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1-Introduction

Halab Au occurrence, 120 km southwest of Zanjan, is located in the Sanandaj—Sirjan Zone and is part of the
Takab—Takht-e-Soleyman—-Angouran Metallogenic Zone (TTAMZ). TTAMZ is one of the essential
metallogenic zones in Iran (Daliran, 2008). The Zarshouran Au deposit (Daliran et al., 1999, 2002; Mehrabi et
al., 1999; Asadi et al., 1999, 2000), Aghdarreh Sh—Au deposit (Daliran, 2008), and Angouran Zn-Pb deposit
(Daliran et al., 1999, 2013; Gilg et al., 2006; Boni et al., 2007; Zhuang et al., 2019) along with some Fe, Pb—Zn,
Au, Cu and Mn mineralization were found within this zone. Apart from small scale geological maps of the area,
i.e., 1:250,000 geological map of Takab (Alavi and Omidi, 1976) and 1:100,000 geological map of Takab
(Fonoudi and Hariri, 1999) and several unpublished exploration reports (Karbasi, 2015; IMIDRO, 2017), before
this research no work had been done on Au mineralization at Halab. The present paper provides an overview of
the geological framework, the mineralization characteristics, and the results of the geochemical study of the
Halab Au occurrence with an application to the ore genesis. Identification of these characteristics can be used as
a model for exploration of this type of Au mineralization in this area and other parts of the TTAMZ.

2-Methodology

Detailed fieldwork has been carried out at different scales in the Halab area. 26 polished-thin and thin sections
from host rocks and mineralized samples were studied by conventional petrographic and mineralogic methods at
the University of Zanjan. Also, a total of 6 samples from barren host rocks and ore samples at the Halab Au
occurrence were analyzed by Fire Assay and ICP-MS for gold, trace elements, and REE compositions,
respectively, at Applied Geosciences Research Center of Geological Survey of Iran, Karaj, Iran.

3- Results and discussion

The host rocks at the Halab area consist of Precambrian deformed metamorphic sequence (equal to Kahar
Formation; Fonoudi and Hariri, 1999) that are unconformably overlain by dolomitic marbles of Jangoutaran.
The metamorphic sequence composed of mafic (actinolite schist, hornblende schist and epidote biotite actinolite
schist), pelitic (garnet muscovite biotite schist and muscovite biotite schist), and felsic (albite quartz schist,
biotite albite quartz schist, and biotite amphibole albite quartz schist) schist units intercalated with mylonitic
rhyolite, pyroxinite, marble, and quartzite. These rocks are metamorphosed in amphibolite and greenschist
facieses. Geochemically, mafic schist shows similar composition to basalt, basaltic andesite, and trachy-basalt,
while felsic schist shows rhyolitic composition (Nafisi, 2018).

Mineralization in the Halab Au occurrence occurs as NE-trending foliation-parallel Au-bearing banded,
laminated, and lens-shaped zone hosted by actinolite schists. It reaches up to 200 m in length and 50 m in width
and is generally dipping to the SE at 80°. Mineralization also occurs as disseminated and vein-veinlet within
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pyroxenite. Au grade of mineralized samples ranges from 1.63 to 8 gr/t (Karbasi, 2015; IMIDRO, 2017). The
actinolite and silica types of hydrothermal alteration of the host rocks are close to the ore zone, while the
chlorite alteration is envelope the actinolite and silica alteration. Based on mineralogical studies, arsenopyrite,
pyrite, sphalerite, chalcopyrite, pyrrhotite, and gold are the main ore minerals in the Halab occurrence. Goethite,
along with rare azurite, formed as supergene minerals. Quartz, actinolite, clinopyroxene, chlorite, and calcite
present as gangue mineral at Halab. The ore minerals show banded, laminated, disseminated, vein-veinlets,
brecciated, vug infill, colloform, replacement, and relict textures. Based on the mineral assemblages, ore
textures, and crosscutting relationships, the ore-forming process at Halab can be divided into four stages: 1- syn-
deposition, 2- syn-metamorphism-syn-deformation, 3- hydrothermal, and 4- supergene. Gold occurs as free
gold inclusions in arsenopyrite in the hydrothermal stage. Chondrite-nonmineralized REE patterns of barren
actinolite schist host rocks and the mineralized samples indicate that mineralized samples are depleted in REE.

