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Accepted: 07 February 2023 district. The deposit was formed in quartz monzonite, syenogranite, and granodiorite
Keywords: bodies introded into Lower Cambrian volcanic (andesite) and sedimentary units
x)inneir,a:(g?;i;mti;gg’ alteration  (qjjtstone, tuff, and ignimbrite) in the Tarom-Hashtjin metallogenic province. Iron
mineralization, subduction mineralization occurs as brecciated, massive, disseminated, and vein-veinlet types.
;‘;’;j’anc;‘;fel\‘;zt'r:‘c’[‘ deposit,  Major alteration minerals include actinolite, albite, magnetite, epidote, phlogopite,

k-feldspar, and biotite. The main sulfide minerals are pyrite, chalcopyrite, and
bornite. Based on field and mineralogical studies, sodic-calcic, potassic, propylitic,
sericitic, siliceous, and argillic alterations have been identified in the deposit. Sodic-
calcic alteration (albite-actinolite-magnetite), characterized by massive and
brecciated magnetite in the depth, calcic (actinolite) and potassic (secondary biotite)
alteration in the middle levels associated with vein-veinlet sulfide mineralization and
finally propylitic alteration (chlorite-epidote) in the shallow levels are observed.
Based on the results of chemical analyses, the clinopyroxenes in the alteration zones
(mainly sodic-calcic) are mostly augite and less commonly diopside. Plagioclase has
a range of albite compositions. Amphiboles are calcic and often tremolite and
magnesio-hornblende. Finally, the absence of CI in the composition of the
amphiboles of the Chore-Nab deposit and the presence of at least two Cl-rich
amphiboles in all the IOCG deposits of the Carajas mineral province can be
attributed to the lack of influence of replacement mechanisms generated by Cl-rich
hydrothermal fluids during sodic-calcic alteration.

Introduction

Iron oxide-apatite (I0A) and iron-copper-
gold (IOCG) deposits are among the most
important iron oxide-rich deposits in the
world, due to their high economic importance
as sources of iron, copper, gold, silver, and
bismuth. They also contain phosphorus,
cobalt, niobium, uranium, and rare earth

elements (e.g., Hitzman, 2000; Barton, 2014;
Simon et al., 2018). The time range of their
formation spans from the Archean to the
Pliocene (Hitzman, 2000). These deposits are
associated with diorite, gabbro, and
granodiorite in the extensional tectonic
settings associated with the convergent
margins and intracontinental rifts (Hitzman,
2000). Sodic-calcic alteration is one of the
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major alteration zones of IOCG deposits (e.g.,
Groves et al., 2010). Kiruna-type (IAO)
deposits are spatially and temporally related to
IOCG deposits (Day et al., 2016). I0A and
IOCG in Iran were formed during
tectonomagmatic evolution related to the
Early Cambrian intracontinental magmatism
in central Iran and the Cenozoic magmatism
related to subduction in the Alborz magmatic
arc (Nabatian et al., 2015). The aim of this
research is to comprehensively investigate the
chemistry of the alteration minerals of the
Chore-Nab iron deposit in order to determine
the tectonomagmatic environment.

Materials and Methods

About twenty surface samples and drilling
cores were collected from the hydrothermal
alteration zones. Twenty four polished thin
sections were prepared for the study of
hydrothermal alteration mineralogy by ZEISS
Axioplan 2 at the Kharazmi University. In
addition, selected samples were investigated
by electron microscopy (EPMA) using a
Cameca SX100 equipped with five WDS
spectrometers using an accelerating voltage of
15 kV and a probe current of 20 nA at the Iran
Mineral ~ Processing  Research  Center
(IMPRC). Detection limit for EPMA is better
than 100 ppm for all elements due to the long
integration time in peak and background.
About Thirty three powder samples from
hydrothermal alteration zones are investigated
by X-ray Diffraction (XRD) method using
Philips (X'pert model) with CoKal (1.789A°)
primary beam, single chronometer on
secondary optics, 40 kV voltage and 35 mA
current. Mineralogical composition of the
samples was determined using quantitative
XRD (Rietveld method). Data were collected
from 4 to 80 20 degrees, with a step size of
0.02 degree.

