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Abstract

Purpose. The importance of mineralogical characterization for complex ore deposits is continuously increasing due to the in-
creasing demand for minerals worldwide. The proper mineral characterization needs to be carried out for selecting appropriate
processing technology for the beneficiation of complex ore in order to efficiently obtain ore concentrate according to the market
demand. The purpose of this study is to carry out a detail mineral characterization of the complex lead-antimony ore deposit of
Chitral, Pakistan, necessary for selecting the most appropriate processing technology and designing a mineral processing plant.

Methods. In this research, a preliminary study was conducted on representative samples of complex lead-antimony ore de-
posits of the Awreith Gol area in Chitral, Pakistan to investigate and characterize the deposit prior to beneficiation, as well as
to determine the processing potential of the deposit and to make a further decision on a suitable beneficiation technology. In
this regard, thin section of complex ore representative samples was studied using a Scanning Electron Microscope for ore mor-
phology analysis, EDX for chemical composition analysis, and X-ray fluorescence spectrometer analysis.

Findings. The ore deposit of the studied area is mainly composed of sedimentary rocks and intrusions of igneous rocks
with varying degrees of metamorphism. Geologically, the area is characterized by the Paleozoic-Mesozoic sequence of North
Karakorum system and volcano-sedimentary series. The study of mineral characteristics confirms that galena and stibnite are
ore minerals containing lead 48.01% and antimony 15.43%.

Originality. The geological characteristics of the studied area have been explored. The studied ore consists of lead, anti-
mony, stibnite and galena. The mineral characterization results have revealed that these metals can be extracted economically
by selecting an appropriate mineral processing technology.

Practical implications. Mineralogical study of the mineral, combined with the chemical analysis of the ore, confirms that
the lead-antimony complex ore of Chitral deposit can be beneficiated using relatively cheap gravity separation technology.
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1. Introduction the earth’s crust in highly scattered and irregular manner.

development of a country or a region by providing employ- concentrati_on o_f mineral§ at that_point and ma_rket value [6],
ment opportunity for millions of people. Furthermore, mine-  [7]. Beneficiation of minerals is generally influenced by
ral-based industries also play an important role and make a  9eology, as each mineral has specific geologic features and
significant contribution both at the local and global levels, ~ Mineral associations which lead to uneven distribution of
The secret of the strong economic sustainability of techno- ~ Mineral deposits. It is worth mentioning that the geology of
logically advanced countries is the contribution of mineral- ~ minerals is different in different places, therefore a single
based industry, which is considered an active partner in the ~ Mineral technique for processing deposits of the same no-
economic development of the nation [1], [2]. The total world ~ Menclature cannot be used anywhere. Similarly, the market
mineral consumption is about 32 billion tons per year, esti-  value of a mineral deposit also affects the economics of min-
mated at about $ 1213 billion per year [3], [4]. eral deposits. Most mineral processing waste products are
A mineral deposit is naturally occurring geologic material ~ Now economically viable due to an increase in their market
from which, through processing and beneficiation, a com-  Value. A mineral deposit, in terms of continuity of minerali-
modity can be mined profitably, thereby qualifying it as a  Zation and market vaIL_Je, can be classified as either a resource
reserve. Minerals are categorized into different groups on the  that may become profitable in the future, or a reserve that has
basis of their chemistry, such as oxide minerals (Quartz, @ high degree of geological certainty and is extractible tech-
Silica), sulfide minerals (Galena, Stibnite), sulphate minerals ~ Nically and economically [8], [9]. ] ]
(Gypsum), carbonate minerals (Limestone) and native min- Geologically, Chitral is one of the mineral-rich zones, es-
erals existing in elemental form (Gold) [5]. Minerals exist in ~ Pecially in metallic minerals including lead, antimony, cop-
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per, silver, gold and rare earth elements [10]. Elements such
as lead and antimony are included in the critical element
category due to continuous raising market demand and low
production levels. Scientists are now trying to fulfill the
demand for lead and antimony through secondary reco-
very [11]. Lack of technical studies from an economic and
environmental aspects, in-depth characterization studies to
determine mineralogy, grain size for optimum mesh of grind,
textural properties and locking proportions of different min-
erals with ore matrix, as well as unavailability of suitable
flow sheet for complex lead-antimony deposit processing are
the missing research gaps [12], [13].

