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Fig. 1. Simplified geological map of the Majerad igneous-metamorphic complex which illustrated based on Google
Earth image and field observations. Sample locations of the selected samples for microprobe analysis are indicated by
green closed circle on this map.
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1. Elctron Probe Micro-Analysising (EPMA)
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Fig. 2. Significant features of metabasites of Majerad igneous-metamorphic complex, A: The landscape of association
of the metabasites and metacarbonates, B: Preserved pillow structure in amphibolites, C and D: Extension Fold and
microfolds in amphibolites, E: Large crystals of actinolites with papion structure in actinolite chists, and F:
Differentiated bands due to the Metamorphic differentiation which resulted in formation of leucosome and melanosome
bands in amphibalites.
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Table 1. Microprobe analyses of plagioclase mineral in metabasites of the Mgjerad igneous-metamorphic complex.

Spots Core torim Coretorim Core torim
SiO: 61.06 61.55 63.75 61.06 63.75 63.52 5877 51.15 64.52
TiO: 0.01 0.07 0.16 0.01 0.16 0.00 0.00 0.02 0.07
Al203 23.48 23.78 22.27 23.48 22.27 22.34 25.40 30.43 22.02
FeO 0.10 0.15 0.35 0.10 0.35 0.00 0.00 0.06 0.11
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
MgO 0.00 0.01 0.04 0.00 0.04 0.00 0.03 0.00 0.00
CaO 5.44 5.52 3.99 5.44 3.99 4.10 7.74 13.91 3.65
Na20 8.47 8.32 943 8.47 943 9.16 7.53 3.52 9.81
K20 0.05 0.08 0.04 0.05 0.04 0.08 0.06 0.04 0.06
Total 99.10 100.04 100.37 99.10 100.37 99.48  99.73 99.26 100.94
Si 2.75 2,74 2.82 2.75 2.57 2.58 240 2.34 2.84
Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al 124 1.25 1.16 124 1.06 1.07 1.22 164 114
Fe*3 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.02 0.14 0.27 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.70 0.55 0.46 0.00 0.00
Ca 0.26 0.26 0.19 0.26 0.17 0.18 0.34 0.68 0.17
Na 0.74 0.72 0.81 0.74 0.74 0.72 0.60 0.31 0.84
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 0.30 0.46 0.21 0.30 0.12 0.27 0.20 0.24 0.35
Ab 73.55 12.72 80.60 73.31 45.42 45.10 35.83 3133 82.64
An 26.15 26.82 19.19 26.39 54.46 5463  63.98 68.43 17.00
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Table 2. Microprobe analyses of amphibole mineral in metabasites of the Majerad igneous-metamorphic complex.

Spots Core to rim Coretorim Core to rim Core torim
sio: 4631 2% 4502 4397 4473 4260 4230 4263 4300 4541 4419
Tios 020 033 033 038 026 055 053 048 044 029 040
AROs 979 2% 1237 1215 1187 1473 1487 1508 1417 1147 1335
Fe0: 603 571 613 615 540 480 38 540 612 679 640
FeO o6 ‘0% 1030 1111 1087 1036 1185 1010 897 895 900
MnO 019 015 013 020 019 021 031 019 016 025 018
Mo 1144 00 1018 963 1028 99 911 958 1033 1001 1024
NiO 001 000 008 000 000 000 000 000 000  00L 000
CaO 1181 Y’ 1171 1161 1192 118 1190 1151 1148 1128 1125
NazO 045 039 051 062 049 070 063 074 067 050 059
K20 017 028 027 028 022 08 090 079 079 042 035
H20* 203 202 204 201 202 202 200 202 202 204 203
Total 9827 o' 0915 9810 9825 9872 9826 9851 9814 9849 9811
Si 684 660 661 657 664 632 633 632 6338 669 653
AlV 116 140 139 143 136 168 167 168 162 131 147
Al 055 079 075 071 072 090 095 095 08 068 085
Ti 002 004 004 004 003 006 006 005 005 003 005
Fedt 067 064 068 069 060 053 044 060 068 075 071
Fet 122 128 128 139 135 128 148 125 111 110 111
Mn 002 002 002 003 002 003 004 002 002 003 002
Mg 052 223 223 214 228 220 203 212 228 240 225
Ca 187 187 184 18 190 188 191 18 18 178 178
Na 013 011 014 018 014 020 018 021 019 014 017
K 003 005 005 005 004 016 017 015 015 008 007
(Ca+Na) () 200 198 199 200 200 200 200 200 200 194 196
Na() 013 011 014 014 010 012 009 017 018 014 017
(Na+K)(A) 003 005 005 009 008 024 026 019 017 008 007