4-Conclusions

The geological, mineralogical, geochemical, textural, and structural characteristics of the Halab occurrence
reveals that primary mineralization at Halab occurs as sub-economic stratiform and startabound, laminated and
disseminated Zn—Cu mineralization coeval with the deposition of the volcano-sedimentary units in rifted
continental arc setting. This primary Zn—Cu mineralization is comparable with metamorphosed and deformed
laminated and disseminated parts of the Besshi type massive sulfide deposits. Gold mineralization at the Halab
occurrence is related to a late hydrothermal phase, which is thought to be the result of Miocene magmatism in
the TTAMZ. This hydrothermal phase led to the formation of several precious metals mineralizations such as
Zarshouran, Aghdarreh, Arabshah, Chichaklou, Ay Qalasi, Arpachy, Aq Otagh, and Bayche Bagh in the
TTAMZ.
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Fig. 2. (@) A view from the alternation of mafic, pelitic and acidic schists in the Halab area (view to the north), and
(b) A view from schist units (Pre-Cambrian) thrusted by Jangoutaran marbles in the Halab area (view to the west).

5 oy 5y (sls a5 0Ll e oK ol eaimo LS5
Soyd Ar gl e 4 GBI 90 cnl Slglp aiten (s (SBeels
ST g 35055 crmr po 2oy Ve 5l a8 Jlsl8 L T30 sy o
oy b a4 Laee LG pl 0gd o canlin blawald
BOF ) wloads plw S

s T 5155 sla S ] nis 5555 ] i
sl g ot S5 05 Gl gl 5 oS WedL udge
5SS 5 Cigm GG leaeY 5l JSane atie (S)lsS
oS ol Sopls (CF JSE) andly e Jlewald — 3,155 slowsl
Vooogas Gl L Cudgn el SGaMgilS s Seiedligad
)10 jgaz 00rdS 9SGk 1B sla ok ot sy

40

‘_gl.&sw s‘_;)&&_il.w Sladlas u»Lw‘f Ht <" L3 ‘SLDL" - v
3 ot 3555 ol iy s 555 ol 1 S Sl

Ol mls wiiboe Cand 3,065 Codl Jgmbel Cudgn
S5 Jyame (Ko dsgezme (nl dwdoe L plertiine)
3,85 el (Nafisi, 2018) aril o (slg, sloolaS g lacdys
Slwsld - 5)le5" slanily Jgs 5| Jol> (5155 n sl o
a oads,d glai a5 il eadoyr sbagiz Lol
i ol (wlis S .@AF JS8) Wloads (Lo )Ss (), sl 8
o S olpen 4 Pl 5 sl JIT s Juls
Semagil S Sl pl 5 005 195 Sl S 5 ol sleaSs e
S (EedD) Jlwals JISIT 5 5,155 .asms o oylis SIS



dilate )3 (Ko sloazly I (XPL cablite 030 (s )yme 598 50 s 9 PPL (slazio 03 0 (55900 )95 3 C 9 D) (095mg o pglai -1 U
silsyee 5o 35leS Gladleol hils g S (FilsS p b ablie 5 SawdlgleS Sy SopB L (Ss550 Jsl 5B 4 Lo wilijen jsk @) scd>
biye ailsyon sl yo (€) davcnd wiliiyon )3 (15 slinly 5o (555,59 p50 36 4 by wilsyom 00028 5 Syl sloysh (0) o
Sl 28T glasly (@) el 085 550 15T (55,50 g0 5 &y bgyje ailijon SzsS slajsl (55 oS bt ailsjsm 0 G555 ol 56«
() wiloo cdynst 4 pas has Sl 50 sl 5l a8 lacud ColsiaS| jo GuSgrm 55k €) dacend clgisS) o (F)lsSp sl o
(@) Ngd g0 000 Ceism 5 CdsiiST sl ysly )0 Dyl Lol ColgiasT Coisn Sgaml o (SlsS bl o S 5 Sganl la sl
() 05 0 om0 pgai jo 55 )8 Laly lo )0 o35 )JsS a) lacuurd Codsn CogsSame S5 10 5)l5S slalol (g5l S5y Casdlg b s
e L ST CugsSns 10 2l 5 (ks = 55,158 slaail gl (1) 5 bt Cudign CugsSans )5 10 (BllSie S8 b g
MS il jea HDBI o5 )15 Grt cogas! EP wwusgn Bt weudgnsst ACH) .ol sass Loladl (v+) ) Evans 3 Whitney i s Jls s Lazs

