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Avrticle info Abstract
Article history The Sangan mining district, the largest Fe-skarn district in Iran, is located in the northeastern part of

xﬁzﬁﬂi iggﬁggﬁfﬁ%m the Alborz magmatic arc. It comprises 14 deposits (1 Gt tons and a grade of 35-60% Fe), which have an
Keywords: east-west trend and are divided into three parts: eastern, central and western where the Tappeh Ghermez
Geothermometry, Skam iron deposit (A") is located in the western part. The skarnification formed near the Sarnowsar
zones, Tappeh Ghermez iron TN . .
deposit, Sangan mining syenogranitic intrusive body, and is composed of: 1) prograde endoskarn and exoskarn zones
district, Eastern Alborz zone.  (clinopyroxene-garnet skarn subzone) and 2) retrograde exoskarn zone (amphibole skarn subzone).
Thermometry of skarnification was carried out based on the chemistry of skarn silicate minerals and their
agreement with the results of microthermometry studies of fluid inclusion carried out on garnet and
calcite in order to determine the physicochemical conditions and temperature of skarnification in the
Tappeh Ghermez deposit. Geothermometry of the garnet-clinopyroxene pair minerals, indicated
temperatures of 302 to 442°C for the prograde skarn zone. Based on the geothermometry of the calcic
amphiboles in the retrograde zone, formation temperatures of 206 to 333°C have been obtained. The
results of the geothermometry of the prograde and retrograde skarn zones are consistent with the results
of the microthermometry of the fluid inclusions. Andradite is stable at temperatures above 430°C, even
under high sulfidation conditions. At temperatures below 430°C and a relatively high fugacity of sulfur
(greater than 10°%), andradite altered into calcite, quartz and pyrite. As S, decreases (about 106), such
fluids form the magnetite complex. ltcan therefore be concluded that retrograde metasomatizing fluids
in the Tappeh Ghermez iron skarn deposit have a sulfur fugacity of 10-55 and temperatures below 430°C.

Introduction Madanjou). The Tappeh Ghermez iron skarn or (A") is

Skarns are coarse-grained calc-silicate rocks of Ca,
Fe, Mg and Mn that can form during contact or regional
metamorphism and from a variety of metasomatic
processes, including fluids of magmatic, metamorphic,
meteoric and/or seawater origin (e.g., Meinert et al.,
2005; Soloviev et al., 2017; Zhong et al., 2018). The
Sangan mining district is the largest iron skarn ore district
in Iran and located in the northeast of the Alborz
magmatic arc. It consists fourteen deposits including
western (B, A, A', southern C, northern C), central
(Dardvay and Baghak) and eastern (Senjedak I, 11, 1ll,
northern and western Ferezneh, Som-e-Ahani and

located in the western part of the Sangan mining district.
Due to the presence of skarn mineralization and the
variety of alteration and metamorphic zones in the study
area, it is very important to know the conditions for the
formation of skarn index minerals in order to advance
iron exploration activities in the Tappeh Ghermez (A")
iron skarn deposit. Similar studies have been carried out
to determine the temperature of skarn minerals using
geothermometry methods in other regions of Iran and the
world (e.g., Stipské and Powell, 2005; Zamanian et al.,
2017; Ghasemi Siani and Mehrabi, 2020). So far,
calibrations have been introduced by various researchers
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for the geothermometry of garnet-clinopyroxene pair
minerals and calcic amphiboles (actinolite) found in
igneous and metamorphic rocks (e.g., Ellis and Green,
1979; Ganguly, 1979; Saxena, 1979; Powell, 1985;
Putirka, 2016; Nakamura, 2009; Ridolfi and Renzulli,
2012). The Tappeh Ghermez skarn deposit contains
minerals such as garnet, clinopyroxene, calcic amphibole
(actinolite) and chlorite, which can be used to measure
the temperature of skarnification in the area. Given that
the temperature of skarn formation in the Sangan mining
district has been determined using studies of associated
fluids (e.g., Tale Fazel et al., 2012; Ghasemi Siani and
Mehrabi, 2020), the purpose of this study is to determine
the formation temperature of the Tappeh Ghermez skarn
deposit and to compare the results with other studies.