Results and Discussion

Field geology, petrography, and XRD
analysis reveal six alteration zones including
sodic-calcic, potassic, and  propylitic
alteration. Sericitic, siliceous, and argillic
alterations alteration were less commonly
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observed in the Chore-Nab deposit. The IOCG
deposits are characterized by sodic-calcic
alteration (albite-actinolite-magnetite) in the
deep levels, calcic alteration (mainly
actinolite-specularite) in the shallower levels,
and finally siliceous, argillic, sericite and
magnesian alteration on the surfaces. In the
Chore-Nab deposit massive magnetite formed
by extensive sodic-calcic alteration (albite-
actinolite-magnetite and minor content of
apatite) in deep levels, magnetite veins,
brecciated magnetite veins with sodic-calcic
alteration (mainly actinolite-epidote-
magnetite) in intermediate levels,
disseminated magnetite, banded magnetite
(alternation of dark bands of magnetite and
light albite-actinolite) and late chalcopyrite
veinlets are observed in the shallow levels of
the deposit with potassic alteration. The
pyroxene in the sodic-calcic alteration is
augite with composition W031.7-26.6ENs45-
436FS28.1188. The plagioclase is albite (Anyss-
6.20ADo1 55.97.610r0.86.2.16), and the amphiboles
are tremolite and magnesio-hornblende types.
The micas are magnesium-rich and are mostly
phlogopite, and the epidote is clinozoisite. As
a result, the absence of CI (0.00) in the
composition of amphiboles of the Chore-Nab
deposit and the presence of Cl-rich
amphiboles (0.02 to 0.19) in all the 10CG
deposits of the Carajas mineral province
suggest the absence of influence of
replacement processes generated by Cl-rich
hydrothermal fluids during the sodic-calcic
alteration.

Conclusions

The Chore-Nab iron deposit is located in
the northwest of the Zanjan-Zaker district. It is
hosted by quartz monzonite, syenogranite and
granodiorite intrusive bodies. The alteration
zones in order of abundance include sodic-
calcic, potassic, propylitic, sericitic, silicic and
argillic. The volumetric abundance of
actinolite indicates a possible transition
between sodic-calcic and calcic alteration.
Sodic-calcic alteration is mainly associated
with  massive and vein  magnetite
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mineralization. Finally, the abundance of
sodic-calcic  alteration associated  with
magnetite (albite-actinolite-magnetite)
decreases and calcic (actinolite) and potassic
(secondary biotite) alteration increases.
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Fig. 2. Simplified geological map of the Tarom intrusive complex .Modified after Nabatian et al. (2011).
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Table 1. Summary of geological characteristics of IOA and I0CG type iron deposits located in the Zanjan-

Zaker belt.
Ore deposit ~ Ore References  Lithology Age Host rock  Mineralization Alteration
type
Sorkhe-Dizaj 10A  Nabatianet  Trachyandesite, Late Quartz- Low-Ti-Mag Potassic, Sodic-
al., 2013 olivine basalt, Eocene- monzonite +Ap+Mnz+ Calcic, Argillic,
brecciated tuff, Early Cpy+Bn+Py Sericitic,
quartz Oligocene Silicic,
monzonite, Tourmalinization,
monzonite, Propylitic
granite
AliAbad- I0A Mazhari, Quartz-syenite, Late Quartz- Mag+Ap Sericitic, Argillic,
Morvarid 2010 syenite, quartz  Eocene-  monzonite, Silicic, Propylitic,
monzonite, Early quartz- Sodic-Calcic
monzonite, Oligocene syenite
monzogranite
Zaker IOA  Khan Quart- Oligocene Quartz- Mag+Ap Potassic, Sodic-
Mohammadi zmonzonite, syenite, Calcic, Argillic,
etal., 2010 quartz- quartz- Sericitic, Silicic,
monzodiorite, monzonite Propylitic
quartz-syenite,
brecciated tuff,
Basaltic
andesite lavas
Golestan Abad IOA  Kordianet  Quartz- Late Quartz- Mag+Ap Potassic, Sodic-
al., 2020 monzodiorite, Eocene-  monzodiorite Calcic, Argillic,
Pyroxene Early Sericitic, Silicic,
quartz- Oligocene Propylitic
monzodiorite
Zarnan IOCG Geravandi,  Andesite, Oligocene Quartz- Mag+Hem+ Fe-oxide, Argillic,
2021 Dacite, quartz- monzonite  Ap+Timag+ Potassic,
monzonite, lIm+Mnz+Py+  Propylitic,
granite, Cpy+Mlc+Lm  Sericitic
granodiorite, +Gth
diorite, gabbro
Chore-Nab IOCG Ghasemi Quartz- Oligocene Quartz- Mag+Ap+Bn+  Sodic-Calcic,
Siani etal., monzonite, monzonite Py+Cpy Sericitic, Potassic,
2024 quartz- and syeno- Argillic,
monzodiorite, granite Propylitic, Silicic,
granodiorite, Magnesian

