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1. Introduction

ABSTRACT

The aim of this research is the geochemical study of the major and trace elements of the alteration
systems in the Kamar-Gov district (south of Hashtjin, Ardabil province). The rock units of the study
area include volcanic rocks with the composition of basaltic-trachy andesite to rhyolite and crystal vitric-
tuff with Eocene and Oligocene age. These rocks have calk alkaline and shoshonitic affinity and belong
to post-collisional arc tectonic setting. In the Kamar-Gov district, the alteration zones include silicic,
sericitic (quartz + muscovite + pyrite + illite + rutile), sericite-argillic (quartz + sericite + kaolinite +
dolomite), intermediate argillic (quartz + kaolinite + illite), advanced argillic (quartz + kaolinite + alunite
+ diaspore + anatase = muscovite), and chloritic (quartz + chlorite + illite). The distribution pattern of
the normalized-BSE major and trace elements and the mass change calculations (volume factor method)
show that the silicic and advanced argillic alteration zones have more elemental depletion and different
distribution patterns from the parent rock. However, chloritic, intermediate argillic, and sericite-argillic
alterations have relatively little mass change and almost similar distribution patterns to the primary
parent rock. The major elements like Ca, Mg, Al, Na, and Fe have frequently depleted. Ti shows slight
depletion. K has frequently enriched. Trace elements such as Zr, Nb, Sc, and Th have mass reduction.
Co, Cr, Ni, and Rb have experienced depletion and enrichment processes. Sr and V show relatively high
depletion. Sb, S, and As (chiefly) have enriched. LREEs have depleted more than HREEs. Elements like
Pb, Zn, and Cu show enrichment just in the silisic and sericite-argillic zones. This research shows that
factors like pH of hydrothermal fluid and primary rock-forming and secondary minerals resulting from
alteration have caused differences in the behavior and concentration of elements in different alteration

zones in the Kamar-Gov district.

The Kamar-Gov district is located in 7 kilometers away from the south epithermal deposits of gold, silver, and base metals (Motlagh and
of Hashtjin city, southwest of the Khalkhal city (Ardabil province). Ghaderi, 2019; Mehrabi et al., 2016; Yasami et al., 2017).

The study area is a part of Tarom-Hashtjin metalogenic zone Known The extensive hydrothermally alterations that have affected
as a part of magmatic-metallogenic western Alborz-Azarbaijan volcanic and sub-volcanic deposits with basaltic trachy-andesite to
belt (Nabavi, 1976). The Tarom-Hashtjin zone contains numerous rhyolitic composition and pyroclastic rocks are the indicator features
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in the Kamar-Gov district. Base-metals mineralization like sphalerite,
galena, chalcopyrite, magnetite, and hematite has occurred in silica
veins and veinlets. The alteration zones have been researched to some
extent (e.g., Masoomi et al., 2021). However, considering the variety
and extension of alteration zones, no comprehensive geochemical
studies have been done on them yet. Therefore, the geochemical
studies, including the investigation of the distribution patterns of
major and trace elements and the calculation of mass changes in
different alteration zones, are the targeted subjects of this research.
This research can be helpful for future studies to determine the type

and importance of mineralization in the area.

2. Research methodology

To study the rock units’ composition and base metal mineralization
in the Kamar-Gov district, two hundred thin and thin-polished
sections were examined at the microscopic laboratory of the Urmia
university. X-ray diffraction analysis on 15 altered samples at IMPRC
(Iran Mineral Processing Research Center) was used to investigate
the alteration mineral assemblages. The ASTER image was
processed based on band ratios and selective principle components
to map alteration zones (Fig. 1). To research the geochemistry of
alterations and ore-mineralization, inductively coupled plasma mass
spectrometry (ICP-MS) analysis was utilized on 15 altered samples
(silicic, sericitic, sericite-argillic, intermediate and advanced argillic,
and chloritic) and two samples from silica veins. These analyses were
operated at IMPRC and Zarazma mineral studies company (Iran).
Seven samples from Eocene and Oligocene volcanic rocks were
analyzed by ICP-MS at the Zarazma mineral studies company. Table
3 Shows the results of ICP-MS analyses.

3.Geology

The Heights of the Hashtjin region are part of the western Alborz-
Azarbaijan mountain ranges (Fig. 2-a). The Alborz-Azerbaijan
magmatic belt in the northwest of Iran is the easternmost part of
the Panthedis-Caucasus orogenic belt which is a part of the Tethys-
Eurasia metallogenic belt (Jankovic, 1986; Mao et al., 2014).

The lithological units in the Kamar-Gov district include volcanic,
sub-volcanic, and pyroclastic rocks and Quaternary alluvial covers.
The age of the igneous sequence is attributed to the Eocene and
Oligocene (Moayyed, 2001) (Fig. 2-b). The Eocene oldest rock unit
is mafic brownish tuff. Creamy crystal-vitric tuff with intermediate
composition overlays the mafic tuff. This unit hosts extensive
hydrothermal alterations and silica veins. The Eocene pyroclastic
rocks intruded locally by the basaltic trachy-andesite to trachy-
andesite lava flows and porphyry trachy-andesite to trachyte dykes
and stocks. In the western part of the study area, devitrified rhyolitic
glasses have been overlaid by Eocene crystal-vitric tuff. The
pyroclastic rocks composition gets gradually felsic to the upwards
(Fig. 3-a). The Oligocene basal unit is porphyry dacitic-rhyolitic
lava flows that overlay the Eocene pyroclastics and is covered with
the felsic ignimbrite and tuff. The volcanic sequence of the study
area is completed by mafic trachy-basalt to basaltic trachy-andesite
and trachy-andesite lavas. The Quaternary rock units include
terraces and alluviums produced by the Qezel-Ozan river. Linear
structures resulting from tectonic forces include normal, reverse,

and strike-slip faults.