Materials and Methods

A number of 40 thin polished sections were prepared
to determine the relationship between mineralization and
skarnification, to perform textural and paragenesis
studies of minerals, and to investigate the relationship
between ores and associated minerals, and were studied
at the Optical Mineralogy Laboratory of the Faculty of
Earth Sciences, Kharazmi University and Iranian Mineral
Processing Research Center (IMPRC), was examined
using a ZEISS Axioplan 2 microscope with transmitted-
reflected light. In addition, a number of five selected
polished sections were examined for quantitative
analysis by electron microprobe analysis (EPMA) at the
Iranian Mineral Processing Research Center (IMPRC)
using the CAMECA SX 100 model instrument and under
20 kV conditions; 20 nA and a beam diameter of one to
five microns were used for spot analysis. The detection
limits for all elements are better than 0.01%. Fe3* values
in amphibole are calculated according to Holland and
Blundy (1994).

Results and Discussion

Garnet-clinopyroxene geothermometer: In this study,
the geothermometers proposed by Ellis and Green
(1979), Powell (1985), Ganguly (1979) and Ganguly et
al. (1996) were used and gave acceptable results. The
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temperatures obtained for the prograde zone of the
garnet-clinopyroxene skarn at pressures of 1 to 4 kbar,
which are the reasonable pressures for the contact
metamorphism that causes the formation of skarn zones,
are about 302 to 442°C. The compositional range of the
garnet and pyroxene of the Tappeh Ghermez skarn is
(Adrz7.8-60.7-Grsss-67.6-SpSo.0-4) and  (Digs.08-100.00Ho.00-
3.90J00.00-1.80) respectively, and is located in the range of
the iron skarn deposits.

Actinolite  geothermometer:  Based on the
geothermometry of calcic amphiboles presented by
Putirka (2016) and Gerya et al. (1997), the temperatures
obtained for the retrograde skarn zone range from 206 to
333°C.

Ghasemi Siani and Mehrabi (2020), estimated the
temperature of placement and intrusion of the Sarnowsar
syenogranite body and formation of the endoskarn zone
in the pressure range of less than 4 kbar, 635 to 725°C.
The temperature obtained for the prograde stage of
skarnification at the Tappeh Ghermez deposit from the
fluid inclusion studies is approximately 421 to 560°C and
the salinity 16.89 to 20.22 wt.% NaCl equiv. (Ghasemi
Siani et al., 2024, unpublished), which is close to the
temperatures obtained from the garnet-clinopyroxene
paired minerals geothermometer (302 to 442°C). The
temperature obtained for the retrograde stage of
skarnification at the Tappeh Ghermez deposit was
determined from fluid inclusion studies, approximately
178 to 266°C and salinities of 15.96 to 20.22 wt.% NaCl
equiv., which is close to the temperatures obtained from
calcic amphibole geothermometry (206 to 333°C). The
decrease in temperature from the prograde skarn zone to
the retrograde skarn zone is evident in both fluid
inclusion and silicate mineral geothermometers.

Conclusions
With the intrusion of the Sarnowsar syenogranitic
intrusive body, the dolomitic limestones were

metamorphosed to dolomitic marble. In the limestone
unit, skarnification has occurred under the influence of
metasomatizing magmatic fluids. In the Tappeh Ghermez
deposit, the temperature of the prograde skarn zone using
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a garnet-clinopyroxene paired minerals geothermometer,
at pressures of 1 to 4 kbar is about 302 to 442°C, and the
temperature of the retrograde skarn zone using calcic
amphiboles geothermometry is about 206 to 333°C. The
dolomitic  limestones have been affected by
metasomatism due to the intrusion of hydrothermal
fluids, resulting in skarnification (exoskarn) and
mineralization. In this study, the results of
geothermometry of the skarn zones using mineral
chemistry are in acceptable agreement with the
temperatures obtained from fluid inclusions, and this
method can be used to estimate the formation
temperature of other skarns in the Sangan mining district
and similar regions.
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Fig. 3. Field images of the location of skarn zones and host rocks in the Tappeh Ghermez iron deposit. a) A view of the location of
the dolomitic limestone host rock relative to the Sarnowsar granite and anomalous iron-bearing exoskarn zone under study; b)
Dolomitic limestone hosting the Tappeh Ghermez magnetite skarn mineralization; ¢) Skarnified dolomitic limestone unit and massive

