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Tozlou Pb-Zn mineralization, ~250-300m long, and ~50m thick, is
hosted by limestone units of the Qom Formation. The main
mineralization zone occurred as vein-veinlets and vug infill textures,
where mineralization is observed as Pb-Zn-bearing barite veins or
supergene minerals (cerussite and smithsonite). Mineralization at
Tozlou can be divided into five stages. Stage 1 is the decarbonatization
of the limestone host rock, which is characterized by the increased
porosity and permeability of the host rock. Stage 2 is categorized with
dolomitization processes along with minor pyrite. Stage 3 occurred as
Pb-Zn-bearing barite and calcite (calcite Il) veins. Stage 4 includes late-
stage calcite (calcite I11) veins. Stage 5 is related to supergene processes.
Hydrothermal alterations include decarbonatization, carbonatization *
silicification, and late carbonatization. Ore minerals include galena and
pyrite along with minor sphalerite. Calcite, barite, and quartz are gangue
minerals. Smithsonite, cerussite, and goethite are formed by supergene
processes. The ore minerals show vein-veinlets, brecciated,
disseminated, vug infill, colloform, cockade, replacement, and residual
textures. The Chondrite-normalized rare earth elements pattern of ore
samples, fresh and altered limestones is similar, which can indicate the
major role of host rocks in the concentration of ore-forming elements.
This pattern is almost similar for different ore samples, which can
indicate that they have been formed by the same mineralization system.
Characteristics of Tozlou occurrence are comparable with intermediate-
sulfidation type of epithermal deposits.
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EXTENDED ABSTRACT

Introduction

Epithermal deposits are a group of base/precious-
metal deposits that are formed by hydrothermal
fluids in shallow environments under
pressure/temperature  changes and  fluid-rock
interactions (Hedenquist et al., 2000). Based on the
host rock, epithermal deposits are divided into
volcanic-hosted deposits and sedimentary-hosted
deposits. According to the tectonic setting and
magma type, they are divided into calc-alkaline
magmas (including three subcategories of high-,
intermediate-, and low-sulfidation) and alkaline
magmas (White and Hedenquist, 1990; Cooke and
Simmons, 2000; Hedenquist et al., 2000; Simmons et
al., 2005). These types of deposits include a
continuous range of deposits formed by
magmatic/meteoric  fluids and show different
geometry, but have the same formation mechanism,
especially the hydrothermal fluids circulation
(Sillitoe and Hedenquist, 2003; Simmons et al.,
2005).

Sedimentary rock-hosted deposits are divided into
two groups: Carlin-type and sediment-hosted
disseminated deposits. Carlin-type deposits are often
formed as strata-bound or replacements at the
boundary of rock units and are controlled by faults.
They are distinguished by invisible Au in As-rich
pyrite and arsenopyrite and do not show compatible
spatial relationships to magmatic centers (Kuehn and
Rose, 1992). Sediment-hosted disseminated deposits
occurred as disseminated ore in sedimentary rocks
(Hofstra and Cline, 2000). These deposits are
physically and chemically comparable to Carlin-type
deposits, but spatially and temporally are related to
sub-volcanic porphyry intrusions (Theodore et al.,
2000; Hofstra and Cline, 2000).

Tozlou Pb-Zn occurrence is 50km south of Qeydar
in Zanjan province. This occurrence was first
discovered/explored in 2017. Although general
geological characteristics of Tozlou occurrence have
been determined (Majidifard and Shafei, 2006), the
mineralogy and origin of Tozlou occurrence have not
been studied in detail. Here, detailed geology,
mineralogy, alteration styles, and geochemistry of
Tozlou occurrence are investigated to constrain the
genetic model and type of its mineralization system.
These results may have implications for future

exploration of base-metal mineralization in this
region and nearby areas.