4.Discussion

4.1. Petrography, Alteration, and Mineralization

-Petrography: Because of the occurrence of the extended alteration
zones and mineralization, the crystal-vitric tuff is the uppermost
unit in the Kamar-Gov district. In this unit, the broken and angular
crystals (less than 0.5mm in size) of plagioclase, potassium feldspar,
and amphibole are arranged in a matrix of glass and ash (Fig. 3-d, e).
Crystal-vitric tuffs are thin-bedded and show a flow-foliated texture
(Fig. 7-a, e). Pyrite minerals formed between the fine foliations have
turned into goethite and limonite because of supergene alteration
(Fig. 7-e).

The basaltic trachy-andesite and trachy-andesite lavas intruded into
pyroclastic rocks (Fig. 3-a,b) consist of coarse grains of plagioclase
(with sieve texture), pyroxene (with glomerophyric texture), potassium
feldspar, and amphibole. The groundmass is composed of microlithic
plagioclase and glass. These rocks show porphyric-hyalomicrolitic to
microlithic-porphyric textures. (Fig. 3-f, g).

Rhylotic devitrified glass in the western part of study area (Fig.3-c)
containing silica veinlets with a limited amount of ore mineralization
(Magnetite, Hematite, and sphalerite) are composed of fine grains
(less than 500 micrometers) of quartz and potassium feldspar. The
micropoikilitic and granophyric textures of rock (Fig. 3-h, 1) are result
of devitrification and recrystallization processes.

Based on Th-Co diagram (Hastie et al., 2007), The composition
and affinity of Eocene and Oligocene least-altered volcanic rocks
range from andesite to basalt and high-K calc-alkaline to shoshonite,
respectively (Fig. 4-a). The affinity of rocks on Ta/Yb-Th/Yb and Ta/
Yb-Ce/Yb diagrams (Pearce, 1982) is calc-alkaline (Fig. 4-b, c).

TiO,/ALO,- Zr/AlO, diagram (Miiller et al., 1992) shows the
continental and post-collisional arc tectonic setting for volcanic rocks
(Fig. 5-a). Based on the Al,0,-TiO, diagram, the rocks do not relate
to the within-plate setting (Fig. 5-b). The Ce/P,0,-Nbx50-Zrx30
diagram demonstrates the post-collisional arc tectonic setting for the

volcanic sequence (Fig. 5-c).

-Alteration: There are six alteration mineral assemblages in Kamar-
Gov, including silicic, advanced and intermediate argillic, seicitic,
chloritic, and sericite-argillic. Figure 6 demonstrates diffraction
patterns for five different altered samples.

Secondary and residual quartz minerals have caused siliceous
and silicic alteration, respectively, in the area (Fig. 7-d and 8-c).
The pale-colored sericitic altered samples have composed of quartz
+ muscovite + pyrite £ illite + rutile (Fig. 8-b). There are abundant
disseminated and vinlet pyrite minerals in sericitic alteration
(Fig. 7-b). The association of jarosite, gypsum, hexahydrite and
starkeyite with sericitic alteration are resulted from the oxidation of
iron sulfides (e.g., pyrite) in an acidic environment (Jones et al., 1998;
Cogram, 2018). In the argillic alteration, limitedly extended in the
outer of sericite-argillic alteration, the mineral assemblage includes
quartz + kaolinite + illite = chlorite (Fig. 7-a; 8-a). The advanced
argillic zone is composed of two mineral assemblages, including
acid-sulfate, and acid-chloride. In the first, the minerals are quartz
+ kaolinite + alunite and quartz + kaolinite + diaspore + muscovite +
anatase in the last. Advanced argillic alteration is located in the center
of sericite-argillic alteration, and in some cases, is connected with

silicas veins (Fig. 9 and 2). In the sericite-argillic alteration zone, the
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mineral assemblage contains quartz + sericite + kaolinite + dolomite
+ pyrite. This zone is extensively broadened in the Eocene pyroclastic
units to outward the advanced argillic alteration (Fig 3). Some of the
prominent features of this zone are as follows: Disseminated sulfide
mineralization (Fig. 10-e), sulfide-bearing silica veins, a significant
amount of pyrite as dissemination and veinlet (Fig. 7-e; 8-e), the
association of tourmaline with pyrite (Fig 8-e and f), the formation of
gypsum, goethite, and limonite resulting from supergene alteration.
The chloritic alteration spread outside the sericite-argillic alteration
(Fig. 2 and 9). Clinochlore replaced pyroxene, amphibole, and
plagioclase is the essential mineral of this alteration (Fig 8-d). The

chloritic-altered tuff specimens are greenish (Fig. 7-f).