iron ore formation on the mineralized wall rock in the Tappeh Ghermez deposit (the image facing southeast), and d) Rhyodacite dike
cutting the iron-bearing skarn zone of the studied deposit (of the images facing northwest).
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Fig. 4. Field photographs of field outcrop and hand specimens of skarn subzones and the Tappeh Ghermez deposit iron mineralization.
a) Outcrop of the garnet skarn subzone; b) Boundary between garnet skarn and garnet-clinopyroxene skarn subzones formed on
dolomitic limestone wall rock; ¢) Sample taken from the garnet-clinopyroxene skarn subzone; d) Hand specimen of calcite marble
with trihedral cleavage; e and f) Hand specimen of brecciated magnetite with calcite cement, g) Hand specimen of massive magnetite

within the garnet skarn subzone of the Tappeh Ghermez deposit, h) Magnetite and pyrite vein- veinlets with calcite crystals in the
skarn retrograde zone.
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Fig. 5. Photomicrographs of prograde and retrograde skarn zones of the Tappeh Ghermez (A") mining area. a and b) Euhedral and
anisotropic garnet crystals that altered into epidote due to hydrothermal alteration from the center; ¢ and d) Assemblages of fine to
medium-sized clinopyroxene crystals that altered to actinolite due to hydrothermal processes, e) Garnet crystals that include
pyroxene, showing that garnet is formed after pyroxene; fand g) Assemblages of actinolite needles and blade-shaped in the amphibole
skarn subzone; h and i) Clinopyroxene and amphibole associated with magnetite in the exoskarn zone, and j, k and I) Co-growth of
magnetite, pyrite, chalcopyrite and pyrrhotite in the ore zone. Abbreviations taken from Whitney and Evans (2010): Grt: garnet, Cpx:
clinopyroxene, Ep: epidote, Op: opaque mineral, Act: actinolite, Cal: calcite, Amp: amphibole, Mag: magnetite, Py: pyrite, Cpy:
chalcopyrite, Po: pyrrhotite.
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Fig. 6. a) Ratio of magmatic and hydrothermal fluids involved in garnet forming at the Tappeh Ghermez skarn based on the Fe/Ti
vs. Al/(Al + Fe + Mn) diagram (Heimann et al., 2009), b) Triangular diagram to determine the pyroxene type (Meinert, 1992), c)
Triangular diagram for determining the garnet type (Meinert, 1992). The range of the iron skarn deposits is shown (Meinert, 1992).
Abbreviations adapted from Meinert (1992): APS: almandine+spessartine+pyrope; Ad: andradite; Gr: grossular; Di: diopside; Hd:

hedenbergite; Jo: johannesenite.
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Table 1. Electron microprobe analysis (EPMA) of garnet minerals at the garnet- clinopyroxene skarn zone of the Tappeh Ghermez
deposit (structural formula of garnet based on 12 oxygen atoms). The detection limits of analysis for all elements are better than 0.01

