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A B S T R A C T

The Paleocene high volatile B bituminous Raša coal, mined on the Istrian Peninsula, Croatia, for nearly 400years
up to 1999, is notable in having a superhigh organic sulfur (SHOS) content, exceeding 11% in some cases.
The latter feature contributed to interest in the coal, far outweighing its status as a locally-used coal. Investi-
gation by organic petrology, X-ray diffraction mineralogy, X-ray fluorescence and ICP-MS chemistry, SEM-EDS
and TEM-EDS-SAED, micro-FTIR spectroscopy, and Raman spectroscopy showed that the Raša coal is dominated
by vitrinite-group macerals, CaO and SO3, carbonate minerals with contributions by Sr- and Ba-sulfates at the
sub-micron scale, and the contribution of sulfur to the organic structure. Compared to Chinese SHOS coals and
world ash, a majority of analyzed trace elements in Raša coal and ash, respectively, were depleted (up to 0.8
times), with the exception of V, Se, Sr, and Ba, which were increased 1.7 to 26 times. This fact, supported by
elevated trace element concentrations in dripstone, are evidence for weathering of Raša coal by underground
water, which is contaminating the local environment with trace elements, selenium in particular. Results of this
study warrant further research.

1. Introduction

Coal, arguably the most complex geological material, is an impor-
tant and versatile material, powering industries as well as scientific re-
search (Medunić et al., 2018a). Being highly heterogenous, it is com-
posed of H2O, organic compounds (e.g. oil, CH4), a wide variety of
minerals, plant remains, and organically- or inorganically-bound chem-
ical elements (Ward, 2002, 2016; Rađenović, 2006). Coal characteriza-
tion commonly involves various microscopic and spectroscopic analy-
ses. Coal organic petrology deals with organic components called mac-
erals, which are fundamental to defining the nature of coal, i.e. its rank

and type (Ward, 2002; O'Keefe et al., 2013), and provide informa-
tion on coal depositional environments, coking yields, petroleum gen-
eration potential, etc. (Pickel et al., 2017). Minerals, non-combustible
impurities that leave an ash residue upon coal combustion, also pro-
vide information on the depositional conditions and geologic history
of coal-bearing sequences and individual coal beds (Ward, 2002), and
as the host of most trace elements in coal, are important in assessing
the environmental impact of coal stockpiles and refuse emplacements
(Ward, 2016). Recently, trace element abundances in coals have been
studied by means of geochemical methods from a practical perspective.
Namely, some coals are enriched in certain trace elements, such as U,
Se, Mo, V, Re, rare earth elements, Y, etc., which could potentially be
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Fig. 1. Map of the study area. A/ Geographical position of the study area. Rectangle shows a global position of the Istrian Peninsula the geology of which is depicted on B. B/ Geological
map of the Istrian Peninsula. Black rectangle (east coast of the Peninsula) marks a position of the Istrian coal mines Raša. C/ Aerial view of the Raša town. Rectangle marks a position
of the Raša coal mine. D/ The left part is an excerpt of the geological map shown on B. The right part is a geological profile A-B, showing a geological setting of the Raša coal. More
geological details can be found in Velić et al. (2015).

utilized from the coal combustion byproducts, e.g., fly ash (Dai et al.,
2015), or directly from coal (Dai et al., 2017). Scanning electron micro-
scope (SEM) and transmitted electron microscope (TEM) techniques are
complementary methods to light microscopy, X-ray diffraction, Raman
spectroscopy, etc., providing information on micro-nanoscale physical
and chemical characteristics of coal, organic-rich shales, and carbona-
ceous materials (Kwiecińska et al., 2019). Reflectance micro-Fourier
Transform infra-red spectroscopy (FTIR) is a technique which exam-
ines a distribution of functional groups in coal macerals. Its advan-
tages include the ease of sample preparation, the potential to ana

lyze large intact samples, and ability to characterize organic matter in
areas as small as 20μm (Mastalerz and Bustin, 1996). Its results can pro-
vide more detailed information on origin, heterogeneity, and history of
coal (Chen et al., 2012). Raman is a non-destructive analytical method
for examination of minerals inside of the complex rock samples and in
association with their inorganic matrices without the need of previous
isolation and extraction. Hereby, spectral vibrational data from complex
natural mixtures of polyaromatic hydrocarbons can be related to the
thermal alteration processes that occur in relevant terrestrial geological
systems (Frank et al., 2007).
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Table 1
Micro-FTIR parameters.

