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Fig. 1. A: Simplified geologic map of the Iran, and B: geologic map of the Takab-Angouran orefield and location of the
Zarshuran gold mine and Chaldaq prospect (modified after Gilg et al., 2006).
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Fig. 2. Simplified geological map of the Chaldaq gold prospect with A-A’ cross section. Modified after Kavoshgaran consultant

Engineering (2013).
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Fig. 5. Photomicrographs from sulfide ore minerals in Chaldaq prospect. A: occurrence of framboidal pyrite (Py0) in ferroan
carbonate host rock, B: disseminated pyrite (Pyl), C: coarse-grain euhedral pyrite (Py2), D: sponge pyrite (Py3), E: vein-type
disseminated pyrite (Py4a) in calcite, F: vein-type massive pyrite (Py4b), G: colloform pyrite (Py5), Hand I: realgar and orpiment
As-sulfide vein, J: arseonpyrite within jasperoid, K: disseminated euhedral pyrite (Py2) within sphalerite, and L: disseminated
chalcopyrite in quzrtzt+kaolinite. Abbreviation after Whitney and Evans (2010): (Py: pyrite, Asp: arsenopyrite, Real: realgar, Orp:
orpiment, Sph: sphalerite, Ccp: chalcopyrite, Qz: quartz, Cal: calcite, Kal: kaolinite). All photographs in reflected light (PPL) except
figure I in reflected light (XPL).
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Fig. 6. Paragenesis and paragenetic sequence of minerals in Chaldaq gold prospect. Thickness of line is representing the

frequency of minerals.
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Table. 1. EPMA results form pyrite at Chaldaq prospect (values in wt.%)

Empirical
formula

4488 5332 0.13 021 0.01 bdl bdl 028 bdl 98.83 Fei00S207

Generations  Fe S Zn Cu As Ag Au Pb Sb Total

Pyl
(Fine- 4439 5332 bdl 020 0.10 bdl bdl 020 0.11 9832 Fei00S209
grained)
4495 53.07 bdl 0.1 0.10 0.03 bdl 027 bdl 98.52 Feos5S2.06
4455 52.84 bdl 026 0.05 bdl bdl 0.17 0.07 9794 Feo9632.07
4440 5344 bdl 0.1 bdl bdl bdl 028 bdl 9822 Fepo9sS2i0
4484 5221 0.03 0.26 0.01 0.03 bdl 024 bdl 97.62 Fei00S203
4464 5223 bdl 0.1 0.06 bdl bdl 0.16 bdl 97.19 Fei00S2.04
Py2 4441 52,68 02 050 0.01 bdl bdl 032 003 98.15 Fei00S207
(Coarse-

grained) 44.01 53.06 bdl 029 0.11 bdl bdl 0.19 bdl 97.66 Fer0S210
45.09 5222 bdl 0.11 0.04 bdl bdl 031 bdl 97.77 Fei.00S2.02
45.53 52.89 bdl 0.07 0.03 0.05 bdl 020 bdl 98.77 Fei00S202
4445 5271 bdl 01 0.18 bdl bdl 0.17 bdl 97.61 Fe1.00S207

4463 5220 bdl 0.07 0.03 bdl bdl 0.18 bdl 97.11 Fei.00S2.04

4482 5340 bdl 0.08 0.07 bdl bdl 020 bdl 9857 FeiooS208

By3 4526 53.08 0.07 bdl 0.13 bdl bdl 021 bdl 9875 Fey00S204
(Sponge)
4493 5265 bdl 008 bdl 0.04 bdl 051 bdl 9821 Fei00Sr04
4488 5222 bdl 001 0.02 bdl bdl 0.13 0.05 9731 Fei00S203
Pyd 4485 52.62 0.07 0.14 0.14 bdl bdl 037 bdl 98.19 Fe;00S203

(Vein-type) 1150 5332 bdl 002 018 bdl bdl 028 bdl 9830 FeoseSao0

4445 5292 0.06 0.16 022 0.06 bdl 026 0.07 9820 FeposSios

bdl: below detection limit
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Table. 2. EPMA results form arsenian pyrite at Chaldaq prospect (values in wt.%)

