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1- Introduction

Estimating physicochemical conditions and ore formation temperature is a critical issue in economic geology,
usually measured by fluid inclusion microthermometry and mineral geochemistry. In this study,
geothermometry methods applied to skarn silicate minerals were used, and the results were verified by fluid
inclusions studies performed on the late-stage calcite and calcite twinning deformation. Different calibrations
have been proposed by various researchers on geothermometry of garnet-clinopyroxene pair and calcic
amphiboles (actinolite) in igneous and metamorphic rocks (Ellis and Green, 1979; Ganguly, 1979; Saxena,
1979; Powell, 1985; Krogh, 2000; Sugawara, 2000; Leake et al., 2004; Putrika et al., 2007; Putrika, 2016;
Masotta et al., 2013). Since Khosrow Abad skarn contains minerals such as garnet, clinopyroxene, calcic
amphibole (actinolite) and chlorite, they are used to estimate the temperature of skarnification in the region.

2- Material and methods

Five samples from the endoskarn zone (quartzmonzonitc body) and 60 samples from the exoskarn zone
(skarnified meta basaltic andesite) were collected during two fieldwork campaigns. Optical microscopic studies
were performed on 59 thin-polish, thin and polish sections at the Kharazmi University of Tehran using a Zeiss
research microscope. Two thin polished sections of these samples (one section from the endoskarn zone and one
section from the exoskarn zone) were selected for electron microprobe analysis (EPMA) and five garnet points,
five pyroxene points (exoskarn zone), 12 feldspar points (endoskarn zone), seven secondary amphibole points
(endoskarn and exoskarn zone) and nine chlorite points (from exoskarn zone) were analyzed in the mineralogy
department of Iran Mineral Processing Research Center using CAMECA SX 100 with 20 kV; 20 nA and a beam
diameter of one to five microns conditions. The detection limits of analysis for all elements are better than 0.01
percent.

3- Results and discussion

The quartz monzonitic body's formation temperature was determined based on the plagioclase-alkaline feldspar
thermometer (two feldspars), which indicates a pressure range of less than four kbar at a formation temperature
of 507 to 805 °C. The temperatures obtained for the advanced garnet-pyroxene skarn zone at pressures of 1 to 4
kbar, which are reasonable pressures for the contact metamorphism formation of the skarn zones, were around
301 to 567°C. The temperature obtained for the retrograde skarn zone is 216 to 332 °C, based on the calcic
amphiboles' geothermometry. Actinolite formation at temperatures above 280 to 300 °C indicates metasomatism
associated with the intrusive body (Thompson and Thompson, 1996). The temperature of chlorites in the region
is in the temperature range of 129 to 315 °C. Deformation temperature in the shear zone of the Khosrow Abad
deposit is estimated as 170 to 300°C. Microthermometry of fluid inclusion in the skid's retrograde stage was
measured as 127 to 142 °C with an average salinity of 3.55 to 17.79 wt. % NaCl equivalent in calcite veins.
Microthermometry data reasonably match with calcite twinning during the skarnification event in the region.

4- Conclusion
Following the Khosrow Abad quartz monzonitic body's intrusion at the boundary of the meta basaltic andesite
and carbonate rocks, limestones have been recrystallized and converted to marble due to contact metamorphism.
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Meta basaltic andesite associated with some carbonate rocks has been affected by metasomatism due to the
hydrothermal fluids causing skarnification (exoskarn) and iron mineralization. The quartz monzonitic intrusion
provides heat and part of hydrothermal fluids, has also undergone metasomatism and endoskarn zone were
developed within the intrusion. Anhydrous calcareous silicates include garnet and clinopyroxene, occurred in
the retrograde stages of skarn formation. During the subsequent stages, as a result of hydrothermal fluids
interactions, hydrous calcareous silicates such as epidote and actinolite (in skarnified meta basaltic andesite
unit) and magnesian minerals such as chlorite, serpentine and talc (in Skarnified dolomite limestone unit) were
formed. Khosrow Abad skarn deposit is formed due to contact metamorphism and its resulting hydrothermal
metasomatism. In this study, based on geothermometry of silicate minerals, temperature evolution of the skarn
zones was evaluated, indicating that temperature of the prograde and retrograde stages are 567 to 301 °C and
332 to 216 °C correspondently while the emplacement temperature of the Khosrow Abad quartz monzonitic
intrusion estimated as 805 to 507 °C. Microthermometry and thermometry of calcite twinning from the marble
unit show a temperature range of 142 to 127 °C and 300 to 170 °C, correspondently consistent with the results
of mineral chemistry geothermometry.
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Fig. 5. Photomicrograph of hydrous and anhydrous silicate minerals of the Khosrow Abad skarn (XPL light), (a)
Euhedral and zoned garnet inclusions in the calcite, (b) Presence of clinopyroxene microcrystals in association and
oriented between actinolite and calcite crystals, (c) Albite, actinolite and epidote minerals in the retrograde skarn
zone, (d, e) Presence of tabular actinolite associated with clinopyroxene. Actinolite formed by diopside alteration,
(f) Epidote and chlorite veinlets in the retrograde skarn zone. Abbreviations: Garnet (Grt), Clinopyroxene (Cpx),
Quartz (Qtz), Chlorite (Chl), Actinolite (Act), Epidote (Ep), Plagioclase (Plg), Calcite (Cal) (Whitney and Evans,
2010).
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Table 1. Paragenetic sequence in KhosrowAbad
skarn.

