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 Parvadeh IV and East Parvadeh mines are two main coal-producing zones within 
the Tabas coalfield, east of Iran. Since studies have shown that C1 and B2 are the 
most important working seams in the Parvadeh IV and east Parvadeh areas, this 
research work focuses on these two coal seams. Syngenetic pyrite is available as 
framboids related to macerals. Decreasing the sulfur content is especially hard when 
the pyrite particles are fine-grained, finely disseminated, and intergrown with the 
coal maceral structure. The sulfur content measured in C1 and B2 seams varies from 
0.98% to 5.57% and from 0.73% to 5.25%, respectively, with an average of 2.39% 
and 2.5%. We use a method to predict how coal desulfurized the C1and B2seams 
of Parvadeh IV and C1 seams of east Parvadeh mines in the Tabas coalfield. The 
results have given new proofs for the presence of pyrite and clay minerals within the 
coalfield zone, and to identify a method to predict coal desulfurization with 
conventional processing and cost-effective methods. The coal preparation strategy 
in MEMRADCO, Parvadeh, and Ehyasepahan coal-cleaning plants not as it expels 
mineral matter and pyrite but too reduces the content of most inorganic components. 
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1. Introduction  
Coal is a combustible, black or brownish-black 

sedimentary rock that forms in coal seams. A 
significant impediment related to utilizing coal is 
the emanation of sulfur dioxide into the 
environment during combustion. These natural 
impacts associated with coal combustion have 
driven the advancement of previously unused 
forms to control the discharging emanation [1]. 
With the expanded intrigue in maintaining a 
strategic distance from the negative impacts of coal 
utilization and combustion and on the recuperation 
of primary components from coal and coal 
combustion by-products, the essential and 
mineralogical compositions of coal are one of the 
foremost examined subjects in coal washing 
technology [1-5]. Coal comprises two sorts of 
materials: macerals and inorganic compounds. 
From a hereditary viewpoint, the minerals in coal, 
like the natural matter, are the item of the forms 

related to peat collection and rank progress, as well 
as the interaction of the biological matter with 
basinal liquids and sediment diagenesis. Coal 
minerals comprise quartz, clay, carbonate, and 
sulfide minerals [6]. In later decades, one of the 
drawbacks related to utilizing coal as a source of 
vitality in combustion frameworks was the outflow 
of sulfur oxides and hydrogen sulfide into the 
environment. These issues have driven the use of 
fluidized bed combustion and vent gas 
desulfurization forms within the industry to control 
sulfur release [7]. The minerals are the essential 
source of fly ash particles, ash, and slag and 
contribute to flue-gas desulfurization [5]. Micro-
structural highlights may influence the 
determination of coal beneficiation strategies for 
expelling pollution. For illustration, in arranging 
sulfur expulsion plans, it is valuable to get the 
proportionment of inorganic sulfur compared with 
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that of organic sulfur. The size, shape, orientation, 
and dispersion variables for pyrite and maceral 
groupings (macerals and other organic 
components) are significant in supporting judicious 
plans of sulfur expulsion forms [8]. Pyrite within 
the Tabas area shows up as framboidal totals. The 
inorganic sulfur is shown primarily in pyrite and 
sulfate shapes [7, 9]. Sulfides can be categorized as 
syngenetic (essential), early diagenetic, or 
epigenetic (secondary) in the beginning. 
Syngenetic pyrite is shaped amid amassing of the 
peat and/or amid early (humification) forms and is 
ordinarily fine and scattered within the coal [1, 3, 
10-12]. 

In the coke-making process, the coal mineral 
components such as apatite and pyrite release 
heavy substances such as phosphorus and sulfur, 
which cause the generation of poor-quality iron 
[13]. The transformation of quartz to cristobalite 
within the coke may break and damage it. Calcium- 
and Fe-bearing minerals may also influence coke 
reactivity. Reducing the sulfur content of coal is 
exceptionally troublesome when the pyrite grains 
are tiny, finely spread, and intergrown with the coal 
[10]. If the grains appear coarse and not intergrown 
after pulverizing, there is a higher chance of 
concentrating the pyrite within the residue [5]. The 
estimate and dispersion of pyrite determine the 
simple strategy of ordinary coal arrangement 
utilized and, concurrently, the amount of pyrite that 
can be expelled. Minerals like pyrite, which have 
higher densities than coal itself play a big role in 
the division [14].  

The main goal of this work is to investigate the 
mineralogical composition of the three sample 
types of Parvadeh coalfield, the dominant minerals 

and crystallography by using microscopic and 
liberation degree studies, petrography, and 
scanning electron microscope studies. Therefore, 
we can make better decisions regarding the 
desulfurization of parvadeh coal. 

