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Abstract: Samples of coal from the eastern part of the Upper Silesian Coal Basin, between Jaworzno and Libigz,
were collected from test boreholes and underground excavations in the Janina Coal Mine, southwest Po-
land. The No. 111-119 hard coal seams are in the upper part of the Cracow Sandstone Series (the Libiaz Beds,
Westphalian D). Macroscopically, iron sulfides (pyrite and marcasite) found in hard coal seams are usually in
vein and impregnation forms. On the basis of microscopic observations, the following forms of iron sulfides oc-
currence in the studied coal were observed: framboidal pyrite, euhedral crystals, skeletal and massive vein forms,
or pocket-like (impregnation) forms. On the basis of SEM-EDS analysis and X-ray diffraction it can be stated that
the iron sulfides observed in coal are a mixture of pyrite and marcasite. WDS analysis in the micro area revealed
the chemical composition of sulfides. The iron sulfides contain admixtures of Pb, Hg, Zn, Cu, Au, Ag, Sb, Co,
and Ni. There was no As and Cd found in the examined minerals. It has been shown that the tested iron sulfides
do not include significant admixtures. There is only a slight enrichment in lead in the vein forms of sulfides. In
addition to the iron sulfides, individual inclusions of galena and sphalerite within the pyrite and marcasite have
been observed. When it comes to iron sulfides in the vicinity of the crystallized galena, no lead (Pb) in the pyrites
can be observed.
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INTRODUCTION

Hard coal is one of the most important ener-
gy sources in the world. However, in light of the
agreement signed at the Paris climate conference,
a new approach to the problem of coal use and
its consequences for the environment is needed
(United Nations 2015). The harmful toxic com-
pounds present in coal and ash - in addition to
CO, emissions from coal combustion - are par-
ticularly dangerous (e.g., As, Pb, Hg, Co). The car-
rier of these pollutants is usually the mineral mat-
ter. The inorganic matter in coal is usually present

in the form of minerals, other aggregations in the
form of veins or macroscopically visible layers or
dispersed throughout the coal macerals (Ward
2002). The size of individual mineral grains var-
ies largely in the range from less than one mi-
crometer to tens or hundreds of micrometers
(Taylor et al. 1998).

Minerals found in coal are divided into three
groups on the basis of their origin (Stach et al.
1975): (1) minerals from the original plants;
(2) minerals formed in the initial stage of the
coalification process or introduced into the peat
by water and wind, and (3) minerals deposited
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in the second phase of the coalification process,
after consolidation of coal, by ascending or de-
scending solutions in cracks, fissures, and cavi-
ties or by alteration of primarily deposited min-
erals. The most common minerals in coal include
quartz, clay minerals, feldspars, carbonates,
sulfide minerals, and sulfates. Therefore, sulfides
can be categorized as either of syngenetic (pri-
mary), early-diagenetic, or epigenetic (second-
ary) origin (Stach et al. 1975). Sulfides in coal
are mainly represented by pyrite (FeS,), marca-
site (FeS,), pyrrhotite (Fe_,S), sphalerite (ZnS),
galena (PbS), and chalcopyrite (FeCuS,). Py-
rite is a common mineral in many coal seams,
especially those of Carboniferous age, in Eu-
rope and North America (Harvey & Ruch 1986,
Demchuk 1992).

Many previous studies (Balme 1956, Wiese &
Fife 1986, Frankie & Hower 1987, Harvey & De-
Maris 1987, Renton & Bird 1991, Kwiecinska et al.
1992, Baruah 1995, Turner & Richardson 2004,
Dai et al. 2006, 2010,Elswick et al. 2007, Widodo
et al. 2010, Chou 2012) have described the char-
acteristics, type, morphology, genesis, and distri-
bution of pyrite in coal seams from different de-
posits. In Poland, the issue of sulfides in coal has
been discussed by Kucha & Lipiarski (1988) and
Sawtowicz (2000).

