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Major and trace element geochemistry of pyrite: Implications for
development of invisible gold deposits in Takab-Angouran
district, NW Iran

Ebrahim Tale Fazel *
Department of Geology, Faculty of Sciences, Bu-Ali Sina University, Hamedan, Iran
Abstract

Fe-As sulfide minerals are the most important hosts of gold in various deposits, which sedimentary
rock-hosted disseminated gold deposits is known by high content of gold in arsenian pyrite composition.
In this study, the textural-geochemical charecteristics of arsenian pyrite is specifically aimed at
understanding how gold is distributed in the form of nanoparticles (Au°) or participation in the mineral
crystal lattice (Au*) in three ore deposits have been studied: Zarshuran (average grade: 2.63 g/t), Agdarreh
(average grade: 3.7 g/t), and Arabshah (average grade: 1.2 g/t), at Takab-Angouran metallogenic zone.
According to the results, a negative chemical relationship between arsenic and sulfur (R? = —0.61) is
observed in the arsenian pyrite composition, which indicates the presence of As®* with the empirical
formula of Fe(AsxS1-)2. Due to the paragenetic association of gold with pyrite and sphalerite ores, the
absence of oxide minerals, near-neutral to acidic nature of pH (presence of argillictsericitic alteration),
and the high activity of sulfur, shown that the gold solubility and its transfer were conducted by Au(HS),~
bisulfide complex. Evidence suggests that pervasive fluid-rock interaction, has caused decreased S,
activity, resulted instability of bisulfide complex and gold deposition in the pyrite veins.

Keywords: Auriferous arsenian pyrite, Fe-rich carbonate, decarbonation alteration, Takab-Angouran district
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Types Fe S As Cu Ag Au Pb Sh Cr Co Ni Co/Ni
Py0 Min | 450 52.3 2239 1125 bdl 0.1 6.8 0.8 3.7 0.5 42.3 0.1
(n=5) Max | 452 53.0 332.1 1374 0.6 1.2 56.0 10.1 13.9 26.0 69.5 0.3
Avg. | 45.1 52.7 278 124.9 0.3 0.6 314 54 8.8 13.2 55.9 0.2
Pyl Min | 448 53.3 245 21.2 bdl bdl 11 0.1 13.2 22.3 56.3 0.4
(n)=/7) Max | 45.0 534 3650 320.1 7.2 1.0 335 147 | 235 220.6 274.0 0.8
Avg. | 449 53.3 1947 170.6 12 1.0 17.3 74 18.4 110.8 1375 0.6
Pv2 Min | 453 53.0 443 3.1 bdl 0.2 17 0.2 23 51.2 254 2.0
(n)=/6) Max | 45.9 53.2 697 173.2 0.9 2.0 67.2 143 | 177 837.3 78.6 10.6
Avg. | 45.6 53.1 570 88.15 0.5 11 344 7.2 10.0 444.2 52.0 8.5
Pv3 Min | 453 53.1 575 134.4 bdl bdl 25.9 0.8 30.2 17.0 0.3 56.6
(nze) Max | 454 533 1139 969.8 0.7 0.8 1055.9 50.0 | bdl 1279.1 8.5 150
Avg. | 454 53.2 857 552.1 6.3 74 540.9 254 30.2 648.0 4.4 103
PvA Min | 46.9 51.2 17206 40.3 12 15 314 1.5 61.5 1579.2 1215.9 1.3
(nzg) Max | 470 525 31678 197.9 2.2 36.1 255.0 30.1 bdl 1054 44.9 23
Avg. | 46.9 51.8 24442 119.1 1.3 21.1 143.2 15.8 61.5 842.3 630.4 1.8
PV Min | 46.1 52.3 45 24.9 0.3 0.1 10.0 0.5 13.2 569.5 26.2 21.7
(nz6) Max | 464 53.0 52 1059.3 8.3 0.7 89.6 3.8 14.7 42.3 05 84.6
Avg. | 46.2 52.7 48.5 542.1 4.3 0.4 49.8 2.1 13.9 305.9 13.3 53.1