2. Materials and method 
2.1. Geological setting 

The Tabas Coalfield, with a range of over 30,000 
square kilometers and an exploratory reserve of 6 
billion tons of coking and thermal coal, is the 
richest and largest coalfield in Iran. It is augmented 
in the Parvadeh, Nayband, Abdughi, and Mazino 
districts (Figure S1 and Table 1). Parvadeh has a 
surface area of around 1200 km2, and is located 75–
115 km south of Tabas (South Khorasan Province 
of Iran). Triassic and Jurassic deposits have 
developed middling heights in the south, while the 
northern zone comprises plains and salt marshes. 
Shotory heights bound the region to the east and 
Kamarmahdi heights to the west. The Mesozoic era 
is the age of Iranian coking coals (Late Triassic–
Middle Jurassic). These coals have coking 
qualities, a high ash level, and a high sulfur content. 
[15]. There are two types of reserves in coal 
deposits (thermal and coking coals). The nation's 
total coal reserves are around 11 billion tons. 
Greater than 76% of the nation's coal deposits are 
located in the Tabas region (Table 1 and Figure 
S1). The deposits at Parvadeh and Naiband consist 
of coking coal. In contrast, those at Mazino and 
Abdoughi consist of thermal coal. More than 76% 
of Iran's coal deposits are located in the Tabas 
region (Table 1) [16]. 

Table 1. Reserves of different blocks in Tabas Coalfield. 
Area Distance to Tabas Proved and Probable explored reserves (million tons) 

Parvadeh 75 Km to the south 1100 Coking coal 
Naiband 200 Km to the south east 200 Coking coal 
Mazino 75 Km to the west 1400 Thermal coal 
Abdoughi South west Under exploration Thermal coal 

 
The Tabas coalfield is located in the center region 

of the Tabas basin, which is separated from Yazd 
and Lut Blocks by the Nayband to the east and the 
Kalmard-Kouhbanan faults to the west [17]. The 
Tabas block consists of five key coalfields: 
Parvadeh, Nayband, Mazino, Abdooghi, and 
Kalshaneh [15]. A substantial portion of the Tabas 
Block consists of the upper Triassic to the Middle 
Cretaceous. The most major coal-bearing layers in 
the Tabas were formed during the Late Triassic and 

Middle Jurassic inside the Shemshak Group [17-
19]. 

Approximately 80 km south of the Tabas area in 
Central Iran is the East-Parvadeh coal resource 
(Figure S1). The Parvadeh region is split into six 
sections by significant faults. The Zenoughan fault 
divides the East-Parvadeh coal deposit (Figure S1) 
into the North and South Blocks. According to the 
coal seams' dip, depth, and structural impacts, the 
North Block is preferable to the South Block. The 
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Nayband formation and Ghadir component of the 
Tabas coalfield's coal-bearing layers contain 
sediments from the Upper Triassic and Middle 
Jurassic eras. Among the rock types, siltstone, 
sandstone, shale, sandy siltstone, and trace 
quantities of limestone and ash coal could be 
found. The Parvadeh district named its seams A, B, 
C, D, E, and F. The B and C seams are deemed 
mineable based on their quality and quantity, 
notably C1 and B2 [20]. This depositional layer 
may represent a section of the Nayband. The 
Rostam, Quri-Chay, and Zenowghan faults define 
the northern, southern, and central-western 
boundaries of Parvadeh, respectively. Based on 
these faulting processes, the Parvadeh zone may be 
divided into six sub-regions, with Parvadeh IV 
being the most advantageous due to the quantity 
and quality of its coal deposits. The primary coal 
seams of the Parvadeh region are named B1, B2, 
C1, C2, and D (Figure S2) (A, B, and C, 
respectively).  

2.2. Samples and analytical procedures 

The Alborz-based Iran Mineral Processing 
Research Center (IMPRC) conducted all analyses 
for this work. Silica, gypsum, and pyrite infill coal 
samples. The top seam contains more coal 
lithotypes gelified with humic amorphous, while 
the lower seam contains mineral-rich coals with 
clayey bands thicker than 1 mm. East Parvadeh, 
Block 4 (C1 seam), and Block 4 (B2 seam) mines 
provided coal samples. After IMPRC coding, the 
2100 kg samples were split into 288 kg control 
samples. In order to avoid contamination and 

oxidation, the samples were immediately stored in 
clean plastic packets. After being coded by the 
IMPRC, each coal sample was delivered as a 
control sample by network sampling. A typical 
sample was taken from the region's mines. The 
representative samples were prepared for the 
subsequent study using sampling methods 
including Jones riffles, conning, and quartering [7]. 
After coning and quartering the representative 
sample of 108 kg, particles bigger than 38 mm were 
crushed and reduced to a fraction of less than 38 
mm to prepare the coal samples for mineralogy 
investigations (part I), processing tests, and sulfur 
and ash analysis. Both wet and dry sieves were 
evaluated for mineralogy, processing, and ash and 
sulfur analysis, with fraction ranges of -0.5, -2 + 
0.5, -10 + 2, and -38 + 10 mm. Ash and sulfur 
analyses used ASTM-D3174 and D3177 standards. 
Table S1 shows the ASTM proximate analyses 
(ASTM D3173-11, 2011; D3174-11, 2011; and 
D3175-11, 2011). ASTM analyzed total sulfur and 
sulfur types (ASTM D3177–02, 2011; ASTM 
D2492–02, 2002) [21]. The sample procedure was 
implemented based on coal seam compositions at 
the underground mining stops at Parvadeh No. IV 
and east Parvadeh mines in the Parvadeh area. The 
coal's rank is determined using approximate 
analysis to show the proportion of combustible to 
incombustible constituents [21]. ASTM D3172-76 
is used for the proximate and ultimate analysis of 
coal samples [22]. Results of the relative analysis, 
forms of sulfur, and vitrinite reflectance of the 
Parvadeh coal mines are given in Table 2 and Table 
S2 summarizes the sampling performed for the 
study. 

