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Fig. 1. A: Major structural zones of Iran, showing the location of the Tarom-Hashtjin metallogenic belt within the Alborz magmatic arc

(after Alavi, 1991). B: Simplified regional geology of the Tarom-Hashtjin metallogenic belt (modified from 1:100,000 geological maps of
Iran, Geological Survey of Iran) showing the location of the Qoushebolagq Pb-Zn occurrence and other epithermal precious and base

metal deposits.
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Fig. 2. Simplified geologic map of the Qoushebolaq Pb-Zn occurrence. The thickness of the ore vein was exaggerated.
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Fig. 3. Field photographs of rock units in the Qoushebolaq area. A: A view of the basalt and trachybasalt lavas (E" unit)
in the central parts of the area, looking to the north. B: A view of the intermediate tuff unit (E* unit) that hosts ore vein

in the area, looking to the south. C: A view of the basaltic andesite and andesite lavas (E¥ unit) in the area, looking
northwest.
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Fig. 4. Photomicrographs (transmitted crossed-polarized light, XPL) of mineralogy and texture of the rock units in the Qoushebolaq
area. A: Porphyritic texture composed of coarse-grained plagioclase and clinopyroxene crystals within the fine-grained matrix in the
andesitic basalt lavas. B: Glomerophyric texture in the andesitic basalt lavas. C: Porphyritic texture composed of coarse-grained
plagioclase and clinopyroxene crystals within the fine-grained matrix in the trachybasalt lavas. D: Coarse-grained zoned plagioclase
crystal in the trachybasalt lavas. Central parts of the crystal altered to calcite and sericite. E. Porphyritic to porphyroclastic textures
composed of coarse-grained sanidine and plagioclase crystals within the fine-grained matrix in the intermediate tuffs with
trachyandesite composition. F: Flow texture composed of plagioclase and clinopyroxene crystals within the fine-grained matrix in the
andesitic basalt lavas. G and H: Porphyritic texture composed of coarse-grained plagioclase and carbonated amphibole crystals within

the fine-grained matrix in the andesite lavas. Mineral abbreviations after Whitney and Evans (2010). (Amp: amphibole, Cal: calcite,
Cpx: clinopyroxene, L: rock fragments, Opq: opaque mineral, Pl: plagioclase, Qz: quartz, Sa: sanidine)
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Fig. 5. Field and hand specimen photos of the mineralized vein in the Qoushebolaq Pb-Zn occurrence. A-C: Views of the ore
vein that cut its host Eocene strata, looking northeast, southwest, and north, respectively. In the three photos, intermediate
argillic alteration (Int. Arg. Alt.) halo is observed around the ore vein. D-F: Close-up views of the colloform, bladed (black
arrows), breccia, and vug infill textures of the ore in outcrop and hand specimen scale. Mineral abbreviations after Whitney

and Evans (2010). (Car carbonate, Min ore: manganese ore)
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Fig. 6. Photomicrographs (transmitted crossed-polarized light, XPL) of hydrothermal alteration types in the Qoushebolaq Pb-
Zn occurrence. A and B: Silica alteration as quartz with vein-veinlets (A) and hydrothermal breccia cement (B). C: Calcite
within the Mn-bearing quartz-carbonate vein-veinlets in the type 1 carbonate alteration. D: Calcite with vug infill texture in
the type 2 carbonate alteration. E: Intermediate argillic alteration as replacement of plagioclase by sericite. F: Propylitic
alteration as replacement of plagioclase by calcite. Mineral abbreviations after Whitney and Evans (2010). (Cal: calcite, Fe-