percent.
Point. No @) ) 3 4 5) (6) ) 8) ) (10)
SiO2 37.34 36.98 37.00 36.82 36.80 37.00 37.13 37.09 36.97 36.97
TiO2 0.20 0.55 0.41 0.49 0.54 0.52 0.51 0.39 0.55 0.27
Al203 9.55 9.25 10.37 9.45 9.12 10.03 10.01 9.32 9.55 9.22
FeO 17.96 17.90 16.76 18.10 16.24 16.75 17.20 17.94 17.81 18.54
MnO 0.79 0.67 0.73 0.63 0.58 0.72 0.74 0.75 0.64 0.68
MgO 0.03 0.04 0.01 0.05 0.00 0.00 0.01 0.04 0.01 0.00
CaO 33.37 33.50 33.59 33.07 33.61 33.52 33.67 33.60 33.59 33.14
Na20 0.00 0.04 0.00 0.04 0.01 0.00 0.00 0.02 0.00 0.00
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.23 98.93 98.87 98.64 98.89 98.54 99.28 99.15 99.12 98.81
Si 3.010 2.994 2.984 2.990 2.984 2.994 2.987 2.996 2.985 3.006
Ti 0.011 0.033 0.024  0.029 0.032 0.031 0.031 0.023 0.033 0.026
AI_ 0.942 0.916 1.021 0.939 0.906 0.991 0.983 0.921 0.943 0.955
AI"{ 0.000 0.005 0.015 0.009 0.015 0.005 0.012 0.003 0.014 0.000
Al 0.942 0.911 1.006 0.930 0.891 0.986 0.971 0.918 0.929 0.955
Fe3* 0.885 0.901 0.831 0.889 0.919 0.841 0.854 0.903 0.887 0.865
Fe2* 0.325 0.310 0.299 0.340 0.317 0.292 0.303 0.308 0.316 0.319
Fe* 1.210 1.211 1.130 1.229 1.236 1.133 1.157 1.211 1.203 1.184
Mn 0.053 0.045 0.049 0.043 0.039 0.049 0.050 0.051 0.044 0.049
Mg 0.003 0.005 0.001 0.005 0.000 0.000 0.001 0.004 0.000 0.003
Ca 2.883 2.906 2.904 2.878 2.920 2.907 2.903 2.908 2.906 2.881
Andradite 49.38 50.52 45.75 49.56 51.33 46.77 47.36 50.45 49.38 48.46
Grossular 48.48 47.56 52.36 48.61 47.19 51.39 50.72 47.46 48.94 49.56
Pyrope 0.130 0.191 0.048 0.205 0.000 0.000 0.050 0.157 0.031 0.132
Almandine 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Spessartine 1.997 1.711 1.830 1.618 1.475 1832 1.857 1.921 1.637 1.837
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Point. No (11) (12) (13) 14 (15 (16) a7 (18) (19) (20)
Si0O; 4857 3734 3756 3692 3605 3727 3773 3753 3740  37.92
TiO, 0.36 0.61 053 129 167 142 1.41 1.5 110 1.19
Al203 9.01 11.06 1127 876 851 918 1444 1416 1387 1462
FeO 1320 1565 1582 1713 1695 1650 1193 1213 1300 1202
MnO 0.61 0.83 082 08 078 089 1.72 1.63 171 1.84
MgO 0.00 0.00 004 009 008 008 0.01 001 005 006
Ca0 2721 3343 3340 3406 3416 3427 3306 3319 3275 3291
Na,O 0.03 0.00 000 000 000 005 0.00 000 000  0.00
K20 0.00 0.00 000 000 000  0.00 0.00 000 000  0.00
Total 99.00  98.92 9944 9911 9820 9966  100.23  99.88 10056  98.81
Si 3717 2.997 2997 2080 2943 2986 2952 2942 2050  2.959
Ti 0020 0036 0031 0078 0102 0085 0083 0093 0065  0.069
Al 0826  1.080  1.094 0866 0851 0.898 1361 1338 1321  1.374
Allv 0000 0002 0002 0019 0056 0013 0047 0057 0049  0.040
Al 0826 1078  1.092 0847 0795 0885 1314 1281 1272 1334
Fed* 0370 0761 0752 0916 0939 0878 0523 0542 0574 0517
Fe2* 0474 0289 0303 0240 0218 0226 0257 0253 0283  0.266
Fe* 0.844  1.050 1055 1156 1157 1104 0780 0795 0.857  0.783
Mn 0039 056 0055 0059 0053 0060 0110 0108 0114  0.121
Mg 0000 0000 0005 0010 0009 0009 0001 0001 0005 0.006
Ca 2231 2875 2856 2946 2988 2941 2772 2788 2768 2752
Andradite 3129 4210 4151 5236 5340 5033 2820 2930 3081  27.79
Grossular 6646  55.83 5626 4497 4418 4698  67.62 6675 6490  67.60
Pyrope 0.00 000 0187 0396 0369 038 0061 0053 0.189  0.232
Almandine 0000 0000 0000 0000 0000 0000 0000 0000 0000  0.000
Spessartine 2238 2073 2032 2261 2037 2296 4.106 3892 4.090  4.360

ool 2 Sy lS 5L S0 ,9) 5 85 JLadlS (Sl (S ey ilS — IS Bty 53 (S g gielS SIS 39S 5150, 3 b Y Jgar
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Table 2. Electron microprobe analysis (EPMA) of clinopyroxene mineral at the garnet- clinopyroxene skarn zone of the Tappeh
Ghermez deposit (structural formula of garnet based on 6 oxygen atoms). The detection limits of analysis for all elements are better

than 0.01 percent.