Table 2. Characterization of C1 and B2 coal seams of the Parvadeh area. 

Seam Value 
Proximate analysis (wt% as received) 

P(%) 
P.I (%) 

∑OR 
M A V.M F.C ST X Y 

C1 
Min-max 0.3-1.3 8-30 22.3-34.7 

51.7 
0.25- 4.75 0.001-0.033 -10-24 10-25 94-103 

Ave. 0.8 19 28.5 2.50 0.017 5.6 17 99 

B2 
Min-max 0.2-1.6 13-40 19.6-34.6 

45.5 
0.93-5.25 0-0.091 -14-17 8-22 97-103 

Ave. 0.9 26.5 27.1 3.09 0.045 11 16 99 
M: Moisture, A: Ash, V.M: Volatile Matter, F.C: Fixed Carbon, ST: Total Sulfur, P: Phosphor, P.I: Plostometry Index. 

 
Standard proximate and ultimate analyses and 

calorific values of the coal samples were performed 
utilizing the TGA-601, LECO SC-144DR, and 
AC-350 furnaces separately by the ASTM method. 
This equipment was calibrated using standard 
materials for coal from the LECO Company. For 
mineralogical and petrographical analyses, the coal 
samples were prepared according to ASTM 
D2797/D2797M (2011) with -1 mm sample 

fractions. They were inspected utilizing 
transmitted-reflected polarizing light microscopy 
(ZEISS Axioplan 2). Maceral identification was 
applied by the International Committee for Coal 
Petrology (ICCP, 2001). The mineral compositions 
were determined employing a polarized light 
microscope (PLM), showing no. Axioplan2 of 
ZEISS Co. Thin sections (n = 20), polished thin 
sections (n = 10), and polished sections (n = 10) 
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were prepared for petrographic investigations and 
were done under a Zeiss Axioscope optical 
microscope. Ash samples were ground to 70 μm 
and analyzed by X-ray diffraction (XRD). XRD 
investigations were performed with a Philips 
Xpert-Pro, utilizing Co Kα1(1.789010 Å) 
radiation, monochromators on secondary optics, 40  
kV of control, and 35- mA of current at the IMPRC. 
A scanning electron microscope (SEM) and an 
EDX (energy-dispersive X-ray spectrometer) were 
used to figure out what kind of minerals were being 
looked at at the IMPRC under an LEO 1450. 

3. Results and Discussion 
3.1. Iso-Sulfur curves 

The sulfur content of coals in the Parvadeh region 
is highly variable and varies with seams. The 
amount of sulfur usually decreases from the west 
to the east of Parvadeh. This current work focuses 
on two significant and workable stops, the C1 and 
B2 seams. Most of these changes in sulfur content 
are associated with synthetic sulfur, which is 
similar to the plant. In all Parvadeh areas, 
epigenetic sulfurs, especially pyrite and marcasite, 
are similar. In the samples of coal seams in each 
area, pyrite, the main mineral, is present in the form 
of cavity filling for primary and secondary micro-
cracks. In the following, changes in sulfur in the 
Parvadeh coal seams are investigated. The amount 
of sulfur measured in the C1 and B2 seams varies 
from 0.98% to 5.57% and from 0.73% to 5.25%, 
with an average of 2.39% and 2.5%, respectively. 
In the classification of coals based on sulfur 
content, the C1 and B2 seams belong to the 
"moderate" to "high sulfur" category of coals. 
Figure 1 (A and B) shows the iso-sulfur curve for 
the C1 and B2. Most of the sulfur in the B2 coal 
seam is synthetic and cannot be separated from the 
conventional coal-washing process. Considering 
that in the coal concentrate sample, the amount of 
sulfur is reduced by a maximum of 40%, the 
amount of sulfur in the concentrate will be about 
1.5–3 %, which will play a key role in the problems 
of converting coal to coke. 

3.2. Iso-Ash curves 
The ash content in the samples taken from the 

Parvadeh area is different for each coal seam. In 
many cases, the ash content is different, and the 
range of changes is varied in each coal seam. To 
study the ash content in the Parvadeh coalfield, the 
ash in each coal seam was first measured, and then 
the iso-ash curves were prepared according to the 
general changes in the characteristics of the coal in 

the whole area. Ash measurements were mainly 
performed on workable coal seams. The total ash 
of the C1 and B2 seams is at least 7.7% and 13.4%, 
with a maximum of 45.1% and 39.8%, and an 
average of 18.57% and 26.4%, which is without 
non-coal seams. In coal branches, the minimum ash 
content is 7.7%, the maximum is 34.6%, and the 
average is 18.03%, respectively. These layers are 
classified as "medium and relatively high" ash in 
the classification of coals based on ash content. 
Due to the amount of ash and the range of changes, 
these seams are categorized as bituminous coal. 
Figure 1 (C and D) shows the iso-ash curve of the 
C1 and B2 coal seams. 