-Mineralization:The mineralization comprises a limited amount
of chalcopyrite, chalcocite, sphalerite, galena, magnetite, and
hematite. digenite, covellite, and goethite are resulted from supergene
alteration (Fig. 10-g to 10-j). The ore minerals size varies from 100
to 200 micrometers. Pyrite is the essential gangue mineral associated
with oxide and sulfide mineralization. There are three kinds of
mineralization features, including silica veins hosted by altered tuffs
(Fig. 9 and 10-a), stockwork silica veinlets hosted by devitrified
rhyolitic glasses (Fig. 10-d), and as disseminated in the context of
the altered tuffs (Fig. 10-e). The silica veins, with NW-SE trend, are
mainly located in the southwest of the Kamar village (Fig. 2). There
are nine veins in this area that most of which are barren except for
two (veins no. 2 and 4 in Fig. 2). The abundance of metals in these
veins is less than 5%. The metals amounts are as follows (Table 3):
Zn= 13-226ppm, Cu= 53-525ppm, Pb= 112-674ppm. The metal
amounts in stockwork veinlets are 198-1008ppm Zn, 53-525ppm Cu,
812-1456ppm Mn, and 22908-73286ppm Fe.

4-2. Geochemistry of alteration zones

The least altered volcanic rocks selected based on the petrography
studies were used as a scale to determine the changes of elements in
silicic, sericitic, sericite-argillic, advanced and intermediate argillic,
and chloritic alterations. Figure 11 demonstrates the BSE-normalized
(Palme and O’Neill, 2014) trace elements pattern in the volcanic
rocks. Considering the HFSE (Nb, Ta, P, and Ti) depletion, LILE
(K, Rb) enrichment, and LREE (La, Ce, Nd) enrichment over HREE
(Dy, Er, Yb), the behavior of trace elements is consistent with the
potassic calc-alkaline and shoshonitic affinity of the rocks (Miiller
and Groves, 2019). By comparing the trace elements pattern in the
least altered volcanic rock (sample K-32IM) and various altered
samples, almost whole elements have changed in alteration zones.
The elements reduction in silicic and advanced argillic alterations is
more (Fig. 12-d and 12-f), while it is less in intermediate argillic and
chloritc alterations (Fig. 12-a, b).

The mass changes of major and trace elements were calculated using
the volume factor method (Gresens, 1967) in Lopez-Moro’s (2012)
spreadsheet template. Table 4 and Figure 13 show the calculation
results. The major elements such as Ca, Mg, Al, Na, and Fe are
depleted, and their maximum mass reduction is in silicic and advanced
argillic alteration. The enrichment of K has arisen in sericite-bearing
alterations like sericitic and sericite-argillic alterations. Ti, Mn, and P

have slight mass changes, although these elements are slightly reduced
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in silicic and advanced argillic zones (Fig. 13-a). Sr shows strong
depletion, especially in the advanced argillic zone. Rb is enriched in
sericitic and sericite-argillic alterations. Highfield-strength elements
such as Sc, Th, Zr, and Nb show depletion, especially in advanced
argillic and silicic rocks. Meanwhile, Th depletion is slight, but Zr
shows a significant mass reduction. Depletion of each of the ten REE
elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb) and significantly
La and Ce are obvious in all alteration zones (Fig. 13-d). However,
argillic-bearing rocks shows gains of La and Ce. The elements such
as Co, Cr, V, and Ni are enriched in chloritic rocks. The enrichment
of chalcophile elements such as Cu, Zn, and Pb is happened in some
sericite-argillic rocks. S is Enriched in all zones, especially in sericite
and sericite-argillic samples. Sb and Mo do not show significant mass
change. Meanwhile, As has the highest enrichment among the other
chalcophile elements (Fig. 13-c).

According to mass change, most element depletion has arisen
in silicic and advanced argillic. The chloritic, argillic, and sericite-
argillic show fewer losses of elements. So it seems that the elements’
mass change is somewhat related to the type and intensity of alteration.
The responsible fluid in the advanced argillic zone had an acidic
pH, deduced from acidic assemblages, has caused more leaching of
elements from rock. The unavailability of minerals which include the
elements in their crystal lattice is a reason for the intensive depletion
of elements in silicic alteration. The presence of some minerals
contributes gains and losses during alteration. The low resistance of
some elements (e.g., Ca, Mg, Fe, Na, Rb, Sr, Sc, Cr, Co, Ni) and
their contributing minerals (e.g., plagioclase, pyroxene, amphibole,
feldspars) are among the reason for more losses of some elements
(Hikove, 2013; Jansson and Liu, 2020). The minerals forming during
various alterations can be among the reasons for the gains of some
components, for example, the chlorite of the chloritic zone for Fe, Mg,
Na, and Sc; rutile for Ti and Nb; sericite and clay minerals of sericite
and argillic rocks for Rb and K; chlorite, magnetite, and hematite of
sericite-argillic and chloritic alterations for Th, Fe, Co, Ni (Adams et
al., 1959; Mcdougall and Lovering, 1963; Pampura, 1985; Shiraki,
1997); alunite and kaolinite of sericite-argillic and advanced argillic
for La and Ce (Kikawada et al., 2004; Aja, 1998); and the sulfide-
bearing minerals (e.g., pyrite) for As and S.