Skarnification and
‘mineralization Supergene

Frecpied Regional Contact Weathezing)
feathering)

with meta . :
. metamorphism | metamorphism
andesite basalt & L Prograde Early Late

Retrograde | Retrograde

Time

Retrograde

Minerals
Garnet
Diopside
Augite
Actinolite
Epidote
Chlorite
Quartz
Albite —oo—==2

Tale N S

Silicates

Serpentine

Pyrite _I_’yl_ ..... Py2~Py3

Chalcopyrite

Sulfides

=
=,
z

2~ Mag3
Magnetite S
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Goethite
Limonite
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Calcite

Carbonate
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Table 2. Electron microprobe analysis (EPMA) of plagioclase and alkaline feldspar of the KhosrowAbad endoskarn

zone (structural formula based on 8 oxygen atoms). The detection limits of analysis for all elements are better than
0.01 percent.

Point. Afs Afs Plg Plg Afs Plg Plg Afs Plg Plg Plg Plg
No (D) O] (©) Q) ®) (6) ) (©) © 109  di (12)

SiO; 6426 64.66 67.73 66.63 6293 66.44 66.01 63.84 6254 5858 60.85 66.81
TiO2 b.d 0.02 b.d b.d 0.02 b.d 0.04 b.d 0.03 b.d 0.02 b.d
AlOs 1728  16.97 20.38 1941 1826  19.79 20.63 1749 1994 2447  22.22 21.00
Fe:Os  0.05 0.05 0.10 0.06 0.07 0.11 097  0.09 0.15 0.31 0.28 0.19
MnO b.d b.d bd 0.01 b.d b.d b.d b.d b.d b.d b.d b.d
MgO b.d b.d b.d b.d b.d b.d b.d b.d b.d 0.02 0.02 0.04
CaO b.d b.d 134 0.85 0.03 1.30 351 0.01 6.99 7.63 8.49 1.28
Na:O  0.97 0.46 10.49 11.62 0.43  10.65 9.62 033 8.99 7.55 6.25 10.30
K:O 1710 1592 016 010 17.15 0.08 0.08 16.96 0.22 0.38 0.42 0.37
Total 99.66 98.08 100.20 98.68 98.89 98.37 100.85 98.72 98.83 99.02 98.57 99.99

Si  3.006 3.042 2956 2963 2968  2.952 2,889 3.007 2827 2655 2.754 2.927
Ti 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000
Al 0953 0.941 1.048 1.017 1.015 1.046 1.064 0971 1062 1307 1.185 1.084
Fe* 0.002 0.002 0.003 0.002 0.002 0.004 0.032 0.003 0.005 0.011 0.010 0.006
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.003
Ca 0.000 0.000 0.063 0.041 0.002 0.062 0.165 0.001 0339 0371 0412 0.060
Na 0.088  0.420 0.888 1.002 0.039 0.917 0.816 0.030 0.788 0.663  0.548 0.875
K 1.020 0.955 0.009 0.006 1.032 0.005 0.004 1019 0.013 0.022 0.024 0.021
XAn 0.009 0.009 0.000 0.000 0.009 0.000 0.001 0.008 0.035 0.018 0.017 0.014
XAb 0.079  0.042 0925 095 0.037 0.932 0.828 0.029 0.622 0.628  0.557 0.915
XOr 0921 0.958 0.009 0.005 0.962 0.005 0.005 0971 0011 0.021 0.025 0.022

Pressure
(Kbar) Temperature (°C) base on Elkins and Grove (1990)
1 507 588 714 787 657 587 534
2 510 591 719 793 657 577 534
3 512 595 724 799 666 580 534
4 515 598 729 805 670 580 534

b.d: below detection limit.
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Table 3. Electron microprobe analysis (EPMA) of garnet and clinopyroxene minerals and temperatures (°C) at pressures of 1 to
4 kilobars (structural formula of garnet based on 12 oxygen atoms and clinopyroxene based on 6 oxygen atoms). The detection
limits of analysis for all elements are better than 0.01 percent.

