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1- Introduction

The Zajkan base metal deposit is located in the Tarom-e-Sofla part of the Qazvin Province and is part of the
Tarom-Hashtjin metallogenic belt (THMB). The THMB has been documented as one of the essential epithermal
metallogenic belts in Iran (Ghorbani, 2013; Kouhestani et al., 2018) that host numerous epithermal precious and
base metal deposits (i.e., Golijeh, Rashtabad, Gulojeh, Agkand, Aliabad—Khanchy, Chodarchay, Khalyfehlou,
Chargar, Lubin-Zardeh, Marshoun, Abbasabad, Zehabad, and Shah Ali Beiglou; Esmaeli et al., 2015; Mehrabi et
al., 2016; Kouhestani et al., 2017, 2018, 2019, 2020; Yasami et al., 2017, 2018; Khodabandelou et al., 2018;
Mikaeili et al., 2018; Yasami and Ghaderi, 2019; Mousavi Motlagh and Ghaderi, 2019; Mousavi Motlagh et al.,
2019; Shahbazi et al., 2019; Zamanian et al., 2019, 2020).

Mining at Zajkan started around 1970 and continued to the beginning of the 1980s. Recent exploration work at
the Zajkan deposit began in 2017 by Roy Godaz Company, and the deposit is still under exploration. This paper
presents detailed geology and mineralization characteristics of the Zajkan deposit and geochemical and fluid
inclusions data to investigate the ore genesis of the deposit. These results may imply the regional exploration of
epithermal deposits in the THMB.

2- Materials and methods

Detailed fieldwork has been carried out at different scales in the Zajkan area. Sixty samples were collected from
various parts of ore veins, breccias, and host rocks. The samples were prepared for thin section (n=5) and
polished-thin (n=42) sections in the University of Zanjan, Zanjan, Iran. In addition, eight representative samples
of the mineralized veins and breccias and two samples of the barren and fresh host crystal acidic tuff and andesitic
lava units were analyzed for rare and rare earth elements in Zarazma Analytical Laboratories, Tehran, Iran, using
ICP-MS.

Fluid inclusion measurements have been conducted on four doubly polished thick (~150 um) sections, including
crystalline quartz and sphalerite from the first, second, and third stages of ore formation. In addition,
microthermometric measurements were performed using a Linkam THMSG-600 heating—freezing set attached to
a ZEISS microscope in the fluid inclusion laboratory of the Iranian Mineral Processing Research Center, Tehran,
Iran.

3-Results and discussion

The geological units exposed in the Zajkan deposit are Eocene tuff units and andesitic lavas that were intruded by
late Eocene dacitic domes and pyroxene quartz monzodiorite intrusions. The tuff units cover most parts of the
Zajkan area and can be divided into acidic (crystal lithic tuff and lithic tuff) and intermediate (crystal tuff, crystal
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lithic tuff, and lithic tuff) units. The andesite lavas crop out mainly in the southern parts of the Zajkan area. The
dacitic dome and pyroxene quartz monzodiorite intrusion crop out in the west and northwest of the Zajkan area,
where they intruded into the acidic tuff units.

The Zajkan deposit consists of three EW- and NE-trending epithermal quartz-base metal breccia veins hosted by
Eocene acidic and intermediate tuff units. The ore veins extend up to 250 m long, from 0.5 m to 3 m wide, and
generally dip steeply (65-85°) to the south and southeast. Metal concentrations of collected samples average eight
wt. % Zn + Pb and 0.4 wt. % Cu (Roy Godaz Company, unpublished data). The hydrothermal alteration includes
silicification, intermediate argillic, carbonate, and propylitic alteration. The quartz, intermediate argillic, and
carbonate alteration types are spatially strictly connected with high-grade ore zones, whereas propylitic alteration
occurs distally.

Three stages of mineralization are distinguished at Zajkan. Stage 1 is signified by mm to 10 cm wide quartz
(fluorite)-chalcopyrite-pyrite vein-veinlets that are usually crosscut by stage 2. Stage 2 comprises 10 mmto 5 cm
wide quartz-sulfide (galena-sphalerite + chalcopyrite + pyrite) veins and breccias. Clasts of this stage are usually
found within the hydrothermal cement of stage 3. Stage 3 is marked by ~3-5 cm wide quartz—specular hematite
vein-veinlets, which generally cut across stage 2 and, in turn, are cut by quartz-carbonate veins of stage 4. Finally,
stage 4 is a barren post-ore stage marked by 1 cm wide individual or sets of quartz-carbonate veins that generally
cut across previous ore stages. The ore minerals at Zajkan are pyrite, chalcopyrite, galena, and sphalerite, making
up more than 10 percent of the vein volume, whereas hematite is a minor phase. Cerussite, smithsonite, malachite,
azurite, covellite, and goethite are the supergene assemblages, and the gangue minerals include quartz, fluorite,
sericite, chlorite, and calcite. Ore minerals display disseminated vein-veinlet, brecciated, comb, crustiform,
colloform, cockade, plumose, and vug infill textures.