5. Conclusion

According to the distribution pattern of the normalized-BSE major
and trace elements and the mass change calculations, the elements in
silicic and advanced argillic alteration zones show more depletion.
However, chloritic, intermediate argillic, and sericite-argillic
alterations have relatively little losses of the components. The
factors like the pH of hydrothermal fluid, primary rock-forming and
secondary minerals resulting from alteration have probably caused
differences in the behavior and concentration of elements in different

alteration zones in the Kemer-Gov district.
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Figure 1. The map of alteration zones along with the location of faults and

silica veins in the Kamar- Gov district.
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Figure 2- a) The location of the study area on the structural zones map of Iran (Nabavi, 1976). b) The
geological map of the study area (adopted from the 1:5000 geological map of Exploratory report of Qezel

Ozen area, 2016- with a few changes).
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Figure 3- a) The relationship between tuffs with intermediate composition and the other rock units in the eastern part of the study area (the sight is

towards the northwest). (Abbreviation: Basaltic Trachy-Andesite (BTA), tuff with Intermediate composition (IT) of the unit Et,, Tuff with Felsic

composition (FT) of the unit Et,, Trachy-Andesite (TA), Dacitic to Rhyolitic lava (DRI) of unit Ol ; b) Trachy-andesite suited between Eocene tuffs (the

sight is towards the north); ¢) The rhyolitic rock (ROE) containing stockwork veinlets in the south of the Gov village (the sight is towards the south);
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Continued from Figure 3- d) The broken and angular potassium feldspar, plagioclase, and amphibole in the vitric-crystal tuff with intermediate
composition (XPL); e) Flow foliation in the tuffs (PPL); f) Dissolution and corrosion of potassium feldspar, glomerophyric texture of pyroxene
minerals, and porphyric-hyalomicrolitic texture in the basaltic trachy-andesite of Eocene (XPL); g) Plagioclase with sieve texture, an accumulation
of pyroxene minerals resulting in glomerophyric texture, and their replacement by opaque mineral (pyrite) in the hyalo-porphyritic trachy-andesite
(XPL); h) The micropoikilitic texture composed of sericite minerals, as aresult of alteration of the feldspar minerals, enclosed by quartz minerals in
devitrified rhyolitic glasses (XPL); i) Granophyric texture resulted from recrystallization of rhyolitic glasses (XPL). Amp=Amphibole, Kf= Potassium

feldspar, Pl= Plagioclase, Px= Pyroxene, Opq= Opaque mineral, Ser= Sericite, Qz= Quartz (The Abbreviation of mineral names is from Whitney and

Evans (2010)).
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Figure 4. Geochemical variation diagrams for the Eocene and Oligocene volcanic rocks in the Kamar-Gov district. a) Binary diagram of Th vs Co
(Hastie et al., 2007); b) Binary Diagram of Ta/Yb vs Ce/Yb and ¢) Ta/Yb vs Th/Yb (Pearce, 1982). D/R*= Dacite and Rhyolite with Trachyte and Latite,
BA/A= Basaltic Andesite/Andesite, B= Basalt, IAT= Island Arc Tholeiite, CA= Calc-Alkaline, SHO and H-K= Shoshonite and High-K Calc Alkaline.
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Table 2. Results of ICP-MS analyses for different hydrothermally-altered samples, volcanic rocks, and silica veins from Kamar-Gov district.