syeno-granite,
andesite

metasomatism,
Fe-hydroxide
(Supergene)
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Fig. 3. a) Magnetite mineralization and granitoids as host rocks. b) The outcrop of the tactonized and highly
altered granodorite unit. ¢) Widespread alteration haloes in the Chore-Nab deposit. View of the image is towards
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the north of the study area.
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Fig. 5. Field images of the sodic-calcic and argillic alteration zones. a) The location of the sodic-calcic alteration
between the mineralized zone and the hosts syenogranite body, associated with the images of the hand specimen

from this alteration. b) The outcrop of the advanced argillic alteration in the granodiorite rocks. ¢) Disseminated
and veinlet magnetites in the matrix of sodic-calcic alteration, and d) Banded structure of magnetite and albite.
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Table 2. The results of X-ray diffraction (XRD) analysis of samples containing sodic-calcic alteration in the

mineralized syenogranite unit of the Chore-Nab deposit.
Sample code Lithology Alteration Mineral assemblage

Ch-5 Mineralized syenogranite Sodic-Calcic Magnetite, Quartz, Albite,
Diopside, Clinochlore,
Actinolite, Orthoclase

Ch-11 Mineralized syenogranite Sodic-Calcic Quartz, Epidote, Calcite,
Actinolite, Magnetite, Albite
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Fig. 6. Photomicrograph of magnetite, chalcopyrite, and covellite mineralization of the Chore-Nab deposit (all
images were taken in XPL transmitted light). a) Brecciated mineralization of magnetite. In this texture, albite
and actinolite fragments are set in a matrix of magnetite. b) Brecciated mineralization of magnetite,
chalcopyrite, and covellite. ¢) Sodic-calcic alteration in the form of transformation of clinopyroxene crystals
into actinolite blades and the growth of secondary albite crystals, and d) Massive mineralization of magnetite,

chalcopyrite, and covellite along with actinolite and albite minerals resulting from sodic-calcic alteration.
Abbreviations (Ab: albite, Act: actinolite, Bt: biotite, Chl: chlorite, Mag: magnetite, Cpy: chalcopyrite, Hem:

hematite, Cv: covellite).
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Fig. 7. Photomicrograph of magnetite, chalcopyrite, and covellite mineralization (all images were taken in XPL
transmitted light). a and b) Mineralization of disseminated magnetite in matrix of actinolite and albite. ¢ and d)
Vein-veinlet magnetite, chalcopyrite, and covellite mineralization. Abbreviations (Ab: albite, Act: actinolite,
Bt: biotite, Chl: chlorite, Mag: magnetite, Cpy: chalcopyrite, Hem: hematite, Cv: covellite).
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Table 3. The results of X-ray diffraction (XRD) analysis of sericitic, intermediate argillic, propylitic and silicic

alterations.
Sample code Lithology Alteration Mineral assemblage

Ch-17 Mineralized granodiorite Sericitic Quartz, Muscovite, Goethite,
Titanite, Orthoclase

Ch-24 Mineralized granodiorite Intermediate argillic Quartz, Albite,
Montmorillonite, Vermiculite,
Illite, Muscovite

Ch-11 Mineralized granodiorite Propylitic Quartz, Epidote, Calcite,
Actinolite, Magnetite, Albite