(5,155 QT S5 oy PX P Pl g55e
Fig. 3. Photomicrographs (transmitted XPL, b and c in PPL) of rock units in the Halab area; (a) Hornblende crystal
with poikiloblastic fabric and quartz inclusions crosscutting the foliation of hornblende schist which was formed
during the first phase of metamorphism, (b) Thin crystals of hornblende parallel to foliation of hornblende schist
which were formed during the second phase of metamorphism, (c) Foliation of fine-grained hornblendes of the
second phase of metamorphism around the coarse-grained hornblende of the first phase of metamorphism in
hornblende schist, (d) Actinolite crystals along the foliation of actinolite schists, (e) Pyroxene crystal which is
replacing by actinolite from margins in actinolite schist, (f) Actinolite along with biotite forming the foliation of
epidote biotite actinolite schist. Epidote is observed between actinolite and biotite minerals, (g) Garnet
porphyroblast with quartz inclusions in garnet biotite muscovite schist. Pressure shadow of quartz around the garnet
is also present, (h) Biotite with mica fish fabric in garnet biotite muscovite schist and (i) Alternation of quartz-
feldspar and mica bands in muscovite biotite schist. Mineral abbreviations follow Whitney and Evans (2010). (Act:
actinolite, Bt: biotite, Ep: epidote, Grt: garnet, Hbl: hornblende, Ms: muscovite, PI: plagioclase, Px: pyroxene, Qz:
quartz).
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Fig. 4. Photomicrographs (transmitted cross polarized-light, XPL) of rock units in the Halab area; (a) Alternation of
quartz-feldspatic bounds and argillized portions in albite quartz schists, (b) Plagioclase crystals with argillic
alteration in albite quartz schists, (c) Stretched crystals of biotite within the oriented quartz-feldspar matrix in
biotite albite quartz schist, (d) Schistosity of amphibole and quartz-feldspatic bounds in biotite amphibole albite
quartz schist, (e) Porphyroclastic and catacastic fabrics in mylonitic rhyolite, (f) Coarse-grained plagioclase and
alkali feldspar with curved twin and perthitic texture, respectively, in mylonitic rhyolite, (g) Euhedral
clinopyroxene crystals along with disseminated opaque minerals in pyroxenite, (h) Granoblastic fabric along with
week schistosity in marble and (i) Week schistosity extension in quartzite. Mineral abbreviations follow Whitney and
Evans (2010). (Afs: alkali feldspar, Amph: amphibole, Bt: biotite, Cal: calcite, Ms: muscovite, Opq: opaque
minerals, Pl: plagioclase, Px: pyroxene, Qz: quartz).
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Fig. 5. (a) A view of Au-bearing ore zone hosted by mafic schist unit at the Halab Au occurrence (looking
southwest), (b and c¢) Disseminated and laminated sulfide mineralization within actinolite schist, (d) Disseminated
and veinlet of sulfide mineralization within pyroxenite and () Goethite formed during supergene alteration of
sulfide minerals. Mineral abbreviations follow Whitney and Evans (2010). (Act: actinolite, Apy: arsenopyrite, Ccp:
chalcopyrite, Gth: goethite, Po: pyrrhotite, Px: pyroxene, Py: pyrite, Sp: sphalerite).
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Fig. 6. Photomicrographs (transmitted cross polarized-light, XPL) of hydrothermal alteration types in the Halab Au
occurrence. (a) Silica alternation as quartz components along with opaque minerals, (b) Silica alternation as late
quartz veinlets crosscutting opaque minerals, (c) Actinolite alteration as actinolite veinlet along with opaque
minerals and (d) Chlorite veinlets in chlorite alteration. Mineral abbreviations follow Whitney and Evans (2010).
(Act: actinolite, Chl: chlorite, Opq: opaque minerals, Qz: quartz).
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Fig. 7. Photomicrographs (reflected light) and SEM image of ore minerals at the Halab Au occurrence; (a) Euhedral
arsenopyrite crystals, (b) Arsenopyrite with pyrite and chalcopyrite inclusions, (c) Chalcopyrite with pyrite
inclusions, (d) Pyrite inclusion with colloform texture within pyrrhotite, (e) Pyrite-chalcopyrite veinlet crosscutting
foliation of host rock, (f) Arsenopyrite with chalcopyrite inclusions, (g) Disseminated sphalerite along with pyrite
inclusions, (h) Elongated and lens-shaped sphalerite parallel to foliation of host rock, (i) Disseminated magnetite
and pyrite crystals, (j) Elongated and lens-shaped magnetite parallel to foliation of host rock, (k) Free gold along
cracks of arsenopyrite and (I) BSE image of fine-grained free gold inclusions within arsenopyrite. Mineral
abbreviations follow Whitney and Evans (2010). (Apy: arsenopyrite, Au: gold, Ccp: chalcopyrite, Mag: magnetite,
Po: pyrrhotite, Py: pyrite, Sp: sphalerite).
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Fig. 8. Paragenetic scheme showing the structure and texture and fabric of gangues and ore minerals at the Halab

AU occurrence.
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Table 1. Geochemical data for mineralized samples from the Halab Au occurrence. Au data in ppb and rest in ppm.

