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Fig. 1. Geologic map of the Halab area
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Fig. 3. Photomicrographs (transmitted light, XPL) of regional metamorphic rocks from the Halab area. A and B:
Granoblastic, lepidoblastic, porphyroblastic and poikiloblastic fabrics in garnet mica schist. Garnet porphyroblast with
quartz pressure shadow structures and quartz inclusions are also observed, C: Porphyroblastic, granoblastic, and
lepidoblastic fabrics in biotite muscovite schist. Mica fish structure is also observed in biotite, D: Lepidoblastic and
granoblastic fabrics in calcite biotite schist, E. Nematoblastic fabric in biotite amphibole schist, F: Garnet crystal with
poikiloblastic fabric in biotite amphibole schist, G: Actinolite crystals with nematoblastic fabric in actinolite schist, H:
Granoblastic fabric along with plagioclase phenocryst set in quartz-feldspar matrix in quartz schist, and I: granoblastic
fabric composed of calcite crystals in marble. Abbreviations after Whitney and Evans (2010) (Act: actinolite, Amp:
amphibole, Bt: biotite, Cal: calcite, Grt: garnet, Kf: alkali feldspar, Ms: muscovite, Pl: plagioclase, Qz: quartz).
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Fig. 4. Photomicrographs (transmitted light, XPL) of fabrics related to ductile deformation at the Halab area.
A and B: Development of stage 2 (S;) foliation in mica schist units. Stage 1 (S;) foliation is also observed in garnet
porphyroclasts, C: Mica fish structure in biotite muscovite schist, D and E: Folding of stage 2 (S;) foliation because of
stage 3 (F3) folds that resulted in development of stage 3 (S;) foliation in mica schist units. Abbreviations after Whitney
and Evans (2010) (Bt: biotite, Grt: garnet, Kf: alkali feldspar, Ms: muscovite, Qz: quartz).
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Fig. 5. Location of Zn—Pb (Ag) ore horizon in the Halab deposit on the Google Earth satellite image
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Fig. 6. A and B: Two view from the banded-laminated ore facies in the Halab deposit (looking to the northeast and
southwest, respectively), C: A close view of the banded-laminated ore facies, and D: A close view of the disseminated

ore facies hosted by marble units
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Fig. 7. A and B: Chlorite alteration as replacement of biotite with chlorite as well as chlorite veinlets. Quartz veinlet is
also observed, C: Silica alteration as coarse-grained hydrothermal quartz, D: Replacement of garnet with quartz during
silica alteration, E: Alteration of alkali feldspar with sericite at sericite alteration, F: Calcite with open space filling
texture at carbonate alteration, G: Carbonate alteration as calcite veinlets, H: Secondary euhedral epidote at epidote
alteration, and I: Alteration of pyroxene to actinolite during actinolite alteration. Abbreviations after Whitney and Evans
(2010) (Act: actinolite, Bt: biotite, Cal: calcite, Chl: chlorite, Ep: epidote, Kf: alkali feldspar, Ms: muscovite, Qz: quartz,
Ser: sericite).
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Fig. 8. Photomicrographs (reflected light) of ore minerals and their texture and structure at the Halab deposit. A, B and
C: Stage 1 pyrite (Py;) as elongated crystals parallel to foliation (A), rounded (B) and 3-type (C) crystals, D: Stage 2
pyrite (Py2) intergrown with galena and sphalerite, E: Stage 2 pyrite with triple junction texture, F: Euhedral stage 3
pyrite (Pys3), G: Veinlet of stage 4 pyrite (Pys), H: Sphalerite intergrown with galena. Inclusion of pyrite within
sphalerite is also observed, I: Elongated crystals of sphalerite parallel to foliation of the host rock, J: Galena with
inclusion of sphalerite, K: Stage 1 chalcopyrite (Ccp:) intergrown with pyrite, and L: Veinlet of stage 2 chalcopyrite
(Ccp2). Abbreviations after Whitney and Evans (2010) (Cep: chalcopyrite, Gn: galena, Py: pyrite, Sp: sphalerite).
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Fig. 9. Types of ore textures from Zn—Pb (Ag) horizon at the Halab deposit. A, B and C: Laminated texture composed
of pyrite, sphalerite and galena, D: Breccia texture with pyrite and galena cement, E: Massive texture of ore composed
of sphalerite, galena and chalcopyrite, and F: Disseminated texture composed of anhedral to subhedral crystals of pyrite.
Abbreviations follow Whitney and Evans (2010) (Ccp: chalcopyrite, Gn: galena, Py: pyrite, Sp: sphalerite).
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Fig. 10. Paragenetic scheme showing the structure and texture of gangues and ore minerals at the Halab deposit
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Table 1. Geochemical data of trace and rare earth elements for samples of the Halab deposit. All data in ppm.