Herein, the authors focused on performing characteriza-
tion of complex lead-antimony ore deposit of Awreith Gol.
Characterization techniques include a thin section study.
Electron backscatter microscopy, energy dispersive X-ray
analysis, X-ray fluorescence analysis and elemental mapping
analysis were carried out, which confirmed that the miner-
alogical composition of the deposit consists of galena and
stibnite, respectively. Mineralogical study combined with
chemical analysis confirmed that the ore deposit can be bene-
ficiated using relatively cheap mineral processing techniques
such as gravity separations.

1.1. Geological setting of the Awreith Gol area

Awreith Gol is located (350 58' N 710 44' E) 4.8 kilome-
ters southeast of Shoghore, at an altitude of 2829 m. Nume-
rous occurrences of lead, antimony and other metals of eco-
nomic significance have been found in the Awreith Gol area
and nearby surroundings. Good quality lead ore is inter-
spersed and occurs in vesicular veins, lenses, pods, stringers
and forms veinlet over a radius of 620 m [12], [13]. The
northern contact of the Cretaceous Shoghor limestone belt
with the quartzite-schist complex of the Awreith Gol series
extends up to Lutkho valley and covers an area of 30 sq km.
Both series are separated by a major fault zone that displaces
both units, and main studied ore mineralization is also con-
trolled by the main fault [14], [15]. Foliation and local fol-
ding up to tens of meters in size are common in the Awreith
Gol series. The Awreith limestone is more pyritized and
recrystalized than the rest of surveyed zone, showing the
genetic relationships between sulfosalt mineralization and
dolomite pyritization [16]. Between dolomite and Shoghor
limestone, discontinuity of stringers of iron-strained, orange-
brown soft material with relics of quartz, pyrite, and calcite
occurs [17]. The good quality of lead-antimony ore, especially
its high lead content, justified the planning of extensive under-
ground exploration. A vein of boulangerite with sufficient
thickness was found right at the contact between the hanging
Shoghor limestones in the southeast and highly sheared thin
dolomite, interspersed with tectonic splinters of Shoghor lime-
stone at the footwall in the northwest direction [16].

1.2. The Awreith Gol mineralization

The Awreith Gol mineralization is controlled by the main
fault between the Shoghore limestone and the Awreith Gol
series. The Awreith Gol series sulfosalt mineralization extends
up to 12 km along the fault zone. The so-called Awreith Gol
fault, mentioned on the map, is inaccessible due to rough to-
pography. Therefore, the possible occurrence of minor complex
lead-antimony deposit cannot be excluded with certainty. In the
Awreith Gol series locality, dolomite is more pyritized and
recrystallized, indicating genetic relationships between sulfosalt
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mineralization and dolomite pyritization. The host rock consists
of soft, reddish-brown limonite matrix, pyrite, quartz, dolomite
and black loamy clay, as shown in Figure 1 [18], [19].

2. Materials and methods

2.1. Sample preparation

Representative lead-antimony (Pb-Sb) ore deposit sam-
ples with an overall mass of 100 kg were collected from
different potential spots (surface outcrops) of the Awreith
Gol area of Chitral, covering an area of approximately
2.5 km?. Out these 100, 20 kg were used for characterization
and the rest were retained. Mining was carried out in most
locations. Large ore lumps (>5 cm) were crushed manually
using a hand hammer to make it suitable for feeding into
laboratory jaw crusher. The average feed size into a jaw
crusher (JXSC PEF 150x125) ranges from 5-10 cm, which
gives a product size of 1.2 cm. The jaw crusher product was
passed through a laboratory roll crusher (JXSC 200x150) to
obtain a product size of 2.5 mm. To obtain the bulk ore rep-
resentative sample, the crushed sample was coned and quar-
tered. To determine the mineralogical, morphological, petro-
logical, chemical composition and textural ore features, as well
as to select the most suitable processing technique for the ore
deposit beneficiation, characteristic studies (thin section study,
secondary electron microscopy, backscatter electron micros-
copy, energy dispersive X-ray analysis, X-ray fluorescence
analysis and elemental mapping analysis) of a representative
sample were carried out at the National Centre of Excellence
in Geology, Mineral Testing Laboratory, Mineral Develop-
ment Department, Peshawar and Centralized Resource Labora-
tory, University of Peshawar, Pakistan. Based on detailed
mineralogical studies and chemical analysis, it was concluded
that the ore deposit can be beneficiated using gravity separa-
tion techniques such as shaking table. The methodology
adopted in this research is schematized in Figure 2.

