic ages
(Esmaeili et al., 2022). Geochemical studies
of Makran amphibolites show that these rocks

basaltic composition originated from an
enriched mantle (Souri et al., 2023).
Amphibolites are generally found in most
metamorphic  belts. So, studying and
determining their metamorphic temperature
and pressure plays an important role in
understanding the tectonothermal and
tectonometamorphic  changes  of  the
continental crust (Andreev et al., 2022).
Therefore, in this research, P-T metamorphic
condition of Makran amphibolites have been
studied using electron microprobe analysis
(EMPA) of amphibole, which can be an
effective step in clarifying the geological
events in this area.
Geological setting
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The studied amphibolites are located in
the northern Makran zone (southeastern Iran).
Amphibolites are mainly found in Bajgan-
Durkan complex. The northern Makran is
divided into four units, that from north to
south are: 1. Fanuj-Maskutan ophiolitic
complex, 2. Remeshk-Mokhtarabad ophiolite,
3. Bajgan-Durkan complex and 4. Tectonic
fragments of various rocks, including
ophiolite rocks from southern ocean basin
and the  Cretaceous volcanic  arc.
Amphibolites are exposed as discontinuous
lenses at the boundaries of the thrust with
other ophiolitic parts.

Analytical Methods

About 160 amphibolite samples from the
study area were collected during field
investigations. Then, 55 thin sections were
made from these rocks. Mineral chemical
analyses of amphiboles were performed on 4
polished thin sections, and 62 points of this
mineral were analyzed using an automated
JEOL JXA-8900 electron microprobe
analyzer (EPMA) at the Institute of Geology
and Geophysics, Chinese Academy of
Sciences (IGG-CAS) with an accelerating
voltage of 15 kV and a beam current of 20
nA. The number of cations in the structural
formula of amphibole is calculated based on
23 oxygen atoms (Table 1).

Petrography

In terms of field appearance and texture,
the studied amphibolites occur as foliated and
massive types. Mineralogically, they include
amphibolites, garnet-pyroxene amphibolites
and epidote-garnet amphibolites. Hornblende
and plagioclase are the most abundant
minerals. Garnet, epidote and clinopyroxene
are also present in some samples.

Amphibolites: These rocks are dark to
dark green in color and foliated to massive
with plagioclase-rich and amphibole-rich
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layers. The minerals include amphibole,
plagioclase, zircon, apatite, quartz and
sphene. The preferred foliation in these rocks
is clearly visible. Amphiboles are subhedral
to anhedral (55% by volume). Plagioclases
(40% by volume) are subhedral and mostly
altered to calcite and clay minerals. Quartz is
anhedral and present in the matrix. The
massive types are dark green in hand sample
with a fine- to coarse-grained texture, and no
very clear preferred orientation of minerals.
The minerals include amphibole, plagioclase,
zircon, quartz, apatite and sphene.

Garnet-pyroxene amphibolites: These
rocks are massive, light green to dark green
with fine- to coarse- grained texture. The
main texture of these rocks is granoblastic
and porphyrogranoblastic. The minerals
include garnet, pyroxene, amphibole,
plagioclase, zircon, quartz, apatite and
sphene. Plagioclase (15 vol. %) is subhedral
and mostly altered to calcite and clay
minerals. Amphiboles (40 vol. %) are green
and anhedral. Pyroxenes are clinopyroxene
(about 10 vol.%) and anhedral to subhedral.
Garnet is modally 30% and may reach several
millimeters in size. Sphene may form about
5% of the mode.

Epidote-garnet amphibolites:  These
rocks are massive and light green in color due
to the large amount of epidote (30 vol. %).
Constituent minerals include amphibole,
plagioclase, epidote, garnet, pyroxene and
quartz. Amphiboles are green and anhedral.
Plagioclase (25 vol. %) is subhedral and
mostly altered to calcite and clay minerals.
Epidote is fine- to medium-grained, anhedral
to subhedral, with a high relief and a
pistachio green color. Garnets in these rocks
(25 vol. %) are variable in size and mostly
anhedral. Clinopyroxene is modally less than
5%.
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Mineral chemistry

Structural formula of the analyzed points
of amphiboles were calculated on the basis of
15 cations and 23 oxygen. The amphiboles
were classified as Ca-amphibole group based
on the type of the elements in the B site of the
crystal structure.

In the Mg/(Mg + Fe?*) vs. Si diagram, the
studied amphiboles mainly show
compositional range from magnesian to
ferrohornblende. Furthermore, in the (K+Na)
vs. Si diagram, the amphiboles are mainly
magnesio- to ferro-hornblende while in the
Al vs. Ti diagram, they show a
compositional range of magnesio-hornblende.
Geothermobarometry

Hynes (1982) classified the calcic
amphiboles as low and medium pressure
based on Ti and Al' values. The analyzed
samples fall in the field of low to medium
pressure amphiboles. The comparison of the
studied amphibolites also shows that they are
of low to medium pressure facies, similar to
the Abukuma in Japan. The Al' vs.
Fe*/Fe*+Mg, Al vs. Si and Nams vs. AlY
diagrams show the pressure of < 7 kbar

amphiboles provide the pressures of < 7 kbar
(4-6 kbar) and the temperature of 750-800 °C.
Therefore, these rocks were metamorphosed
in low-medium pressure metamorphic facies,
which is consistent with high temperature and

low-medium pressure metamorphism
(Abukuma-type metamorphism).
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Table 1. Representative EPMA data of amphibole in the Makran amphibolites.