D.L. K-7 K-35 K-37 K-39 K-41 K-45 K-47 K-60 K-71 K-76
Ag 0.1 0.30 4.7 7.4 30 1.6 170 0.33 0.84 82 37
Ba 1 594 2730 1460 20.5 3820 6.2 2080 77.2 9.6 19.7
Ca 100 20200 37200 5730 6600 36500 56700 3200 16200 11200 85500
Cd 0.1 1.97 74.1 3.52 39.8 13.6 744 0.12 2.23 780 179
Ce 0.1 352 76.5 47.7 223 44.6 313 3.57 83.1 12.1 28.3
Co 0.2 243 24.8 35.7 11.0 14.2 21.1 24 14.8 24.2 15.8
Cu 0.1 66.6 20.5 12.7 88.1 2101 1752 14.5 158.0  273.8 247.7
Dy  0.05 2.89 11.8 8.33 1.86 5.50 5.10 0.25 6.84 0.91 3.69
Er 0.03 1.82 7.04 5.59 1.14 341 2.81 0.20 2.60 0.58 1.90
Eu 0.1 0.64 1.91 1.28 0.41 0.75 0.62 <0.02 2.44 0.38 0.80
Gd  0.05 2.75 10.5 5.08 1.91 3.00 412  <0.05 8.14 0.97 3.38
Hf 0.1 0.20 0.40 0.68 0.43 0.42 0.37 0.26 0.32 0.28 0.28
Ho 0.02 0.60 248 1.83 0.39 1.15 1.01 0.05 1.07 0.19 0.69
La 0.1 18.5 43.0 20.0 10.1 20.2 16.8 1.71 28.2 6.18 13.8
Lu 0.01 0.24 0.68 0.79 0.15 0.52 0.30 0.04 0.34 0.07 0.23
Nd 0.3 15.5 423 27.6 9.33 22.8 17.0 1.12 554 4.81 15.7
Ni 0.1 28 27 40 25 31 14 13 17 15 24
Pb 0.1 71.7 512 2040 3110 963 71500 34.6 733 59300 20100
Pr 0.02 4.11 10.7 6.76 243 5.88 4.20 0.34 13.9 1.25 3.89
Sb 0.5 2.9 13.9 6.4 6.3 12.0 3.8 4.8 14.0 14.1 4.9
Sm  0.05 3.15 9.21 6.64 1.98 5.28 4.34 0.25 12.3 0.99 3.80
Sr 0.5 1680 130 118 328 404 143 131 23.5 597 125
Tb 0.01 0.48 1.99 1.31 0.32 0.90 0.84 0.03 1.36 0.15 0.64
Tm  0.01 0.26 0.90 0.82 0.16 0.48 0.37 <0.05 0.34 0.08 0.25
8] 0.1 3.49 2.94 5.01 6.41 6.21 2.36 0.84 2.38 3.00 2.53
v 7 82 49 94 57 101 33 13 34 33 43
Y 0.1 17.2 57.9 32.7 10.8 27.4 234 1.26 20.7 5.91 17.8
Yb 0.05 1.61 4.89 5.61 1.00 3.17 2.14 0.41 2.01 0.46 1.54
Zn 1 222 5080 689 4590 1500 12000 26.7 680 12400 23500
Zr 0.1 7 13 23 16 15 12 7 11 10 10