3.3. Iso-Thickness curves 

C1's head is located 23.5 m away from B2, and 
its bottom is 11 m below the C2 seam. In terms of 
coal structure, this coal seam is the most stable 
layer of coal in the Parvadeh area. In almost all 
boreholes drilled in this layer, it is seen as a branch 
of lump coal with high hardness. Figure 2 (A and 
B) shows the full specifications of the seams 
including the thickness of the C1 and B2 seams. 
The thickness of the non-coal seam decreases from 
west to east, and the number of coal branches 
decreases so that sometimes it includes only one 
part. B2 is located in the Parvadeh at a distance of 
approximately 9.5 m from B1 at the bottom, and 
23.5 m below C1. The floor of B2 is made of 
siltstone with a maximum thickness of 25 cm and 
then Arcos gray sandstone. The B2 coal seam is 
lumpy and shiny and does not break easily. There 
was less pyrite and marcasite in the samples, and 
most of the cracks were filled with calcite and clay. 

According to Figure 2 (A and B), the minimum, 
maximum, and average thickness of the C1 and B2 
seams are, in the Parvadeh area, 0.4, 0.4, 1.15, 2, 
and 0.9, 1.05 m, respectively. Simple minerals and 
composite structures exist in all boreholes in the C1 
and B2 seams. Also the thickness of the non-coal 
seams varies between 0.25 and 0.5 m for the C1 
seam and 0.5 and 1.9 m for the B2 seam. C1 did not 
show workable thickness in 40 boreholes and 
suitable thickness in 9 boreholes, which means that 
this layer has a workable thickness in more than 
81% of boreholes and below +611 m, and the B2 
seam can be used in approximately 80% of 
boreholes and below the +600 level. As mentioned 
earlier, these seams are categorized as "medium" 
ash content and "moderate" to "high sulfur" in the 
sulfur content. Based on Figure 2 (A and B), the 
following results are obtained for the C1 and B2 
coal seams: the average thickness of coal branches 
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in the B2 seam is 0.9 m; the thickness is workable 
in 139 boreholes, which were more than 40 cm. 49 
new boreholes were drilled at this stage, 39 of them 
were workable, and ten boreholes do not show 

suitable thickness. This means that B2 can be used 
in approximately 80% of boreholes below the +600 
level.  

 
Figure 1. (A and B): Iso-Sulfur curves and (C and D): Iso-Ash curves for C1 and B2 coal seams of Parvadeh 

area. 

 
Figure 2. (A and B): Iso-Thickness curves for C1 and B2 coal seams of the Parvadeh area. 
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3.4. Mineralogical studies 
3.4.1. Microscopic and Liberation degree 
studies 

Table S3 shows ash and sulfur content values 
(total sulfur, pyrite, sulfate, and organic) measured 
in fractional sizes and calculating the amount of 
sulfur (total sulfur, pyrite, sulfate, and organic) and 
the entire ash content of the C1 seam of eastern 
Parvadeh (PEC1), and the C1 and B2 seams of 
block IV Parvadeh No. 4 (P4BIVC1 and 
P4BIVB2), respectively. Size fractions were 
prepared for mineralogy and liberation degree 
studies. 

3.4.2. Coal Macerals  
It is suggested that SEM is a valuable instrument 

for determining the contents, elements, and 
minerals in the macerals (Mishra and Singh, 2017). 
Macerals are divided into three organic groups-
vitinite/huminite, liptinite/exinite, and inertinite-
and one inorganic group-shale + mineral 
components [12, 23, 24]. The Parvadeh coal fields 
have many coal seams, which were 
petrographically examined. At this step, samples 
were gathered for the polishing and petrographic 
sections' examinations. Petrographic sampling and 
laboratory examinations of polished sections 
yielded the following results:  

The C1 coal seam revealed adequate thickness in 
the Parvadeh mine complex and adjoining 
exploration sites. Thus 12 samples of this strata 
were petrographically studied. The refractive index 
in the tested samples was between 11 and 14, 
demonstrating this coal’s gloss. The samples have 
82–96% organic matter, 2–13% non-caking 
material, 11–35% ash, and a 15–20 plastometric 
index. Therefore, this stratum has more coking 
potential than a C2 coal seam. In well No. 148, 
fusinite accounts for 2% of non-cakeable minerals. 
The samples show low fusinite and semi-vitrinite 
and high vitrinite, indicating sedimentary 
reduction. This layer's maceral composition is 
almost 90% vitrinite. The stratum has 4% fusinite 
and 3–12% semi-vitrinite. Pyrite is sometimes 
found inside vitrinite as a passive morph of 
framboidal pyrite. Minerals also include 
substantial amounts of calcite.  