Point Fe S Zn Cu As Ag Au Pb Sb Total Empirical
no. formula

1 4499 52.14 0.10 bdl 0.69 bdl 0.001 0.17 bdl 98.09 Feos05A50.00951.62

4440 52.67 0.02 bdl 047 bdl 0.001 0.18 bdl 97.74 Feo.795A50.00651.64
44.07 5242 0.13 0.13 0.67 0.05 0.001 0.24 0.07 97.78 Feo.780A80.00851.63
4482 5231 bdl 0.01 034 bdl 0.006 0.13 bdl 97.61 Feog03A80.00451.63
43.53 5203 0.79 033 0.89 bdl 0.001 032 0.03 97.92 Fe779A50.01251.64

A U A W N

44.80 53.00 bdl 0.16 0.43 bdl 0.008 0.21 bdl 98.60 F60A803ASOA00(JSL65
7 44,10 52.20 0.04 0.23 0.65 0.03 0.001 043 0.02 97.70 Feo.7890A80.00951.62

bdl: below detection limit
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Table. 3. EPMA results form sphalerite at Chaldaq prospect (values in wt.%)

Point Fe S Zn Cu As Cd Ag Au Pb Total Zn/Cd Empirical
no. formula

1 430 3370 61.60 0.02 bdl 0.17 bdl bdl 0.11 9990 362.35 (Znoo1Fe.05)0.9651.02

1.63 3280 6430 bdl 0.08 0.65 bdl 0.05 035 9986 98.92 (Zno.9sFeo.05)1.00S0.99
1.32 3290 6440 bdl bdl 035 bdl bdl 0.14 99.11 184.00 (ZnoosFe0.05)1.00S0.99
1.29 33.10 64.40 0.11 0.08 0.55 ©bdl bdl 0.04 99.57 117.09 (ZnoosFe0.05)1.00S1.00
1.09 3270 64.70 0.15 0.08 054 0.05 0.06 022 9959 119.81 (ZnoosFeo.0s5)1.01S0.99
1.63 3250 64.10 bdl bdl 0.75 0.05 bdl 0.17 9920 8547 (Zno9ssFeo.06)1.01S0.98
1.50 3220 65.00 bdl bdl 073 bdl bdl 0.16 99.59 89.04 (ZnoosFeo.05)1.01S0.97
1.48 33.00 6420 bdl 0.04 085 bdl 0.11 0.15 99.83 7553 (ZnoosFeo.os)1.00S1.00

© 0 N & U A W N

1.38 3220 65.00 bdl 0.02 0.61 0.04 bdl 0.14 9939 106.56 (Zno.9sFeo.0s5)1.01S0.98
10 1.68 33.60 64.10 bdl bdl 025 ©bdl bdl 0.13 99.76 256.40 (ZnoosFeo.06)1.00S1.02

bdl: below detection limit

WEYo o 2 2 3li) 1 g i 53 Sy T 51 50 SIS 50 325 i £ S0
Table. 4. EPMA results form arsenopyrite at Chaldaq prospect (values in wt.%)

Point b S Zn Cu As Cd Ag Au Pb Sb Total  lmpirical
no. formula

1 31.10 25.65 bdl 0.14 4240 0.00 bdl 0.07 029 bdl 99.65 Feos0As0.12S1.00

2 3642 2508 0.05 0.19 3821 0.00 0.01 0.12 0.12 0.03 100.23 Feos1As0.01S1.00
3 3432 2525 bdl 0.13 39.12 0.00 0.01 0.08 0.18 bdl 99.09 FeiAs1.00S1.65

bdl: below detection limit
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Table. 5. EPMA results form chalcopyrite at Chaldaq prospect (values in wt.%)

Point
no.

Fe S Zn Cu As

Cd

Ag

Empirical

izl formula

Au Pb Sb

1 29.30 3390 bdl 3490 bdl

30.30 34.00 bdl 3450 0.24

30.10 33.60 0.08 34.20 bdl

29.80 3390 0.04 34.00 0.09

N A W N

2930 33.10 0.33 3430 0.02

6 29.80 33.50 0.71 34.80 0.10

0.00
0.00
0.04
0.00
0.02
0.00

bdl
0.01
bdl
bdl
0.01
bdl

bdl 0.31 bdl 98.41 CullosFel‘oosz,m

bdl 0.24 bdl 99.29 CuLooFe],ooS 1.95

bdl 0.16 0.02 98.20 CuleoFeLooS]Ags

bdl 0.02 bdl 97.85 Cul‘ooFellooSng

bdl 0.08 0.02 97.18 CU1403FC1,0051,97

bdl 0.12 bdl 99.03 CU1A03F61A0051A96

bdl: below detection limit

Table. 6. EPMA results form tetrahedrite at Chaldaq prospect (values in wt.%)

Point
no.