Altered rocks
Sericitic-argillic Silicic Chloritic Argillic
sample 10 17 35 47 58 54 57 20 39 9 K-78 12 25
Al (Yowt) 4.51 5.02 5.34 5 5.58 4.92 4.8 0.52 0.42 5.68 3.57 5.14 5.02
Ca 3.19 1.22 1.65 0.97 0.85 0.49 0.23 0.11 0.11 1.04 2.67 1.47 2.14
Mg 0.35 0.73 0.86 0.61 0.61 1.01 0.4 0.04 0.04 1.05 1.5 0.55 0.78
Ti 0.26 0.23 0.27 0.29 0.32 0.21 0.19 0.01 0.2 0.29 0.34 0.22 0.26
Fe 2.03 2.88 2.34 2.29 1.65 1.73 2.07 0.44 0.68 2.17 6.04 1.56 1.97
Mn 3.19 1.22 1.65 0.97 0.85 0.49 0.23 0.11 0.11 1.04 0.06 1.47 2.14
1.51 4.36 0.05 1.18 1.61 2.02 2.74 0.13 0.14 0.51 0.26 3.04 0.59
P 0.09 0.07 0.08 0.09 0.14 0.11 0.15 0.01 0.02 0.11 0.21 0.02 0.11
Na 0.04 0.74 1.11 1.58 0.19 0.95 0.15 0.05 0.06 1.93 0.52 0.11 0.5
K 1.66 2.66 2.18 3.58 2.76 2.03 2.79 0.12 0.19 1.78 0.17 1.36 3.13
As (ppm) 132 137 21 33 204 64 194 8 20 53 56.69 121 37
Co 18 19 14 13 10 22 11 - 5 31 21.22 17 9
Cr 52 26 38 21 13 15 7 66 37 84 45.59 70 26
Cu 99 47 99 21 7 32 10 53 16 17 50.4 23 4
Mo 2 2 2 2 3 2 9 85 7 5 2.74 2 1
Nb 0.62 1.68 6.36 6.74 5.13 0.09 4.84 0.36 1.24 2.67 1.76 2.36 3.42
Ni 19 18 14 7 7 15 9 3 3 35 18.32 17 7
Pb 8 8 42 8 6 11 8 112 34 5 21.02 3 14
Rb 48.31 76.9 55.44 185.93 135.98 1 14737 1213 15.9 41 12.25 32.16 31.11
Sb 6.53 12.89 2.29 4.13 12.15 1 28.38 29.19 5.47 8.05 0.5 5.71 4.84
Sc 12 9 10 6 11 6 6 1 1 17 10.91 10 7
Sr 37 164 87 98 47 66 69 28 81 126 114 36 100
Ta - - - - - - - - - - - - -
Th 1.34 2.05 2.82 3.11 1.88 1.5 0.89 0.24 1.96 1.46 8.85 1.07 1.2
v 91 76 84 54 62 52 40 4 12 125 124.8 66 68
Zn 62 39 141 198 19 27 17 13 10 39 66.64 16 145
Zr 5 11 30 26 15 25 19 2 29 6 <5 7 5
La 17.5 11.5 18.5 13.5 10.5 5.5 5 2 6.5 11 17.14 7.5 9.5
Ce 30 19 35 25 22 11 8 3 14 20 28.79 16 16
Pr 5.9 5.56 6.33 6.6 6 0.09 3.06 0.63 3.85 2.98 4.43 4.46 3
Nd 23.68 23.49 25.26 26.03 24.63 0.15 14.64 2.42 14.67 13.63 18.11 20.34 12.43
Sm 4.39 4.57 4.79 4.77 4.63 1 3.31 0.37 2.57 2.81 4.82 3.96 2.52
Eu 0.19 0.18 0.21 0.23 0.2 0.05 0.14 0.05 0.11 0.13 - 0.17 0.13
Gd 2.99 2.63 2.95 3.03 2.99 0.02 2.14 0.22 1.3 2.27 5.23 2.19 1.68
Dy 0.86 0.67 0.84 0.9 0.79 0.05 0.57 0.06 0.28 0.81 6.25 0.59 0.55
Er 0.56 0.34 0.51 0.57 0.4 0.05 0.33 0.05 0.15 0.56 3.56 0.33 0.37
Yb 0.47 0.27 0.42 0.51 0.3 0.1 0.24 0.02 0.12 0.53 3.37 0.3 0.33
Eu/Eu* 0.016 0.015 0.017 0.018 0.016 0.1 0.016 0.05 0.018 0.015 - 0.017 0.019
Ce/Ce* 0.71 0.57 0.77 0.63 0.66 3.7 0.49 0.64 0.67 0.84 0.79 0.66 0.72
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Continued from Table 2

¥ U aslsl

Altered rocks Least —altered volcanic rocks Ore-mineralization
Advanced-argillic Eocene Oligocene Silica-vein Silica-veinlet
sample K-132 K-235 K-11IM K-32IM G111 G148 G149 G157 G158 No.4 No.2 1171
Al (Yowt) 0.98 0.374 5.92 6.85 2.65 5.23 591 9.91 2.65 1.66 5.44 6.88
Ca 0.326 0.619 4.46 5.82 5.71 13.84 15.4 29.38 5.71 0.05 0.63 1.25
Mg 0.05 0.05 6.57 5.08 1.85 1.97 1.94 3.77 1.85 0.21 1.60 0.42
Ti 0.016 0.017 0.36 0.46 8.77 6.21 5.47 14.55 8.77 0.08 0.50 0.38
Fe 1.353 0.51 3.1 2.56 2.32 1.81 1.73 3.9 2.32 0.94 3.02 7.33
Mn 0.002 0.002 0.04 0.11 5.71 13.84 15.4 29.38 5.71 0.01 0.01 0.15
S 0.683 0.771 0.24 0.09 - - - - - 0.42 1.26 0.38
P 0.078 0.045 0.07 0.07 0.25 0.97 0.77 2.02 0.25 0.03 0.05 0.10
Na 0.169 0.461 2.11 2.07 0.24 0.37 0.37 1.13 0.24 <l 0.26 1.23
K 0.638 0.337 1.61 1.57 0.2 0.42 0.42 1.4 0.2 0.60 1.16 4.92
As (ppm) 117.7 77.94 7.6 10.7 10.05 10.83 16.43 10.23 11.9 49.77 371.46 84.89
Co <1 <1 55.3 222 14.79 14.05 17.12 20.22 12.12 0.50 2.78 10.69
Cr 17.45 19.81 58 35 58.32 93.14 100.6 130.3 48.15 33.16 16.23 22.05
Cu 4.21 4.34 31 31 3591 24.76 35.93 58.68 28.64 143.25 18.81 171.97
Mo 2.74 0.5 1 0.5 -- 2.894 - - - 262.07 74.90 432
Nb 0.5 0.5 133 18 13.97 21.64 13.73 17.74 16.11 4.87 28.62 34.69
Ni 2.24 1.37 37 12 13.6 8.69 22.29 40.41 3.77 3.10 3.58 15.27
Pb 25.55 24.78 27 21 232 21.44 20.14 38.09 35.92 647.23  180.68 70.61
Rb 51.46 32.83 82 72 79.27 266.53 1414 13851  214.52 - - -
Sb <1 <1 1.7 3.8 291 - 23.55 3.23 8.45 47.64 28.84 1.24
Sc 2.64 2.97 19.5 19.9 13.7 12.79 16.82 20.25 12.32 5.60 24.02 9.80
Sr 17.46 18.46 372 414 407.1 317.5 308.1 402.4 418.1 2.10 4.59 7.00
Ta - - 0.84 1.2 0.5 3.36 <l <1 <l 34.47 187.53  340.03
Th 4.98 0.5 6.06 6 6.88 14.46 6.79 7.1 11.57 - - -
v 17.97 4.6 178 183 122.7 113.9 1343 168.5 90.5 1.02 5.15 9.97
Zn 51 51 73 96 48.41 48.4 50.84 63.3 44.79 226.18  119.73  1008.10
Zr 2.5 2.5 89 122 169.6 264.3 156.8 164.3 260.6 - - -
La 19.44 10.29 19 24 23.17 24.41 25.18 28.42 26.25 2.88 20.33 33.78
Ce 48.25 20.94 36 53 33.7 42.6 37.52 40.95 45.05 3.69 36.24 69.22
Pr 2.52 1.4 4.81 6.04 - - - - - <l 4.70 9.75
Nd 8.59 5.35 19.7 24.5 14.22 17.12 15.11 17.8 16.68 1.42 18.72 30.01
Sm 0.5 0.5 4.21 53 33 5.08 3.65 4.29 4.25 <l 3.11 5.69
Eu 0.5 0.5 1.17 1.59 - - - - - <l 1.00 2.54
Gd 0.5 0.5 3.87 4.67 3.22 4.58 3.74 4.08 3.88 <l 3.32 4.99
Dy 0.5 0.5 4.11 4.55 - - - - - <l 3.74 3.50
Er 0.5 0.5 2.51 2.81 - - - - - <1 <1 1.19
Yb 0.5 0.5 32 3.4 2.46 3.36 2.71 3 2.84 <l 1.25 1.23
Eu/Eu* 0.3 0.3 - - - - - - -
Ce/Ce* 1.6 1.3 - - - - - - -
La/Yb - - 4.15 4.93 6.58 5.07 6.5 6.61 6.47
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Figure 5. The tectonic setting of Eocene and Oligocene volcanic rocks of the study area on discrimination diagrams of different tectonic