Ha-19 Ha-20 Ha-26 Ha-31 Ha-34 Ha-35 Ha-36 Ha-37 Ha-44
Au 9.12 49.80 - 230.0 17.30 5910 1660 1460 4940
Ba 65.8 110 1590 545 108 57.9 361 735 409
Be 0.20 2.20 1.82 0.54 2.59 0.28 0.83 1.20 1.30
Bi 0.10 0.82 0.71 0.64 1.33 40.3 31.5 17.7 18.8
Cd 0.20 0.21 0.42 0.10 0.41 0.19 0.19 0.25 0.13
Ce 2.08 64.7 51.0 9.97 78.1 3.13 41.0 40.6 42.3
Co 10.7 9.11 12.2 8.31 113 292 133 445 97.0
Cs 0.20 0.39 1.56 0.38 0.25 0.15 0.23 0.41 0.28
Cu 297 561.0 79.4 852.0 540 260 572.6 3725 222.0
Dy 297 8.38 3.78 1.27 2.53 0.33 2.45 4.06 2.52
Er 0.09 5.16 2.36 0.85 1.32 0.23 1.22 2.05 1.62
Eu 0.05 1.53 1.35 0.27 0.67 0.05 0.52 0.96 0.59
Ga 6.31 29.2 12.7 4.85 111 2.29 5.45 10.6 9.16
Gd 0.16 8.12 4.50 1.20 4.02 0.42 3.05 4.28 2.99
Hf 0.22 0.62 0.96 0.17 0.49 0.25 0.30 0.40 0.30
Ho 0.05 1.79 0.85 0.30 0.47 0.09 0.44 0.80 0.54
In 0.09 0.29 0.60 0.07 0.69 0.87 0.36 0.79 0.39
La 1.32 354 30.3 5.53 54.9 3.19 235 25.6 22.6
Lu 0.05 0.54 0.42 0.14 0.41 0.05 0.22 0.20 0.24
Mn 1736 826 670 168 1704 750 530 457 529
Mo 0.30 0.97 1.18 2.16 0.35 1.44 0.96 1.60 1.37
Nb 16.1 21.8 10.5 4.76 6.08 2.79 3.94 9.36 481
Nd 0.92 30.6 24.1 5.45 335 2.78 20.8 22.5 19.9
Ni 5.19 8.91 25.4 19.2 54.9 9.60 18.1 11.8 19.4
Pb 175 45.3 10.7 69.8 18.3 28.96 29.3 18.2 14.1
Pr 0.26 7.81 6.63 1.27 9.38 0.70 5.15 5.69 4.98
Rb 14.5 12.4 48.9 20.0 15.0 13.2 26.2 411 323
Sc 0.79 9.48 7.07 4.43 431 151 3.58 6.50 5.25
Sm 0.18 7.59 5.48 1.56 431 0.54 3.70 4.97 3.37
Sn 2.55 8.68 5.59 0.97 6.17 3.06 5.07 9.68 7.24
Sr 77.2 206 215 110 113 79.9 138 148 164
Ta 0.70 1.00 0.49 0.14 0.40 0.43 0.53 0.94 0.80
Th 0.05 1.36 0.60 0.21 0.45 0.06 0.45 0.71 0.42
Th 1.68 18.5 9.28 2.99 2.69 0.53 6.82 7.17 7.02
Ti 1135 4702 2910 1483 1214 597 890 2503 1184
Tm 0.05 0.77 0.37 0.15 0.20 0.05 0.18 0.29 0.26
U 0.18 5.97 2.07 0.98 0.87 0.45 1.29 1.60 1.59
w 0.78 2.09 1.28 0.44 0.76 0.84 2.39 1.23 1.69
Y 112 46.0 22.0 7.21 114 2.06 10.3 18.7 13.2
Yb 0.08 3.80 212 0.87 1.42 0.17 1.07 1.46 1.40
Zn 59.8 642.0 53.6 58.1 47.0 245.7 353.6 47.3 68.8
Zr 5.61 11.9 27.1 1.01 10.3 7.26 6.86 7.46 7.74
11.21
(La/Yb)w 6.33 9.71 4.32 26.26 12.75 14.92 11.91 10.97