S Zn Cu As Cd Ag

Au

Pb Sb  Total Empirical formula

bdl
bdl

39.87
44.38
23.02
17.75

1 22.97
2 21.38
3 23.03 0.10
4 23.64 0.05

0.08 6.18
bdl 396 023
044 478 0.20
049 11.58 0.34

0.51

bdl
bdl
bdl
bdl

9.97
6.39
17.35
17.06

20.11
21.25
31.00
28.16

99.69
97.59
99.92
99.07

Agi.54A50.34Sb0.69Pb0 20S2.46
Ag> 67A80345b0.81Pbo20S2.71
Ago67A80255b101Pb0 338286
Ago52A50.635b0.94Pb0 335298

bdl: below detection limit
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Table. 7. EPMA results form twinnite at Chaldaq prospect (values in wt.%)

Point

1o, Fe S Zn Cu As Cd Ag Au Pb Sb  Total Empirical formula
1 026 2027 bdl 0.12 870 0.00 0.66 bdl 3588 33.75 99.64 Pby10Sbi.75A80.73S4.00
2 0.70 2546 0.10 039 567 0.00 056 bdl 3396 33.11 9995 Pbys3Sbi37A803854.00
3 039 2196 bdl 062 10.6 0.00 0.60 bdl 3448 30.86 99.51 Pbgo7Sbi.438As0.83S4.00
4 037 2355 bdl 023 488 0.00 034 bdl 3258 3547 97.42 PbgssSbis50AS03554.00

bdl: below detection limit
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Table. 8. Sulfur isotope values of the ore sulfide minerals at Chaldaq prospect.

Sample  Mineral Mineralization Average 1000Ina 3%4S%o 3%4S%o

no. S stage temperature (°C) (CDT) H.S
CD-Py-01 Pyrite Hydrothermal stage 1.7 55 3.8*
CD-Py-04 Pyrite Hydrothermal stage 1.7 3.6 1.9*
CD-Py-05 Pyrite Hydrothermal stage 1.7 3.5 1.8*

210

CD-As-14  Realgar  Hydrothermal stage -3.2 6.3 3.1%*
CD-As-15 Realgar  Hydrothermal stage -3.2 5.1 2.9%%*
CD-As-16 Realgar  Hydrothermal stage -3.2 5.5 2.3%*

#8534 S s = 83*Spyrite — 0.4 (10° x T~2) (Ohmoto and Rye, 1997b)

#%534G 1125 = 83*Sreatgar — 0.75 (10° x T72) (Ohmoto and Rye, 1997b)
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Fig. 7. Occurrence of Au” as solid solution in arsenian pyrite of the Chaldaq prospect. Au solubility limit curve from Reich et

al., 2005.
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Fig. 8. Determination of arsenian pyrite species at Chaldaq prospect with used of bivariate diagrams of A: As versus Fe,

and B: As versus S.
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Fig. 9. A: backscattered electron image, and B: EDS form the micron-size gold particle in arsenopyrite lattice-bound in

the Chaldaq prospect
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Chaldaq prospect.
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Fig. 13. The 3*S values of sulfide ore minerals at Chaldaq prospect and similarities with Precambrian gold deposit sulfide curve

(after Chang et al., 2008).
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Introduction

The Takab-Angouran ore field, one of the Iran’s
largest gold districts, is located in northwestern
Zagros and belongs to the northwestern part of the
Sanandaj-Sirjan Zone. This area has a dominant
NW-SE structural trend and is spatially associated
with the Sanandaj-Sirjan zone. Its geological and
petrological characteristics seem to have closer
affinities to the Central Iran zone. There are no
chronological data on the ultramafic rocks or
associated amphibolites, granulites and calc-
silicates of the Takab area and the petrogenesis of
the ultramafic rocks and their tectonic relations
with other parts of the metamorphic complex are
unclear. A Neoproterozoic-Lower Cambrian age
for the protoliths of Takab-Angouran ore field
seems likely, in view of comparable lithology,
stratigraphy and geochronology with the Central
Iran zone.