settings for potassic igneous rocks (after Miiller et al., 1992). a) TiO,/Al O, vs Zr/Al

(o)

3

10OP=Initial Oceanic arc, CAP= Continental arc, PAP= Post collisional Arc, WIP= Within-plate.

b) ALO, vs TiO,; ¢) Zrx3-Nbx50-Ce/P,O..
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Table 3. X-ray diffraction (XRD) results of altered samples; The mineral assemblage and the alteration type in the Kamar-Gov district.
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Figure 6. The XRD pattern of five altered samples from advanced argillic (no. K-77x), intermediate argillic (no. 12), Sericite-

argillic (no. 10 and K-80x) and chloritic (no. 9) zones. Qz= Quartz, Ilt= Illite, Gp= Gypsum, Ms=Muscovite, Ant= Anatase,

Ds= Diaspore, Kln= Kaolinite, Py= Pyrite, Ab= Albite, Cal= Calcite, Clc= Clinochlore, Jrs= Jarosite, Heg=Hexahydrite,

Sta=Starkeyite (The Abbreviation of mineral names is from Whitney and Evans (2010)).
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Figure 7. The photographs of crystal-vitric tuff with different alterations in the Kamar-Gov district. a) Argillic alteration;

b) Sericitic alteration containing veinlets of pyrite; c¢) Sericite-argillic alteration with white crystalline gypsum and iron

oxide-hydroxide (brownish spots) resulted from supergene alteration; d) Silicic alteration (the arrow shows a vug and

residual quartz) with a silica veinlet (inside dashed line); e) Sericite-argillic alteration with pyrite formation between fine

foliations (arrow symbol). As a result of supergene alteration, pyrite minerals have turned into goethite and limonite;

f) Chloritic alteration.
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Figure 8. The microphotographs of different alterations in the crystal-vitric tuffs in the Kamar-Gov district. All photomicrographs are
taken under transmitted cross-polarized lights. a) Intermediate argillic alteration. The matrix consists of fine quartz and clay minerals
and weak traces of chlorite. The plagioclase crystal (in the center of the image) replaced by alteration (chlorite, quartz, clay) and opaque
minerals; b) Sericite-argillic alteration; c¢) Argillic alteration + silicic alteration + silica veinlet. In this sample, the primary matrix replaced
by clay minerals. In the center, vugs and residual quartz minerals resulted from leaching the clay minerals. The vugs are partly filled with
opaque minerals. d) Chloritic alteration. The matrix replaced by quartz, chlorite, and clay minerals. Unrecognizable primary minerals
are replaced by chlorite, calcite, and opaque minerals; ) The pyrite formation as veinlets in a sericite-argillic altered sample. Around the
veinlet, tourmaline has abundantly formed. f) The formation of iron oxide-hydroxide around the pyrite veinlet in a sericite-argillic altered
sample. Opg=Opaque mineral, Qz= quartz, Pl= plagioclase, Kln= Kaolinite, Cal= Calcite, Ser= Sericite, Tur= Tourmaline, Chl= Chlorite,