Mg/(Mg+Fe*?)  0.67  0.64 064 061 063 063 058 063 0.67 0.68 0.67
Fe/(Fe™+Al")  0.55 045 047 049 046 037 031 039 044 052 045
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Table 3. Whole rock chemical analysis of metabasites of the Majerad igneous-metamorphic complex.
Sa,\rﬂf'e KM290 KM90 KM80 KM214 KM213 KM26 KMI100 KMI1l KM147 KM352
SiO2 43.07 4449  44.68 45.13 48.06 45.89 47.09 47.65 49.63 51.13
TiO2 281 2.38 2.15 3.49 0.78 2.68 3.06 1.27 1.29 0.52
Al2O3 1351 16.02 16.95 14.09 16.31 14.2 14.61 15.37 14.68 15.61
Fe20s3t 16.71 1426 13.26 16.85 7.48 13.44 13.8 11.02 9.91 9.59
MnO 0.19 0.23 0.14 0.18 0.13 0.2 0.16 0.17 0.21 0.16
MgO 4.73 6.32 6.03 4.14 9.14 55 7.15 6.83 6.04 7.72
CaO 8.21 7.94 6.79 7 12.57 10.89 9.3 10.68 8.46 9.06
Na.O 3.00 152 3.22 2.92 217 2.01 153 192 1.30 1.98
K20 0.67 1.13 0.54 1.39 0.22 0.46 0.65 1.13 1.00 115
P20s 0.46 0.32 0.27 0.54 0.08 0.34 0.34 0.14 0.22 0.08
LOI 5.82 4.36 5.38 3.44 2.48 314 1.88 242 5.82 1.9
Total 99.18 98.98 9941 99.17 99.42 98.74 99.56 98.60 98.56 98.90
Hf 0.49 0.36 0.24 0.38 144 0.62 0.49 0.49 0.44 0.49
Ta 351 2.24 1.63 3.47 0.25 212 19 0.42 0.77 0.30
Th 5.19 254 1.94 4,95 11 2.46 2.34 0.567 5.18 3.62
a0 55 Ol bl 'S 1, s Mg/(Mg+Fe™?) J gmiol
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Fig. 3. Photomicrographs of typical microscopic features of the metabasites of the Majerad igneous — metamorphic
complex (XPL), A: Nematobelastic texture in amphibolites, B: Garnet and amphibole in garnet amphibolites, C:
Amphibole fishes and kink band in amphibolites, and D: Porphyroblasts of amphibole in amphibolites. Abbreviations
after Kretz (1983) (Qtz: Quartz, Plg: Plagioclase, Hbl: Hornblende, Grt: Garnet, Cal: Calcite, Opg: Opaque and Spn:

Sphen).
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Fig. 4. Compositional position of amphibolite of the Majerad igneous- metamorphic complex, A: BNa vs BCat+BNa

(Leake et al., 1997), B: Mg/(Mg+Fe?) vs Si for distinction different types of amphiboles (Leake et al., 1997), C:
A[Na+K](apuf) vs. Al'V(apuf) (Leake, 1965), and D: Ti vs. Si for distinction metamorphic amphiboles of igneous

(Leake, 1965)
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Fig. 5. Ab-Or- Anternary plot for indication of the compositional ranges of analyzed plagioclase of the metabasites of

the Mgjerad igneous-metamorphic complex (Deer et al., 1966)
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Table 4. Average calculated results of the equilibrium pressure for the metabasites of the Majerad igneous-

metamorphic complex.

Barometric method Barometric equation Average

pressure

Hammerstrom and Zen, 1986 P(+3Kbar)=-3.92+5.03Al(total) 8.2Kbar

Hollister et al., 1987 P(x1Kbar)=-4.76+5.64Al(total) 8.9 Kbar

Johnson and Rutherford, 1989 P(£0.5K bar)=-3.46+4.23Al(total) 6.8 Kbar

Schmidt, 1992 P(+£0.6K bar)=-3.01+4.76Al(total) 8.5 Kbar
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Fig. 6. A: Linear trend of Al' vs Al"Y (Hammerstrom and Zen, 1986) for the metabasitic rocks of the Majerad igneous —
metamorphic complex, and B: The compositional range of the amphiboles of Majerad metabasites in Fe/Fe+Mg vs Al

plot (Schmidt, 1992)
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Table 5. Pressure- Temperature results of amphibole — plagioclase pair for the metabasites of the Majerad igneous-