Ch-25 Mineralized granodiorite Propylitic Quartz, Clinochlore

Ch-23 Mineralized granodiorite Silicic Quartz, Epidote,

Montmorillonite
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Fig. 8. Photomicrograph of sericitic, argillic, propylitic, and siliceous alteration. a) plagioclase transformed into
sericite. b) Argillic alteration characterized by replacement of plagioclase by clay minerals. ¢ and d) Replacment
of plagioclase by epidote. e, f and g) Replacment of hornblende by chlorite. h and i) Silica alteration in the
granodioritic and syenogranitic bodies. Abbreviations (Pl: plagioclase, Ser: sericite, Ilt: illite, Ep: epidote, Hbl:
hornblende, Op: turbid mineral, Py: pyrite, Afs: alkali feldspar, Chl: chlorite, Cpx: clinopyroxene, Qtz: quartz).
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Fig. 9. a) The outcrop of supergene alteration located in the surface parts and the excavated trench of the Chore-
Nab deposit. b) Iron oxide veins occurring in the joints and cracks within the quartz monzonite rocks. ¢)

Photomicrograph of iron oxide alteration of clinopyroxene and actinolite. Abbreviations (Pl: plagioclase, Ser:
sericite, Afs: alkali feldspar, Zrn: zircon, Mag: magnetite, Act: actinolite, Fe-oxide: iron hydroxide).
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Table 4. The results of the point analysis of clinopyroxenes in alteration zone of the Chore-Nab deposit based
on weight percentage and the structural formula calculations based on 6 oxygen atoms (temperatures obtained

in Celsius degrees at the pressure of 2.5 kilobars).