Hazardous air pollutants, released during
coal utilization, are common in sulfide miner-
als occurring in coal (Weise et al. 1990, Spears
et al. 1999, Dai et al. 2003, Yudovich & Ket-
ris 2005, Ketris & Yudovich 2009, Diehl et al.
2012, Kolker 2012, Bielowicz 2013, Kokowska-
Pawlowska 2014, Adamczyk et al. 2015). Accord-
ing to the data of the National Centre for Emis-
sions Management approved by the Ministry of
Environment, the total emission of main air pol-
lutants in Poland in 2013 (in thousand tons) was
as follows: sulfur dioxide — 847, nitrogen oxides
- 798, carbon dioxide - 322,900, carbon oxide —
2876, volatile non-methane organic compounds
- 919, ammonia — 263, and particulates - 407
(Environment 2015).

This study focuses on the sulfides occurring in
Polish hard coal deposits with an emphasis on the
characteristics of forms of occurrence of sulfides
on both macroscopic and microscopic scale and
on the chemical analysis in the micro area.

LOCATION AND COAL QUALITY

The study was conducted on the No. 111-119
seams from the Libigz area, belonging to the Cra-
cow Sandstone Series in the UpperSilesianCoal-
Basin. Samples of coal from the eastern part of
the Upper Silesian Coal Basin, between Jawor-
zno and Libigz (Fig. 1), were collected from test
boreholes and underground excavations of the
Janina Coal Mine. The mining area of the Janina
Coal Mine is located approximately 50 km west
of Krakow. The Janina Coal Mine is located in
the eastern part of the main basin of the Upper-
SilesianCoalBasin. The drillings have shown that
the geological structure of the deposit exploited
in the Janina mine contains Carboniferous, Tri-
assic, Miocene, and Quaternary formations. The
exploited coal varies between lowrank coal (sub-
bituminous coal) and medium rank coal (para-
bituminous coal, medium rank D), occurring
within the Cracow Sandstone Series in Libigz and
Laziska Beds (Fig. 2). The No. 111-119 hard coal
seams, which were also examined, stratigraphi-
cally belong to the upper part of the Cracow
Sandstone Series (The Libigz Beds).The Libigz
Beds constitute the uppermost part of Carbon-
iferous formations of the UpperSilesianCoalBa-
sin (Dembowski 1972). The thickness of the dis-
cussed layers varies and in the central part (Fig. 1)
it reaches up to 400 m. This area is dominated by
conglomerates and sandstones, while the thin
layers of mudstones and claystones are generally
over- and underlying the coal seams. The share
of sandstones in the profile ranges from 70% to
80%. The Libigz Beds include eight to nine coal
seams, of which four - the No. 116-119 - are of
industrial importance, while their total thickness
varies from 5 m up to 6.3 m (Jureczka et al. 1995).
The main technological parameters in the stud-
ied coal seams are as follows: average ash con-
tent (A*) - 10.40% (in the range from 6.4-18%),
average sulfur content S - 1.7% (ranging from
0.6%to 2.5%), average moisture M,"" - 19.3% (in
the range from 19% to 21%), average net calorific
value NCV - 28.71 MJ/kg, and average vitrinite
reflectance R - about 0.5%. These seams are char-
acterized by relatively high sulfur content, which,
depending on a seam, ranges from 1.5% to 2.5%
(Gérecki 1985).
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Fig. 2. Location of coal from the Janina mine in the UNECE International Classification of In-Seam Coals (UNECE 1998)
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SAMPLING AND
ANALYTICAL METHODS