For the B2 coal seam petrographic research, six 
samples were produced from this stratum. The B2 
Layer consists of at least two coal branches at the 
roof or floor of the seam and a layer of argillite to 
siltstone in the middle, which is between 20 and 60 
cm in thickness. The samples' refractive index 
ranged from 91 to 95, indicating this coal's gloss 

and light reflection similarities to layer C1. Due to 
its composition and thickness, this seam's ash has 
changed more than others. The samples have a 
strong plastometric index and good coking 
potential. These samples vary in content, 
maceration, and raw material. According to sample 
analysis, the maceral composition of this stratum is 
more than 90% vitrinite, 5% semi-vitrinite, 4% 
fusinite, and a few liptinite macerals. Framboidal 
pyrite fills vitrinite maceral cavities. 

3.4.3. Lithotypes and Microlithotypes  

The International Committee for Coal Petrology 
(1963) describes "lithotype" as a microscopically 
observable band in humic coals, assessed by 
physical properties rather than botanical origin. 
Vitrain, Clarain, Durain, and Fusain are banded 
bituminous coal lithotypes. The American Society 
for Testing and Materials (1980) includes in this 
description attritional coal and any specific mixture 
of two or more of the five principal lithotypes, such 
as clarodurain [23]. All Parvadeh coal seams, 
workable or not, are lumps with vitrinite bands and 
extensive vertical fractures. Biscuit coal can be 
found in coal seams B and C. From west to east, 
the coals are brighter, lumpier, and have visible 
vitrinite microcrack bands. Secondary calcites fill 
low-opening microcracks. Occasionally, sulfides 
such as pyrite and marcasite are discovered within 
these joints. Field studies of Parvadeh samples in 
glossy coals with clarain and ultraclean lithotypes 
of ∑OR were reported to be roughly 90 in most 
samples and quite low in fusinite and other opaque 
macerals. Therefore, petrographic analyses and 
polished section samples of Parvadeh coal seams, 
notably coal seams such as C and B, reveal that 
maceral vitrinite is prominent in all samples and 
that their microlithotype can be named vitrite. 
Where the amount of fusinite in the samples is 
close to 10%, the microlithotype of vitrinertite can 
be applied to the microlithotype of the Parvadeh 
coalfield. The polarized light microscope showed 
vitrinite and fusinite macerals in all three samples 
of coal. The sample is 70–75% vitrinite and 8–15% 
fusinite. Clay minerals (illite and kaolinite) are the 
most important tailings minerals in coal samples, 
forming locked minerals with macerals at 5–15% 
concentration (Figure 3 G, H, Figure 4 D, F, and I, 
and Figure 5 C, D, E, and G). Sample carbonate 
minerals are 5–12%. (Figures 3C and 6E) and the 
fractions of carbonate crystals are varied from 0.1-
2 mm. Quartz is one of the waste minerals, with an 
abundance of 2–5%. Finally, the samples contain 
syngenetic and epigenetic pyrite, two sulfide 
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minerals. Pyrite is one of the main sulfide minerals 
in the samples and is found in two forms: 
syngenetic pyrite and epigenetic pyrite. The 
former's fractions were -0.2 mm in the form of 
framboidal pyrite in the coal sample and have an 
abundance of 1-2%. The latter has a 2–3% 
replacement in texture. Iron oxides (hematite and 

goethite) were found as impurities on the coal 
samples' surface.. Pyrite liberation degrees were 
studied in three fractions: -2 + 10, -0.5 + -2, and -
0.5 mm. Table 3 indicates pyrite liberation for 
block IV Parvadeh No. 4 and east Parvadeh 
fractions. 

Table 3. Degree of the liberation of pyrite and tailings minerals in the Parvadeh area. 
PEC1 