Py= Pyrite, Gth= Goethite, I1t= Illite, Ms= Muscovite.
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Figure 10. Photographs and microphotographs of ore-mineralization features in the Kamar-Gov district. The microphotographs

were taken under reflected plane-polarized lights. a) Silica vein in the southwest of the Kamar village; b and ¢) Colloform and

crustiform + colloform textures, respectively, in the silica vein. In picture b, the vugs resulted from primary silicic alteration;

d) Silica veinlets with stockwork texture in the rhyolite; e) Disseminated ore-mineralization in the context of crystal-vitric

tuff with sericite-argillic alteration; f) Hand specimen of the silica stockwork veinlet containing magnetite and hematite

(arrow symbol) in the rhyolite; g) Microphotograph of sulfide mineralization in the Silica vein.
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Continued from Figure 10. Photographs and microphotographs of ore-mineralization features in the Kamar-Gov district. The

microphotographs were taken under reflected plane-polarized lights. h and i) Microphotograph of the disseminated sulfide

mineralization in the context of crystal-vitric tuff. In picture h, covellite and digenite replace the rim of chalcopyrite; j) The

microphotograph of hematite mineralization replaced by goethite in the stockwork veinlet. Cct= Chalcocite, Cct= Chalcopyrite,

Gn= Galena, Sp= Sphalerite, Hem= Hematite, Dg= Digenite, Cv= Covellite, Py= Pyrite, Gth= Goethite.
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Figure 11. Spider diagram of BSE-normalized (Palm and O’Neill,

2014) trace elements of The Eocene and Oligocene volcanic rocks.
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Figure 12. Spider diagram of BSE-normalized (Palm and O’Neill, 2014) trace elements of the least altered trachy-andesite (specimen no. K-32IM) and

different alterations. a) Chloritic alteration, b) Argillic alteration, c) Sericitic-Argillic alteration, d) Advanced-Argillic alteration, ¢) Sericitic alteration,

f) Silicic alteration
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Figure 13. Spider diagram of the mass changes of major elements (a), trace elements (b and c), and rare earth elements (d) in the

chloritic, argillic, sericite-argillic, sericitic, silicic and advanced- argillic alteration.
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Table 4. Results of mass change calculations for main and trace elements based on the volume factor method.