oxide: iron oxides, Mn Ore: manganese ore, Qz: quartz, Ser: sericite)
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Fig. 7. Photomicrographs (reflected light) of the ore mineralogy and texture in the Qoushebolaq Pb-Zn occurrence. A: Alteration of subhedral
to euhedral pyrite crystals to goethite. B: Intergrowth of pyrite, chalcopyrite, and galena. Chalcopyrite inclusion within galena is also observed.
C: Pyrite inclusions within galena. Intergrowth of galena and sphalerite is also observed. D and E: Intergrowth of chalcopyrite and galena. In
D, alteration of chalcopyrite to covellite, and in E, chalcopyrite inclusion within galena are also observed. F: Chalcopyrite inclusions within
galena. G: Alteration of galena to cerussite. H: Intergrowth of galena, pyrite, and chalcopyrite. Chalcopyrite inclusions within galena are also
observed. I: Chalcopyrite and galena inclusions within sphalerite. J: Alteration of sphalerite to smithsonite. K and L: Pyrolusite and
psilomelane with colloform texture. Mineral abbreviations after Whitney and Evans (2010). (Ccp: chalcopyrite, Cer: cerussite, Cv: covellite,
Gn: galena, Gth: goethite, Ps: psilomelane, Py: pyrite, Pyr: pyrolusite, Smt: smithsonite, Sp: sphalerite)
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Fig. 8. Photomicrographs (transmitted crossed-polarized light, XPL) of gangue minerals and textures in the Qoushebolaq Pb-Zn occurrence.
A: Quartz with vug infill texture. B: Colloform texture of quartz. C: Colloform and plumose textures of quartz. D: Crustiform texture of
quartz. E: Development of quartz with cockade texture on the rock fragment. Calcite with vug infill and veinlet textures is also observed. F:
Siderite with veinlet texture. Mineral abbreviations after Whitney and Evans (2010). (Cal: calcite, Gn: galena, Qz: quartz, Sd: siderite, Mn
ore: manganese ore).
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Fig. 9. Mineralization stages in the Qoushebolaq Pb-Zn occurrence. A: Stage 1 mineralization as silicification of the
host rock which crosscuts by stage 2 veinlets. B: Breccia clasts of stage 1 mineralization within the vein of stage 2
mineralization. Stage 2 veins are crosscut by stage 3 veinlets. C and D: Brecciation of stage 2 mineralization by stage 3
veinlets. E: Stage 3 mineralization crosscut by quartz veinlets of stage 4 mineralization. F: Stage 2 veins crosscut by
stages 3 and 4 veinlets. Breccia clasts of stage 1 mineralization within stage 2 veins are also observed. Mineral
abbreviations after Whitney and Evans (2010). (Cal: calcite, Gn: galena, Mn ore: manganese ore, Qz: quartz, Sd:
siderite).
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Fig. 10. Paragenetic sequences showing the structure and texture of ore at the Qoushebolaq Pb-Zn occurrence.
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Fig. 11. A: Chondrite-normalized (Thompson, 1982) rare elements pattern for the ore samples, and host crystal tuff in
the Qoushebolaq Pb-Zn occurrence. B: Chondrite-normalized (McDonogh and Sun, 1995) REE pattern for the ore
samples, and host crystal tuff in the Qoushebolaq Pb-Zn occurrence. In both diagrams, detection values were chosen

for below and above the detection limit values.

o558 polic 31 5 5 e 5 380 s 5 el
550 1 gatil 3,555 (55 s 1 seredlS (St
Sladiges 5| (F 0 gime &gt Wload (S8 Handse s
S 555 ladS) 4 baye sladigas o3aga Sensls
5 el il 5wl e b yolie sl pgm alo o o5
3ok Dk B a4 S Sl glaaigas ilons
diged g0 (B-VY US5) wloals 5 (S obeS uole
pom al o o350 Lo S - 5,18 slaas) Sleaticils
o paie (Sl Slad (S8 pmgp paic |
S bz gannS| Ll il 4y Wilgs oo adiges opl o

O o) S 55,575 9) ably Lag yo 3:520 glaalls

olie S i 5 (Forbootd ~T-b
L Ll o polie (Sabd 5 Sabe (omn lp
HhalisS 59y 5y (Fore Bl 3 Glu S 5 2lialS
@ bgie glaools p Sails sladisel a5 bgy e slaools
00 o5l 5 ol pobie b 4 loxigy olises o S5
QY JSK8) 05 aseine o548 5 gle S b S
Oliee et sl g 0392 (S (g (nl 45 Sansl SS 40
Alge Sloslono a4 L polie (Sadi i 5 (FaB 5 o5