Size fractions (mm) dl Pyrite (%) dl tailings (%) 
-10 + 2 5 25 
-2 + 0.5 38 55 

-0.5 70 84 
B4C1 

-10 + 2 20 20 
-2 + 0.5 45 50 

-0.5 70 80 
B4B2 

-10 + 2 5 15 
-2 + 0.5 24 45 

-0.5 65 75 
 
3.5. Petrography 

This study shows the mineralogical analyses and 
Liberation degrees of three samples (Parvadeh 
(PEC1) and block IV Parvadeh No. 4 (B4C1 and 
B4B2) mines). Calcite, dolomite, pyrite, and clay 
minerals are important coalfield minerals. Quartz 
and iron oxyhydroxides exceeded 2–3%. We found 
that coals (ash base) contained quartz as isolated, 
angular grains with variable sizes and were 
disseminated in organic matter and clay minerals, 
indicating a detrital sedimentary rock way in the 
east Parvadeh area and block IV Parvadeh No. 4 
Mines (Figure 3 A, C, Figure 4 A, and Figure 5 B, 
C). Petrographical examinations of coalfields show 
that vitrinite dominates with fusinite traces (Figure 
3. E, Figure 4. F, and Figure 5. A, E). The first type 
of pyrite is organic, framboidal, -0.02 mm, and 2%. 
The second variety, epigenetic pyrite, has a 
frequency of 0–2%, and is found in the sample with 
a replacement texture. Framboidal aggregate in 
coals occurs as shown in (Figure 3 B, H, Figure 4 
A, B, C, and Figure 5 A, F, H), and massive pyrite 
forms anhedral to subhedral crystals (Figure 3 D, 
F, G, Figure 4 F, G, H, I, and Figure 5 A, D, I). 
Pyrite is generated during peat development or 
early diagenesis, likely at 25 °C [1, 25, 26]. Pyrite 
framboid is common in coals and can be found as 
framboid in organic-rich environments, where the 
basic role of organic processes is similar to 
biogenic sulfate reduction. However, organic 
molecules and polymer matrix regulate growth, 

crystal size, shape, particle aggregation, and metal 
solubility [27]. It was experimentally revealed that 
oil was generated from dead bacteria and their 
waste products with precipitated iron sulfides 
during anaerobic organic matter decomposition 
[27]. Coal liberation from related minerals was 
measured using microscopic particle counting. The 
liberation degree is calculated for the east Parvadeh 
(PEC1) and block IV Parvadeh No. 4 (B4C1 and 
B4B2) mines, respectively. Thin-polished and 
polished sections of fractioned samples (-10 + 2 
mm, -2 + 0.5 mm, and -0.5 mm) were investigated 
by a ZEISS Axioplan 2 polarised light microscope 
with reflected and transient light to determine 
liberation degree. Table 3 displays some liberation 
degree studies. Frequency studies demonstrate that 
larger fractions of minerals are locked together, 
and generally many minerals are locked together 
(Figure 3 A, C, and D). Coal-pyrite-quartz, coal-
quartz-calcite, and coal-pyrite-clay mineral 
systems lock (Figure 3 F, G, Figures 4 D, F, G, H, 
and Figures 5 C, D, F, G). As particle size 
decreases, locking generally includes coal-quartz, 
coal-calcite, coal-pyrite, and coal-clay minerals 
(Figure 3 I, Figure 4 H, I and Figures 5 G, H, and 
I). Primary tailings minerals such as quartz and 
calcite are trapped by the coal edges, in which they 
are sometimes inclusions. 
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Figure 3. Photomicrographs of PEC1 coal. All images are taken under polarized incident white light A) space-
filling of quartz (Qtz) and calcite (Cal) in vitrinite (V), B) pyrite (Py) inclusions in vitrinite, C) association of 
calcite with vitrinite D) Massive pyrite particle associated with pyrite and framboidal pyrite as inclusion in 

vitrinite, E) fusinite (F) interbanded with vitrinite, F) massive pyrite particle and pyrite associated with vitrinite, 
G) pyrite and clay (Cly) mineral associated with vitrinite, H) liberated pyrite particle and pyrite and clay 

minerals associated with vitrinite, I) liberated pyrite and vitrinite particles. 
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Figure 4. Photomicrographs of B4C1 coal. All images are taken under polarized incident white light. A, B) 
framboidal pyrite in vitrinite, C) fusinite interband with vitrinite and pyrite inclusions in vitrinite F, G, H) 
vitrinite particle associated with massive pyrite, I) liberated pyrite, clay minerals, and vitrinite particles. 
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Figure 5. Photomicrographs of B4B2 coal. All images are taken under polarized incident white light A) fusinite 

interband with vitrinite, (B) calcite and clay filling the fusinite cells, (C) clay minerals and pyrite filling vitrinite, 
D) pyrite associated with vitrinite and clay minerals, E) fusinite interband with vitrinite and clay minerals 

associated with vitrinite, F) framboidal pyrite and pyrite inclusions in vitrinite, G, H) clay minerals and pyrite 
associated with vitrinite, I) liberated pyrite and vitrinite particles. 
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3.6. Scanning electron microscope (SEM) 
studies 

The coal samples are classified into three types 
based on their sulfur contents: low-sulfur coals (< 
1% S), medium-sulfur coals (=1 to < 3% S), and 
high-sulfur coals (≥ 3% S) [26]. The sulfur of 
medium-sulfur coals and high-sulfur coals has two 
primary sources: plant materials and seawater 
sulfate. Electron microscopy studies were 
performed on a polished section of PEC1, P4B4B2, 
and P4B4C1 coal seams with a fraction of -10  + 2, 
-2  + 0.5, and -0.5 mm, respectively. The 
mineralogical compositions of the samples and 
SEM images of sulfur and sulfate minerals are 
displayed in Table 1 and Figures 6-8 separately. 
Images produced by QBSD return electrons show 
areas with heavier elements in a lighter color. 
SEM-EDS analyses were carried out utilizing an 
ETH of 20 kV and a WD of 15 mm. Pyrite is locked 
in the coal matrix with calcite and dolomite (Figure 
6 A, B, and D, and Figure 7 A and B, and Figure 8 
G). Some iron oxide is mainly free (Figure 7 D and 
Figure 8 E), and some clay minerals are locked in 
the samples (Figure 6 G, H, Figure 7 H, and Figure 
8 A, C, F, and I). A significant amount of free 
pyrite is observed. In the samples, other minerals, 
including pyrrhotite, ankerite, dolomite, barite, 
smithsonite, galena, quartz, and apatite, are 
presented in small amounts (Figure 6, G, and H and 
Figure 7 A, B, and H). As demonstrated by this 
study and prior investigation, these samples, as 
commonly observed, contain high levels of altered 
pyrite and the formation of secondary iron sulfate 
minerals under humid conditions [26, 28]. Iron 
oxides and hydroxides are seen as surface 
impurities in the sample. In microscopic studies, 
the non-metallic minerals in the sample that reflect 
light are considered as waste minerals. 