bdl= below detection limit, n= point of analysis, Avg= average, SD= standard deviation.
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Types Fe S As Cu Ag Au Pb Sb Cr Co Ni Co/Ni
Py0 Min | 455 52.8 125 82.6 bdl 005 |58 0.1 14.7 2.3 42.3 0.1
(n=6) Max | 45.0 53.0 333 2374 0.3 2.2 69 111 | 139 15.0 63.2 04
Avg. | 453 52.9 229 160.0 0.3 11 374 5.6 143 8.2 52.7 0.3
Min | 44.4 53.2 2145 25.3 bdl bdl 14 bdl 10.2 3.2 13.3 0.2
Pyl
(nil?) Max | 449 53.4 4863 460.5 0.2 1.0 345 104 | 213 267.2 444.2 0.6
Avg. | 44.6 53.3 3504 242.9 0.2 1.0 17.9 104 | 158 135.2 123.7 1.1
Min | 44.9 52.9 321 16.7 bdl 1.2 bdl 0.5 2.8 20.2 2.8 7.2
Py2
(nZG) Max | 46.7 534 593 89.2 0.2 3.3 60.2 173 | 147 70.6 30 2.4
Avg. | 45.8 53.1 457 52.9 0.2 2.3 60.2 8.9 8.7 88.9 35.4 25
Min | 45.2 53.1 65 1774 bdl bdl 27.6 0.9 bdl 16.0 0.5 32.0
Py3
(n)—/5) Max | 455 53.2 783 667.8 0.4 0.2 1033.6 52 38.2 129.9 6.2 21.0
- Avg. | 453 53.2 424 422.6 0.4 0.2 530.6 264 | 382 72.9 3.3 21.8
Min | 47.2 52.1 2236 35.4 bdl bdl 65.4 5.9 5.8 127.6 56.3 2.3
Py4
(nZB) Max | 47.6 53.4 24815 | 74.3 195 |51 205.6 453 | 825 1278.1 897.5 14
Avg. | 474 53.3 14525 | 54.8 195 | 51 1355 256 | 441 702.8 476.9 15
PV5 Min | 46.1 51.9 3.2 2.9 bdl bdl 32.3 0.3 10.1 78.3 2.6 30.1
(nZ4) Max | 46.5 53.4 32 59.6 8.3 0.7 86.4 6.6 17.5 467.5 37.3 12.5
Avg. | 46.3 52.7 17.6 31.2 8.3 0.7 59.3 3.4 13.8 2729 18.9 144

bdl= below detection limit, n= point of analysis, Avg= average, SD= standard deviation.

29 Sy ilizeo lgil )3 (LA-ICP-MS (b9, 4) lueS' s EPMA fig) &) (ol polic buwgio g diplion i 10l ¥ Jouir
PPM o 1 S’ ol 3l 3 (5339 W00 o 319,555 9 2 ol jolis ol o (b Luuils

o Fe S As Cu Ag Au Pb Sh Cr Co Ni Co/Ni
Py0 Min | 454 | 52.6 3.9 89.2 bdl bdl 32.0 bdl 22.0 0.5 53.6 0.01
(n=4) Max | 45.9 53.4 254 2365.0 0.3 1.0 52.1 23.3 41.2 36.3 536.2 0.07

Avg. | 456 | 53.0 129 1227.1 0.3 1.0 42.1 233 | 316 18.4 294.9 0.06

Pyl Min | 447 | 534 245 41.3 bdl bdl 5.2 bdl 63.3 22.0 253 0.8

(n=6) Max | 45.0 | 54.2 4863 360.3 0.2 bdl 24.6 452 | 1253 | 1205 322.2 0.3
Avg. | 448 53.9 2554 200.8 0.2 bdl 14.9 45.2 94.3 71.3 162.3 0.4

2 Min | 45.2 52.4 128 5.2 bdl 4.1 5.6 bdl 42.3 50.2 13.2 3.8
(?:/5) Max | 46.1 | 531 452 123.5 0.2 2.1 55.3 232 | 2102 | 4313 85.6 5.0
Avg. | 45.7 52.8 290 64.4 0.2 3.1 30.5 23.2 126.3 240.8 43.4 4.4