Point. No (@h)] 2) 3) 4 (5) (6)
SiO2 52.90 52.69 51.76 53.11 52.03 55.71
TiO> 0.12 0.06 0.11 0.09 0.07 0.01
AlO3 3.17 1.10 1.72 1.56 391 5.57
Cr203 0.02 0.01 0.02 0.01 0.00 0.00
FeO 10.86 14.61 14.79 15.10 13.63 15.85
MnO 0.68 0.44 0.46 0.44 0.53 0.40
MgO 17.68 15.42 14.66 14.98 13.52 13.82
CaO 12.00 14.15 14.84 13.27 12.08 12.34
Na20 0.34 0.11 0.24 0.23 0.49 0.21
K20 0.94 0.03 0.04 0.07 0.20 0.04
Total 98.71 98.62 98.64 98.86 96.46 98.94
Si 1.969 2.007 1.973 2.021 2.024 2.137
Ti 0.003 0.002 0.003 0.003 0.002 0.000
Al 0.027 0.009 0.023 0.024 0.026 0.137
AV 0.112 0.058 0.054 0.094 0.205 0.163
Cr3* 0.001 0.000 0.001 0.000 0.000 0.000
Fe3* 0.015 0.057 0.011 0.097 0.184 0.283
Fe?* 0.353 0.522 0.483 0.578 0.627 0.792
Mn 0.021 0.014 0.015 0.014 0.017 0.013
Mg 0.981 0.875 0.833 0.850 0.784 0.790
Ca 0.479 0.577 0.606 0.541 0.503 0.507
Na 0.025 0.008 0.018 0.017 0.037 0.016
K 0.045 0.001 0.002 0.003 0.010 0.002
Wo 26.62 30.10 31.72 28.91 29.09 28.08
En 54.57 45.64 43.60 45.41 45.30 43.76
Fs 18.81 24.26 24.68 25.68 25.62 28.16
XFe 0.118 0.153 0.136 0.176 0.197 0.236
XMg 0.327 0.256 0.234 0.258 0.247 0.235
XCa 0.479 0.577 0.606 0.541 0.503 0.507
Cpx Name augite augite augite augite augite augite
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Table 4. Continued F Jsoz el
Point. No (7 (8) (9 (10) an (12) (13)
SiO2 52.48 53.04 52.82 53.79 52.70 53.12 51.28
TiO2 0.01 0.07 0.08 0.00 0.01 0.06 0.08
AlLO3 2.23 1.53 1.58 2.35 2.63 2.43 3.74
Cr203 0.02 0.01 0.02 0.00 0.02 0.01 0.00
FeO 16.30 14.83 15.83 12.20 12.12 12.67 12.22
MnO 0.55 0.48 0.47 0.66 0.61 0.72 0.52
MgO 13.18 14.85 14.19 17.08 16.01 15.76 14.27
CaO 13.15 13.01 13.07 13.48 13.03 13.72 11.40
Na20 0.22 0.25 0.25 0.32 0.35 0.31 0.36
K20 0.09 0.06 0.06 0.06 0.11 0.07 0.14
Total 98.23 98.13 98.37 99.94 97.59 98.87 94.01
Si 2.028 2.033 2.029 1.994 2.005 2.002 2.035
Ti 0.000 0.002 0.002 0.000 0.000 0.002 0.002
Al 0.029 0.035 0.032 0.006 0.006 0.004 0.038
A1 0.130 0.104 0.103 0.096 0.124 0.112 0.213
Crt 0.001 0.000 0.001 0.000 0.001 0.000 0.000
Fe** 0.138 0.118 0.114 0.064 0.099 0.090 0.216
Fe?* 0.665 0.594 0.622 0.442 0.484 0.489 0.622
Mn 0.018 0.016 0.015 0.021 0.020 0.023 0.017
Mg 0.759 0.849 0.813 0.944 0.908 0.886 0.844
Ca 0.544 0.534 0.538 0.535 0.531 0.554 0.485
Na 0.016 0.019 0.019 0.023 0.026 0.023 0.028
K 0.004 0.003 0.003 0.003 0.005 0.003 0.007
Wo 29.74 28.75 28.94 28.82 29.11 30.13 27.95
En 41.48 45.66 43.71 50.81 49.76 48.15 48.67
Fs 28.78 25.58 27.35 20.36 21.13 21.72 23.38
XFe 0.200 0.181 0.189 0.138 0.150 0.147 0.201
XMg 0.229 0.259 0.247 0.294 0.281 0.266 0.273
Xca 0.544 0.534 0.538 0.535 0.531 0.554 0.485
Cpx Name  augite augite augite augite augite augite augite
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Fig. 10. a) Ti+Cr+Na vs. Al diagram (Berger, 2005). b) Clinopyroxenes of the Chore-Nab deposit in Q-J diagram
(Morimoto, 1988). All of them are placed in Ca-Mg-Fe clinopyroxenes. ¢) Composition of clinopyroxenes in
the zone of unmineralized and mineralized alterations of the Chore-Nab deposit in the Wo-En-Fs triangular
diagram (Morimoto, 1988).
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Fig. 11. a) Studied clinopyroxenes on the AI'V-Ti alteration diagram (Gamble and Taylor, 1980); b) Al-Si
diagram, in which the clinopyroxenes in the alteration zone of the Chore-Nab deposit are placed above the
saturation line (Schweitzer et al., 1979). ¢) Si vs. Al variation diagram to investigate the composition of
clinopyroxenes of the Chore-Nab deposit (Zhu and Ogasawara, 2004).
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Fig. 12. Back scattered electron images. a and b) Association of magnetite and titanomagnetite (in the form of
inclusions or massive) with clinopyroxene. c) Replacment of clinopyroxene by late-stage hydrothermal
alteration minerals such as epidote. d) Inclusions of silicate (clinopyroxene), titanium-bearing minerals (titanite
or sphene), oxide (magnetite) and sulfide (pyrite and chalcopyrite) minerals, in the actinolite crystal.
Abbreviations (Ilm: ilmenite, Tm: titanomagnetite, Mag: magnetite, Cpx: clinopyroxene, Hem: hematite, Cpy:
chalcopyrite, Pl: plagioclase, Bt: biotite, Ep: epidote, Ttn: titanite, Amp: amphibole, Py: pyrite).
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Fig. 13. a) Back scattered electron microscope image of a clinopyroxene mineral containing chemical zoning

in the Chore-Nab deposit. b) Core to rim variation of major oxides in clinopyroxene. Abbreviations (PI:
plagioclase, Cpx: clinopyroxene, Bt: biotite, Afs: alkali feldspar, Ms: muscovite).
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Table 5. The results of the point analysis of plagioclase in the alteration zone of the Chore-Nab deposit based
on weight percentage and the calculation of the structural formula based on 8 oxygen atoms.