3.7. Gangue mineralogy 

Parvadeh coal pyrite morphologies: (1) veinlet-
shaped pyrite (Figures 4 F and 8 D) and (2) 
framboidal pyrite are syngenetic types and the 
maximum pyrite shape in Parvadeh coal samples 
(Figure 6 A) and occur primarily as inclusions. 
Framboidal pyrite particles and clusters are mainly 
found in organic matter (maceral) and clay mineral 
aggregates (Figure 8 E, H). (3) Most pyrites are 
enormous framboidal syngenetic bodies (Figure 7 
B). The sulfate-rich solution infiltrated and 
circulated the coal beds, forming the cleat/fracture 
pyrite infillings at late diagnostic and epigenetic 
stages [1, 2]. Pore-waters and/or inter-seam 
solutions may cause moveables of sulfate-rich 

solution and allow filtered solutions to enter peat 
beds beneath altered tuff layers during late 
syngenetic and diagenetic stages [1]. Calcite, 
dolomite, and clay minerals in Parvadeh bind 0.2-
mm pyrite particles (Figure 8 C, G, and I). Pyrite 
particles are crystal aggregations; therefore, sulfide 
mineral sedimentation should begin at several 
nucleation sites before coal-forming compaction 
[29]. Bacteria reduce sulfates to form these pyrites. 
Pyritized bacteria are rarely found. It is discovered 
pyritized bacteria species in high-sulfur coals from 
the Wuda and Zhaotong coalfields, China, and 
suggested that bacteria and algae may have helped 
produce them [30], where pyritized bacteria 
described in Chongqing's Nantong Coalfield's 
high-sulfur coals. If coal samples are broken 
naturally, watch for coin-shaped pyrite circles. 
Illite, quartz, calcite, dolomite, ankerite, hematite, 
apatite, and galena are the main waste minerals 
(Figure 8 B, E, G, and H). Inorganic Parvadeh 
materials, like coal seams worldwide, are mostly 
clay minerals (illite). In detrital coal samples, 
quartz is the most important mineral. 
Aluminosilicate syngenetic alteration can also 
produce this mineral [31]. Pyrite forms one 
micron-sized euhedral and one framboid crystal in 
marine sediments [32]. Pyrite and quartz in cleaned 
coals do not diminish during Parvadeh coal 
washing. Calcite is a characteristic Parvadeh 
epigenetic cleat, fracture, and/or cell-filling 
carbonate mineral (Figure 6B). It degrades easily 
in peat's acidic environment and emerges as detrital 
particles [31]. The coal preparation plant removes 
calcite from the coal supply, which was not 
separable in concentrate. An X-ray diffractometer 
studied coal sample ash to detect minerals (XRD). 
All samples had quartz, illite, hematite, and 
anhydrite. XRD plots of ash samples PEC1, B4C1, 
and B4B2 reveal that sample PEC1 has the lowest 
illite content and the highest anhydrite and 
hematite content (Figure S3). XRD plots reveal ash 
sample B4B2 has the most illite and quartz. 
Gypsum is the main mineral in coal samples that 
decomposes with heat and becomes anhydrite via 
water loss [33]. Table S4 shows the major and 
minor minerals in PEC1, B4C1, and B4B2 based 
on transmission-reflective light microscopy, SEM, 
and XRD. Back-scattered phase separation color 
images show fine pyrite minerals and their 
relationship with macerals and micro-minerals. 
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Figure 6. SEM backscattered images and EDX data in the PEC1 coal samples  A) distribution of framboidal 

pyrite in vitrinite, B) calcite as space-filling in vitrinite, C) pyrite EDX data, D) framboidal pyrite in vitrinite, E) 
euhedral calcite crystals in vitrinite, F) dolomite (Dol) EDX data, G) dolomite and Clay mineral (illite) associated 

with vitrinite, H) pyrite inclusion in calcite and galena (Gn) Clay mineral (illite), I) illite EDX data. 
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Figure 7. SEM back-scattered images and EDX data in the B4C1 coal samples,  A) framboidal pyrite in vitrinite, 