The stratigraphic sections containing the coal
seams were measured, which was followed by the
collection of lump samples. Six coal seams were
profiled (No. 111, 112, 113, 115, 116/2, 119/2), from
which 93 samples were collected. The collect-
ed samples were described macroscopically. The
macroscopic analysis has shown that sulfides oc-
cur in 37 coal samples. Then, the collected sam-
ples were grinded to grain size <1 mm and used as
material for polished sections made according to
PN-ISO 7404-2:2005. Petrographic examination
was performed under white reflected light and
blue light excitation using an Zeiss Opton micro-
scope according to PN-ISO 7404-3:2001 stand-
ard. Reflectance of vitrinite were carried out to
PN-ISO 7404-5:2002. Maceral nomenclature for
the vitrinite and inertinite maceral groups is ac-
cording to the International Committee for Coal
and Organic Petrology (Stach et al 1982; ICCP,
1998, 2001). Maceral nomenclature for the lip-
tinite group is according to Taylor et al. (1998).
The maceral group and sulfides content analy-
sis were performed with the use of 500 equally
spaced points on the surface of the polished sec-
tions. Five coal seams with the most diverse forms
of sulfides were selected for the wavelength dis-
persive X-ray spectrometer (WDS) analysis. The
coal samples were tested using a JEOL JXA-8230
superprobe electron microprobe, used to analyze
the chemical composition of solids in the micro
area (<1um). The elemental composition analysis
in the micro area was performed using an energy
dispersive spectrometer (EDS) X-ray micropro-
be for all elements from boron to uranium. The

quantitative analysis of the elemental composi-
tion using the secondary wavelength-dispersive
X-ray spectroscopy (WDS) was performed with
five spectrometers. The WDS analysis was per-
formed with a 20 nA current and an accelerating
voltage of 20 kV. Counting times of 20 seconds
on peak and 10 seconds on both (+) and (-) back-
grounds were used. The following standards and
lines were used: HgTe, PbS, CdS, FeS,, Au, Co,
Sb,S,, Ag, Ni, ZnS, and GaAs. The pictures in the
micro area and the EDS analysis were taken using
a FEI Quanta 200 FEG Field Emission Scanning
Electron Microscope.

The qualitative determination of the mineral
composition of sulfides was carried out with the
X-ray diffraction (Debye-Scherrer method) on
the 119/2 sample. The diffractograms of sulfides
from the sample were recorded with a RIGAKU
MiniFlex X-ray diffractometer using the follow-
ing parameters: Cu, radiation, reflective graphite
monochromator, x-ray tube voltage 30 kV, X-ray
tube current 20 mA, a step-by-step record: step =
0.05° 20, counting time 1 sec/step.

The d-spacings obtained from diffractograms
were used to identify the mineral phases included
in the tested samples using data from the ICDD
(ICDD 2017) and XRAYAN software.

RESULTS AND DISCUSSION

Petrographic analysis

The petrographic analysis of the No. 111-116/2
seams specifies the maceral and sulfide content in
relation to the thickness of the whole coal seam. In
case of the No. 119/2 seam, the analysis included
samples with macroscopically visible sulfides. The
results are presented in Table 1.

Table 1
Petrographic composition of coal from the Janina Coal Mine
. Vitrinite Inertinite Liptinite Mineral matter
Thickness
Seam No. group group group sulfides others
m %
111 1.16 69.2 18.4 7.9 1.7 2.8
112 0.59 67.3 17.4 12.2 2.8 0.3
113 1.01 64.6 20.1 9.9 4.5 0.9
115 1.41 71.1 16.3 6.2 5.2 1.2
116/2 1.74 59.5 27.1 12.1 0.9 0.4
119/2 3.46 Point samples
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The distribution of maceral groups in coal
from the tested coal seams is as follows: the vit-
rinite group comprises 59.5-71.1%, the inerti-
nite group 16.3-27.1%, and the liptinite group
6.2-12.2%. The percentage of sulfides in the tested
coal seams ranges 0.9%-5.2%. A detailed petro-
graphic analysis of the petrographic composition
of the No. 116/2 seam, albeitina different location,
has been done by Misiak (2011).