Point. No (1) (2) (3)
SiO» 66.81 66.61 66.20
TiO2 0.00 0.00 0.00
ALlO3 21.00 19.55 20.24
Cr203 0.00 0.00 0.00
FeO 0.19 0.06 0.22
MgO 0.04 0.00 0.05
CaO 1.28 0.34 0.62
Na2O 1030 11.97 11.38
K20 0.37 0.16 0.20
Total 99.99 98.69 9891
Basedon 8 O
Si 2466 2489  2.469
Ti 0.000 0.000  0.000
Al 0.913 0.861 0.890
Cr¥* 0.000 0.000  0.000
Fe** 0.842 0.852 0.851
Fe?* 0.006 0.002  0.007
Mg 0.002 0.000 0.003
Ca 0.051 0.014 0.025
Na 0.737 0.867  0.000
K 0.017 0.008 0.010
An 6.29 1.53 2.89
Ab 91.55 97.61 96.00
Or 2.16 0.86 1.11
Or

Andesine

Labradori\t‘Bytonit

An

(Deer et al., 2013) e, ~codT - M55 )| e o905 (59,5 p (S, 50 dige P oS 5 -V F JSi
Fig.14. Composition of plagioclase of alteration zone on the orthoclase-albite-anorthite triangular diagram

(Deer et al., 2013).
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Table 6. The results of the point analysis of amphiboles in alteration zone based on weight percentage and the
structural formula calculated based on 23 oxygen atoms.

Point No. (@8] (2) 3) (4) (5 (6) (7 (8) 9
SiO2 52.81 5245 54.98 57.21 54.80 56.04 54.70 56.09 53.93
TiO2 0.13 0.03 0.33 0.19 0.28 0.16 0.03 0.16 0.03
AlLO3 3.63 443 2.00 1.22 2.29 1.29 2.40 1.11 1.81
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 12.23 11.34 5.61 4.66 5.19 5.03 9.15 5.11 12.89
MnO 0.66 0.45 0.11 0.11 0.11 0.10 0.59 0.17 0.81
MgO 15.15 15.99 21.77 21.86 21.55 22.44 18.14 21.38 15.57
CaO 12.41 12.97 12.87 13.35 12.80 13.53 13.26 13.51 13.06
Na20 0.38 0.43 1.17 0.48 1.12 0.51 0.22 0.37 0.21
K20 0.18 0.15 0.40 0.24 0.38 0.28 0.11 0.30 0.13
H.O" 2.09 2.11 2.19 2.20 2.17 2.20 2.14 2.10 2.09
Total 99.89 100.56 101.79 101.62 100.99 101.93 100.93 100.44 100.67
Basedon 23 O

Si 7.581 7.460 7.538 7.798 7.557 7.635 7.667 7.773 7.724
Ti 0.014 0.003 0.034 0.019 0.029 0.016 0.003 0.017 0.003
AlY 0.419 0.540 0.323 0.196 0.372 0.207 0.333 0.181 0.276
AV 0.195 0.203 0.000 0.000 0.000 0.000 0.064 0/000 0.030
Crt 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe’" 0.239 0.231 0.372 0.100 0.307 0.358 0.201 0.075 0.149
Fe?" 1.229 1.118 0.271 0.431 0.292 0.215 0.872 0.517 1.395
Mn 0.080 0.054 0.013 0.013 0.013 0.012 0.070 0.020 0.098
Mg 3.242 3.391 4.449 4.442 4.430 4.557 3.791 4.417 3.325
Ca 1.909 1.977 1.890 1.950 1.891 1.975 1.991 2.006 2.004
Na 0.106 0.119 0.104 0.127 0.299 0.135 0.060 0.099 0.058
K 0.033 0.027 0.070 0.042 0.067 0.049 0.020 0.053 0.024
Cl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
OH" 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
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(Ca+Na) (B) 2.000  2.000 2.000 2.000 2.000 2.000 2.000 2.006 2.004
Na(B) 0.091 0.023 0.110 0.050 0.109 0.025 0.009 0.000 0.000
(Na+K) (A) 0.047  0.122 0.271 0.118 0.258 0.158 0.071 0.152 0.082
Mg/(Mg+Fe?") 0.725 0.752 0.943 0.912 0.938 0.955 0.813 0.895 0.704
Fe*™/(Fe¥t+AlY)  0.551 0.532 1.000 1.000 1.000 1.000 0.759 1.000 0.832
Fe"/(Fe"+Mg) 0.311 0.284 0.126 0.106 0.119 0.111 0.216 0.118 0.317
Amphibole Name Actinolit Actinolitic Tremolite Tremolite Tremolite Tremolite Actinolite Actinolite Actinolite
Amphibole group Calsic  Calsic Calsic Calsic Calsic Calsic Calsic Calsic Calsic
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Fig. 15. a and b) Association of large elongated and needle-shaped crystals of actinolite with oxide ore mineral
(magnetite) and copper sulfides (chalcopyrite and covellite). Abbreviations (Bt: biotite, Cpy: chalcopyrite,