B) massive particle pyrite, C) calcite EDX data, D) massive particle hematite (Hem), E) calcite particle, F) 
hematite EDX data, G) massive pyrite particles and calcite particle, H) Framboidal pyrite as inclusion in 

vitrinite, calcite, and K-feldspar (Fsp) particles, I) K-feldspar EDX data. 
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Figure 8. SEM back-scattered images in the B4B2 coal samples, A) pyrite inclusions in vitrinite, B) calcite 

particle, C) framboidal pyrite in clay mineral, D) massive pyrite particle associated with vitrinite, E) hematite 
particle, framboidal pyrite, and clay associated with vitrinite, F) clay mineral particle and distribution of fine 

pyrite in vitrinite, G) pyrite and calcite associated with vitrinite, H) framboidal pyrite in vitrinite, I) pyrite 
inclusion in clay mineral. 

4. Conclutions 

Mineralogical studies have shown that the 
mineralogical composition of the three sample 
types of Parvadeh coalfield (B4B2, B4C1, and 
PEC1) are very similar. The dominant minerals in 
coal samples include clay, pyrite, calcite, dolomite, 
quartz, and hematite-goethite. Pyrite is observed in 
two types in the samples. The first type of pyrite is 
of organic origin, which is smaller than 0.1 mm in 
size and is seen as a framboid in the samples 
(syngenetic type) and has about 1-2%. The second 
type of pyrite is massive (epigenetic), and its 
approximate amount is 2–3%. Framboidal pyrites 
are fine-crystalline and commonly formed during 
peatification processes. The accumulation of pyrite 
in coal can be due to the abundant presence of iron-
rich minerals in sediments during peatification. 
Epigenetic pyrite is much more dominant and 
forms in cracks, cavities, and cleats. Vitrinite is the 
most abundant maceral in the samples and makes 
up about 70% to 80% of the samples. Fusenite, 

with an abundance of about 8–15%, is another 
prominent maceral in samples. Clay minerals 
(mostly illite) are present in the sample in amounts 
ranging from 8–10%. Carbonate minerals (calcite 
and dolomite), which are approximately 5-8% in 
the samples, are other vital minerals. The 
dimensions of carbonate crystals are varied, and 
the dimensions range from larger than 2 mm to less 
than 0.1 mm. Carbonate inclusions have been 
observed inside the coal. Quartz is a typical waste 
mineral and is about 3-5 percent abundant. X-ray 
diffraction studies on ash samples showed that 
sample PEC1 contained the most hematite and 
anhydrite, and sample B4B2 contained the highest 
amounts of illite and quartz. The liberation degree 
of pyrite and tailings minerals in the Parvadeh area 
sample is related to the type of waste minerals in 
the sample. Samples PEC1 and B4C1 have a better 
liberation degree because they have less clay 
minerals and quartz. 
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  چکیده:

شرق IVمعادن پروده صل معدندو  یو پروده  سنگ طبس ي حوزهسنگ در زغال دیتول یا شندمیزغال شان داد که یی. از آنجابا  B2و  C1 هايلایه که مطالعات ن
 تیریپدر این نمونه ها، متمرکز شـده اسـت.  لایه کاري قابل اسـتخراجدو  نیا يپژوهش بر رو نیهسـتند، ا یو پروده شـرق 4پروده  یکار در نواح جبهه نیمهمتر

ساختار ماسرال زغال سنگ در و با  شده زدانهیر تیریکه ذرات پ یگوگرد مخصوصاً زمان يها موجود است. کاهش محتوااسرالم در دانه تمشکیهمزمان به صورت 
شد م سیار کنند، یر ست. م و چالش برانگیز سختب  با ٪5,25 تا ٪0,73 از و ٪5,57 تا ٪0,98از  بیبه ترت B2و  C1 هايلایه شده در يریگگوگرد اندازه زانیا

ــ رمتغی ٪2,5 و ٪2,39 نیانگمی ــنگ زغال یی ازگوگردزدا یچگونگ ینیبشیپ به منظور یاســت. از روش پروده  معدن C1و  IVپروده  معادن B2و  C1 هايلایهس
 يبرا یروش ییو شناسا ی مذکورسنگزغال يناحیهدر  یرس يهایو کان تیریحضور پ يبرا يدیشواهد جد جی. نتاشدسنگ طبس استفاده زغال يحوزهدر شرقی 

سوم  يهاسنگ با روشزغال ییگوگردزدا ینیبشیپ ستراتژصرفه ارائه کردهبهو مقرونفرآوري مر سنگ در کارخانه آراییکانه ياند. ا ت شرک ییشوزغال يهازغال
  .باشدیم ی زغالآلریغ ياجزا شتریب يواکاهش محت به سبببلکه  ت،یریو پ یدفع مواد معدن لینه به دل هاناسپ ای، پروده و احانهیمعادن خاورم يگسترش و نوساز

  یی.کارخانه زغال شو دال،یفرامبوئ تیریزغال سنگ، پ ییزغال سنگ، گوگردزدا یشناسیکان کلمات کلیدي:
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