Rock type Amphibolite (foliated) Amphibolite (massive)

No. S-28 S-28 S-28 S-28 S-28 S-38 S-38 S-38 S-38 S-38
SiO2 43.98 44.95 45.33 46.51 45.30 46.80 45.17 45.02 45.72 44.63
TiO2 0.58 0.69 0.65 0.61 0.63 0.59 0.60 0.55 0.68 0.68
Al2O3 11.84 11.04 10.63 9.45 10.46 9.52 11.03 10.94 9.41 10.95
Cr203 0 0.06 0.01 0.02 0.05 0.04 0.07 0.03 0.20 0.12
FeO 17.48 15.53 17.66 16.82 17.56 12.9 13.7 13.79 13.36 14.43
MnO 0.14 0.18 0.20 0.28 0.15 0.30 0.19 0.12 0.23 0.15
MgO 9.58 9.75 9.95 10.58 10.11 12.22 11.39 11.3 12.05 10.59
CaO 11.91 11.69 11.81 11.84 11.89 12.06 12.02 11.8 11.86 11.74
Na20O 1.27 1.13 1.09 1.05 1.28 1.34 1.60 1.49 1.35 1.56
K20 0.39 0.36 0.36 0.29 0.47 0.29 0.33 0.31 0.30 0.41
Total 97.15 | 95.39 97.69 97.44 97.89 96.06 96.10 95.36 | 95.16 | 95.25

Cations on the basis of 23 Oxygens

X0 9.03 9.09 8.96 8.94 8.96 8.91 8.97 9.03 9.04 9.08
Si 6.61 6.80 6.76 6.92 6.75 6.94 6.74 6.77 6.88 6.75
Ti 0.06 0.08 0.07 0.07 0.07 0.07 0.07 0.06 0.08 0.08
Alt 2.10 1.97 1.90 1.66 1.84 1.67 1.94 1.94 1.67 1.95
Cr 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.01
Fe 2.20 1.96 2.20 2.09 2.20 1.60 1.71 1.73 1.68 1.82
Mn 0.02 0.02 0.02 0.04 0.02 0.04 0.02 0.02 0.03 0.02
Mg 2.15 2.20 2.21 2.35 2.25 2.70 2.54 2.53 2.70 2.39
Ca 1.92 1.90 1.89 1.89 1.90 1.92 1.92 1.90 1.91 1.90
Na 0.40 0.33 0.32 0.30 0.37 0.38 0.46 0.43 0.40 0.46
K 0.07 0.07 0.07 0.05 0.09 0.05 0.06 0.06 0.06 0.08
Total 15.50 15.34 15.42 15.36 15.48 15.38 15.48 15.45 15.42 15.46
Si 6.61 6.80 6.76 6.92 6.75 6.94 6.74 6.77 6.88 6.75
Al'Y 1.39 1.20 124 1.08 1.25 1.06 1.26 1.23 112 1.25
T-site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AM 0.71 0.77 0.63 0.58 0.60 0.61 0.68 0.71 0.55 0.70
Ti 0.06 0.08 0.07 0.07 0.07 0.07 0.07 0.06 0.08 0.08
Cr 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.01
Fe 220 | 1.96 2.20 2.09 2.19 1.60 1.71 173 | 168 | 1.82
Mn 0.02 0.02 0.02 0.04 0.02 0.04 0.02 0.02 0.03 0.02
Mg 2.15 2.20 221 2.35 2.25 2.70 2.54 2.53 2.70 2.39
C-site 5.14 5.04 5.15 5.12 5.12 5.02 5.03 5.05 5.06 5.02
C-5 0.14 0.04 0.15 0.12 0.12 0.02 0.03 0.05 0.06 0.02
Ca 1.92 1.90 1.89 1.89 1.90 1.92 1.92 1.90 191 1.90
Na -0.05 0.07 -0.04 -0.01 -0.02 0.06 0.05 0.05 0.03 0.08
B-site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Na 0.42 0.26 0.35 0.31 0.39 0.32 0.42 0.39 0.37 0.38
K 0.07 0.07 0.07 0.05 0.09 0.05 0.06 0.06 0.06 0.08
A-site 0.50 0.34 0.42 0.36 0.48 0.38 0.48 0.45 0.42 0.46

YEA



s sl acgaze slacidsndel jo Jeiel SIS e o Kes 5 (5 y5m

Table 1. (continued) Amphibolite (massive)