metamorphic complex

Point 1 2 3 4 5 6 7 8
SiO2 41.43 42.39 42.07 42.07 4211 4511 49.73 44.43
TiO2 0.72 0.73 0.38 0.38 0.42 0.68 0.14 0.57
Al2O3 1468 1350 1634 1634 1621 1771 7.82 12.42
FeO* 14.38 21.03 15.43 15.43 15.11 15.22 13.26 14.26
MgO 8.65 551 0.22 0.22 0.21 0.10 0.22 0.23
MnO 0.16 0.00 8.85 8.85 8.96 9.73 13.21 11.30
CaO 11.34 11.09 11.00 11.00 11.29 10.98 12.04 12.16
Na20 1.79 1.78 0.70 0.70 0.70 0.82 0.35 0.42
K20 1.32 1.13 0.40 0.40 0.42 0.47 0.22 1.01
XAb 0.68 0.80 0.74 0.73 0.70 0.70 0.06 0.12
X An 0.31 0.20 0.25 0.26 0.29 0.29 0.86 0.83
T(C)HB: 659.76 61249 53523 537.61 54511 53360 659.88 66251
P(Kb)HB2  9.86 9.28 1278 1277 1262 1315 3.95 8.11
T-Ti-hbld 64495 646.08 599.39 599.39 60529 63559 564.99 626.47
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Fig. 7. The compositional suites of the amphiboles of metabasites of Majerad igneous — metamorphic complex in A:
AlYV'vs Ti plot (Ernst and Liu, 1998), B: Fe/(Fe+Mg) vs Al'Y (Anderson and Smith, 1995) indicates of high to

intermediate oxygen pressure during formation of metabasites, and C: Winter Diagram (Winter, 2001) for determination
of the metamorphic facies and also temperature - pressure range of the metabasites formation
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Fig. 8. A: Triangle diagram MgO-Al,Os-FeO" (Pearce, 1976), and B: Th/Hf vs Ta/Hf (Pearce, 1976) plots for
determination of the protolith composition of the metabasites of Majerad igneous — metamorphic complex
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Introduction

Thermobarometric models based on the chemical
equilibrium among coexisting mineral-mineral or
mineral-melts pairs are useful tools widely used to
estimate the P-T path and chemical evolution
during igneous processes. The high sensitivity of
amphibole to physicochemical changes makesit a
good tracer for thermobarometric models.
Majerad Igneous-Metamorphic Complex with
NE-SW trend, 40 kilometer length, and 10
kilometer width is located in the southeast of
Shahrood in the northern margin of the Central
Iran structural zone. Late Neoproterozoic
sequence of Maerad metamorphic complex
includes a wide range of metamorphic rocks with
extensive compositional variety of metacarbonate,
metapsammite, metapelite, metabasite and
metarhyolite. Metabasites of the Magjerad
metamorphic complex consist of a greenschist to
garnet amphibolite. Late Iranian Neoproterozoic
complexes have been studied by numerous
researchers, and a lot of papers have been
published related to them (Rahmati Ilkhchi et al.,
2011; Balaghi Einalou et al., 2014; Faramarzi et
a., 2015; Hosseini et a., 2015; Malekpour-
Alamdari et al., 2017). These complexes have
cropped out in the different parts of Iran, except
the Kopeh Dagh, Makran and the East Iran Flysch
structural zones.

Analytical methods
The whole-rock major element compositions were

Mineral chemistry, Thermobarometry, Amphibole,

determined by X-ray fluorescence using fused
glass disks a the Ingtitute of Geology and
Geophysics, Chinese Academy of Sciences,
Beijing, China. Trace elements were determined
by ICP-MS (Agilent 75008) at IGGCAS after
more than 5-day acid digestion of samples in
Teflon bombs. Compositional mineral analyses
were performed at the State Key Laboratory of
Continental Dynamics, Northwest University,
Xian China, usng a Cameca JXA-8230
instrument at an acceleration voltage of 15 KV,
and beam current of 10 nA.

Results

In the metamorphic environment, auminous
hornblende-bearing assemblages are stable over a
wide P-T field that extends from amphibolite to
granulite, and high-T eclogite-facies conditions.
At lower temperatures, the hornblendic amphibole
is replaced by sodic-calcic amphibole at relatively
high-P and by actinolite a lower-pressure
greenschist-facies conditions (Spear, 1993; Ernst
and Liu, 1998; Molinaet al., 2015).

Amphibole formulas were calculated with the
Amp-Excels spreadsheet using the 13 cations
method (Leake et al., 1997). Amphiboles of
metabasites are calcic, and Amphiboles of
actinolite-schists are in the range of actinolite to
magnesio-hornblende, and in amphibolites, they
are plotted in the range of magnesio-hornblende to
tschermakite. Plagioclase are usually oligoclase to
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bytownite.

Temperatures range of metamorphism events of
amphibolites of the Majerad complex have been
estimated by using the hornblende-plagioclase
thermometer. This thermometer is based on the Ca
and Na equilibrium exchange between plagioclase
and amphibole (Holland and Blundy, 1994). The
hornblende-plagioclase pair thermobarometer
estimates temperatures of 450 to 690°C and
pressures of 4 to 11 Kb for the formation of the
Majerad amphibolites. These temperature-
pressure ranges correlate with P-T conditions of
the greenschist and amphibolite facies in the
typical Barrovian type metamorphism.
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