The Chaldaq gold prospect is located in the Takab-
Angouran ore field, NW Iran, within Iman Khan
NW-trending anticline. The rock units at the
mining area mainly consist of Precambrian
sequence (Iman Khan schist, Chaldaq limestone
and Zarshuran black shale) overlain by Cambro-
Ordovician limestone and Oligo-Miocene Qom
Formations (Mehrabi et al., 1999). The gold
mineralization in the Chaldaq prospect is hosted by
Chaldaq carbonaceous sedimentary rocks. Two
major sets of faults which were recognized by
Mehrabi et al., 1999 at the Zarshuran mine are: 1)
northwest (310-325) and 2) southwest (255-265).
Herein, we report on the textural, paragenetic
relationships, mineral chemistry and sulfur

isotopes of the Chaldaq prospect. This study is
focused on: (1) documenting the chemical
composition of different sulfides, (2) determining
the chemical state of gold in iron sulfides, (3)
determining the sulfur activity, and (4) source of
sulfur.

Materials and methods

About 70 rock samples were collected from various
parts of the deposit for determinations of
mineralogy, mineral texture, mineral chemistry and
sulfur isotope. The polished thin sections were
carbon coated and analyzed on a Camera SX100
electron microprobe at the Iranian Mineral
Processing Research Center (IMPRC), Karaj. The
detection limits for major and minor elements are
approximately 0.05 and 0.01 wt.%, respectively.
Sulfur isotope analyses were conducted on 0.05 g
of a 200-mesh sized of pyrite and realgar which
were handpicked and checked under a binocular
microscope to ensure purity of >98%. Each sample
was reacted with Cu,O powder to produce SO,.
The SO, gas was collected and purified, and
followed by S isotopic analysis using a MAT252
mass spectrometer at stable isotope laboratory of
the University of Arizona. The §*'S values were
reported relative to Vienna Cafion Diablo Troilite
(VCDT), and analytical precision is =0.2%eo.

Results and discussion

Based on field and petrographic observations, three
mineralization stages including diagenetic,
hydrothermal (early-ore, main-ore and late-ore
substages), and supergene stages were identified at
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the Chaldaq deposit. At least six types of pyrite and
arsenian pyrite were recognized at the Chaldaq
deposit. On the basis of EPMA results, gold with
10 to 80 ppm Au content occurs as solid solution
(Au") in arsenian pyrite [(Fe’*As’")S:Au.S"].
Various studies have documented that gold in the
primary ores of sediment-hosted gold deposits is
largely hosted by arsenian pyrite, and that gold in
occurs as a substituting cation in the form of solid
solution (Au’) and/or as nanoparticles of native
gold (Au’) (Cook and Chryssoulis, 1990; Fleet and
Mumin, 1997; Reich et al., 2005). Au™ and Au*"
have also been suggested to occur as solid solution
in pyrite (Arehart et al., 1993; Li et al., 2003). The
understanding of the chemical state of gold in iron
sulfides is important for deep understanding of
gold depositional mechanism in sediment-hosted
gold deposits. Main-ore substage sulfide minerals
has &**S values ranging from 3.5 to 6.5 %o (avg.
5%o, n=0). The Fe content of sphalerites from the
main-ore indicates that sphalerite precipitated from
relatively low fS, fluid. Based on all evidence, it
can be said that sulfur mineralization of the
Chaldaq prospect has been formed by the
performance of oxidized hydrothermal fluid on
organic-bearing carbonaceous host rocks (at the
Chaldaq unit) and the systematic subtraction of
H,S reductive species from that environment.
Considering the low temperature (<250 ° C),
reducing condition (LogfS; between -14 to -16) and
the acidic to neutral pH (presence of kaolinite and
illite) for the main-ore stage of hydrothermal
mineralization in the Chaldaq prospect, probably
the major contribution of sulfur is in the form of
H.S.
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