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Fig. 1. Geological map of the Angouran Zn-Pb mine (modified after Rahimi, 2016)
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Fig. 2. Images of rock units in the Angouran area. A: The prospect from open-pit part of the Angouran mine with foot-

wall schist and hanging-wall marble (View direction to NW), B: The white tuff unit is located under the Oligo-Miocene
volcanic rocks, C: The Cenozoic tuffs which are cross-cutted by diabase dikes, and D: Travertine deposits with

Quaternary age at the 8 km to the entrance of Angouran mine (View direction to NW)
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Fig. 3. The location of sampling points in the open-pit part of the Angouran mine.
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Fig. 4. Images of hand specimen of hypogene and supergene mineralization in the Angouran mine. A: Hand specimen
of hypogene sulfide mineralization (Sp-I) which cross- cutted and brecciated the hanging- wall carbonate rocks and in
the following of mineralization, carbonate hypogene mineralization as smithsonite (Sm-I) cross- cutted the early sulfide
mineralization and hanging- wall carbonate, B: Hand specimen of hypogene smithsonite (Sm-I) mineralization which
cross- cutted the early stage sulfide mineralization and foot- wall schist, C: Hand specimen of impure pink supergene
smithsonite (Sm-Ila) which occurred as cap on top of the hypogene ore, and D: The image of the accumulation of

yellow mimetite crystals and their accompaniment with high grade pure smithsonite. Abbreviation after Whitney and
Evans (2010) (Sp: Sphalerite, Sm: Smithsonite, Mim: Mimtite, Sch: Schist).
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Fig. 5. Photomicrographs of hypogene and supergene mineralization in the Angouran mine. A: Cross- cutting of first-
generation sphalerite by the younger generation of sphalerite, B: The mineralization of first-generation pyrite as vein-
veinlet in the foot- wall schist. The second generation of pyrite and first-generation of galena are associated with first-
generation of sphalerite, C: Hexagonal crystals of wurtzite, D: Brecciated foot- wall schist due to the first-generation
sphalerite mineralization, E: The mineralization of hypogene smithsonite which cross- cutted and brecciated the foot-
wall schist and sulfide mineralization, F: Comb texture of hypogene smithsonite, G: The coarse-grained of supergene
smithsonite which occurred as cap on top of the hypogene ore, and H: Coexist of smithsonite with radial hemimorphite
crystal. Abbreviation after Whitney and Evans (2010) (Sp: Sphalerite, Py: Pyrite, Sch: schist, Gn: Galena, Wur:
Waurtzite, Sm: Smithsonite, Hemi: Hemimorphite).
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Table 1. Characteristic of samples which taken from open- pit part of the Angouran mine. (S: Sulfide mineralization,
Sm: Smithsonite (carbonate mineralization), Sch: Schist (foot- wall), Crb: Carbonate (hanging- wall))

Sample No. 1-1 1-2 1-2-2 1-2-4 1-3 14 21 2-2 2-4 2-5
Composition Sch Sm+S Crb Crb  Crb+Sm Crb Sch Crb+Sm Sm+Crb  Sm+Crb
Sample No. 3-1  3-2 3-3 3-4 3-5 3-6 3-7 4-2 4-2-2 4-3
Composition Sch  Sm Crb S Crb Crb Sm Crb+Calamine  Sm+S Sm
Sample No. 4-4 4.5 5-1 5-3 5-4 6-1 6-2 6-3 6-4 T-01
Composition S Crb Cb Crb Sm+S  Sch Sch S+Sm Crb S
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Table 2. ICP-MS analysis data of samples which taken from open- pit part of the Angouran mine. The result of data are
in ppm (DI: Detection limit).