2.2. Thin section analysis

Thin section study of the complex lead-antimony deposit
was carried out in order to determine the mineralogical com-
position and textural feathers of the mineral and distribution of
mineral grains within the ore matrix. For this purpose, four
numbers of thin sections of ore samples were prepared in the
Thin Section Laboratory, National Center of Excellence in
Geology, University of Peshawar, Pakistan. Thin sections
were examined under a polarizing microscope, focusing the
microscope on different points of the section using a camera
attached to the polarizing microscope assembly. Thus, color
photographs of the examined spots on the section were taken.

2.3. Scanning electron microscopy (SEM)

Scanning Electron Microscopy is one of the powerful tech-
niques used to characterize the sample surface, sample mor-
phology and determine its chemical composition [20], [21]. To
examine the ore sample under an electron microscope, thin
sections were prepared from the sample and examined using a
Scanning Electron Microscope, SEM Model JSM-1T-100.

2.4. Energy dispersive (EDX) analysis

EDX analysis is sometimes referred to as EDS
or EDAX analysis. This is the technique used for iden-
tifying the elemental composition of the specimen or an
area of interest [22].
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Figure 1. Location of the study area (Awreith Gol), Lower Chitral, Pakistan
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Figure 2. Research methodology adopted for characterization of
complex lead-antimony ore deposit of Awreith Gol, Chitral

To determine the chemical composition with the percent-
age of each element in both the elemental and oxide ore
deposit forms, EDX analysis of samples was carried out in
the Electron Probe Analysis Laboratory.

2.5. X-rays florescence (XRF) analysis

X-rays fluorescence spectrometer is an X-ray instrument
used for relatively routine and non-destructive analysis of mine-
rals, sediments and fluids. The comparatively low cost of sam-
ple preparation, stability and ease of use of spectrometer make it
one of the widely used techniques for the analysis of major and
minor elements in rocks, minerals and sediments [23]-[25]. The
ground ore sample was placed in front of a tube emitting high-
energy X-rays. These high-energy X-rays collide with the ore
sample and result in the emission of secondary X-rays, which
are characteristic X-rays of the elemental composition of the
sample. The emitted X-rays were detected by the spectrometer
and seen on the screen attached to the spectrometer.
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2.6. Elemental mapping analysis

High-resolution images obtained by Scanning Electron
Microscope (SEM) and elemental spectral data using Energy
Dispersive Spectroscopy (EDX) can be combined to provide
extremely detailed analysis of the ore deposit and multi-
phase samples [26], [27]. Elemental mapping analysis of the
Awreith Gol complex lead-antimony ore deposit was per-
formed using an SEM (JSM-IT-100) equipped with Ele-
mental mapping imaging software. Information on the ele-
mental composition of the single-pixel area of the digital
image was obtained and indexed in an extremely short time.
A computer analysis of indexed data adds color to the SEM
image to correlate elements or discrete phases with individu-
al colors. Elemental mapping analysis gave color image of
the elements in the ore sample and information on grain size,
grain distributions and intergrowths, textural relationships
and locking characteristics in conjunction with the elemental
composition within complex lead-antimony ore deposit of
the Awreith Gol area, Chitral, Pakistan.

3. Results and discussion

Comprehensive data on the mineralogical composition,
proportion of each element in the ore, chemical composition
of the ore deposit, grain size and shape, as well as the mor-
phological characteristics of the complex lead-antimony ore
deposit of Awreith Gol were obtained using the characteriza-
tion techniques. This investigation not only helped to deter-
mine associated ore minerals, but also played a significant
role in the process mineralogy of the deposit. The following
characteristic techniques were used.