Point. No @ @ ©)] ) ®) (6) @) ®) © (10)
SiO2 5291 5318 5066 50.10 50.68  49.85 5017 4812 5038 50.83
TiO2 002 000 076 093 084 1.13 0.96 1.43 1.04 090
Al203 034 031 280 317 279 3.41 302 401 313 265
FeO 727 725 578 522 5096 5.33 5.79 548 5838 758
MnO 041 035 031 032 035 0.31 034 029 032 042
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MgO 13.76 13.59 14.40 14.38 14.36 14.15 14.12 13.27 14.30 13.93
CaO 24.73 24.46 21.67 21.61 21.61 21.70 21.48 21.33 21.51 20.82
Na20 0.08 0.09 0.38 0.40 0.38 0.43 0.44 0.44 0.42 0.44
K20 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 0.08
Cr203 0.03 b.d. 0.03 b.d. b.d. 0.01 b.d. 0.03 b.d. 0.02
Total 100.20 99.62 99.39 99.63 99.56 100.09 99.40 100.01 99.33 98.81
Si 1.975 1.991 1.893 1.870 1.892 1.856 1.879 1.807 1.875 1.908
Ti 0.001 0.000 0.021 0.026 0.024 0.032 0.027 0.040 0.029 0.026
AI_ 0.025 0.014 0.122 0.139 0.122 0.149 0.132 0.208 0.137 0.116
AI"{ 0.020 0.004 0.093 0.101 0.093 0.106 0.098 0.134 0.100 0.090
AlV 0.005 0.010 0.029 0.038 0.029 0.043 0.034 0.074 0.037 0.026
Fed* 0.018 0.011 0.073 0.098 0.073 0.106 0.087 0.120 0.085 0.047
Fe2 0.227 0.227 0.181 0.163 0.186 0.166 0.181 0.172 0.183 0.238
Fe* 0.245 0.238 0.254 0.261 0.259 0.272 0.268 0.292 0.267 0.285
Cr 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001
Mn 0.013 0.011 0.010 0.010 0.011 0.010 0.011 0.009 0.010 0.013
Mg 0.766 0.758 0.802 0.800 0.799 0.785 0.788 0.73 0.794 0.779
Ca 0.989 0.981 0.868 0.864 0.865 0.866 0.862 0.858 0.858 0.837
Na 0.006 0.007 0.027 0.029 0.027 0.031 0.032 0.032 0.030 0.032
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004
Johannsenite 0.560 0.20 0.049 0.000 0.008 0.061 0.002 0.000 0.085 0.692
Diopside 99.44 99.31 96.93 96.75 96.92 96.57 96.45 96.37 96.62 96.33
Hedenbergite 0.000 0.663 3.019 3.249 3.067 3.369 3.548 3.630 3.288 2.975
b.d: below detection limit.
Y Jguz dalol
Table 2. Continued
Point. No (11) (12) (13 (14) (15) (16) (17) (18) (19) (20)
SiO2 50.48 48.75 51.01 50.42 54.45 54.90 52.75 53.79 55.10 53.41
TiO2 0.86 1.32 0.71 0.72 0.04 b.d. 0.09 0.01 0.02 0.06
Al203 1.80 3.88 1.52 1.73 0.05 0.06 111 0.93 0.05 0.81
FeO 8.77 5.54 8.39 8.56 2.15 0.95 3.60 4.82 1.13 3.44
MnO 0.55 0.37 0.52 0.57 0.13 0.11 0.16 0.17 0.06 0.15
MgO 12.48 13.67 12.94 13.47 17.11 18.13 15.25 16.77 17.76 15.77
CaO 21.43 21.08 21.02 20.57 25.73 25.68 24.65 21.66 25.79 24.98
Na20 0.59 0.47 0.60 0.49 0.04 0.04 0.14 0.21 0.03 0.12
K20 0.07 b.d. 0.09 0.11 b.d. b.d. b.d. b.d. b.d. b.d.
Cr20s3 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Total 99.63 99.60 99.32 99.16 99.70 99.88 99.37 98.36 100.03 100.20
Si 1.913 1.830 1.931 1.913 1.991 1.992 1.955 1.994 1.997 1.961
Ti 0.025 0.037 0.020 0.020 0.001 0.000 0.003 0.000 0.001 0.002
AI_ 0.080 0.169 0.067 0.077 0.066 0.066 0.065 0.065 0.066 0.065
Alv 0.020 0.004 0.093 0.101 0.093 0.106 0.098 0.134 0.100 0.090
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Al 0.005 0.010 0.029 0.038 0.029 0.043 0.034 0.074 0.037 0.026
Fe¥* 0.074 0.127 0.072 0.073 0.001 0.002 0.045 0.001 0.002 0.039
Fe?* 0.227 0.227 0.181 0.163 0.186 0.166 0.181 0.172 0.183 0.238
Fe* 0.352 0.301 0.337 0.344  0.067 0.031 0.157 0.150 0.036 0.145
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001
Mn 0.018 0.012 0.017 0.018 0.004 0.003 0.005 0.005 0.002 0.005
Mg 0.705 0.765  0.730 0.62 0.933 0.981 0.843 0.927 0.959 0.863
Ca 0.870 0.848 0.852 0.836  1.008 0.998 0.979 0.861 1.001 0.983
Na 0.043 0.035 0.044 0.036 0.002 0.002 0.010 0.015 0.002 0.009
K 0.003 0.000 0.004 0.005 0.000 0.000 0.000 0.000 0.000 0.000
Johannsenite 1.891 0.007 1.194 0.000  0.000 0.000 0.000 0.000 0.000 0.138
Diopside 95.26 96.09 95.08 9590 99.73 99.74 99.00 98.29 98.79 99.13