el ouid plodil g ol o a5 sl oy
By Cod Sl glodigas A-VY S ulaly

s eyl ey ceamgy el 5l Ol yeb



\¥f

1FeF lcnn 9 3wl YA 0Ll 3R 0,90 ¢(60 3135 ol ooy (w98 gLoaudl

S 25 g JUl (ol Jole S 575 Siglle slanSheS
i 55 aeie (Fob g it S S pobic
oSy S JoalS (gladiges o S leeS polic
(soad b g p2> 45 w00 i elladsS adlaie 5 (e
S LlS ol o ol onl S5 6l glo)S Sl
Mo ¢z 25Ty (S B (f5m ,r lg5 00 5 039,
sz b ol ol sl e oS o Lals

Syl Ciyllas Hloals glaad, GBIl o Sl S

S50 5 2hals Glaisn )0 SB oleS polie L3,
Sl o« S — b STy wiile gloasl 3 30 cou
Eh pH (Lid les ol slizl 4 a0 Ol Jlw
339590 VW 5l aale) 03l o Jlows 35 03 5 (2t ST
5 loyTs gloalp o (Yo o¥ o) Kan g addg, 22Y
2 oS ST 60 5,585 ISl g Dl S5l
SleS polie S 28 carge oS [ Sl UL sloens
O 99,5809 VNP uisla 9 (B)90) Ng oo (ST
WS o SB Gk 038 gl M

(A 1000

100 A

Loss and gain
=
)

[ |||
| l‘ HH “|| ‘ ““ | | ”“
0.1 4

Ba Rb Th U Nb Ta Zr Hf

Sr

Ag

As Cd Cu Pb Zn S Sb Mn Mo

Loss and gain

e
=
L

0.01

La Ce Pr Nd Sm

Eu

Gd

Tb Dy Er Tm Yb

m Stage 1 (silicified crystal tuff) B Stage 2 Qz-Cu-Pb-Zn vein O Stage 3 Qz-Car-Mn vein

B Stage 2 Qz-Cu-Pb-Zn vein with breceia clasts of stage 1

Boi &y Comnss 45 ELalieF (59 9 oy (o SISy 50 SudlS’ Gladigni g1y Sl polic (Sl 9 (Foub ot Hloged A N JSb
SiundlS sladigns 5l (S CloaS polic (Sl Sl g (St 510905 B ilond jlaies (1 Jguzr GB-05 o lods diged) (il mo (52 p9k
23l 3903 93y 3 oy sl (1 Jgur (GB-05 o jlocds 4i509) (o (32 sk S9F @ Connd a5 ELidlisS (595 9 s (Fuimo 3105 4

el oo il g 3l )BT o 31 iy 9 a8 p0lie (6l o)l y ST o

Fig. 12. A: Loss and gain histogram of rare elements of ore samples in the Qoushebolaq Pb-Zn occurrence that
normalized against host crystal tuff (sample GB-05, Table 1). B: Loss and gain histogram of rare earth elements of ore
samples in the Qoushebolaq Pb-Zn occurrence that normalized against host crystal tuff (sample GB-05, Table 1). In
both diagrams, detection values were chosen for below and above the detection limit values.
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Table 1. ICP-MS data (ppm) of ore samples and host rocks from the Qoushebolaq Pb-Zn occurrence.