Sample No. Dl 1-1 1-2 122 1-24 1-3 1-4 2-1 2-2 2-4 2-5

Ag 0.1 <0.1 1.3 1.6 1.4 02 <01 <0.1 0.6 0.1 0.2
As 0.1 2.2 >100 48.9 82.5 >100 23 15.8  >100 >100 69.8
Cd 0.1 02 9726 4.7 1344 58,6 0.8 0.3 169 1413.8 1021.1
Co 1 18.1 2454 123 1.6 <1 <1 6.2 172 2169 167.6
Cu 1 9 11 36 8 7 5 8 8 11 9
Fe 100 37337 5448 4706 449 156 1666 20545 1967 4499 3811
In 05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <0.5
Mg 100 >2% 428 3072 2282 2697 2927 >2% 1642 1998 2029
Mn 6 459 410 375 8 <5 123 2175 784 382 665
Sample No. DI 1-1 1-2 122 1-24 1-3 1-4 2-1 2-2 2-4 2-5
Pb 0.05 5 1996 397 1114 419 7 4 1289 508 125
Sb 0.5 0.7 30.9 9.4 0.7 <0.5 05 0.8 2.9 16.7 6.6
Se 0.5 1.6 90.81 0.73 <0.5 129 <05 101 056 9489 29.51
K 100 6715 <100 1261 <100 <100 195 14039 423 <100 <100
Al 100 70400 609 4856 232 118 1952 42526 1519 390 1557
S 50 381 115 2266 117 82 97 183 123 89 65
Ni 1 82 25 9 16 12 5 20 43 173 266
Zn 1 228 >3% 601 65 4798 108 79 2457 >3% >3%
Sample No. Dl 3-1 3-2 33 34 35 3-6 3-7 42 422 4-3
Ag 0.1 <0.1 0.9 0.1 2858 0.7 0.1 97.5 3.6 0.7 1.5
As 0.1 4 >100 09 76 04 <01 >100 >100 63.6 >100
Cd 0.1 29 46.3 09 31271 8.1 1.6 5376 87 18.5 134
Co 1 31.6  76.1 <1 296.9 <1 <1 11.3 6.3 1.4 53
Cu 1 66 7 6 266 6 4 267 15 5 5
Fe 100 29191 2752 358 36677 854 451 7798 8180 1942 2715
In 05 <05 <05 <05 767 <05 <05 189 <05 <05 <0.5
Mg 100 19305 1681 2649 807 3159 3330 504 2502 2851 1820
Mn 6 916 397 66 171 34 71 380 456 355 119
Pb 0.05 13 1684 16 1071 4 4 1649 3455 527 124
Sb 05 <05 9.9 1 >100 0.6 <05 53 14.3 8 53
Se 0.5 1.19 732 <05 10508 144 069 258 1.18 2.05 2.24
K 100 5039 <100 <100 668 <100 <100 <100 116 <100 <100
Al 100 47124 350 226 2084 945 357 560 1311 299 570
S 50 1705 1011 136 >3% 784 281 180 739 382 2044
Ni 1 281 179 4 28 8 3 10 13 10 10

Zn 1 210 >3% 58 >3% 204 253 9340 2563 625 5774
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Table 2 (Continued). ICP-MS analysis data of samples which taken from open- pit part of the Angouran mine. The
result of data are in ppm (DI: Detection limit).

Sample No. Dl 4-4 4-5 5-1 5-3 5-4 6-1 6-2 6-3 6-4 T-01

Ag 0.1 486 0.5 0.3 0.6 1.7 <0.1 0.2 228 0.1 29.1
As 0.1 >100 4.1 85.3 62 >100 4.1 7 >100 0.5 >100
Cd 0.1 6139 14 1.1 09 5838 0.9 0.8 4676 1.6 23252
Co 1 2529 14 5.1 <l 52.7 9.9 209 704 <1 366.1
Cu 1 58 9 5 4 9 26 258 55 4 1176
Fe 100 9890 1334 4931 646 6577 19822 34515 7225 917 9409
In 05 069 <05 <05 <05 <05 <05 <05 <05 <05 1.53
Mg 100 872 2101 11353 2648 922 8270 >2% 3183 3779 563
Mn 6 390 355 371 138 419 142 1061 757 65 371
Pb 0.05 3946 97 32 470 2302 14 15 1910 12 7403
Sb 0.5 30 2.5 1.8 8 >100 1 1.2 8.6 0.7  >100
Se 05 5371 059 074 <05 682 0.61 237 16.63 <0.5 83.89
K 100 4008 <100 2056 <100 <100 12595 6943 <100 200 197
Al 100 20818 1197 7448 571 401 32641 46575 2069 1133 1211
S 50 2762 126 4297 195 175 679 13974 94 611 >3%
Ni 1 73 4 7 2 120 25 64 87 5 176

Zn 1 >3% 194 187 79  >3% 177 525 >3% 48 >3%
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Fig. 6. The image of geochemistry analysis in the Angouran mine which shows two different types of sphalerite. The

first type (sample 3-4) is poor in two elements of copper and lead, and the second type (sample T-01) is rich in two
elements of copper and lead.
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Fig. 7. A, B, and C: images indicate the concentration of the three elements of silver, indium and tin in the sample 4-3,

respectively in the Angouran mine.
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in this sample.
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Fig. 12. Diagrams of two (A) cadmium and (B) cobalt elements in the Angouran mine
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Fig. 13. Images of kriging geostatistics map and the distribution map of two elements of cadmium and cobalt in the
open- pit part of the Angouran mine. A and B: represent the distribution map and locations of the kriging zoning for
cadmium element in the open- pit of the Angouran mine, respectively. C and D: represent the locations of the kriging
zoning and distribution map of cobalt element in the open- pit part of the Angouran mine, respectively.
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Fig. 15. Images of accumulation, kriging geostatistics map and the distribution map of selenium element in the
Angouran mine. A: The image of the concentration of selenium element in the Angouran mine, B: The image of the
distribution maps of selenium element in the open- pit part of the Angouran mine, and C: The image of the kriging
zoning of selenium element in the open- pit part of the Angouran mine



"y ol foily Uil Gl slowd 85 9 oold SIS Aalsd pw)

OF v JL) Y oled O il

Se-Zn Scatter Plot

Correlation: 0.85

30000

25000

20000

Zn

15000

10000

5000

TTTI T

-
*

TTrrrm S RN R

000
Se- log

J—Mjéoi.‘&,:a.yl.vgSMe“boweJﬁTCﬁJJMv\.;j)A{Cﬁw‘Qb}ij‘bd&ﬂ)}é})—r}:‘lﬂ;ﬂ‘ﬂ)b}uQ.]éffﬂ}«,a;.‘; h}::)

!