3.1. Thin sections study

Microscopic examination of thin sections shows that the
ore sample consists of coarse and elongated grains of galena
and stibnite minerals with gangue minerals of pyrite and
quartz. It also helped determine the size of mineral grains,
the way they are arranged in the sample matrix, grain mor-
phology and interlocking among grains. Thin section study
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also confirms that the grains in the sample matrix are ar-
ranged in a highly irregular manner and elongated in shape.
Quartz matrix is intruded in the galena mineral, and the min-
eral grains are surrounded by feldspar gangue minerals, as
shown in Figure 3. The average grain sizes of galena and
stibnite are 1400 and 1600 pm, respectively (there is an ex-
planation of the results, not just descriptions).

Figure 3. Thin section analysis of the complex lead antimony ore
deposits of Chitral

3.2. Scanning electron microscopy (SEM)

The result can be seen on the screen attached to the SEM
assembly in the form of a micrograph. Micrographs of an ore
sample obtained using an SEM machine at different magnifi-
cations show that morphologically the ore deposit surface is
highly rough and irregular. The mineral grains are elongated
and interconnected, which looks like elongated and intercon-
nected crystals (Fig. 4).

Figure 4. Results obtained from SEM: (a) micrograph obtained at
power 20 kv, magnification x45 and scale 500 mm;
(b) micrograph obtained at power 20 kv, magnification
%2000 and scale 10 mm

3.3. Energy dispersive analysis (EDX)

Elemental composition of the ore sample was deter-
mined using EDX analysis and confirmed that the ore sam-
ple consists of 54.25% lead, 14.77% antimony, 8.14% iron,
5.87% sulfur, 10.43% silicon with traces of other metallic
minerals. There are also rare earth elements such as
actinium and copper traces of 0.14%. The EDX analysis
results are shown in Table 1. EDX analysis gives the result
in the form of bar graph. Therefore, both quantitative and
qualitative information about the mineral samples can be
obtained, as shown in Figure 5 [23].

EDX also gave the result in form of an EDX spectrum,
which is a plot of how frequently X-ray is received for each
energy level. The spectrum displayed peaks unique to an
atom and corresponding to a single element. The peak height
in the spectrum shows the element concentration, as shown
in Figure 5. An EDX spectrum identifies not only the element
corresponding to each of its peaks, but also the X-ray type to
which it corresponds. Hence, the EDX spectrum gave both
guantitative and qualitative information about the sample.

Table 1. EDX and XRF analysis results

Element EDX results, %  XRF results, %
Lead 54.25 48.02
Antimony 14.77 15.43
Iron 8.14 3.55
Sulfur 5.87 8.69
Silicon 10.43 2.00
Magnesium 0.48 0.58
Aluminum 0.62 0.50
Oxygen 14.81 15.97
Carbon 4,74 5.48

Arsenic 1.62 -
Actinium 0.26 0.29
Copper 0.14 0.12
001
50 -
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Figure 5. EDX spectrum of the complex lead-antimony ore deposit
of the Awreith Gol area, Chitral

3.4. XRF analysis

The results obtained from the EDX analysis were verified
using X-ray fluorescence analysis, which gave result in the
form of bar graph, as well as percentage of each element
within the ore sample. Results obtained from the XRF analy-
sis confirmed that the ore sample consists of 48.02% lead,
15.43% antimony, 3.55% iron, 8.69% sulfur, 0.29% actinium,
0.12% copper and traces of other elements, such as magne-
sium, arsenic and aluminum, as shown in Table 1.