Ag As Ba Cd Ce Cs Cu Dy Er Eu Fe Gd
D.L. 0.1 0.5 1 0.1 0.5 0.5 1 0.1 0.1 0.1 100 0.05
GB-03 214 >100 243 10.6 5 4 16421 0.8 0.3 <0.1 10802 0.97
GB-05 3.7 19 977 0.8 67 6.4 141 6.8 3.7 2.18 31536 5.93
GB-06 83.9 >100 751 48.5 7 5 4242 0.9 0.4 0.35 30112 1.12
GB-12 316.7 >100 141 194 6 3.7 12352 0.8 0.3 <0.1 7913 1
GB-19 384.7 >100 910 75 24 1.9 9490 6.1 2.6 3.32 67916 4.26
GB-31 323.6 85.1 268 12.7 12 2.1 1450 1 0.4 0.17 7470 1.29
GB-32 299.4 >100 498 40.2 19 2.8 2446 5.4 2.1 1.53 57683 3.28
GB-33 228.6 >100 1467 154.1 24 1.4 4384 4.1 1.5 2.65 71616 3.67
GB-34 65 >100 417 6.6 7 5.2 1801 1.4 0.5 0.25 27927 1.36
GB-35 279.5 >100 119 233 7 2.9 4360 1 0.5 <0.1 15326 1.14
Hf In K La Li Lu Mg Mn Mo Nb Nd P
D.L. 0.5 0.5 100 1 1 0.1 100 5 0.5 1 0.5 10
GB-03 <0.5 <0.5 695 2 77 <0.1 292 255 66 <1 1.8 162
GB-05 4.8 <0.5 37300 29 13 0.5 1026 49 1.1 11.1 36.1 1947
GB-06 <0.5 <0.5 1751 2 69 <0.1 558 2666 3.3 1.1 3 162
GB-12 <0.5 <0.5 1046 2 68 <0.1 367 710 1.1 <1 2.2 212
GB-19 <0.5 <0.5 435 12 19 0.2 558 >20000 293.4 <1 16.8 332
GB-31 <0.5 <0.5 462 6 41 <0.1 318 1190 20.1 <1 5.5 110
GB-32 <0.5 <0.5 660 8 39 0.2 694 >20000 46.1 <1 11.5 211
GB-33 <0.5 <0.5 425 12 9 0.1 511 >20000 185.5 <1 16.1 159
GB-34 <0.5 <0.5 1804 4 78 <0.1 536 9784 5.1 <1 3.8 115
GB-35 <0.5 <0.5 1054 4 28 <0.1 282 2322 246 <1 2.9 116
Pb Pr Rb S Sb Sc Sm Sr Ta Tb Te Th
D.L. 1 0.05 1 50 0.5 0.5 0.1 1 0.1 0.1 0.5 0.1
GB-03 16694 0.29 14 1169 29.7 <0.5 <0.1 25 0.3 <0.1 <0.5 1
GB-05 265 7.99 152 217 19.1 18.6 7.6 141.6 1.1 0.7 <0.5 8.5
GB-06 16606 0.58 20 5350 54.8 0.6 0.6 384 0.2 <0.1 <0.5 1.2
GB-12 17302 0.37 17 492 >100 0.5 <0.1 23.8 0.3 <0.1 <0.5 1
GB-19  >30000 3.42 13 1131 >100 7.7 5.1 186.4 0.3 0.6 <0.5 1.1
GB-31  >30000 1.14 12 2787 29.7 1 0.6 104.5 0.3 <0.1 <0.5 1.1
GB-32  >30000 2.34 14 960 >100 12 3 108.8 0.3 0.5 <0.5 1.2
GB-33  >30000 3.4 13 935 >100 1.3 5 234.8 0.3 0.3 <0.5 1
GB-34 7289 0.79 20 388 >100 0.8 0.6 22.1 0.3 <0.1 <0.5 1.1
GB-35  >30000 0.62 16 22051 >100 1.6 <0.1 220.5 0.4 <0.1 <0.5 1.1
Ti Tl Tm U v Y Yb Zn Zr
D.L. 10 0.1 0.1 0.1 1 0.5 0.05 1 5
GB-03 <10 0.2 <0.1 0.6 2 <0.5 <0.05 8637 <5
GB-05 6355 1.4 0.5 2 89 33.1 3.21 673 159
GB-06 21 0.2 <0.1 0.5 24 1.2 0.24 >30000 5
GB-12 <10 0.2 <0.1 0.6 11 0.8 <0.05 18034 <5
GB-19 <10 1.8 0.3 13.8 43 30.8 1.67 >30000 <5
GB-31 48 0.7 <0.1 1 1 1.2 <0.05 5620 5
GB-32 <10 2.4 0.3 7.5 78 16.8 1.49 >30000 5
GB-33 <10 3.4 0.2 4.5 5 20.8 0.93 >30000 <5
GB-34 12 0.3 0.1 0.7 18 32 0.31 29317 <5
GB-35 79 0.4 <0.1 1.4 6 1.6 0.14 12133 6