Materials and methods

Comprehensive field and laboratory works have
been carried out on Tozlou area. During the
fieldwork, a detailed stratigraphic section of
limestone units of Qom Formation was measured,
sampled, and described. Fifty samples were collected
from ore zones and limestone host rocks for
laboratory analysis. Then, 34 thin and 15 polished-
thin sections were prepared for mineralogical studies
in the laboratory at the University of Zanjan, Iran.
Fourteen typical samples from the ore zones and
fresh/altered host limestone were analyzed for
geochemical analysis using ICP-MS in Zarazma
Analytical Laboratories, Tehran, Iran.

Results and Discussion

The main rock units exposed in Tozlou occurrence
belong to Eocene sequence, Lower Red Formation,
Qom Formation, and Quaternary units. Small
outcrops of gabbro-gabbro diorite (gb) can also be
seen in this region. Eocene strata include brown thin-
bedded sandstone (Unit E®), alternating tuff and shale
(Unit E®"), and thin- to medium-bedded tuffs (Unit
EY. Lower Red Formation includes a polygenetic
conglomerate (Unit OI") of Oligocene age. Qom
Formation consists of massive- to medium-bedded
cream-to-grey  limestones  (Unit OM,") and
alternating marl and thin-bedded grey limestone
(Unit OM™). Quaternary units include terrigenous
sediments.

Pb-Zn mineralization at Tozlou has ~250-300 m leng
and ~50 m thick and is hosted by limestone units of
Qom Formation. The main mineralization zone
occurred as vein-veinlets and vug infill textures,
where mineralization is observed as Pb-Zn-bearing
barite veins or supergene minerals (cerussite and
smithsonite). Decarbonatization,
carbonatizationssilicic, dolomitization, and late
carbonatization are hydrothermal alterations in
Tozlou area. Mineralization processes at Tozlou can
be divided into five stages. Stage 1 comprises the
decarbonatization of the limestone host rock, which
is characterized by the increased porosity and
permeability of the host rock. Stage 2 is represented
by the dolomitization of the limestone host rock,
which is accompanied by minor pyrite. Stage 3
occurs as Pb-Zn-bearing barite and calcite (calcite 1)
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veins. Stage 4 is characterized by late-stage calcite
(calcite I1I) veins. Stage 5 is related to supergene
processes.

Ore minerals include galena and pyrite along with
minor sphalerite. Calcite, barite, and quartz are
gangue minerals. Smithsonite, cerussite, and goethite
are formed by supergene processes. The ore minerals
show vein-veinlets, brecciated, disseminated, vug
infill, colloform, cockade, replacement, and residual
textures. The Chondrite-normalized rare earth

elements patterns of ore samples, fresh and altered
limestones, are similar, which can indicate the major
role of host rocks in the concentration of ore-forming
elements. This pattern is almost similar for different
ore samples, which can indicate that they have been
formed by the same mineralization system. Despite
carbonate host rock, we think that mineralization at
Tozlou is similar to the intermediate-sulfidation style
of epithermal base metal deposits.
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Fig. 1. Geological map of the Tozlou Pb-Zn occurrence
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Formation (OMq' unit) in the Tozlou area overlying the conglomerate unit of the Lower Red Formation (Ol unit), looking
to the south, and C: A close-up view of the coral fossil accumulations within the limestone units of the Qom Formation
(OMg' unit) in the Tozlou area
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Fig. 3. Lithostratigraphy column of the limestone part of the Qom Formation in the Tozlou area
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Fig. 4. Field and hand specimen photographs of the mineralization zone in the Tozlou Pb-Zn occurrence. A: A view of the
mineralization zone within the limestone units of the Qom Formation, looking northwest. The location of the exploration
trenches are observed in the center of the photo, B and C: Close views of ore veins that cut the bedding of host limestone units,