These results are also shown in the form of bar graph
of the diffe-rent peaks. Each peak represents unique
element and height of the peaks represents concentration of
element. Hence, both quantitative and qualitative infor-
mation about the ore sample was obtained using XRF
analysis, as shown in Figure 6.
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Figure 6. X-rays fluorescence analysis of the complex lead-
antimony ore deposit of Chitral
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3.5. Elemental mapping analysis

Close examination of the color spots confirms that lead
and sulfur are associated with each other, which proves that
lead and antimony exist in the ore sample in the form of
sulfide. Also, the existence of sulfur in the ore sample in a

C————————— O 02mm

SK

highly scattered form shows that the ore minerals exist in the
ore sample in the form of sulfide. Traces of other metallic
and nonmetallic elements such as calcium, iron, magnesium
and silicon also exist in the ore sample, represented by dif-
ferent colors, as shown in Figure 7.

C—————————— 0 02mm

Figure 7. Elemental mapping analysis of the complex lead-antimony ore deposit of Chitral

A detailed mineralogical, morphological, textural and
lithological study of the complex lead-antimony ore deposit
of Chitral was conducted using some modern characteriza-
tion techniques. A thin section study using a polarizing mi-
croscope confirms that the ore consists of galena, stibnite
with traces of pyrite, surrounded by gangue minerals of
quartzite and feldspar. The mineral grains had interconnected
interlocked and elongated shape. The average grains size of
ore minerals is 1700 um. Micrographs obtained from scan-
ning electron microscopy (BS-SEM) helped in determining
the morphological information of the studied ore deposit.
The micrograph taken at high magnification x2000 shows
that the ore sample surface was highly irregular and rough, as
shown in Figure 4. EDX analysis helped determine the
chemical composition of the sample and gave quantitative
and qualitative information about the ore sample. To further
confirm the chemical composition of the ore sample, XRF
analysis was carried out. The EDX analysis and XRF analy-
sis results are shown in Table 1.

Detailed information on in-depth study of the ore sample
elemental composition, distribution of mineral grains and
mineral grain size in the ore matrix was obtained using ele-
mental mapping analysis. Elemental mapping analysis shows
that ore sample consists of lead, antimony, iron, sulfur and
silicon, and the elements in the sample matrix exist in a high-
ly scattered manner. The distribution of elements in the sam-
ple matrix shows the complex nature of the ore deposit.

The commonly used minerals processing techniques for
the processing lead and antimony ore deposits are pyrometal-
lurgy and froth flotation. However, mineralogical and chemi-
cal investigations of the ore deposit confirmed the presence
of the element arsenic, which reduces the flotation process
efficiency and also causes severe environmental problems.

Mineralogical, textural and morphological features of the
ore deposit were investigated. However, further investigation
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is required to determine the atomic structure, arrangement in
the ore matrix, and bonds between minerals in the ore. The
ore deposit can also be investigated for rare earth elements.

4. Conclusions

Mineralogical investigation of a complex metallic ore de-
posit is a challenging task and must be consider before pro-
cessing the ore deposit. Characterization such as thin section
study, scanning electron microscopy, energy dispersive
X-ray analysis, X-ray diffraction analysis, and elemental
mapping analysis have been recognized as powerful tools for
in-depth study of the complex minerals. Mineralogical, tex-
tural and morphological features of the ore deposit confirmed
the complex nature of the ore deposit. Thus, grinding opera-
tion is recommended to release the associated minerals. The
ore was characterized as lenticular elongated texture of sand
grains intergrown between each other.

Based on mineralogical and chemical investigation, as
well as physical properties of galena and stibnite, it was con-
cluded that the complex ore deposit of Chitral can be econo-
mically beneficiated using relatively simple mineral pro-
cessing methods such as gravity separation methods. Also, for
these elements it is necessary to investigate the existence of
elements of actinium and caesium which are of strategic im-
portance and belong to the group of critical elements.
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T'eosioriuni gocaimkeHHs: Ta MiHEPaJIOriYyHA XapaKTepPUCTUKA
CBHHLEBO-CYpM’sIHOTO poaoBuiua Aypeiit-I'on, Yurpau, lakucran

V. Tami, I. Axmaz

Mera. [letanpHuid MiHepalOTiYHINA aHAJi3 KOMIUIEKCHUX CBHHIIEBO-CYPM SIHUX pyZ pojosuina Yurpan, [lakucran, mo € HEOOXiTHUM
Ut BUOOPY HaWOUTBIN BiMOBIHOT TEXHOJIOTI HEpepOOKH Ta MPOEKTYBAHHS 3aBOAY 3 MEPEPOOKH KOPHCHUX KOTIATMH.