Comparison of Chondrite-normalized rare elements (Thompson, 1982) and REE (Sun and McDonough, 1989)
patterns of host crystal acidic tuffs, barren and fresh andesitic lava, and the mineralized samples at Zajkan
indicate that leaching of some elements from the host rocks may have involved in mineralization.
Microthermometric data reveal that ore-forming fluids associated with the quartz-sulfide veins are represented by
two-phase aqueous inclusions and by H,O-NaCl fluids with moderate-temperature (150-295 °C) and low-salinity
(0.2-7.6 wt. % NaCl equiv.). Estimated trapping hydrostatic pressures are 40 to 80 bars, corresponding to
entrapment depths of 480 to 822 m below the paleowater table. Fluid inclusion data indicates that fluid boiling
and mixing were essential processes in the evolution of the ore-forming fluids at Zajkan (e.g., Simmons and
Browne, 2000; Simpson et al., 2001; Camprubi and Albinson, 2007; Canet et al., 2011; Li et al., 2019; Javidi
Moghaddam et al., 2019).

4- Conclusions

The ore geology, mineralization, hydrothermal alteration, and fluid inclusion investigations of base metal
mineralized quartz veins and breccias at Zajkan indicate that this deposit is an intermediate-sulfidation epithermal
deposit. In addition, our data suggest that mineralization at Zajkan and other epithermal deposits at THMB are
related to late Eocene magmatic-hydrothermal activity, which must be considered during epithermal base
(precious) metal exploration programs.
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Andesitic lava (E?") within intermediate tuff units (E™?), looking to the east, (c) Dacitic dome (da) intruded within

acidic tuff units (E™), looking to the northeast and (d) Pyroxene quartz monzodirite ploton (gm) intruded within
acidic tuff units (E™), looking to the northeast.
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Fig. 3. Views of mineralized quartz-sulfide veins in the Zajkan deposit; (a and b) Views of quartz-sulfide veins 1
(a) and 2 (b) which cut host acidic tuff units (E™) and covered by intermediate argillic alteration halo, looking to
the east and northwest, respectively, (c) Close view of hydrothermal breccia with quartz, sulfide and hematite

cements, and (d) A view from quartz-sulfide 3 vein which cut host intermediate tuff units (E"?), looking to the
southeast. Mineral abbreviations follow Whitney and Evans (2010). (Hem: hematite, Qz: quartz).
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Fig. 4. Photomicrographs (transmitted polarized light, XPL) of hydrothermal alteration types in the Zajkan deposit.
(a and b) Silica alteration as veinlets and hydrothermal breccia cements, (c and d) Intermediate argillic alteration as
replacement of plagioclase by clay minerals, sericite and minor quartz, (e) Calcite between quartz grains in
carbonate alteration, and (f) Propylitic alteration as replacement of plagioclase and mafic minerals by chlorite.
Mineral abbreviations follow Whitney and Evans (2010). (Cal: calcite, Chl: chlorite, Lith: rock fragment, Opq:

opaque mineral, Qz: quartz, Ser: sericite).
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Fig. 5. Mineralization stages in the Zajkan deposit. (a) Stage 1 mineralization as pyrite and chalcopyrite-bearing
quartz veinlets crosscutting its host lithic acidic tuff, (b) Galena-sphalerite-chalchopyrite-bearing quartz veins of
stage 2 mineralization crosscut stage 1 veinlets, and, in turn, cut by stage 3 quartz-hematite veins, (c) Hydrothermal
breccias with stage 2 sulfide cements which crosscut by stage 3 veins. The breccia clasts of stage 2 mineralization
found as lithic fragments within stage 3 vein, (d) Hydrothermal breccias with quartz-hematite cements of stage 3
mineralization and (e) Quartz-calbonate veins of stage 4 (yellow arrow) that crosscut quartz-sulfide (red arrows) of