D and E: Close views of Pb-Zn-bearing barite veins, and F: Smithsonite mineralization in hand specimen. Abbreviations after
Whitney and Evans (2010) (Brt: barite, Gn: galena, Sm: smithsonite).
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Fig. 5. Photomicrographs (A to C in reflected light and the rest in transmitted crossed-polarized light, XPL) of the ore
mineralogy and texture in the Tozlou Pb-Zn occurrence. A: Coarse-grained galena crystal that altered to cerussite along
the boundaries, B: Pyrite inclusions within galena. Alteration of galena to cerussite is also observed, C: Remnants of
pyrite with relict texture within goethite, D: Smithsonite among the first and second generation of calcite crystals,
E: Fragments of the limestone host rock (first-generation calcite) with second-generation calcite cement. F: Second-
generation calcite and quartz in the vug between opaque minerals (mainly galena), G: Calcite veins of the third generation
crosscut the first-generation calcite crystals, H: Barite crystals along with second-generation calcite and quartz, I: Barite
with radial texture, J: Quartz with vug infill texture, K: Cockade texture of quartz. Calcite of the second generation filled
the vugs, and L: Fine-grained dolomite crystals in the mineralized zone. Abbreviations after Whitney and Evans (2010)
(Brt: barite, Cal: calcite, Cer: cerussite, Dol: dolomite, Gn: galena, Gth: goethite, Opq: opaque mineral, Py: pyrite, Qz:
quartz, Sm: smithsonite).
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Fig. 6. Paragenetic sequences showing the relative abundance, and structure and, texture of gangues and ore minerals at

the Tozlou occurrence
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Table 1. Geochemical data (in ppm) for mineralized samples and host rocks from the Tozlou occurrence. (T2: Pb-Zn-
bearing ore, T3 and T11: Sm-rich ore, T4 and T15: Gn ore, T6 and T10: Gn-rich Brt ore, T12 and T13: Brt vein with
disseminated Gn, T18: Altered limestone, T23: Fresh limestone)
Ag As Ba Ca Cd Ce Cu Dy Er Eu Fe Gd
T2 349 522 >10000 >100000 80.9 1 18 0.1 0.2 5.85 2601 0.32
T3 0.6 795 4496 18737 563.6 <05 62 0.2 0.2 1.34 11380 0.33
T4 2096 >100 191 16875 11.3 <05 48 <0.1 <0.1 <0.1 2675 0.14
T6 693 >100 786 76330 2573 <05 54 <0.1 <0.1 0.16 21588 0.17
T10 76 725 1636  >100000 60.7 1 29 <0.1 0.2 0.45 3395 0.24
T11 107 525 4719 >100000 304.3 2 49 0.2 0.2 156 17369 0.38
T12 7.9 39 2004 >100000 100.7 <05 22 <0.1 <0.1 0.62 7708 0.19
T13 996 706 2522 74060 535.7 <05 85 <0.1 0.1 0.79 17529 0.24
T15 1217 >100 2055 4653 5.4 <05 12 <0.1 <0.1 0.4 326 0.07
T18 1.3 18.4 514 >100000 4.1 <05 10 <0.1 <0.1 0.13 9107 0.16
T23 03 11.7 523 >100000 1.4 2 7 0.4 0.3 1.06 3622 0.46

La Lu Mg Mn Mo Nd P Pb Pr S Sh Sm
T2 1 0.1 1302 1872 1.7 29 302 >30000 0.4 6345 28.2 6.4
T3 <1 <0.1 5755 1938 3.5 3.2 217 4056 0.19 1053 35 0.5
T4 <1 <0.1 721 522 2.4 25 185 >30000 0.05 >30000 94.6 <0.1
T6 <1 <0.1 12527 838 7.4 2.7 212 >30000 0.09 5842 53.9 <0.1
T10 1 <0.1 1295 1489 1.1 3.2 271 >30000 0.33 4278 67 <0.1
T11 1 <0.1 7164 3116 4.7 39 363 15803 0.34 2344 20 0.8
T12 <1 <0.1 >20000 974 3.4 3.2 200 12340 0.15 2030 41.1 <0.1
T13 <1 <0.1 >20000 6263 45 3.1 193 >30000 0.15 3166  150.1 <0.1
T15 <1 <0.1 154 <5 1.3 2.7 137 >30000 <0.05 3819 21 <0.1
T18 <1 <0.1 >20000 3058 2.3 28 199 5047 0.21 255 5 <0.1
T23 1 <0.1 1934 2887 3 43 246 313 0.43 979 3 0.2