Macroscopically, iron sulfides (pyrite, marca-
site) found in hard coal seams in the LibigZz Beds
occur very frequently and in different forms.
These are usually vein, pocket-like (impregnation)
forms, massive, and dispersed forms. The presence
or absence of bireflection is an undisputed deter-
minant used to differentiate pyrite from marca-
site (Uytenbogaardt & Burke 1985). The varying
proportions of pyrite and marcasite depend on
the form of their occurrence. Pyrite and marcasite
in vein forms are often interlayered. On the other
hand, pyrite can usually be found in impregnation
and framboidal forms.

Vein forms cross cut across bedding, their hor-
izontal size ranges from less than 1 mm to sev-
eral mm (Fig. 3A, B). Individual veins occur very
rarely. Usually two, and up to ten, veins occur
next to each other; the width of such zones is up
to several centimeters, while the length is highly
variable,ranging from a few millimeters to several
decimeters.

Veins of large lengths can be found in coal
containing various lithotypes, such as vitrain, du-
rain, clarain, and fusain, interlaying each other
(Fig. 3A). Veins of short lengths from a few to sev-
eral millimeters usually occur in contraction fis-
sures in vitrain. Usually, veins occur in skeletal
forms (Fig. 3A), which means that they underwent
numerous fissions; the main vein of a thickness of
a few millimeters is often accompanied by a num-
ber of thin veins of different lengths and direc-
tions. Massive forms (Fig. 3B), which are thicker
than skeletal forms, occur less frequently and are
usually not accompanied by thin veins. These oc-
cur in areas where the aforementioned veins go
through the vitrain layers or can be found in con-
traction fissures. Veins of horizontal orientation
(Fig. 3C) are usually connected with vertical fis-
sures and are developed in the contraction fissures
in vitrain.

Pocket-like forms (Fig. 3D, E, F) are to 3 mm
impregnations of iron sulfides within fusain. The
degree of filling of voids with sulfides in fusain is
different and ranges from several to 100%. Pocket-
like forms containing sulfides are often surround-
ed by a halo of thin veins.

Dispersed sulfides in the tested coal are rela-
tively rare; because of their dimensions, theyare
usually macroscopically “invisible”. However,
they are macroscopically visible (Fig. 3G) when in
high concentrations — usually in the form of poly-
framboids. Such forms of pyrite with sizes rang-
ing from below 1 mm to several mm have been
observed in vitrain, durain, and fusain.

On the basis of microscopic observations, sev-
eral forms of the occurrence of iron sulfides in the
studied coal can be distinguished. Framboidal py-
rite occurs relatively rarely. Out of the six tested
coal seams, its presence has been found in only
a few sections of a few centimeters length, where
the petrographic composition of coal has revealed
the occurrence of alginite. Single framboids or
their concentrations can be found in collotelin-
ite, collodetrinite, and fusinite. The size of indi-
vidual framboids varies in the range from 10 pm
up to 20 um. In the case of high concentrations of
framboids in one place, they form polyframboidal
aggregates of sizes up to 200 um (Fig. 4A). Fram-
boidal pyrite is an early diagenetic form of pyrite
(Wilkin & Barnes 1997), is categorized as synge-
netic (Dai et al. 2007) and originates from pyriti-
zation by sulfur bacteria (Casagrande et al. 1977,
Kortenski & Kostowa 1996, Querol et al. 1989,
Renton & Cecil 1979).

Pyrite in the euhedral form of crystals (Fig 4B)
is rare in the studied coal and has been detect-
ed in only a few locations within massive pyrite.
The size of single crystals ranges from 30 up to
400 um. However, these are not typical euhedral
forms with well-developed crystals usually in the
dispersed form, as described by Kortenski & Kos-
tova (1996) and Querol et al. (1989).