previous stages. Mineral abbreviations follow Whitney and Evans (2010). (Ccp: chalcopyrite, Gn: galena, Hem:
hematite, Sp: sphalerite, Qz: quartz).
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Fig. 6. Photomicrographs (I in transmitted light, XPL, and the rest in reflectel light) of ore mineralogy at the Zajkan
deposit. (a) Subhedral to uhedral crystals of pyrite with disseminated texture, (b) Pyrite with veinlet texture, (c) Uhedral
crystal of pyrite surrounded by chalcopyrite, (d) Intergrowth of pyrite and chalcopyrite, (e) Replacement of chalcopyrite
by goethite and forming of skeletal texture, (f) Replacement of pyrite with galena and sphalerite, (g) Replacement of
chalcopyrite and galena with sphalerite, (h) Inclusion of galena within sphalerite, (i) Replacement of chalcopyrite with
sphalerite. Inclusion of chalcopyrite within sphalerite is also observed, (j) Intergrowth of galena and sphalerite, (k)
Bladed crystals of hematite that crosscutting galena grains and (I) Smithsonite with radical texture. Mineral abbreviations

follow Whitney and Evans (2010). (Ccp: chalcopyrite, Gn: galena, Gth: goethite, Hem: hematite, Py: pyrite, Qz:
quartz, Sm: smithsonite, Sp: sphalerite).
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Fig. 7. Photomicrographs (transmitted polarized light, XPL) of quartz and fluorite textures in the Zajkan deposit. (a)
Quartz with vug infill texture, (b) Cockade texture of quartz developed around volcaniclastic clast, (c) Crustiform texture
of quartz, (d) Colloform texture of quartz, () Plumose texture of coarse-grained quartz crystals, and (f) Fluorite crystals
along with quartz within quartz-fluorite fragments. Mineral abbreviations follow Whitney and Evans (2010). (FI:
fluorite, Lith: volcaniclastic clast, Qz: quartz, Sp: sphalerite).
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Fig. 8. Paragenetic sequences showing the relative abundance, structure and texture of gangues and ore minerals at
the Zajkan deposit.
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Table 1. Geochemical data of rare and rare earth elements for mineralized veins, and host rocks from the Zajkan

deposit. All data are in ppm.

Ag Al As Ba Be Bi Ca Cd Co Cr Cs Cu Fe Hf
Z-51 0.3 65658 <0.1 1031 1.1 0.2 1054 0.1 1.8 10 <0.5 11 3223 3.48
Z-53 0.3 73466 1.6 1352 1.1 <01 2486 0.5 6.2 10 <0.5 68 35726 3.46
Z-60 16.9 1846 3.2 12 0.8 09 73391 327 6 12 <05 13427 28594 0.68
Z-61 222 21934 <0.1 22 1.2 31 1154 185 21.2 8 <0.5 22015 91472 1.23
Z-62 41 14743 23 6 06 135 24306 313 23.6 6 <0.5 1756 33723 0.66
Z-63 197 5545 <0.1 9 11 <01 1534 8234 384 7 <0.5 1993 22708 0.67
Z-64 122 1743 <0.1 15 13 <01 32550 116.9 8.3 3 <0.5 3031 8413 0.66
Z-65 283.2 385 <0.1 12 0.2 153 734 75.5 6.6 3 <0.5 3430 1790 0.66
Z-66 19 20548 4 303 07 208 447 68.2 13.1 9 <0.5 5468 199080 1.21
Z-67 206 12811 <0.1 46 0.8 138 2956 3316 286 21 <0.5 125 173670 0.94
In K Li Mg Mn Mo Na Nb Ni P Pb Rb S Sb
Z-51 <05 42384 1 149 43 0.7 26762 337 2 87 10 107 1634 0.5
Z-53 <05 54717 10 7517 1061 0.2 21242 269 3 790 184 138 583 0.8
Z-60 <05 <100 79 128 85 1.2 407 3 4 143 25541 <1 21970 10.4
Z-61 156 1146 43 12158 1751 1.6 448 6.6 4 495 318 <1 37400 4.3
Z-62 124 <100 36 794 597 0.1 340 2.2 2 82 139000 <1 78560 23
Z-63 <05 <100 42 1497 552 0.8 331 2 2 394 62000 <1 101560 25.1
Z-64 <05 <100 82 165 97 <01 371 2.4 3 97 40300 <1 9835 11.8
Z-65 11 <100 <1 126 117 3.2 332 15 1 97 730100 <1 74280 15.9
Z-66 211 10305 29 374 177 51 783 4.6 3 233 18954 13 16887 8.3
Z-67 <05 <100 23 3775 1872 3.6 309 3.4 3 115 54200 <1 56160 13.8
Sc Se Sn Sr Ta Te Th Ti Tl U \ W Y Zn
Z-51 2.8 0.5 1.2 66.5 188 021 856 1743 057 558 23 <1 11 26
Z-53 7.1 0.5 1.1 1825 14 027 1081 3077 082 35 63 3.8 13.7 1157
Z-60 <05 6.46 0.8 225 04 029 <01 <10 718 0.2 20 12.9 35 11992
Z-61 3.2 12.7 1.6 8.7 062 026 2.85 291 014 16 64 311 31 1202
Z-62 <05 13.44 0.4 64.4 036 04 <0.1 <10 3112 01 50 56.8 29 90100
Z-63 <05 22.78 0.3 453 031 036 <0.1 <10 1682 04 31 11 2.8 210600
Z-64 <05 5.67 0.5 18 03 053 <01 <10 1052 0.3 17 7.2 35 32700
Z-65 <05 104.33 0.1 368.1 034 39 <0.1 <10 4127 36 14 1.8 1.8 19264
Z-66 22 17.42 1.1 38 065 0.68 151 587 511 25 147 859 2.8 20300
Z-67 1.8 22.84 0.7 1336 054 0.55 0.9 53 1352 13 163 994.2 5 99100
Zr La Ce Pr Nd Sm Eu Gd Th Dy Er Tm Yb Lu
Z-51 93 13 26 2.28 96 131 111 1.04 022 1.86 1.54 0.26 1.6 0.33
Z-53 121 32 78 6.45 244 4.1 <0.1 3.32 0.5 29 1.63 0.24 1.6 0.26
Z-60 5 <1 <1 <005 21 008 0.16 0.07 <0.1 0.6 0.2 <0.1 0.3 <0.1
Z-61 23 <1 <1 <0.05 26 043 <01 0.61 012 091 0.42 <0.1 1 <0.1
Z-62 5 1 <1 0.13 29 026 <01 0.35 <01 081 0.3 <0.1 0.4 <0.1
Z-63 5 <1 <1 <0.05 2 0.09 <01 0.15 <0.1 0.68 0.25 <0.1 0.2 <0.1
Z-64 5 <1 <1 <005 24 014 019 0.16 <01 0.64 0.23 <0.1 0.1 <0.1
Z-65 5 6 2 0.56 46 061 0.1 0.72 0.14 1 0.24 <0.1 0.05 <0.1
Z-66 32 1 <1 0.28 33 039 017 0.33 <0.1 0.85 0.4 <0.1 1.7 <0.1
Z-67 15 2 <1 0.61 44 0.6 0.17 0.69 015 1.12 0.5 <0.1 1.5 <0.1