Py3 Min | 453 | 53.1 233 156.2 bdl 0.1 326 0.5 85.3 15.5 1.0 15.0
(n=6) Max | 455 53.4 739 743.2 0.2 0.3 543.0 56.0 110.2 279.3 9.3 30.2

Avg. | 454 53.2 486 449.7 0.2 0.2 287.8 28.3 97.8 147.4 5.1 28.7

Pyd Min | 46.8 | 53.2 3635 20.3 2.6 25 87.6 12 45.3 203.4 66.4 31

(n=8) Max | 47.1 53.3 7821 89.3 7.2 5.2 446.3 41.3 133.2 579.6 226.2 25
Avg. | 47.0 | 533 5728 54.8 4.9 3.6 267.0 213 | 89.3 3915 696.3 2.8

Py5 Min | 46.2 52.1 14.2 65.3 bdl bdl 23.6 0.6 14.3 42.4 1.0 41.2

(n=2) Max | 46.8 | 53.2 58.0 745.6 22 0.1 123.5 6.9 132.1 | 3645 42.2 8.6
Avg. | 465 | 527 36.1 405.5 22 0.1 73.6 38 732 203.5 16.6 24.9

bdl= below detection limit, n= point of analysis, Avg= average, SD= standard deviation.
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Introduction

Sedimentary rock-hosted disseminated gold deposits with high gold grade (> 1000 g/t) are known in the
pyrite composition, that gold can be present as participating in chemical bounded (Au" and Au'?) or
nanoparticle inclusions (Au’) (e.g., Deditius et al., 2014; Pokrovski et al., 2021). The Takab-Angouran
District is located in the northwestern part of the Sanandaj—Sirjan Zone, a pluton-metamorphic belt within the
Zagros orogen. In this study, the textural-geochemical characteristics of arsenian pyrite is specifically aimed
at understanding how gold is distributed in the form of nanoparticles (Au®) or participation in the mineral
crystal lattice (Au®) in three ore deposits: Zarshuran (average grade: 2.63 g/t), Agdarreh (average grade: 3.7
g/t), and Arabshah (average grade: 1.2 g/t), at Takab-Angouran metallogenic zone, have been studied. The
study of the mineralogical-geochemical system of sulfide ores (especially pyrite) is very important in
understanding how gold is distributed in the form of nanoparticles or participation in the mineral crystal
lattice, which will play an important role in providing tracing patterns in the development of exploration

planning.

Geology and mineralization

In Zarshuran deposit, mineralization with an approximate area of 5 km? in Precambrian sedimentary
rocks, including black shale and siltstone of Zarshuran unit, upper part of Chaldagh limestone and
jasperoids, with north-northeast trend in the southeast, Imankhan anticline is formed. Zarshuran black shale
and Chaldagh limestone units are the main hosts of Zarshuran gold deposit. The Agdarreh deposit is formed
in Miocene reef limestone host (150 m thick) with marl interlayers in a northwest-southeast synod. In this
rock, karst cavities have been formed, on which white tuff rock units, tuff sandstones and upper red
formation sandstones have been formed, respectively. Decarbonatization (powdered limestone) and
siliceous (jasperoid) alterations are the most important deposit alterations. The Arabshah deposit has a lower
Cambrian sedimentary-metamorphic host rock consisting of calc schist, siliceous dolomites and marl
limestones containing black organic matter. These units were deposited by discontinuous Qom and Upper

Red sedimentary formations and then all these units were cut by diorite and dacite domes in the NE-trend.
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Material and methods