No. S-14 | S-14 S-14 S-14 S-14 S-08 S-08 S-08 S-08 S-08
SiO2 44.34 | 45.80 | 44.30 44.49 4547 | 4493 | 4580 | 51.15 | 48.13 | 46.17
TiO2 1.43 1.19 1.39 1.43 1.60 1.63 1.44 0.29 0.93 1.50
AlO3 9.45 7.93 | 10.72 10.48 10.24 | 10.00 9.52 4.24 7.09 9.22
Cr203 0.00 0.10 0.00 0.00 0.04 0.13 0.08 0.00 0.01 0.07
FeO 16.01 | 15.99 | 17.17 16.98 16.42 | 13.99 | 1346 | 1432 | 1447 | 15.76
MnO 0.36 0.28 0.32 0.26 0.30 0.15 0.23 0.28 0.28 0.11
MgO 10.34 | 11.17 9.81 10.03 10.02 | 1111 | 1160 | 1280 | 1181 | 11.02
CaO 11.12 | 1128 | 11.12 10.95 11.14 | 1158 | 11.76 | 12.00 | 1188 | 11.72
Na2.O 1.62 1.36 1.67 1.82 1.59 1.54 1.58 0.71 1.20 1.50
K20 0.51 0.43 0.52 0.53 0.51 0.56 0.51 0.13 0.37 0.56
Total 95.17 | 9553 | 97.02 96.97 | 97.32 | 9562 | 9596 | 9592 | 96.16 | 97.63

Cations on the basis of 23 Oxygens

X0 9.19 9.12 9.05 9.04 8.96 9.04 8.98 8.91 8.96 8.91
Si 6.78 6.95 6.67 6.69 6.78 6.76 6.85 7.58 7.18 6.85
Ti 0.16 0.14 0.16 0.16 0.18 0.18 0.16 0.03 0.10 0.17
Al 1.70 142 1.90 1.86 1.80 1.77 1.68 0.74 1.25 1.61
Cr 0.00 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.01
Fe 2.05 2.03 2.16 2.14 2.05 1.76 1.68 1.78 1.80 1.95
Fed* 0.34 0.41 0.47 0.47 0.28 0.04 0.00 0.00 0.00 0.15
Fe2 1.70 1.60 1.68 1.64 1.76 1.72 1.68 1.78 1.81 1.80
Mn 0.05 0.04 0.04 0.03 0.04 0.02 0.03 0.04 0.03 0.01
Mg 2.36 2.53 2.20 2.25 2.23 2.49 2.59 2.83 2.62 2.44
Ca 1.82 1.84 1.79 1.77 1.78 1.87 1.88 191 1.90 1.86
Na 0.48 0.40 0.49 0.53 0.46 0.45 0.46 0.20 0.35 0.43
K 0.10 0.08 0.10 0.10 0.10 0.11 0.10 0.02 0.07 0.11
Total 15.49 | 1544 | 1552 15.53 1542 | 1544 | 1543 | 15.13 | 1531 | 1544
Si 6.78 6.95 6.67 6.69 6.78 6.76 6.85 7.58 7.18 6.85
AlY 1.22 1.05 1.33 1.31 1.22 1.24 1.15 0.42 0.82 1.15
T-site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AlV! 0.48 0.37 0.57 0.55 0.58 0.54 0.52 0.32 0.42 0.46
Ti 0.16 0.14 0.16 0.16 0.18 0.18 0.16 0.03 0.10 0.17
Cr 0.00 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.01
Fe 2.05 2.03 2.16 2.14 2.05 1.76 1.68 1.78 1.80 1.95
Mn 0.05 0.04 0.04 0.03 0.04 0.02 0.03 0.04 0.03 0.01
Mg 2.36 2.53 2.20 2.25 2.23 2.49 2.59 2.83 2.62 2.44
C-site 5.10 5.12 5.13 5.13 5.08 5.01 4.99 5.00 4.99 5.04
C-5 0.10 0.12 0.13 0.13 0.08 0.01 | -0.01 0.00 | -0.01 0.04
Ca 1.82 1.84 1.79 1.77 1.78 1.87 1.88 1.91 1.90 1.86
Na 0.08 0.05 0.07 0.10 0.14 0.12 0.13 0.10 0.11 0.09
B-site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Na 0.40 0.35 0.42 0.43 0.32 0.33 0.33 0.11 0.24 0.34
K 0.10 0.08 0.10 0.10 0.10 0.11 0.10 0.02 0.07 0.11
A-site 0.49 0.44 0.52 0.53 0.42 0.44 0.43 0.13 0.31 0.44
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Fig. 4. Classification diagrams (Hawthorne et al., 2012) for the studied amphibolites. a) Na (B) versus.
(Ca+Na)B diagram (Leake et al., 1997). b) Mg/(Mg + Fe 2*) versus Si diagram (Leake et al., 1997). ¢) K+Na
versus Si diagram (Coleman et al., 1965). d) Al'Y versus Ti diagram (Leake et al., 2004).
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Table 2. Geobarometry of amphibole in the Makran amphibolites by different methods.

P (kbar) max(kbar) min(kbar) Ave.(kbar)
Hammarstrom and Zen (1986) 7.62 2.35 4.98
Hollister et al. (1987) 8.18 2.27 5.22
Johnson and Rutherford (1987) 6.24 1.81 4.02
Schmidt (1992) 7.91 2.92 5.42
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