Iron sulfides in the vein form cut through the
coal seams in different directions; usually these
are not single veins, as they typically form a net-
work of cracks. In collotelinite (Fig. 4C), the main
veins intersect all layers of this maceral while ac-
companying veins fill the contraction fissures.
Veins continuing in areas made of other macerals
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(Fig. 4D), in this case collodetrinite binding lipt-
inite group macerals (mainly sporinite), are of dif-
ferent orientations and smaller. Such forms of iron
sulfides, occurring in fractures and cleats in coal,
are referred to as “infiltrational pyrite” by Korten-
ski & Kostova (1996).

Iron sulfides form impregnation forms, typi-
cally associated with the positions of fusinite oc-
currence. Sulfides occur in voids and fill them in
varying degrees from 1% up to 100%. An example
of the partial filling of fusinite cells with sulfides
is presents in Figure 4E.

Fig. 3. Macroscopic forms of occurrence of iron sulfides (pyrite, marcasite) in the hard coal seams of the Libigz Beds:
A) skeletal/vein forms (VS) slanted to the bedding of coal; B) massive forms, slanted to the bedding of coal; C) vein forms parallel
to the bedding of coal; D), E), F) pocket-like (impregnation) forms (1S); G) dispersed forms (DS). Scale bar is the same for all images

https://journals.agh.edu.pl/geol



The forms of occurrence and geochemistry of sulfides in hard coal deposits of the Libigz Beds in the Upper Silesian Coal Basin... 115

200 pum

Fig. 4. Microscopic forms of occurrence of iron sulfides (pyrite, marcasite) in the hard coal seams of the Libigz Beds. Reflected
light photomicrograph of: A) framboids and polyframboids; B) euhedral crystals and massive aggregations; C) veins in contrac-
tion fissures of collotelinite; D) veins in contraction fissures of collotelinite (middle part of the image), veins in collodetrinite with
liptinite (upper and lower part of the image); E) iron sulphides in fusinite cells; F) iron sulphides in fissures around macrosporin-
ite; G) iron sulphides in secretinite voids; H) iron sulphides binding the coal breccia in the fissure
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Sometimes, the impregnations of this type
take a framboidal form, but only in these
sections of the profile where framboids oc-
cur in other macerals, such as collotelin-
ite and collodetrinite. In the tested coals, the
sporadic occurrence of iron sulfides in the
form of impregnations around macrosporin-
ite (Fig. 4F), funginite, and in secretinite
(Fig. 4G) has been observed. Such forms of iron
sulfides,whose shape depends on the shape of
cell lumens and pores filled with plant debris
(dead plant material), are referred to as “anhe-
dral pyrite” by Kortenski & Kostova (1996). Iron

100

sulfides may also bind coal breccia in fissures
(Fig. 4H).

X-ray diffraction

The No. 119/2 sample was subjected to X-ray dif-
fraction. The identification of some of the sulfides
during microscopic examination has brought some
problems related to, among others, too small di-
mensions of samples. The X-ray diffractogram of the
analyzed sample with identified phases is shown in
the Figure 5. This analysis has confirmed earlier mi-
croscopic observations of iron sulfides — represent-
ed by pyrite and marcasite — in the tested sample.
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Fig. 5. X-ray diffractogram of sulfides from the coal sample No. 119/2

Scanning electron microscopy with the EDS

Scanning electron microscopy has revealed that
pyrite and marcasite forming the vein formations
are multigenerational. However, as observed with
the EDS analysis, the aforementioned veins are
made of iron sulfide of similar chemical composi-
tion, which has been shown in Figure 6.

The chemical analysis in the micro area

The WDS analysis in the micro area revealed the
chemical composition of sulfides, showing that
the tested seams contain mainly iron sulfides. In
addition, small amounts of galena and sphalerite
can also be found. The iron sulfides also contain

admixtures of Pb, Hg, Zn, Cu, Au, Ag, Sb, Co,
and Ni. No As and Cd was found in the exam-
ined minerals. Minor differences in the chemical
composition are manifested with changes of the
image color.