GB-03: Stage 1 (silicified crystal tuff), GB-05: Crystal tuft; GB-06, GB-12, GB-31, GB-35: Stage 2 Qz-Cu-Pb-Zn vein; GB-34: Stage 2 Qz-
Cu-Pb-Zn vein with breccia clasts of stage 1, GB-19, GB-32, GB-33: Stage 3 Qz-Car-Mn vein
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Table 2. Comparison of main characteristics of the Qoushebolaq Pb-Zn occurrence with some intermediate-sulfidation

type of epithermal deposits in the Tarom-Hashtjin metallogenic belt.
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Fig. 13. A-C: Schematic representation of mineralization evolution stages at Qoushebolaq Pb-Zn occurrence. See text

for details.
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Abstract

The Qoushebolaq Pb-Zn occurrence, located 110 km northwest of Zanjan, is part of the Tarom-Hashtjin
metallogenic belt. The mineralization occurred as a 200-meter long and 1-to-2-meters wide Pb-Zn-
bearing quartz-sulfide vein (NE-SW/70-80NW) hosted by Eocene volcanic and volcaniclastic strata and
is enclosed by 3-to-5-meters intermediate argillic alteration halos. Hydrothermal alteration in the study
area comprises silicification, carbonate, intermediate argillic, and propylitic alteration. Phyrite,
chalcopyrite, galena, sphalerite, pyrolusite, and psilomelane are ore minerals, and quartz, calcite,
siderite, and sericite-illite are gangue minerals. Cerussite, smithsonite, malachite, covellite, and goethite
are formed during supergene processes. The ore minerals formed as disseminated, vein-veinlets,
brecciated, crustiform, colloform, cockade, bladed, plumose, vug infill, and replacement textures. Five
mineralization stages can be distinguished at Qoushebolaq, where Pb-Zn mineralization occurred as
quartz-pyrite-chalcopyrite-galena-sphalerite veins and breccias in the second stage. The Chondrite-
normalized trace elements and REE patterns of ore samples, and host crystal tuff are comparable. This
reveals that alteration and leaching of elements from the host volcanic and volcaniclastic are involved
in mineralization. According to all the evidence, the mineralogical characteristics of the Qoushebolaq
occurrence are similar to the intermediate-sulfidation type of epithermal deposits.

Keywords: Pb-Zn mineralization, Epithermal, Intermediate-sulfidation, Qoushebolaq, Zanjan, Tarom-
Hashtjin

Introduction Varmazyar (Kouhestani et al., 2022b;

The Tarom-Hashtjin metallogenic belt, as a
part of the Alborz magmatic arc, hosts
important epithermal base and precious metal
deposits in Iran. The important deposits and
occurrences in this belt are Aliabad-Khanchy
(Mokhtari et al., 2016; Kouhestani et al., 2018),
Agkand (Kouhestani et al., 2017), Zajkan
(Kouhestani et al., 2019a; Mahzi et al., 2022),
Marshoun (Kouhestani et al., 2019b;
Mohammadi et al., 2022), Abbasabad
(Kouhestani et al., 2020), Zehabad (Shahbazi
et al., 2019), Khalyfehlou (Esmaeli et al. .,
2015; Hosseinzadeh et al., 2016), Chargar
(Mousavi Motlagh and Ghaderi, 2019;
Mousavi Motlagh et al., 2019), North of
Chargar (Naderlou et al., 2021), Barik-Ab
(Bazargani-Guilani and Parchekani, 2011),
Chodarchay (Yasami et al., 2018; Yasami and
Ghaderi 2019), Lubin-Zardeh (Zamanian et al.,
2019), Gulojeh (Mehrabi et al., 2016),
Jalilabad and Rashtabad (Kouhestani et al.,
2022a). ), Tashvir (Kouhestani et al., 2022b),

Ghorbani et al., 2022), Chomalu (Ghasemi
Siani et al., 2022; Afshari et al., 2023), and
Shah Ali Beiglou (Mikaeili et al., 2018).