Metoauka. IIpoBesieHO MONEpeJHE BUBYCHHS PEIIPE3CHTATHBHUX 3Pa3KiB 3 POJOBHIIA KOMIUIEKCHUX CBUHIIEBO-CYpM SIHUX Py.l B paiio-
Hi Aypeir-I'on B Yntpaini, mod MOCTIOUTH Ta OXapaKTepH3yBaTH POJOBHUINE N0 30aradeHHs, a TaKOXX BU3HAYUTH TOTEHIall MepepoOKH
POIOBHINA i 3pOOUTH TIOAAJBIIE PIMICHHS OO0 BiAMOBIIHOI TeXHOJOTIT 30araueHHs. ToHKuUI MITid penpe3eHTaTUBHUX 3pa3KiB KOMIUICKC-
HOT pyJIM IOCHIIKYBaJIH 32 JOMOMOTOI0 CKaHYI0UOT0 €JIeKTPOHHOTO MiKpOCKONA I aHaizy Mop¢oJIorii pyan, MPOBOIMIN PEHTI€HOCIIEKT-
paJIbHUH €JIeKTPOHHO-30H/J0BUH aHajIi3 XIMIYHOTO CKJIa/ly Ta aHaJli3 peHTTeHIBCHKOT (IyOpECIIEHTHOI CIIEKTPOMETPIii.

Pe3yabTaTu. BusHaueHo, 1110 pyaHE POJOBHUINE JOCTIIKYBAHOTO PalOHY CKIaJCHO MEPEBaXKHO OCAJOBHMH MOPOJAMHU Ta IHTPY3isIMH
MarMaTHYHHX TOPiJ Pi3HOTO CTymeHs MeTaMop¢izMy. BcTaHOBIIEHO, IO y TEOJIOTIYHOMY BiJHOIICHHI paifoH XapaKTepU3y€eThCs MaIe030U-
CBKO-Me3030ichkor0 ToBIIe0 [liBHIUHO-KapakopyMchKoi CHCTEMH Ta BYJIKaHOTEHHO-OCAJOBOIO TOBIIEO. JlOCHiIKEHHS XapaKTEPHUCTHK
KOPHUCHHX KONAJIHH MiATBEPUKYE, IO TAICHIT 1 CTHOHIT € pyTHAMH MiHepanamu, ski MicTaTh 48.01% cBuniio Ta 15.43% cypmu. Pesymnbra-
TH aHaNi3y KOPUCHUX KOMAJIHH BUSBIJIM, IO Il METAd MOXHA €KOHOMIYHO BHAOOYBATH, BHOPABIIHM BIAMOBITHY TEXHOJIOTIIO MEPEPOOKH
KOPHCHHX KOTIQJIHH.

HaykoBa HOBH3HA. BHBYECHO reooridyHy XapakTepUCTHKY HOBOTO JOCIIPKYBAaHOTO POJOBHINA CBHHIIEBO-CYPM’SIHUX PYJ, IIO CKIaja-
I0ThCA 31 CBUHIIIO, CypMH, CTUOHITY Ta rajeHiTy.

IIpakTHYHAa 3HAYNMIicTh. MiHepaioriyHe BUBYCHHS KOPUCHOI KOTIAIIMHY Y NOEJHAHHI 3 XIMIYHUM aHali30M PYAHU MiATBEPIKYIOTh MO-
JKIIMBICTh 30aradeHHs CBUHIIEBO-CYPM’THUX KOMIUIEKCHHX Py pojoBHIIa YuTpai i3 BUKOPHCTAHHSM BiTHOCHO JEILIEBOI TEXHOJIOTII IpaBi-
TariifHo cemaparii.

Kntouoei cnosa: minepanociuna xapaxmepucmuxa, 36a2auenHs, KOMNIEKCHe CBUHYEB0-CYPM siHe podosuuye, 2pasimayiina cenapayis
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