Fig. 16. The image of scatter diagram of selenium- zinc in the Angouran mine which shows the high correlation

between these two elements.
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Fig. 17. Images of accumulation, kriging geostatistics map, and the distribution map of antimony element in the
Angouran mine. A: the concentration of antimony element in the Angouran mine, B: the distribution maps of antimony
element in the open- pit part of the Angouran mine, and C: the kriging zoning map of antimony element in the open- pit
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Introduction

Increasing demand for ore minerals needed for
economic development and the desire to find a
suitable rank in the international community has
forced developing countries such as Iran employ
more mining activities which has led to creation of
a large amount of waste minerals. Given the
existing equipment establishing the necessary
situation and economic solutions for the
exploitation of valuable elements from these waste
minerals can be considered as a source for
economic development of the country. The
Angouran Zn-Pb mine is located west of the Zanjan
province and northwest of the magmatic-
metamorphic Sanandaj-Sirjan zone. The wurtzite
mineral can be used as an indicator mineral for
trace elements such as IGG (indium, gallium,
germanium) in this mine. The economic
concentration of metal elements in the Angouran
mine can be divided into two parts of sulfide and
gangue carbonate. The sulfide part of this mine is
enriched with silver, cadmium and selenium
(higher than their cut-off grade) and the gangue
carbonate part is enriched in arsenic element. The
foot-wall schists show some concentration of
elements which are related to sulfide
mineralization.

Material and methods

More than 30 rock samples were collected from
cross sections in the open-pit part of the Angouran
mine which covers all different parts such as foot-
wall schist, sulfide mineralization, carbonate
mineralization and hanging-wall  carbonate

(marble). About 30 samples were prepared for
petrographic studies and geochemistry analysis
which were analyzed at the Zarazma laboratory
(Tehran, Iran). The ArcGIS, Geosoft Oasis Montaj
and Excel software packages were also used for
interpretation of data.

Geology of the study area

The Angouran Zn-Pb mine is located west of the
Zanjan province and northwest of the magmatic-
metamorphic Sanandaj- Sirjan zone. The rock units
in the study area include foot-wall quartz schist and
hanging-wall marble with Precambrian age,
Mesozoic diorite and granite, Cenozoic pyroclastic
units such as white tuffs and Quaternary travertine
sediments. It should be mentioned that the white
tuffs and, in some cases older units are crosscut by
younger diabetic sills and dikes (Ghorbani, 2008;
Pirkharrati and Farhadi, 2014; Fallah et al., 2019).

Results

The Angouran deposit has been formed as breccia
structure on the boundary between thrusted
hanging-wall marble and foot-wall quartz schist.
According to this study, mineralization in the
Angouran deposit has occurred during two
hypogene and supergene stages. Hypogene
mineralization in the Angouran deposit has been
formed as successive phases of sulfide and
carbonate. The hypogene mineralization continued
by the formation of supergene mineralization.
According to the geochemical analysis, a high
concentration of trace elements such as silver,
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cadmium and selenium was detected in the
Angouran  deposit. These elements are
concentrated in the sulfide ore mainly in the
sphalerite mineral with poor lead minerals. The
carbonate part of the Angouran mine which is
considered to be waste contains enrichment of
arsenic. The foot-wall schists are not enriched with
trace elements and just concentrate in some
elements such as iron, antimony, cadmium, cobalt
and selenium, which are related to sulfide
mineralization.

Discussion

Based on the geochemistry analysis and
microscopic studies, the economic concentration of
metal elements in the Angouran mine can be
divided into two parts of sulfide and carbonate. The
sulfide part of this mine has been enriched with
silver, cadmium and selenium (higher than their
cut-off grade) and the carbonate part has been
enriched with arsenic. This element can be
considered to be a major threat to human health,
along with its numerous uses, such as pesticides,
medicine, electronics, etc.

The wide distribution of arsenic in the open pit
mine along with the other toxic elements such as
cadmium and selenium (mainly related to the
sulfide mineralization and host quartz schist) are
too dangerous for the villagers who live near the
mine due to the seepage of these toxic elements to
underground water aquifers and their surrounding
environment. It should be mentioned that, in the
Angouran mine, the waste minerals are abandoned
as deserted mountains irrespective of their
relationship to groundwater and the surrounding
environment.

It is hoped that with the continuation of the
exploitation process in the Angouran mine, the
waste minerals are classified according to their
type and element enrichment in a suitable manner

by environmental standards. This could help
prevent seepage of toxic elements (As, Cd, Se) to
groundwater. Furthermore, the economic elements
such as Ag, Cd, Se can be used as byproducts and
be sold as raw material for other uses or extracted
by using the necessary equipment. This is due to
the fact that what is considered to be waste
minerals for a mine, can be considered as useful
material for another mine, either now or in the
future.
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