Pure pyrite and marcasite contain 46.55%
Fe and 53.45% S. The sulfides in the tested sam-
ples ranged from 43.76% to 46.46% Fe and from
50.26% to 53.87% S, with mean values of 45.6% Fe
and 52.75% S (Tab. 2). Both iron and sulfur con-
tent in the tested minerals is poorly variable. Sim-
ilar results for Fe and S content in iron sulfides
from coal were obtained by Ruppert et al. (2005)
and Kucha & Lipiarski (1998).
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Lead, reaching up to 1.4% in the vein forms of
pyrite and marcasite, has the highest concentra-
tion out of all admixtures in pyrite and marcasite
(Tab. 2, Fig. 7A). The Clarkevalue of this element
in the Earth’s crust is 15 ppm (Kabata-Pendias &
Mukherjee 2007).

The average Pb content in vein forms is 0.25%.
The sulfides with high lead content are character-
ized by a lighter color. Framboidal pyrites gener-
ally contain less lead; its maximum value in the
tested sulfides amounted to 0.19%. In the study by
Hower et al. (2008), lead content in pyrites also did
not exceed 0.2%. The study by Diehl (2004) on Al-
abama coals found up to 18 ppm Pb in pyrites and
has not found any relationship between pyrite de-
velopment and the content of Pb.

Mercury (Hg) is a very toxic chemical element,
which is highly active chemically and biologically
and variable in occurrence. Although mercury in
the environment is present only in trace amounts,
the large geochemical and biochemical activity
makes it a serious threat to living organisms. This
element highly accumulates in coal, which is the
reason for its emissions during the combustion of
coal-based fuel. Mercury abundance in the Earth’s
crust is very low, in the range of 0.02-0.06 ppm.
Mastalerz et al. (2004) assumed a correlation be-
tween Hg and pyrite, suggesting that mercury is
only partially associated with pyrite. Similar ob-
servations, suggesting that elevated mercury con-
tent has been determined in only a few pyrites,
have been reported by Hower et al. (2008).

The maximum mercury content in the ana-
lyzed sulfides is 0.10%, while the average con-
tent of this element is 0.02%. Significant differ-
ences in mercury content depending on the pyrite
and marcasite morphological type have not been
shown.

Zinc (Zn) is an important micro element es-
sential for the proper functioning of the human
body, but toxic when found in larger quantities.
The Clarke value of zinc in the Earth’s crust is
52-80 ppm.

The zinc content in the tested coal sulfides is
very variable, and reaches a maximum of 0.03%.
Locally, in some deposits, Zn content in pyrites
can reach 0.05% (Belkin & Luo 2008).

Copper occurs in the Earth’s crust at concen-
trations between 25-75 ppm and has a strong

affinity with sulfur. It is commonly associated
with chalcopyrite, FeCusS,; sphalerite, ZnS; pyrite,
FeS; and galena PbS. For the sulfides in the tested
coal, higher Cu values are observed in vein forms,
reaching up to 0.48% (Fig. 7C). In Lower Cam-
brian black shale (stone coal), Guizhou Province,
China, the content of Cu in pyrites amounts up to
0.79% (Belkin & Luo 2008).

In the earth’s crust, the mean Ni abundance
has been estimated at about 20ppm. Nickel reveals
both chalcophilic and siderophilic affinity. Nick-
el occurred only in part of the tested sulfides, re-
gardless of the morphological type. The highest
measured content was 0.14% in framboidal pyrite.
In coal from the Upper Silesian Coal Basin, the
nickel content in pyrites from the No. 301 seam
reached up to 0.33% (Kucha & Lipiarski 1998).
Locally, at individual deposits, the nickel content
can reach 1.37% (Belkin & Luo 2008). In the study
by Hower et al. (2008), Ni, Cu, and Zn have also
been found in some of the samples, while their
concentrations ranged from low values to more
than 0.01%.