Z-51: Barren acidic crystal tuff, Z-53: Barren andesite, Z-60 and Z-61: Cu-bearing quartz vein, Z-62 to Z-64: Pb—Zn-bearing
quartz veins, Z-65: Galena ore, Z-66: Brecciated quartz-hematite vein, Z-67: Pb—Zn—Hem-bearing quartz vein
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Fig. 9. (a) Chondrite—normalized (Thompson, 1982) rare element patterns for the mineralized veins and host rocks

in the Zajkan deposit and (b) Chondrite—normalized (Sun and McDonough, 198) REE patterns for the mineralized

veins and host rocks in the Zajkan deposit.
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Fig. 10. (a) Loss and gain histogram of rare elements in the mineralized samples from the Zajkan deposit that
normalized against barren andesitic lava sample (sample Z-53, Table 1) and (b) Loss and gain histogram of rare
elements in the mineralized samples from the Zajkan deposit that normalized against barren acidic crystal tuff
sample (sample Z-51, Table 1).
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Fig. 11. (a) Loss and gain histogram of rare earth elements in the mineralized samples from the Zajkan deposit that
normalized against barren andesitic lava sample (sample Z-53, Table 1) and (b) Loss and gain histogram of rare
earth elements in the mineralized samples from the Zajkan deposit that normalized against barren acidic crystal tuff
sample (sample Z-51, Table 1).
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Fig. 12. Photomicrographs (at room temperature, plane-polarized light) of fluid inclusion types from Zajkan
deposit; (a—c) Coexisting primary two-phase LV and one-phase V fluid inclusions in stage 1 quartz, (d and e)
Coexisting of primary LV, VL and V fluid inclusions in stage 2 quartz as evidence of boiling, (f) Primary two-

phase LV fluid inclusion in stage 2 quartz, (g—i) Elliptical or negative-shaped primary LV fluid inclusions within
stage 2 sphalerite and (j—I) Primary two-phase LV fluid inclusions in stage 3 quartz.
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Table 2. Microthermometric data summary for primary LV fluid inclusions from Zajkan deposit. The digit in the
parenthesis is the mean value of inclusion measured.