The Qoushebolaq Pb-Zn occurrence, located
110 km northwest of Zanjan, is part of the
Tarom-Hashtjin metallogenic belt. Despite the
existence of old exploration activities in the
Qoushebolaq occurrence, no detailed works
have been carried out on the geology,
mineralogy, geochemistry, and genesis of the
Qoushebolaq occurrence. In this contribution,
we examine the comprehensive geology,
mineralogy, structure and texture,
geochemistry, and alteration types of the
Qoushebolaq occurrence to compel its ore
genesis and type of mineralization. The results
could be useful for the further exploration of
epithermal precious and base metal deposits in
the Tarom-Hashtjin metallogenic belt and
other parts of the Alborz magmatic arc.
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Materials and methods

This research includes two parts, field and
laboratory studies. During the fieldwork, the
geological map, scale 1:20000, of the
Qoushebolaq occurrence was prepared, and
approximately forty samples were collected
from different rock units and ore veins and
breccias. Among these, six thin and fourteen
polished thin sections were examined using a
transmitted and reflected polarized light
microscope in the mineralogy laboratory of the
University of Zanjan, Zanjan, Iran. The
chemical composition of ore samples (n = 9),
and fresh and barren host rocks (n = 1) was
analyzed at the Zarazma  Analytical
Laboratories, Tehran, Iran using the ICP-MS
method.

Results and Discussion

The rock units outcropped in the Qoushebolaq
occurrence belong to Eocene volcanic and
volcaniclastic units and include basalt and
trachybasalt lavas with basic tuff intercalation
(E™ unit), intermediate tuffs (E* unit), and
basaltic andesite and andesite lavas (E" unit).
Mineralization at Qoushebolaq occurred as a
quartz-sulfide vein within the Eocene volcanic
and volcaniclastic sequence covered by 3-to-5-
meter intermediate argillic alteration halos.
The ore vein has an NE-SW/70-80NW trend
and is about 200 meters in length and 1-to-2
meters in width. Hydrothermal alteration
comprises silicification, carbonate,
intermediate argillic, and propylitic alteration;
the first three are closely associated with
mineralization. Pyrite, chalcopyrite, galena,
sphalerite, pyrolusite, and psilomelane, are the
main ore minerals, and quartz, calcite, siderite,
and sericite-illite are gangue minerals.
Cerussite, smithsonite, malachite, covellite,
and goethite are formed during supergene
processes. The ore minerals formed as
disseminated, vein-veinlets, brecciated,
crustiform, colloform, cockade, bladed,
plumose, vug infill, and replacement textures.

The mineralization processes at the
Qoushebolaq occurrence can be divided into
five stages. Stage 1 is represented by the
silicification of host rocks and minor
disseminated pyrite (often oxidized). Stage 2 is
categorized by vein-veinlets (up to 10 cm
thickness) and hydrothermal breccias with
quartz and sulfide cement that carry varying
volumes of pyrite, chalcopyrite, galena, and
sphalerite. Stage 3 is characterized by quartz,
carbonate (calcite and siderite), manganese
ores (psilomelane, pyrolusite) veins, and
hydrothermal breccia cement with no sulfide
minerals. Stage 4 is signified by quartz and
calcite as veinlets (up to 5 mm thickness) and
vug infill texture with no sulfide and oxide
minerals. Stage 5 is related to supergene
processes.

The Chondrite-normalized trace elements and
REE patterns of ore samples and host crystal
tuff are comparable and show that host rocks
are possibly elaborate in mineralization. These
patterns are almost similar for ore samples
indicating they formed by the same
mineralization system.

Conclusions

Pb-Zn mineralization at Qoushebolaq occurs as
NE-SW/70-80NW-trending quartz-sulfide
vein within Eocene volcanic and volcaniclastic
sequence that shows disseminated, vein-
veinlets, brecciated, crustiform, colloform,
cockade, bladed, plumose, vug infill, and
replacement textures. Ore and gangue minerals
at this occurrence include pyrite, chalcopyrite,
galena, sphalerite, pyrolusite, psilomelane,
quartz, calcite, siderite, and sericite-illite. A
comparison of the main characteristics of the
Qoushebolaq Pb-Zn occurrence with different
types of Pb-Zn deposits reveals that the
geology, alteration, mineralization,
mineralogy, and texture of Qoushebolaq are
similar to the intermediate-sulfidation type of
epithermal deposits.