In order to identify and classification of different type pyrites, and the possibility of the presence of gold
and trace minerals, eight representative thin-polished sections were prepared after preparation of carbon
coating. Then, to achieve the chemical composition of different types of pyrite, 104 points were examined
by EPMA (model JEOL JXA-8530F) in the Laboratory of German Earth Science Research Center (GFZ).
Spot analysis was performed with a voltage of 20 kV, electron beam current of 10 nA, X-ray diameter of 2
p and radiation time of 5 to 20 seconds. Trace elements in pyrite were analyzed at the LA-ICP-MS
laboratory of the Division of Geochemistry and Laboratories, Czech Geological Survey (CGS), using an
Agilent 7900 quadrupole ICP-MS (Agilent Technologies Inc., Santa Clara, USA) coupled with an Analyte
Excite Excimer 193 nm LA system (Photon Machines, USA), equipped with a two-volume HelEx ablation
cell. LA-ICP-MS was used to determine the concentrations of the following elements: Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Se, Zr, Mo, Ag, Sn, Sh, Te, Ba, La, W, Pt, Au, Tl, Pb, Bi, and U.

Results and discussion

Based on SEM and optical-microscopic studies, six types of pyrite have been identified in the sediment-
hosted gold deposits: (1) framboidal pyrite (Py0) (avg. = 30 um in diameter), (2) fine-grain disseminated
pyrite (Pyl) (< 20 um in diameter), (3) coarse-grain euhedral pyrite (Py2) (avg. = 100 um in diameter), (4)
porous/sponge pyrite (Py3) (avg. = 300 pm in diameter), (5) colloform pyrite (Py4) (avg. = 550 pum in
diameter), (6) vein pyrites (Py5) (avg. = 55 pum in thickness). Based on the results of LA-ICP-MS analysis
in the structure of pyrite in Zarshuran gold deposits, the average cobalt content is between 13.3 to 842 ppm,
in Agdarreh between 8.2 to 702 ppm and in Arabshah between 18.5 to 391 ppm are detected in Py0 and
Py4 pyrite, respectively. Accordingly, the Co/Ni ratio in the combination of framboidal pyrites (Py0) and
fine-grained first generation (Py1) in this set of deposits is <1, which is similar to pyrites of sedimentary
origin. Also, values of >1 to >100 in the Co/Ni ratio of third to fifth generation pyrites indicate the
hydrothermal to volcanogenic nature of these pyrites in the studied gold deposits. The distribution of gold
nanoparticles in sulfide minerals is controlled by two different mechanisms, one related to mineral tissue
and the other maximum solubility of gold in arsenic-containing sulfides (Grant et al., 2018; Wu et al., 2019).
Above the maximum solubility limit, the excess gold precipitates as gold nanoparticles (Au®), while below
the limit, the gold forms a solid solution inside the crystal lattice (Au®). In arsenian pyrite, the maximum
solubility of gold in solid solution using the equation Cay = 0.02Cas + (4 x 107°) is estimated at about 2%
by weight, where Ca, and Cas represent the concentrations of gold and arsenic, respectively (Reich et al.,
2005). According to the binary diagram of gold versus arsenic, which is divided into visible gold (Au®) and
invisible gold (Au®), different types of pyrite decompose in the gold deposits of Zarshuran, Agdarreh and

Arabshah below the gold saturation line (Au saturation line).
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Conclusion

1. Takab-Angouran District, NW Iran is considered as one of the most important sediment-hosted gold
endowments (e.g., Zarshuran, Agdarreh, and Arabshah). Gold mineralization occurs in the form of solid
solution (Au*) or nanoparticles (Au- and Au®*) in a network of Fe—As—S sulfide ores such as As-pyrite.
2. Based on petrographic evidence, six different types of pyrite: framboidal pyrite (Py0), fine-grain
disseminated pyrite (Pyl), coarse-grain euhedral pyrite (Py2), porous/sponge pyrite (Py3), colloform
pyrite (Py4), vein pyrites (Py5).

3. Reduction of H2S content of mineralizing fluid due to fluid-rock exchanges with ferrous carbonate
unit (Jangutaran limestone), decarbonatization alteration (powdered limestone) and performance of
structural controls (e.g., NNW-striking Geynardjeh Thrust Fault) has played an important role in the
formation of distal gold deposits far from the origin in the Takab-Angouran metallurgical region.
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