Hedenbergite 2.847 3.903 3.719 3.841 2.262 0.253 0.996 1.708 0.210 1.092
b.d: below detection limit.

20 ol |y gy 95dS —5,8 Ly yame SgymrgidS — )8 slo Sz 55 i Ledyae 51 0,S (il & )0 o >y okl e 3 slales Y Jgax
(Ellis and Green, 1979; Powell, 1985; Ganguly, 1979; Ganguly et al., 1996) lwgs oo 43,1 sl ewlos ulul 5 ,LelS F 1 S slajLid
Table 3. Temperatures in degrees Celsius obtained from geothermometry of garnet-clinopyroxene pair minerals of the garnet-
clinopyroxene skarn zone at pressures of 1 to 4 kbar based on thermometry provided in literature (Ellis and Green, 1979; Powell,
1985; Ganguly, 1979; Ganguly et al., 1996).

Pressure

(Kbar) @) ) ®3) @) (5) (6) @) ®)

Kd 628.60 22646 74227 52480 489.05 326.69 311.36  747.81
1 350 437 337 373 373 409 415 357
Ellis  and 2 351 439 338 374 375 410 416 359
Green, 1979 3 352 440 339 375 376 412 418 360
4 353 442 340 377 377 413 419 361
1 336 424 323 359 360 395 402 345
powell, 1985 2 337 425 324 361 361 397 403 346
3 338 427 325 362 362 398 404 347
4 340 428 327 363 364 399 406 348
1 316 394 305 333 336 367 371 315
Ganguly, 2 318 395 306 334 337 368 373 316
1979 3 319 397 308 336 338 369 374 317
4 320 398 309 337 340 371 375 319
1 303 374 302 319 322 350 354 305
Ganguly et 2 305 376 304 321 323 351 356 307
al., 1996 3 307 378 306 323 325 353 358 309
4 309 380 308 325 327 355 360 311
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Table 4. Electron microprobe analysis (EPMA) of actinolite mineral at the amphibole skarn (structural formula based on 23 oxygen
atoms) in the Tappeh Ghermez skarn deposit. The detection limits of analysis for all elements are better than 0.01 percent.