Ha-19: Goethite ore; Ha-20: Actinolite schist with chalcopyrite, sphalerite and pyrite mineralization; Ha-26: Fresh and barren
host actinolite schist; Ha-34: Pyroxenite with magnetite, pyrite and arsenopyrite mineralization; Ha-31, Ha-35 and H-36:
Actinolite schist with chalcopyrite, sphalerite, pyrite and arsenopyrite mineralization; Ha-37: Actinolite schist with
chalcopyrite, pyrite and arsenopyrite mineralization; Ha-44: Arsenopyrite ore.
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Fig. 9. (a) Chondrite—normalized (McDonough and Sun, 1995) REE patterns for the mineralized samples and barren
host actinolite schist in the Halab Au occurrence and (b) Chondrite—normalized (McDonough and Sun, 1995) trace
elements patterns for the mineralized samples and barren host actinolite schist in the Halab Au occurrence.
Abbreviations follow Whitney and Evans (2010). (Act Sch: actinolite schist, Apy: arsenopyrite, Ccp: chalcopyrite,
Gth: goethite, Mag: magnetite, Po: pyrrhotite, Py: pyrite, Px: pyroxenite, Sp: sphalerite).
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Fig. 10. (@) Loss and gain histogram of REE for mineralized samples at Halab Au occurrence, normalized against
data of barren host actinolite schist (sample H-26, Table 1) and (b) Loss and gain histogram of trace elements for
mineralized samples at Halab Au occurrence, normalized against data of barren host actinolite schist (sample H-26,
Table 1). Abbreviations follow Whitney and Evans (2010). (Act Sch: actinolite schist, Apy: arsenopyrite, Ccp:
chalcopyrite, Gth: goethite, Mag: magnetite, Po: pyrrhotite, Py: pyrite, Px: pyroxenite, Sp: sphalerite).
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Table 2. Comparison of main characteristics of the Halab Au occurrence with different types of massive sulfide

deposits.
Mafic Pelitic-mafic Bimodal- Bimodal- Siliciclastic- )
mafic felsic felsic Gold-rich Halab Au
; VMS deposit occurrence
(Cyprus) (Besshi) (Abitibi) (Kuroko) (Bathurst)
Sedimented Mature Rifted oceanic
N mid-ocean Continental epicontinental .
Tectonic Mature mtra ridges Rifted margin arcs backarc, ares, R'.ﬂed
: oceanic ' - . continental continental
setting back oceanic arcs and related continental back ifted
ackarcs transforms or backarcs mature ackare, i te arc
backarcs backarc continental arc
Siliciclastic
Mafic sills, Dominantly Felsic flows/ rocks, felsic
Dominantly subordinate  mafic flows, clsIcTows!  olcaniclastic .
. . . domes ’ Pyroclastic
mafic flows, flows with felsic flows/ A rocks with . Metamorphos
felsic flows/ argillite domes volcaniclastic e rocks with ed and
. . domes, mafic  carbonaceous  subordinate rocks with flows/domes felsic flows, deformed
Lithological - . - . . mafic flows : h andesitic . -
- sills and dikes, argillite, felsic/mafic - with mafic mafic/ felsic
units . - . . - and sills and : basalt, basalt
minor argillite minor chert  volcaniclastic : flows and sills . flows and
and chert and trace to rocks and terrigenous and minor and terrigenous terrigenous
(Ophiolitic absent felsic ~ terrigenous sediments sedimentary sedlrrgcegary sediments
assemblages) volcanic sedimentary rocks
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Fig. 11. Schematic representation of mineralization evolution stages at the Halab Au occurrence; (a) Formation of
volcano-sedimentary units of the area within a continental rifted arc. Primary volcanogenic massive sulfide
mineralization occurs as stratiform laminates contemproneous with host strata, (b) Folding of host units and
development of &-tye structure, boudinage, pressure-shadow and surrounding of main foliation around pyrite
porphyroclasts during deformation and regional metamorphism, (¢) Dacitic subvolcanic plutons intruded into the
deformed and metamorphosed rock units. Intrusion of these plutons caused formation of hydrothermal
mineralization (arsenopyrite- gold) which is overprinted the primary volcanogenic massive sulfide mineralization
and (d) Regional exhumation and development of weathering and erosion processes.
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