Sr Ta Th Te Th Tl ™™ U \Y/ Y Yb Zn
T2 10914 0.3 0.1 <0.5 0.4 0.3 <0.1 6.6 13 1.8 0.43 11000
T3 1058 <0.1 0.1 10.3 0.3 19 <0.1 2.9 7 1.6 0.11  >30000
T4 1329 <0.1 <0.1 0.8 0.2 0.7 <0.1 2.9 5 <05 <0.05 3541
T6 1065.7 <0.1 <0.1 15 0.2 6.6 <0.1 5.8 5 0.5 0.23  >30000
T10 1548.1 <0.1 0.1 1.8 0.3 0.2 <0.1 4.7 12 15 0.4 7245
T11 10122 <0.1 0.1 10.6 0.5 35 <01 4.9 27 14 0.46  >30000
T12 2380.3 <0.1 0.1 5.1 0.2 4 <01 2.1 10 0.9 0.26 28913
T13 3109 <0.1 0.1 5.3 0.3 34 <0.1 5.7 13 1.1 0.25 >30000
T15 4272 <0.1 <0.1 0.7 0.2 <0.1 <0.1 3.3 2 <05 <0.05 267
T8 76.2 <0.1 <0.1 <0.5 0.3 3.1 <01 1.7 5 0.8 0.41 5948
T23 3375 <0.1 0.2 5.2 0.5 0.3 <0.1 3 13 3 0.61 960
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Table 2. Geochemical data (ppm) for samples collected from Pb-Zn-bearing ore at the Tozlou occurrence. nd: not detected

Ag Al As Ba Be Ca Cd Ce Co Cr Cu Fe
96-ZR-3330 24.8 3304 3142 nd nd 25524 164 2 5 38 < 10000
96-ZR-4478 2 1891 63.8 136 <l 10000 175 3 8 41 13 10000
96-ZR-3512 270.2 295 >100 164 <1 2621 132 1 1 12 86 28777
K La Li Mg Mn Mo Na Ni P Pb S Sb
96-ZR-3330 nd 2 2 1072 88 114 nd 5 2409 >30000 3463 69
96-ZR-4478 312 2 2 10492 394 6.2 362 10 156 593 405 114
96-ZR-3512 <1 <1 1 192 35 085 262 3 54  >30000 >30000 91.1
Sc Sr Th Ti 0] V Y Yb Zn Zr
96-ZR-3330 <05 nd 38 nd 88 1 19 5558 n.d
96-ZR-4478 <05 137 7.1 74 29 84 6 1.3 13872 7
96-ZR-3512 <05 1421 1.8 23 <5 2 <0.5 0.2 2179 <5
e 31Uy 53 5w (gla i 3l edli ol sakigas 51 (Y Jad 51 gl (slie s odbiarmlons) jolie Siwwes ol s ¥ S
A5

Table 3. Elemental correlation coefficient (calculated based on Table 1 and Table 2) for samples collected from

mineralized zones at the Tozlou occurrence.