Point No. Garnet Clinopyroxene
SiOz 36.90 36.10 36.26 35.81 36.48 53.74 50.37 49.36 49.39 48.07
TiOz 0.71 0.56 0.68 0.89 0.67 0.01 0.16 0.10 0.03 b.d
Al,O3 6.00 5.12 5.63 5.81 5.27 0.54 3.93 0.56 0.24 0.52
FeO 21.11 21.47 20.87 21.33 20.36 16.40 19.56 16.01 15.81 16.16
MnO 0.73 0.63 0.63 0.79 0.58 0.23 0.17 0.49 0.73 0.57
MgO b.d 0.02 0.02 0.02 0.01 13.66 13.50 8.46 8.00 8.42
CaO 34.87 34.33 34.92 34.54 35.20 13.78 12.53 23.04 24.75 24.72
Na.O 0.06 b.d b.d b.d b.d 0.10 0.61 0.61 0.65 0.66
Total 100.38 98.23 99.01 99.19 98.57 98.46 100.83 98.63 99.60 99.12
Si 3.137 3.152 3.131 3.096 3.159 2.073 1971 1.929 1.914 1.866
Ti 0.045 0.036 0.044 0.057 0.043 0.000 0.005 0.003 0.001 0.000
Al 0.601 0.527 0.573 0.592 0.538 0.025 0.181 0.026 0.011 0.024
Fe¥* 1.215 1.283 1.250 1.253 1.258 0.164 0.073 0.158 0.209 0.297
Fe?* 0.286 0.284 0.256 0.288 0.216 0.693 0.713 0.366 0.303 0.228
Mn 0.052 0.046 0.046 0.057 0.042 0.008 0.006 0.016 0.024 0.019
Mg 0.000 0.002 0.000 0.002 0.000 0.786 0.612 0.493 0.462 0.487
Ca 3.177 3.212 3.231 3.200 3.267 0.570 0.525 0.964 1.027 1.028
Na 0.000 0.000 0.000 0.000 0.000 0.007 0.046 0.046 0.049 0.050
Andradite/ 66.89 70.88 68.57 67.91 70.04 0.23 0.90 0.70 1.33 0.39
Johannsenite
Grossular/ Diopside 3117 27.30 29.64 29.90 28.32 71.69 66.32 72.88 73.08 73.89
Pyrope/ 0.00 0.09 0.09 0.09 0.04 28.08 32.78 26.42 25.59 25.72
Hedenbergite
Almandine 0.00 0.00 0.00 0.00 0.00 - - - -
Spessartine 1.92 171 1.68 2.09 1.57 - - - -
Uvarovite 0.00 0.00 0.00 0.00 0.00 - - - -
XFe 0.293 0.298 0.290 0.296 0.283 0.196 0.222 0.004 0.029 0.025
XMg 0.000 0.000 0.000 0.000 0.000 0.563 0.421 0.499 0.507 0.540
XCa 0.621 0.612 0.622 0.615 0.627 0.570 0.525 0.964 1.027 1.028
Pressure(Kbar) 1 2 3 4 5
Kd 6.61 3.03 9.32 6.27 2.07
Ellis and Green 1 473 538 491 562 461
(1979) 2 475 526 493 564 463
3 476 541 495 566 464
4 478 543 496 567 466
Powell (1985) 1 460 525 478 549 448
2 461 526 480 551 449
3 463 528 481 553 450
4 464 530 483 554 452
Ganguly (1979) 1 429 487 444 507 416
2 430 488 446 509 418
3 432 490 447 511 419
4 433 491 449 512 421
Ganguly et al. 1 404 457 418 476 393
(1996) 2 407 459 420 478 395
3 409 461 423 480 397
4 411 463 425 482 399
Nakamura (2009) 1 306 373 330 386 301
2 309 376 333 389 303
3 312 379 337 393 305
4 315 383 340 396 306

b.d: below the detection limit.
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Table 4. Electron microprobe analysis (EPMA) of actinolite mineral (structural formula based on 23 oxygen atoms)

in Khosrow Abad skarn deposit. The detection limits of analysis for all elements are better than 0.01 percent.

b.d:

Point No. 1 2 3 4 5 6 7
SiO2 52.84 52.98 53.55 48.02 53.20 51.72 52.17
TiO2 0.08 0.07 0.06 0.55 0.05 0.02 b.d