. . Salinity Density

Mineral Size (um) Te (°C) Trmeice (°C) (Wt.% NaCl) Th (wotal) (°C) (glem?)
Sta%ﬁ ! (235) 5-46 481004 34-76(5.1) 242-295 (267)
Stage2Qz 4 47 3t0-19 34-5(39) 220-276 (239)

(n=21)

Stage 2 S -21t0-30 0.7-0.9
(?] ; 22‘; 4-93 36102 3.4-59(45) 219-290 (246)
Sta?ne 33% 455 17t0-03 02-2.9(14) 150-245 (219)
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Fig. 13. Total homogenization temperatures vs. equivalent salinity diagram for primary LV fluid inclusions from
Zajkan deposit. Typical ranges of fluid inclusions in porphyry and epithermal deposits worldwide are modified after
Wilkinson (2001). Diagonal contours show fluid densities of HoO-NaCl fluids in g/cm? for pressures along the L-V

curve (Haas, 1971).
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Fig. 14. Estimated pressure for fluid inclusions in the Zajkan deposit that exhibited final homogenization by vapor
disappearance of LV fluid inclusions (modified after Bouzari and Clark, 2006).
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Table 3. Comparison of main characteristics of Zajkan deposit with some intermediate-sulfidation type of
epithermal deposits in the Tarom—Hashtjin metallogenic belt.

. Aliabad- Lubin- Ali Shah
Zajkan Marshoun Abbasabad Khanchy Agkand Zardeh Beiglou
- Intermediate .
_AC|d|c a_nd tuff, pyroxene Intermediate Andesitic Andesitic . Quartz
Host rock intermediate lavas, tuff Tuff units .
quartz tuff . basalt lavas monzonite dyke
tuff . units
monzodiorite
Timing of Late Eocene 5 5 Late Eocene  Late Eocene  Late Eocene . ”
mineralization ) Late Eocene (?)  Late Eocene (?) @) @) ) Miocene (?)
Ore-. Normal Normal Normal
controlling Normal faults Normal faults Normal faults Normal faults
faults faults faults
structures
Py, Ccp, Gn,
ore Minerals ~ ©% 5P %P Gn sp Cep, Py Gn, Sp, Cep, Py Cep,Py,Hem  Cep,Hem  Sp, Ttr-Tnt, bt S CCP
Py, Hem Py, Ttr—Tnt
Bn, Au, Ag
Vein-veinlet, Vein-veinlet, Vein-veinlet, . . Vein- . .
. . . Vein-veinlet, . Vein-veinlet,
breccia, vug breccia, vug breccia, vug . veinlet, - . .
S o . breccia, vug . breccia, vug Vein-veinlet,
infill, comb, infill, comb, infill, comb, S breccia, vug A .
. . . infill, comb, A infill, breccia,
Ore texture crustiform, crustiform, crustiform, . infill, . .
crustiform, . crustiform, crustiform,
colloform, colloform, colloform, crustiform,
colloform, comb, comb
plumose, plumose, plumose, cockade colloform, colloform
cockade cockade, bladed cockade, bladed plumose
- Silica, Silica, - - -
. S|I|ca,_ intermediate intermediate S!I!Ca’. Silica, Silica, S'“Ca} grgl_lllc,
. intermediate s . chloritization, Lo - chloritization,
Alteration L argillic, argillic, - chloritizatio argillic, R
argillic, L S argillic, L L carbonatization,
ropylitic carbonatlz_a_tlon, carbonatlz_a_tlon, propylitic n, propylitic propylitic propylitic
P propylitic propylitic
Mokhtari et Feizi et al. Zamanian et
. Kouhestani et Kouhestani et al. (2016); (2016); Mikaeili et al.
References This study al. (2019) al. (2020) Kouhestani et~ Kouhestani al.2822%1)9, (2018)
al. (2018a) et al. (2017)

Abbreviations:

Ag: native silver, Au: native gold, Bn: bornite, Ccp: chalcopyrite, Gn: galena, Hem: hematite, Py: pyrite, Sp:

sphalerite, Tnt: tetrahedrite, Ttr: tetrahedrite. All mineral abbreviations from Whitney and Evans (2010).
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Fig. 15. Schematic representation of mineralization evolution stages at Zajkan deposit; (a) Formation of Eocene
volcano-sedimentary units, (b) Folding of Eocene rock units during Pyrenean orogeny (late Eocene) and intrusion
of pyroxene quartz monzodiorite bodies within rock strata. Intrusion of these plutons caused circulation of meteoric
waters and formation of mineralized quartz-sulfide veins within volcanic units in the area, and (c) Regional
exhumation and development of weathering and erosion processes.
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