Semi-
quantitative
index Index calculation Band region (cm −1)

Aromaticity 1
(AR1)

CHar stretching/CH al (3000−3100)/(2800–3000)

Aromaticity 2
(AR2)

CHar out-of-plane
deformation/CH al

(700–900)/(2800–3000)

Chain length CH2/CH3 (2900–2940)/(2940–3000)
‘A’ factor CHal stretching/(CH al

stretching + C C)
(2800–3000)/[(2800–3000)+1600]

Table 2
Mineral-included maceral and mineral composition, mineral-free maceral composition
(vol%), and vitrinite maximum and random reflectances of coal sample (%).

8693
Telinite 6.5 8.3
Collotelinite 20.4 25.7
Total telovitrinite 26.9 34.0
Vitrodetrinite 33.8 42.7
Collodetrinite 0.0 0.0
Total detrovitrinite 33.8 42.7
Corpogelinite 4.2 5.3
Gelinite 0.0 0.0
Total gelovitrinite 4.2 5.3
Total vitrinite 65.0 82.0
Fusinite 0.4 0.5
Semifusinite 1.9 2.4
Micrinite 0.0 0.0
Macrinite 0.4 0.5
Secretinite 0.0 0.0
Funginite 3.5 4.4
Inertodetrinite 0.0 0.0
Total inertinite 6.2 7.8
Sporinite 5.0 6.3
Cutinite 0.0 0.0
Resinite 1.9 2.4
Alginite 0.0 0.0
Liptodetrinite 0.8 1.0
Suberinite 0.0 0.0
Exsudatinite 0.4 0.5
Total liptinite 8.1 10.2
Silicate 3.1
Sulfide 0.4
Carbonate 16.5
Other 0.8
Total mineral 20.8
Rmax 0.69
st dev 0.05
Rrandom 0.65
st dev 0.05

Today, coal-derived electricity is being replaced by renewable en-
ergy in many countries due to environmental pollution issues (e.g.
Medunić et al., 2018b; Radić et al., 2018; Yang et al., 1983). However,
coal, due to its abundance and affordable costs, remains the key and
most reliable source of electricity, mostly in China and India, but also
in South Africa, some European countries (Poland, Greece, Bosnia and
Herzegovina, and Romania), some US states, Australia, and Indonesia.
Notwithstanding, according to forecast, the global coal market will see
a gradual decline in demand due to growth of nuclear, renewables, and
natural gas (International Energy Agency, 2019).

Croatia, a Central European country, experienced intensive coal min-
ing and coal utilization activities in the past, primarily at the eastern
part of the Istrian Peninsula (Fig. 1). The historical and geological as-
pects of local coal-mining activities were extensively described by

Medunić et al. (2016a). Briefly, the Istrian Raša coal mines include a
technological landscape stretching over 200km2, with >14km of un-
derground mining corridors. During 17th – 19th centuries, the three old-
est coal-mining centers were Štrmac, Krapan, and Vinež, whereas Labin
and Raša were developed in the early 20th century. Noteworthy, the lo-
cal Paleocene Raša coal belongs to a class of superhigh-organic‑sulfur
(SHOS) coal, with S exceeding 11% in some samples (Ignasiak et al.,
1978; White et al., 1990; Sinninghe Damsté et al., 1999; Chou, 2012;
Medunić et al., 2016a). Coal layers are found mostly inside of the Koz-
ina limestone, which has exceptionally high strength. The coal-bearing
beds (Paleocene, part of the Raša formation) are up to 400-m thick, and
are tectonically extremely disrupted, having multiple complex thrusts,
folds, and reverse faults (Velić et al., 2015). Due to tectonics, some parts
of coal mines exceeded 300-m below mean sea level (MSL). The deepest
parts descend from Raša via Labin (−400-m MSL) to Plomin (−500m
MSL). The number and range of coal layers as well as the thickness of
individual layers in the series are variable. In the Labin-Raša area, the
richest area in terms of quantities of local coal deposits, thirteen coal
layers of thickness of 0.8–7.0m, were registered. The Raša coal is au-
tochthonous, formed in paralic basin, and it belongs to humic-sapro-
pelite, albeit vitrinite-rich, type of coal. The largest coal production
(1.16 Mt) occurred in 1942. The Istrian mines produced some 22.81 Mt.
of coal during the period from 1945 to 1984 (Marković, 2003). The last
coal carriage was emptied on 28 May 1999 at 11:30AM, signaling the
official end of the nearly 400-year era of the coal mining in Istria. Dur-
ing that time, approximately 40 Mt. of Raša coal had been excavated.
An estimated 4.4 Mt. of coal remains underground, polluting the local
environment due to coal-mine effluents, which are either directly dis-
charged into local streams or dispersed underground by complex karst
hydrological patterns (Medunić et al., 2018b, 2018c, 2019).