Amp: amphibole, Mag: magnetite, Cv: covellite).
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Fig. 16. a) Discrimination diagram of metamorphic and igneous amphiboles (Leak, 1971). b) Composition of
amphiboles in the Chore-Nab alteration zone using the diagram proposed by Hawthorne et al. (2012). ¢) c*
sum (Al+Fe*+Mn*+Cr+V+Sc+2Ti+2Zr) vs. A* sum *(Li+Na+K+2Ca+2Pb) diagram (Locock, 2014).
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Table 7. The results of the point analysis of mica in alteration zone based on weight percentage and the

d-Y-

calculation of the structural formula based on 11 oxygen atoms.

aS ola SSh g oo ool Jeawm! Slw T
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Point. No [60)] 2) 3) ()] (5 (6) (N (&)
SiO2 43.16 42.81 42.81 42.47 41.01 42.58 41.61 43.13
TiO2 2.62 2.79 231 2.80 3.22 3.08 3.30 2.79
ALO3 10.51 10.75 10.01 10.34 11.25 11.07 11.40 11.16
FeO 5.57 6.72 5.62 5.76 6.83 6.09 6.77 6.22
MnO 0.06 0.12 0.05 0.05 0.01 0.03 0.07 0.04
MgO 25.5 23.80 25.02 24.78 23.11 2293 23.31 23.90
CaO 0.00 0.04 0.01 0.11 0.06 0.02 0.06 0.02
Na20 0.1 0.06 0.09 0.11 0.33 0.29 0.19 0.30
K20 10.62 10.30 11.07 10.51 10.32 9.77 10.32 9.51
HO 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Total 98.14 98.39 97.00 96.93 96.14 95.86 97.03 97.07
Basedon 11 O
Si 2.997 3.005 3.019 2.992 6.830 3.018 2.941 3.014
Ti 0.137 0.147 0.123 0.148 0.010 0.164 0.174 0.147
Al 0.074 0.076 0.064 0.070 0.089 0.085 0.092 0.087
AV 0.786 0.810 0768 0.801 0.849 0.840 0.858 0.832
Fe3* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe?* 0.323 0.395 0.331 0.339 0.408 0.361 0.400 0.363
Fe" 0.323 0.395 0.331 0.339 0.408 0.361 0.400 0.363
Mn 0.004 0.007 0.003 0.003 0.001 0.002 0.004 0.002
Mg 2.639 2.491 2.630 2.602 2.463 2.423 2.456 2.490
Ca 0.000 0.003 0.001 0.008 0.005 0.002 0.005 0.001
Na 0.013 0.008 0.012 0.015 0.046 0.040 0.026 0.041
K 0.941 0.922 0.996 0.944 0.941 0.883 0.930 0.848
Al Total 0.860 0.889 0.832 0.871 0.938 0.925 0.950 0.919
Fe'/(Fe'+Mg)  0.109 0.137 0.112 0.115 0.142 0.130 0.140 0.127
Annite Siderophyllite
1.00Y ?
=
> Biotites
)
&
)
=
0.33
Phlogopites ’
0.00¢ ®
Plhlogopite . .
0.0 0.5 1.0
AIVI

(Deeretal., 1992) -,San 5 550 (s, 4 ¢ Sl 50 digy 10 35290 GLlSn oleowdisl) (gonaile -\Y IS
Fig. 17. Geochemical classification of mica in alteration zone according to Deer et al. (1992).
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ig. 18. The composition of the studied micas on the element vs. Fe/(Fe+tMg) diagrams.
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Fig. 19. a) EPMA image of zoned phlogopite. b) Core to rim variation of major oxides in phlogopite. Abbreviations (Mag:
magnetite, Phl: phlogopite, Amp: amphibole, Cpy: chalcopyrite).
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Table 8. EPMA result of epidote in alteration zone of the Chore-Nab deposit based on weight percentage and
structural formula calculation based on 25 oxygen atoms.