AlO3 1.59 1.41 1.85 5.54 2.38 1.86 0.92
FeO 17.51 17.51 13.75 13.46 16.08 21.10 21.35
MnO 0.26 0.21 0.22 0.14 0.22 0.49 0.47
MgO 12.48 12.69 14.84 15.06 15.11 9.36 10.05
Ca0 13.71 13.63 13.64 13.03 13.19 12.92 13.02
Na20 0.26 0.26 0.26 1.54 0.40 0.60 0.48
K20 0.14 0.08 0.44 0.78 0.10 0.13 0.08
H.O* 2.05 2.05 2.08 2.05 2.13 2.00 2.00
Total 98.87 98.84 98.61 98.12 100.73 98.20 98.54
Si 7.735 7.751 7.726 7.031 7.501 7.761 7.808

Ti 0.009 0.008 0.007 0.061 0.005 0.002 0.000

Al 0.265 0.243 0.274 0.956 0.395 0.239 0.162
Fed* 0.000 0.000 0.000 0.190 0.480 0.000 0.000
Fe2* 2.144 2.142 1.659 1.458 1.416 2.648 2.672
Mn 0.032 0.026 0.027 0.017 0.026 0.062 0.060
Mg 2.724 2.768 3.192 3.287 3.176 2.094 2.242
Ca 2.150 2.137 2.108 2.044 1.993 2.077 2.088
Na 0.074 0.074 0.050 0.437 0.109 0.175 0.139

K 0.026 0.015 0.081 0.146 0.018 0.025 0.015
OH* 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Putirka, 2016 268 244 208 309 332 216 277

below the detection limit.
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Table. 5. Electron microprobe analysis (EPMA) of chlorite mineral in KhosrowAbad skarn deposit (structural

formula is calculated based on 12.5 oxygen atoms). The detection limits of analysis for all elements are better than
0.01 percent.

Point No. 1 2 3 4 5 6 7 8 9
SiO2 28.18 28.10 28.70 28.13 28.03 28.15 27.49 27.77 27.57
TiO: 0.03 0.09 0.02 0.02 0.04 0.04 0.04 0.06 0.03
Al2Os3 18.37 19.01 19.04 19.43 20.36 19.94 20.44 20.14 20.25
FeO 9.68 7.55 7.58 7.84 6.36 6.37 6.48 6.49 6.15
MnO 0/04 0.01 0.01 0.01 0.04 0.02 0.02 0.05 0.08
MgO 30.83 32.49 31.52 32.09 32.46 32.55 32.57 32.34 32.34
CaO 0.06 0.06 0.22 0.07 0.07 0.00 0.05 0.18 0.06
Na20 0.05 0.08 0.12 0.06 0.05 0.04 0.08 0.03 0.03
K20 b.d 0.01 0.03 b.d b.d 0.02 0.01 b.d b.d
H.O* 12.31 11.30 11.63 12.03 12.11 11.56 11.74 11.85 12.07
Total 99.55 98.70 98.87 99.68 99.52 98.69 98.92 98.91 98.58
Si 3.15 2.95 2.99 2.77 2.82 2.84 2.84 2.81 2.80
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.60 191 1.84 2.26 2.33 2.29 2.32 231 2.34
Fed* 0.08 0.05 0.05 0.05 0.01 0.02 0.00 0.02 0.02
Fe2* 0.48 0.21 0.22 0.23 0.10 0.11 0.11 0.11 0.09
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 4.65 4.90 4.89 4.72 4.70 4.72 4.68 4.71 4.73
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.01 0.02 0.00 0.00 0.00 0.01 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TeCc
Lanari et 152 178 129 315 233 212 212 245 259

al. (2014)
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Fig. 7. (a) Ratio of magmatic and hydrothermal fluids involved in formation of the KhosrowAbad skarn based on
the Fe/Ti vs. Al/(Al + Fe + Mn) diagram (Heimann et al., 2009) and (b-c) Triangular diagrams for determining type
of garnet-pyroxene as well as the type of garnet-pyroxene in the Fe skarn deposit (Meinert. 1992).
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Fig. 8. Modified T-LogfO. diagram showing the stability range of calc-silicate skarn minerals, oxides, sulfides and
carbonate minerals, proposed by Einaudi (1982), adapted from Oyman (2010), (b) XCO: vs. temperature diagram
at 3 kbar fluid pressure for the Si-Al-Mg-Ca-C-O-H system proposed by Perkins et al. (1986), adapted from Lentz
and Chowdhury (2011), (c) T-XCO; diagram in Psyig = 1000 bar (adapted from Sweeney, 1980). Grigo is pure Ca—
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and (2) twining in calcite as a result of carbonate alteration in the skarn zone.
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Fig. 11. Location of the skarn zones around the quartzmonzonitic body with the dominant mineralogy in each zone

and obtained temperatures based on the geothermometry of skarn minerals and calcite twining deformation, view to

the northwest.
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