Sample Alteration Al Ca Mg Ti Fe Mn S P Na K As Co
9 Chloritic -0.94 -4.73 -3.98 -0.16 | -0.30 0.97 0.44 0.04 | -0.06 0.28 -0.94 | 473
K-78 Chloritic -3.27 -3.13 -3.58 -0.12 3.50 -0.04 0.17 0.14 | -1.55 -1.40 | 327 | -3.13
54 Sericitic -1.99 -5.33 -4.08 -0.26 | -0.84 0.38 1.91 0.04 | -1.13 0.43 -1.99 | -5.33
57 Sericitic -1.84 -5.58 -4.66 | -0.27 | -0.40 0.13 2.77 0.08 -1.91 1.34 -1.84 | -5.58
20 Silicic -6.25 -5.69 -5.03 -0.45 -2.05 0.02 0.06 -0.06 | -2.01 -1.43 -6.25 -5.69
39 Silicic -6.45 -5.71 -5.04 | -0.27 | -1.90 0.00 0.04 -0.05 | -2.01 -1.39 | -6.45 -5.71
10 Sericitic-argillic -2.55 -2.77 -4.75 -0.22 | -0.62 2.93 1.35 0.01 -2.03 0.01 -2.55 -2.77
17 Sericitic-argillic -1.62 -4.54 -4.32 -0.22 0.44 1.16 4.46 0.00 | -1.30 1.20 -1.62 | 454
35 Sericitic-argillic -1.68 -4.22 -424 | -020 | -0.29 1.49 -0.04 0.00 | -0.99 0.54 -1.68 -4.22
47 Sericitic-argillic -1.74 -4.83 -446 | -0.17 | -0.22 0.88 1.12 0.02 -0.45 2.09 -1.74 | -4.83
58 Sericitic-argillic -1.27 -4.97 -4.47 -0.14 | -0.90 0.74 1.52 0.07 | -1.88 1.19 -1.27 | 497
12 Argillic -1.60 -431 -4.52 -0.24 | -0.96 1.39 3.02 -0.05 | -1.96 -0.18 | -1.60 | -4.31
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Continued from Table 4
Sample Alteration Al Ca Mg Ti Fe Mn S P Na K As Co
25 Argillic -1.62 -3.59 -4.26 -0.19 -0.51 2.12 0.52 0.04 -1.55 1.69 -1.62 -3.59
K-132 Advanced- argillic -5.86 -5.49 -5.03 -0.45 -1.19 -0.11 0.60 0.01 -1.90 -0.93 -5.86 -5.49
K-235 Advanced-argillic -6.42 -5.11 -5.02 -0.44 -1.97 -0.11 0.79 -0.02 -1.54 -1.19 -6.42 -5.11
Sample Alteration Cr Cu Mo Nb Ni Pb Rb Sb Sc Sr Th A%
9 Chloritic 52.53 -13.29 4.71 -1522 | 2447 -15.79 | -29.28 4.59 -2.19 -282.71 | -4.48 -52.75
K-78 Chloritic 10.75 19.58 2.25 -16.24 6.39 0.10 -59.71 -3.30 -8.95 -299.59 | 2.88 -57.76
54 Sericitic -20.17 0.65 1.48 -17.91 2.83 -10.12 | -71.01 -2.81 | -13.97 | -348.73 | -4.52 | -131.58
57 Sericitic -27.69 -20.55 8.90 -12.94 -2.60 -12.64 81.95 25.85 | -13.63 | -341.92 | -5.07 | -141.21
20 Silicic 41.75 30.63 98.34 | -17.58 -8.51 109.24 | -57.90 | 30.14 | -18.74 | -381.44 | -5.72 | -178.35
39 Silicic 0.78 -15.53 6.27 -16.80 -9.10 11.88 -56.62 1.49 -18.93 | -335.67 | -4.10 | -171.40
10 Sericitic-argillic 14.60 63.43 1.41 -17.41 6.12 -13.37 | -25.92 2.43 -8.45 -378.71 | -4.72 -96.20
17 Sericitic-argillic -7.88 18.02 1.59 -16.25 6.77 -12.66 8.21 9.64 -10.51 | -24295 | -3.86 | -103.73
35 Sericitic-argillic 1.85 65.00 1.44 -11.83 1.58 19.73 -18.24 | -1.58 | -10.20 | -329.63 | -3.27 | -101.54
47 Sericitic-argillic -13.53 -9.53 1.54 -11.11 -4.84 -12.82 | 118.07 0.42 -13.77 | -313.82 | -2.82 | -127.80
58 Sericitic-argillic -21.99 -24.00 2.50 -12.87 -5.00 -15.00 64.07 8.36 -8.89 -366.97 | -4.12 | -120.96
12 Argillic 36.56 -7.49 1.54 -15.59 5.38 -17.93 | -39.13 2.04 -9.68 -377.20 | -491 | -115.53
25 Argillic -7.88 -26.83 0.54 -14.43 -4.70 -6.40 -39.55 1.25 -12.60 | -309.71 | -4.75 | -112.08
K-132 Advanced- argillic -17.35 -26.74 2.27 -17.49 -9.74 4.85 -19.94 | -3.29 | -17.23 | -396.34 | -0.96 | -164.82
K-235 Advanced-argillic -12.26 -26.02 0.07 -17.43 | -10.43 7.45 -3430 | -3.23 | -16.49 | -392.80 | -5.43 | -177.72
Sample Alteration Zn Zr La Ce Pr Nd Sm Eu Gd Dy Er Yb
9 Chloritic -5536 | -115.75 | -12.54 | -32.16 -2.93 -10.30 -2.37 -1.45 -2.30 -3.71 -2.23 -2.85
K-78 Chloritic -29.12 | -119.49 -6.80 -24.11 -1.60 -6.33 -0.47 - 0.58 1.72 0.76 -0.02
54 Sericitic -69.30 -97.28 -18.56 | -42.12 -5.95 -24.35 -4.31 -1.54 -4.65 -4.50 -2.76 -3.30
57 Sericitic -78.24 | -102.15 | -18.78 | -44.64 -2.84 -9.21 -1.84 -1.44 -2.43 -3.95 -2.47 -3.15
20 Silicic -80.88 | -119.67 | -21.67 | -49.51 | -531 | -21.69 | -4.87 | -1.53 | -4.41 -4.48 -2.75 -3.38
39 Silicic -86.33 | -93.96 | -17.71 | -39.46 | -2.32 | -10.31 -2.81 -1.48 | -3.41 -4.28 -2.66 -3.28
10 Sericitic-argillic -36.86 | -117.23 -7.31 -24.38 -0.41 -1.91 -1.11 -1.41 -1.82 -3.73 -2.28 -2.95
17 Sericitic-argillic -55.32 | -110.53 | -12.01 | -33.18 | -0.24 0.00 -0.53 | -1.40 | -1.93 -3.85 -2.46 -3.12
35 Sericitic-argillic 40.73 -92.91 -6.06 | -19.06 | 0.10 0.00 -0.65 | -1.39 | -1.81 -3.74 -2.32 -2.99
47 Sericitic-argillic 106.41 | -9542 | -10.20 | -27.44 | 0.71 2.11 -0.42 | -1.35 | -1.57 -3.63 -2.23 -2.88
58 Sericitic-argillic -76.99 | -106.99 | -13.49 | -30.98 | -0.04 0.15 -0.67 | -1.39 | -1.68 -3.76 -2.41 -3.10
12 Argillic -79.64 | -114.84 | -16.33 | -36.64 | -1.48 -3.71 -1.25 | -1.42 | 243 -3.95 -2.47 -3.09
25 Argillic 5523 | -116.79 | -14.09 | -36.31 | -291 | -11.54 | -2.67 | -1.45 | -2.92 -3.98 -2.42 -3.06
K-132 | Advanced- argillic | -44.41 | -119.47 | -4.33 -4.19 -3.49 | -15.81 -479 | -1.08 | -4.16 -4.04 -2.30 -2.89
K-235 Advanced-argillic | -37.44 | -119.13 | -12.19 | -28.95 | -4.43 | -1836 | -4.73 | -1.02 | -4.10 -3.98 -2.24 -2.83
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Table 5. Spearman’s rank correlation between elements (except for rare earth elements) of altered samples
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