Ag As Ba Cd Fe Mg Mn Pb S Sh Sr Zn
Ag 1.00
As 016 1.00
Ba -0.33 -0.31 1.00
Cd -0.19 -0.10 0.30 1.00
Fe 031 010 -025 0.38 1.00
Mg -0.38 -0.36 -0.16 0.37 0.25 1.00
Mn -028 -042 032 060 0.12 052 1.00
Pb 064 048 0.00 -0.04 013 -0.33 -0.17 1.00
S 091 014 -0.26 -0.27 027 -042 -037 049 1.00
Sb 062 033 -024 035 038 007 025 065 049 1.00
Sr 034 -018 005 033 025 038 042 046 022 073 1.00
Zn -037 -018 023 082 041 061 042 -0.13 -0.37 0.15 040 1.00
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Table 4. Comparison of main characteristics of the Tozlou occurrence with epithermal and sedimentary rock-hosted
(Carlin-type) deposits

Tozlou

Carlin

Epithermal

LS IS

HS

Host rock

Ore controls

Key ore
minerals

Gangue
minerals

Hydrothermal

alteration

Ore textures

Metal
signature

Temperature
and salinity

References

Limestone, Qom
Fm.

Faults and
fractures

Py, Gn, Sp

Cal, Brt, Qz, Dol

Decarbonization,
carbonatization,
dolomitization

Vein-veinlet,
brecciated, vug
infill, colloform,
disseminated,
cockade

Pb, Zn (Ag, As,
Sh, Ba)

232-317 °C, 5-11
wt.% NaCl eq.

Daneshvar (2023),
This study

Carboniferous
dolomitic limestone,
siltstone, and shale
with calcareous
interlayers

Reverse and normal
faults with steep dips

Diss. auriferous Py,
Mrc, Apy, Orp, Rlq,
Stb, Brt

Cal, Qz, Jsp

Decarbonization,
silicification, argillic,
dolomitization

Replacement,
disseminated,  vug
infill

Au (Ag, As, Sb, Hg,

TIl, Ba, Zn, Pb, F)

150-320 °C, <10
wt.% NaCl eq.

Hofstra and Cline
(2000)

Basalt-rhyolite

Extensional to strike-slip faults

Sp, Gn, Tnt-Ttr,
Ccp, Apy, Prg, Gn,

Acn Ccp, Stb

Qz, Adl, non-Mn Qz
bladed Cal, Brt, Brt,
Clt, FI

Sericitization,
intermediate,

Argillic,

silicification, argillic,

carbonatization

Vein-veinlet,

colloform,

comb, comb,

replacement, infill,

brecciated,

bladed, cockade

crustiform

Au, Ag (Zn, Pb, Au,

Cu, Mo, As, Sb,

Hg) As, Sb)

120-330 °C, <10 +40-320

wt.% NaCl eq. 12-32
NaCl eq.

Fe-poor

silicification,
propylitic

Vein-veinlet,

crustiform,

Zn, Cu (Mo,

Andesite-rhyodacite

Arc parallel
faults,
diatreme,

hyd. breccias

Eng, Lzn, Fmt,
Cv, Dg

Qz, Alu, Anh,
Brt

Sericitization,
advanced
argillic,
silicification,
propylitic
Vuggy Qz,
vein-veinlet,
cockade, wvug
infill,  comb,
brecciated,
replacement

Au, Ag, Cu, As,
Sb (Zn, Pb, Bi,
W, Mo, Sn, Hg)

180-330 °C, 3-
10 wt.% NaCl
eq.

White and Hedenquist (1990), Cooke and Simmons
(2000), Hedenquist et al. (2000), Albinson et al.
(2001), Sillitoe and Hedenquist, 2003, Gemmell
(2004), Simmons et al. (2005), Andreeva et al. (2013),
Saunders et al. (2014), Wang et al. (2019)

Abbreviations: Acn: acanthite, Adl: adularia, Alu: alunite, Anh: anhydrite, Apy: arsenopyrite, Brt: barite, Cal: calcite,
Ccp: chalcopyrite, Clt: celestine, Cv: covellite, Dg: digenite, Dol: dolomite, Eng: enargite, FI: fluorite, Fmt: famatinite,
Gn: galena, HS: high-sulfidation, IS: intermediate-sulfidation, Jsp: jasperoid, LS: low-sulfidation, Lzn: luzonite, Mrc:
marcasite, Orp: orpiment, Prg: pyrargyrite, Py: pyrite, Rlg: realgar, Qz: quartz, Sp: sphalerite, Sth: stibnite, Tnt: tennantite,