Cobalt is a relatively rare element, its average
content in the Earth’s crust amounts to 200 ppm.
The cobalt content in the tested sulfides ranged
from 160 ppm to 1290 ppm. The analysis has not
shown significant differences in cobalt content in
different types of sulfides. In the case of coal from
the Upper Silesian Coal Basin, the Co content in
pyrites from the No. 301 seam amounted to 0.48%
(Kucha & Lipiarski 1998).

The geochemical characteristics of Ag are simi-
lar to those of Cu. Silver was measured only in some
of the sulfides and the maximum content amount-
ed to 0.02%. The highest value was observed in the
vein forms, just as in the case of copper.

The abundance of Au in the Earth’s crust is
about 3 ppb; in the case of coal, this value amounts
to 4 ppb. In the analyzed minerals, the Au con-
tent amounts up to 0.13 ppm. On average,
Au content in the tested crystals is 0.04%. Such Au
contents are often found in natural pyrites (Fleet &
Mumin 1997).

Antimony (Sb) is a rare element; its average
content in the Earth’s crust ranges from 0.2 ppm
to 0.5 ppm. The study has shown that antimony
is present only in vein sulfides, where its content
reaches to 0.05%.
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122 Bielowicz B., Misiak J.

10um AGH 11/3/201%
20.0KV COMPO  NOR WD 11.0mm 15:35:16!

10pm  AGK 1/12/2016
20.0kV COMPO NOR WD 11.0mm 09:47:26¢

A ..\' . Bl

Fig. 7. The WDS (wavelength-dispersive X-ray spectroscopy) image of sulphides with the measurement points: A) iron sulfides
(pyrite, marcasite) with a local lead enrichment (point 1, 2, brighter spots; sample 116/7); B) iron sulfides (pyrite, marcasite,
points 2, 3) with a local lead enrichment (points 1, 4, 5, brighter spots; sample 116/14); C) iron sulfides (pyrite, marcasite) with a lo-
cal lead, copper and silver (point 1) and zinc (point 2) enrichment (sample 116/14); D) polyframboids (points 1, 2, 5) with a local
arsenic enrichment (point 3, sample 115/2); E) polyframboids (point 1, 2, and 3) and breccia with a binder (point 4; sample 115/2);
F) iron sulphides (framboids) in fusinite cells (point 1, 3), local oxygen enrichment (point 2; sample 115/2); G) iron sulfides (py-
rite, marcasite) with sphalerite (point 1; sample 119/1); H) iron sulfides (pyrite, marcasite) with galena (point 1; sample 116/14).
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Arsenic is widely distributed in the environ-
ment. It occurs in the Earth’s crust in the range-
from 0.5 ppm to 2.5 ppm. No arsenic was found
in the tested vein pyrites. In the framboidal py-
rites, its content reaches up to 0.08% (Fig. 7D).
The measured content is relatively low. Mean-
while, higher content can be observed in oth-
er deposits, including the Lost Creek depos-
it, where the arsenic content in pyrites is 0.65%
(Diehl et al. 2004). What is more, the study by
Diehl et al. (2004) suggests the dependence of py-
rite concentration on the morphology of sulfides,
while the highest concentrations can be observed
in massive forms. However, the question of en-
richment in arsenic in impregnation forms is not
clear. The element distribution map of As demon-
strates at least two episodes of opening and seal-
ing of the veins by As-poor and an As-rich pyrite
(Diehl et al. 2004). An electron microprobe study
of a 0.04% As lithotype from the Fire Clay coal
bed, eastern Kentucky by Ruppert et al. (2005),
has found wide variations in the concentration
of As in different Fe-sulfide morphologies.In the
examined hard coal from the Janina Coal Mine,

only some framboidal pyrites, believed to be syn-
genetic framboids, were enriched in As. Mas-
talerz & Drobniak (2007) have observed pyrite-
As associations in the Springfield and Danville
coals, Indiana. It has been suggested that arsenic
is mainly associated with pyrite, both syngenetic
and epigenetic.