Point No. (1 2) 3 (4 (5 (6)
SiO» 39.74 37.62 36.37 37.45 38.35 38.44
TiO2 0.23 0.05 0.06 0.04 0.05 0.07
Al203 22.89 20.75 21.11 21.15 19.47 18.80
FeO 10.75 13.38 13.15 14.51 14.91 15.80
MnO 0.18 0.03 0.05 0.17 0.36 0.37
MgO 0.09 0.02 0.07 0.06 0.01 0.04
CaO 24.11 25.29 26.10 24.36 24.34 23.95
Na2O 0.00 0.00 0.02 0.02 0.02 0.04
K20 0.00 0.00 0.00 0.00 0.01 0.02
HO" 1.93 1.93 1.93 1.93 1.93 1.930
Total 99.92 99.07 98.86 99.69 99.45 99.46
Basedon 250
Si 3.107 3.016 2.937 2.983 3.067 3.078
Ti 0.014 0.003 0.004 0.002 0.003 0.004
Al 2.109 1.960 2.009 1.986 1.835 1.774
Fe3* 0.703 0.897 0.888 0.967 0.997 1.058
Mn 0.012 0.002 0.003 0.011 0.024 0.025
Mg 0.010 0.002 0.008 0.007 0.001 0.005
Ca 2.019 2.172 2.258 2.079 2.085 2.055
Na 0.000 0.000 0.003 0.003 0.003 0.003
K 0.000 0.000 0.000 0.000 0.001 0.004
OH" 1.000 1.000 1.000 1.000 1.000 1.000
Xsi 3.107 3.016 2.937 2.983 3.067 3.078
Xal 5.229 4.979 4.950 4.972 4.904 4.856
XMg 5.954 5.880 5.850 5.957 8.012 5.944
Xca 7.974 8.053 8.112 8.036 0.938 7.998
Continued Table 8 A Jgaz aalsl
Point No (N (8) (9 (10) an (12)
SiO» 37.62 37.42 37.85 36.66 37.68 36.83
TiO2 0.07 0.16 0.09 0.09 0.05 3.26
Al203 21.35 22.47 22.19 21.96 23.97 18.47
FeO 14.70 13.35 13.53 14.88 12.05 14.51
MnO 0.08 0.11 0.10 0.22 0.25 0.06
MgO 0.01 0.04 0.01 0.02 0.12 0.00
CaO 23.82 24.17 23.80 23.64 23.71 24.39
Na2O 0.03 0.03 0.00 0.00 0.02 0
K20 0.00 0.00 0.00 0.00 0.03 0
H0" 1.930 1.93 1.93 1.93 1.93 1.93
Total 99.61 99.68 99.50 99.40 99.81 99.45
Basedon 250
Si 2.992 2.967 3.001 2.928 2.967 2.959
Ti 0.004 0.010 0.005 0.005 0.003 0.197
Al 2.001 2.100 2.074 2.067 2.224 1.749
Fe** 0.978 0.885 0.897 0.994 0.793 0.975
Mn 0.005 0.007 0.007 0.015 0.017 0.004
Mg 0.001 0.005 0.001 0.002 0.014 0.000
Ca 2.030 2.054 2.022 2.023 2.000 2.099
Na 0.005 0.005 0.000 0.000 0.003 0.000
K 0.000 0.000 0.000 0.000 0.003 0.000
OH" 1.000 1.000 1.000 1.000 1.000 1.000
Xsi 2.992 2.967 3.001 2.928 2.967 2.959
Xal 4.998 5.077 5.081 5.001 5.194 4.904
XMg 5.982 5.974 5.986 6.012 6.018 5.883
Xca 8.012 8.028 8.008 8.036 8.018 7.983
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Fig. 20. EPMA images of epidote mineral in the Chore-Nab deposit. a) Massive crystals of epidote formed the
matrix of the rock and enveloped the remnants of previous clinopyroxene crystals; b) Epidote filled the fractures
in the granodiorite body. c) Scattered crystals of epidote along with titanite (sphen), dolomite and calcite. d)

Massive epidote and needle-shaped clinopyroxene. Abbreviations (Cpx: clinopyroxene, Ep: epidote, Mag:
magnetite, Py: pyrite, Dol: dolomite, Zrn: zircon, Cal: calcite, Ttn: titanite).
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Fig. 21. EPMA data of epidote. a) Classification of epidotes, b-i) Relationships between major cations in the
epidote structure. (Note that all the data shown in apfu are calculated based on 25 oxygen atoms).
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