K-7: Ore-bearing marble; K-35, K-37, K-60, K-76: Laminated ore; K-39: Ore-bearing quartz schist; K-41: Ore-bearing
pyroxene hornfels; K-45, K-71: Massive ore, K-47: Barren quartz schist
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Fig. 11. Chondrite—normalized REE patterns (Nakamura, 1974) for the ore horizon samples and fresh host quartz schist

at Halab deposit.
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Fig. 12. A: Histogram of trace elements in ore samples at Halab deposit, normalized against data of fresh and barren
quartz schist (sample K-47, Table 1), and B: Histogram of rare earth elements in ore samples at Halab deposit,
normalized against data of fresh and barren quartz schist (sample K-47, Table 1).
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Table 2. Comparison of main characteristics of the Halab deposit with differnt types of massive sulfide deposits

. - . Bimodal- Bimodal- Siliciclastic-
Mafic Pelitic-mafic - - X .
(Cyprus) (Besshi) mafic felsic felsic Halab deposit
yp (Abitibi) (Kuroko) (Bathurst)
. Mature
Sedimented . ) )
. . Continental epicontinental
. Mature intra- mid-ocean ) . . .
Tectonic . . Rifted oceanic =~ margin arcs backarc, Continental
. oceanic ridges, . .
setting arcs and related continental rifted arc
backarcs transforms or
backarcs mature
backarcs
backarc
: : Siliciclastic
. Mafic sills, Dominantly )
Dominantly ) ) rocks, felsic
subordinate mafic flows, Felsic flows/ . .
mafic flows, . . volcaniclastic
. flows with felsic flows/ domes, .
felsic flows/ . ) ) rocks with Metamorphosed
argillite, domes, volcaniclastic .
domes, mafic . . subordinate and deformed
. . carbonaceous subordinate rocks with .
Main sills and e . flows/domes mafic/ felsic
. . . argillite, felsic/mafic mafic flows .
lithology dikes, minor ) . . ] with mafic flows and
o minor chert volcaniclastic and sills and . .
argillite and ) flows and sills terrigenous
and trace to rocks and terrigenous . )
chert ) i . and minor sediments
o absent felsic terrigenous sediments )
(Ophiolitic : ) sedimentary
volcanic sedimentary
assemblages) ) rocks
facies rocks
Py, Ccp, Sp, Py, Ccp, Sp,
Ore Py.Cop Sps 7 o CopGnSp CopPySp h B e
mineralogy Au > as Ml Ttr Ttr, Gn £ Au » 70, DY, Y> 5P, DL P
Brt Ttr
Gangue Qz, Act, Chl Qz, Act, Chl Brt, Qz, Ser Qz, Chl, Ser
. z, Act, Chl S T A T z, Chl, Ep, Cal
minerals Q Cal, Ser Cal, Ser Chl Cal, Brt Q P
Associated
Cu—Zn Zn—Cu Zn—Cu Zn—Pb—Cu Zn—Pb—Cu Zn—Pb (Ag)
elements
Alteration
Chl Chl, Ser, Qz Ser, Chl Ser Ser, Chl, Qz Chl, Qz, Ser
sssemblages
References Gibson et al. (1999), Slack et al. (2001), Stix et al. (2003), Franklin et al. (2005), Gibson This study,
et al. (2007), Goodfellow (2007) Karami (2018)

Abbreviations: Act: actinolite, Apy: arsenopyrite, Au: gold, Brt: barite, Cal: calcite, Ccp: chalcopyrite, Chl: chlorite,
Ep: epidote, Gn: galena, Mag: magnetite, Qz: quartz, Po: pyrrhotite, Py: pyrite, Ser: sericite, Sp: sphalerite,
Ttr: tetrahedrite. Abbreviations after Whitney and Evans (2010).
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Fig. 13. Schematic representation of mineralization evolution stages at the Halab deposit. A: Formation of volcano-
sedimentary units of the area within a continental rifted arc. Primary massive sulfide mineralization occur as stratiform
laminates contemproneous with host strata, B: Folding of host units and development of d-tye structure, boudinage,
pressure-shadow and surrounding of main foliation around pyrite porphyroclasts during deformation and regional
metamorphism, C: Dacitic subvolcanic plutons intruded into the deformed and metamorphosed rock units. Intrusion of

these plutons caused skarnoid Fe mineralization and development of hydrothermal phases, and D: Regional exhumation
and development of weathering and erosion processes
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Introduction