Ttr: tetrahedrite. Abbreviations after Whitney and Evans (2010).
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Table 5. Comparison of main characteristics of the Tozlou occurrence with some epithermal deposits in NW Iran

Dagh-Daali
Tozlou Qarekand ] ] ] Ay Qalasi
Pakhirbolaghi Balderghani
zone zone
Marl, sandstone, Siltstone,
. Jangotaran .
Limestone, Qom . . siltstone, and sandstone,
Host rock Limestone, shale dolomitic ;
Fm. l tuff units of feldspar
imestone

Qom Fm. porphyry dyke
Ore controls Faults and fractures Faults and Faults and fractures Normal faults
fractures and fractures

Key ore PV Gn. S Gn, Sp, Ccp, Py, Py, Sp, Gn, Stb, Sp, Gn, Rlg, Py, Ccp, Sp,
minerals Y, Bhsp Au Ccp Orp, Sth, Ccp Gn, Tnt-Ttr
Gangue Qz, Ser-1ll,
minerals Cal, Brt, Qz, Dol Qz, Ser, Brt Qz, Cal, Brt Qz, Brt, Cal Alu. Jrs
N S e - Silicification,
Hydrothermal ~ Decarbonization, - Silicification, Argillic, Argillic, phyllic,
: carbonatization, dolomitization, SoE silicification, . .
alteration L - silicification o intermediate
dolomitization argillic carbonatization argillic
Vein-veinlet, Brecciated, box Vein-veinlet,
brecciated, vug work, bladed, brecciated, vug
Ore textures infill, colloform, crustiform, Vug infill, colloform, crustiform infill, comb,
disseminated, massive, comb, crustiform,
cockade replacement cockade
Metal Pb, Zn (Ag, As, Sb, Zn, Pb (As, Sb,
signature Ba) Pb, Zn, Cu, Au Zn, Pb (Sh) Au) Pb, Zn (Ag)
Temperature  232-317°C,5-11  80-220°C, 6-13  174-260°C, 4-7 145-234 °C, 2-11 ﬁsv\i%}o I\(I:agl
and salinity wt.% NaCl eq. wt.% NaCl eq. wt.% NaCl eq. wt.% NaCl eq. éq
Mme:;;:gatlon IS epithermal LS epithermal LS epithermal IS epithermal
Shirkhani
. . (2007),
References Danesh_var (2023),  Hassani Soughi et Rahimsouri et al. (2018) Mohammadi
This study al. (2021) L
Niaei et al.
(2015)

Abbreviations: Alu: alunite, Brt: barite, Cal: calcite, Ccp: chalcopyrite, Dol: dolomite, Gn: galena, HS: high-sulfidation,
11 illite, IS: intermediate-sulfidation, Jrs: jarosite, LS: low-sulfidation, Orp: orpiment, Py: pyrite, Rlg: realgar, Qz: quartz,
Ser: sericite, Sp: sphalerite, Stb: stibnite, Tnt: tennantite, Ttr: tetrahedrite. Abbreviations after Whitney and Evans (2010).
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Fig. 13. Schematic representation of mineralization evolution stages at Tozlou occurrence. A: Formation of Jurassic,
Cretaceous, and Eocene rock units, Lower Red Formation, and Qom Formation, B: Folding of rock strata due to the
tectonic stresses of the Pasadena orogenic phase in the Miocene and the intrusion of granodiorite to diorite plutons into
the Jurassic, Cretaceous, and Eocene rock units. The intrusion of these plutons caused the formation of the Takht Fe skarn
deposits in Cretaceous limestone units, C: The intrusion of post-Miocene dacite-rhyodacite subvolcanic domes within

rock strata. Hydrothermal fluids derived from the deep parts of these acidic domes have caused Pb-Zn mineralization in
the region, and D: Regional exhumation and development of weathering and erosion processes
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