The WDS analysis allowed observing pyrites as
impregnations of macerals characterized by zonal
structure (Fig. 7F). The aforementioned structure
results from variable oxygen content and arsenic
admixtures, as indicated by the measurements
(Tab. 2).

The increased oxygen content of the iron sul-
fides has also been observed by Kucha & Lipiarski
(1998) who linked this phenomenon with the oxi-
dation of pyrite or marcasite.

Sparsely occurring sphalerite and galena are
in the form of inclusions within pyrite and mar-
casite. Sphalerite contains up to 6.49% iron. The
admixtures of Fe and Bi are also observed in ga-
lena (Tab. 3). When it comes to iron sulfides in the
vicinity of the crystallized galena, no lead (Pb) in
pyrites can be observed.

Table 3
The chemical composition of galena and sphalerite determined by WDS analysis
The content of elements in sphalerite [%)]

Sample Cd | In Zn | Cu S Sn | Hg | Fe | Mn | Ag Ga Ge | Total |Figure
119/1/6/pointl | 0.00 | 0.00 | 62.93 | 0.00 |32.47 | 0.00 | 0.01 | 3.28 | 0.00 | 0.00 0.00 | 0.00 | 98.70 F;é
119/1/7/pointl | 0.03 | 0.02 | 60.08 | 0.00 |34.89 | 0.00 | 0.00 | 6.49 | 0.00 | 0.00 0.00 | 0.00 | 101.51 -

The content of elements in galena [%]

Sample Te | Pb Bi S Cu | Fe Sb | Ag | Se | Total |Figure
116./14/4/ 0.04 | 88.2 | 0.74 | 13.78 | 0.00 | 1.38 | 0.00 | 0.08 | 0.00 | 104.23 Fig.
pointl 7H

CONCLUSIONS of framboidal pyrite are visible macroscopically

Macroscopically, iron sulfides (pyrite, marcasite)
found in hard coal seams are usually in vein and
pocket-like (impregnation) forms. Usually, veins
occur in skeletal forms, which means that they
undergo numerous fissions. Massive forms occur
less frequently. While thicker than skeletal forms
and their surroundings, they are not accompanied
by thin veins. Pocket-like forms are impregna-
tions of iron sulfides within fusain. The aggregates

in the case of high concentrations, usually in the
form of polyframboidal aggregates.

On the basis of microscopic observations, the
following forms of the occurrence of iron sulfides
in the studied coal have been observed. Framboi-
dal pyrite occurs relatively rarely. Single framboids
or their concentrations, often forming polyfram-
boidal aggregates, have been observed. Framboids
in the tested coal seams have been found only in
a few sections of a few centimeters length, where

Geology, Geophysics and Environment, 2017, 43 (2): 109-125
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the petrographic composition of coal has revealed
the occurrence of alginite, an indicator of the re-
ducing environment. This pyrite is probably syn-
genetic. Epigenetic iron sulfides occur in the vein
form, filling the fissures in coal, or in impregna-
tion forms, which usually are associated with posi-
tions of fusinite occurrence; sporadically, they oc-
cur as impregnations around macrosporinite, in
funginite and binding coal breccia in the fissures.

The WDS analysis in the micro area has shown
different generations of iron sulfides. The analysis
has shown that the sulfides occurring in the tested
coal are mainly pyrite or marcasite. Their compo-
sition is similar regardless of morphological for-
mation. However, no significant admixtures other
than iron and sulfur have been observed in both
pyrite and marcasite. Locally, the Pb content ex-
ceeds 1% in the tested samples, usually in the case
of vein forms. When it comes to impregnation
forms, the zonal change in the oxygen content,
which may result from the oxidation of framboi-
dal pyrite, has been observed. In addition to the
iron sulfides, individual inclusions of galena and
sphalerite within the pyrite and marcasite have
been observed.

The work was conducted under Statutory Re-
search No. 11.11.140.320.

The authors would like to thank MSc. Gabriela
Kozub-Budzyn and MSc. Adam Gawet for carrying
out the analysis.
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