Point. No @) ) (©) 4) (5) (6) (@) 8 ) (10)
SiO2 43.89 50.07 40.90 51.46 38.25 50.56 51.19 3746  37.31 50.66
TiO2 0.09 0.07 0.16 0.00 0.09 0.02 0.02 0.50 0.50 0.02
Al203 5.78 1.71 8.40 0.88 10.09 0.98 0.57 11.10 1137 0.99
FeO 31.58 28.81 30.28 25.50 31.38 28.79 29.77 3056  29.58 28.51
MnO 0.34 0.36 0.39 0.43 0.44 0.32 0.37 0.35 0.43 0.40
MgO 3.41 5.35 3.37 7.38 2.85 5.25 4.95 2.81 2.77 5.53
CaO 11.54 12.19 11.58 12.50 11.50 12.09 11.98 1145  11.67 12.07
Na20 0.78 0.28 0.95 0.10 1.32 0.20 0.11 1.20 1.30 0.18
K20 1.07 0.07 1.72 0.00 2.06 0.00 0.00 2.17 2.04 0.00
H20* 1.97 1.87 1.94 1.95 1.87 1.94 1.95 1.87 1.85 1.94
Total 100.44  100.77  99.69  100.20 99.85 100.14 10091 9946  98.89  100.31
Si 6.912 7.702 6.517 7.852 6.133 7.834 7.878 6.015 6.039 7.815
Ti 0.010 0.008 0.019 0.000 0.011 0.003 0.003 0.060 0.061 0.003
Al 1.073 1.085 1.576 0.159 1.907 0.179 0.103 2101  2.169 0.180
AlY 1.073 1.073 1.483 0.148 1.867 0.166 0.103 1985 1.961 0.180
AlV 0.000 0.012 0.093 0.011 0.040 0.013 0.000 0.116  0.208 0.000
Fed* 0.738 0.011 0.073 0.098 0.073 0.106 0.087 0.120  0.085 0.047
Fe? 3.421 3.549 3.279 3.235 3.188 3.658 3.679 3.113  3.250 3.541
Fe* 4.159 3.705 4.034 3.254 4.208 3.731 3.832 4104  4.004 3.679
Mn 0.013 0.011 0.010 0.010 0.011 0.010 0.011 0.009 0.010 0.013
Mg 0.766 0.758 0.802 0.800 0.799 0.785 0.788 0.73 0.794 0.779
Ca 0.989 0.981 0.868 0.864 0.865 0.866 0.862 0.858  0.858 0.837
Na 0.237 0.082 0.348 0.029 0.411 0.060 0.032 0.373  0.408 0.055
K 0.215 0.014 0.349 0.000 0.422 0.000 0.000 0.444  0.421 0.000
OH* 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Amphibole hFerro- Fe_rro-_ :(;eer;(i)ti fe_rro-_ Pic;tr??s Fe:rro-_ Fe{rro-_ Pic;[s_ss Pic;[s_ss Fgrro-_
Name ornble  actinolit c actinolit hastin actinolit  actinolit hastin hastin actinolit
nde e hornbl e - e e . . e
ende gsite gsite gsite

';rrglﬁ’g'bo'e 9944 9931 9693 9675 9692 9657 9645 9637 9662  96.33
Putirka (2016) 281 206 250 215 294 289 269 320 333 291
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Fig. 7. a) Representation of the mineral assemblages of the Tappeh Ghermez skarn zones and the relationships between them in the
ACM diagram (Sengupta et al., 1989), where CO,, H,0, Qtz are considered as additional phases; b) 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); ¢) 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 Chowdhury and Lentz (2011); d) T-XCO- diagram in Pfluid = 1000 bar (adapted from
Sweeney, 1980). Gr100 is pure Ca—Al garnet (grossular), Adr is pure Ca—Fe garnet (andradite), and Gr20—Gr80 is andradite-grossular
solid solution, and e) Temperature-pressure diagram in skarn systems in which a variety of stable faces equilibria under different
temperature and pressure conditions is shown (Nakamura and Hirajima, 2005).
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Fig. 8. a and b) bivariate diagrams of Log fS2 vs. Log fO> for andradite stability field between 420 and 400°C at XCO; = 0.1; calc-
silicate and biotite equilibria are based on Liou (1974), Gustafson (1974), and Taylor and Liou (1978); Cu—Fe-S—O-C—H equilibria
are based on Scott and Barnes (1971), and Helgeson (1969).
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Fig. 9. The location of the skarn zones around the Sarnowsar syenogranitic hypabyssal body, together with the dominant mineralogy

in each zone and the temperatures obtained from the geothermometry of the skarn minerals. a) Prograde skarn stage, b) Retrograde
skarn stage.
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