The Halab Zn—Pb (Ag) deposit, 125-km southwest
of Zanjan, is located in the Takab—Takht-e-
Soleyman—Angouran metallogenic district
(TTAMD), Sanandaj-Sirjan zone. Several types of
deposits are present in the TTAMD, including
nonsulfide Zn-Pb deposits, sediment-hosted
epithermal gold deposits, epithermal precious and
base metal deposits, skarn and volcano-
sedimentary iron deposits, and massive sulfide Pb-
Zn (Ag) deposits. The most important deposits
discovered to date within the TTAMD are the
Angouran nonsulfide Zn-Pb deposit (Gilg et al.,
2006; Boni et al., 2007; Daliran et al., 2013),
Zarshuran  sediment-hosted epithermal gold
deposit (Mehrabi et al., 1999; Asadi et al., 2000;
Daliran et al., 2002), and Agdar’reh epithermal
gold deposit (Daliran, 2008). Other important
deposits or occurrences include Touzlar, Ay
Qalasi, Arabshah, Qozlou, Shahrak, Goorgoor,
Mianaj, and Halab (Heidari et al.,, 2015;
Mohammadi Niaei et al., 2015; Najafzadeh et al.,
2017; Nafisi et al., 2019).

To date, no detailed study has been reported to
understand the characteristics of Zn-Pb (Ag)
mineralization at the Halab deposit. This paper
presents the geologic framework, mineralization
characteristics, and lithogeochemical signatures of
the Halab deposit with emphasis on ore genesis.
Identification of these characteristics can serve as a
model for exploration of Zn-Pb (Ag)
mineralization in the Halab area and other parts of
the TTAMD.

Materials and methods

Detailed field work was carried out in the Halab
deposit. Sixteen polished-thin and thin sections
from host rocks and ore horizon were studied by
conventional petrographic and mineralogic
methods at the University of Zanjan. In addition, a
total of 10 samples from barren host rocks and ore
horizon at the Halab deposit were analyzed by
ICP-MS for trace elements and REE compositions
at Zarazma Co., Tehran, Iran.

Results and Discussion

The host rocks in the Halab area consist of
Precambrian deformed metamorphic rocks (equal
to the Kahar Formation) that are unconformably
overlain by dolomitic marble of the Jangoutaran
unit. The metamorphic sequence is composed of
pelitic (garnet mica schist, biotite muscovite schist,
calcite biotite schist), mafic (biotite amphibole
schist and actinolite schist), and felsic (quartz
schist) schists intercalated with marble, and
quartzite. These rocks are metamorphosed in green
schist to amphibolite facies.

Mineralization in the Halab deposit occurs as NE-
trending foliation-parallel Zn—Pb (Ag) stratiform
horizon hosted by quartz schist units. The ore
horizon reaches up to 300 m in length and 3 to 5 m
in width, and it is generally 75° SE dipping.
Chloritization and silicification of the host rocks
are close to the ore horizon, while the sericitic
alteration is envelope of the chloritization and
silicification. Sphalerite, galena, pyrite and
chalcopyrite are the main sulfide minerals in the
Halab deposit based on mineralography.
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Smithsonite, cerussite, chalcocite, covellite and
goethite have formed as supergene minerals.
Quartz, calcite, chlorite and epidote also present as
gangue minerals. The ore minerals show
laminated, disseminated, massive, brecciated,
replacement and vein-veinlet textures. Chondrite-
nonmineralized REE pattern of barren quartz schist
host rocks and mineralized samples indicate that
mineralized samples are enriched in REE.

The main characteristics of the Halab deposit
reveal that Zn—Pb (Ag) mineralization at Halab is
comparable with laminated and disseminated parts
of Bathurst types of massive sulfide deposits.
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