Since Raša coal powered local and regional energy and food indus-
tries, the local environment was found to be severely polluted with S
and organic compounds (Medunić et al., 2016b; Dvoršćak et al., 2019).
Presumably, Raša coal is contaminating local streams, crops, and local
vegetation with Se and other potentially toxic trace elements (Medunić
et al., 2018b, 2018c) as coal-mine shafts have become filled with wa-
ter following their closure. Therefore, the aim of this study was to carry
out comprehensive geochemical, petrological, and mineralogical analy-
ses of Raša coal specimens which have been exposed to coal-mine wa-
ter. Also, associated host-rock and dripstone specimens were analyzed.
Aside from the local interest in the coal (Medunić et al., 2016a, 2016b,
2018b; Fiket et al., 2018), the investigation of SHOS Raša coal serves as
a complement to the study of other SHOS coals (Chou, 2012; Dai et al.,
2015, 2017, 2018; Zhao et al., 2017; Hower et al., 2018; Wei and Tang,
2018).

2. Methods

2.1. Sample collection

A few (4–6 portions weighing 100–300g each) Raša coal specimens,
mixed into one coal sample (code no. 8693) along the spatially asso-
ciated limestone host-rock (code no. 8694), and newly formed carbon-
ate dripstone (code no. 8695) were collected in August 2017 (Fig. 1).
They were taken from outcrops (wall and roof of a mine corridor) inside
of the Raša mine, Istria, Croatia (45°04′N/ 14°04′E). At the last point
deemed to be safe and easily accessible, a random sampling of coal and
rocks was made using a steel hammer. Sampling points were 0.5- to
1.0-m apart in an area over a few square meters. Samples were then
stored in plastic bags and sent for analysis three weeks later. The sam-
ples were consolidated for analysis, crushed and split at the University
of Kentucky.
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Fig. 2. Detrital vitrinite: A) Detrovitrinite with resinite (r), inertodetrinite (i), and carbonate (c). Sample 8693 14; B) Layered and detrital vitrinite with resinite (r) and inertodetrinite (i).
Sample 8693 block 07.

Fig. 3. Liptinite:A) Resinite (r) in a detrovitrinite matrix. Sample 8693 16; B) Resinite (r) and funginite (f) in a detrovitrinite matrix. Sample 8693 1.

2.2. Coal petrology

The petrology of the coal was determined on 2.54-cm-diameter
epoxy-bound particulate pellets prepared to a final 0.05-μm alumina
polish on Leitz Orthoplan microscopes equipped with a 50× re-
flected-light and oil-immersion objective. Vitrinite reflectance was done
with the incoming light polarized at 45° and the reflected light pass-
ing through a 546-nm bandwidth filter on the path to the photomulti-
plier (ASTM, 2011). The photomultiplier was standardized using glass
standards of known reflectance. Maceral identification was based on
nomenclature from the International Committee for Coal and Organic
Petrology (1998, 2001) and Pickel et al. (2017).

2.3. Mineralogy

The coal was oxidized using radio-frequency plasma ashing in order
to obtain low temperature ash (LTA) for XRD mineralogical analysis.
Approximately one gram of sample was pressed into the sample hold-
ers. The XRD analysis was run on an Empyrean Panalytical X-Ray Dif-
fractometer using CuKα radiation at 40kV and 40mA. Step scans were
undertaken from 2 to 90° 2θ, with a step interval of 0.026° 2θ. Mineral
identification was performed using Bruker Eva search/match software.
A quantitative XRD analysis software package, SIROQUANT™, was used
to determine the relative concentrations of the identified minerals.

2.4. Geochemistry

The proximate and ultimate analyses were conducted at the Univer-
sity of Kentucky Center for Applied Energy Research (CAER) following
ASTM procedures. Major oxides were analyzed at the CAER by X-ray
fluorescence (XRF) on a Rigaku ZSX PrimusVI X-ray fluorescence instru-
ment. Inductively coupled plasma mass spectrometry (X series II ICP-MS
at the China University of Mining and Technology - Beijing), in pulse
counting mode (three points per peak), was used to determine minor,
rare earth (REE; REY if Y is included; REYSc if Y and Sc are included),
and trace elements in the coal and host-rock samples. For ICP-MS analy-
sis, samples were digested using an UltraClave Microwave High Pressure
Reactor (Milestone) (after Dai et al. 2011). Arsenic and Se were deter-
mined by ICP-MS using collision cell technology (CCT) in order to avoid
disturbance of polyatomic ions (Li et al., 2014). Multi-element standards
(Inorganic Ventures: CCS-1, CCS-4, CCS-5, and CCS-6; NIST 2685b and
Chinese standard reference GBW 07114) were used for calibration of
trace element concentrations.

2.5. Electron microscopy

For scanning electron microscopy (SEM) at Virginia Tech's National
Center for Earth and Environmental Nanotechnology (NanoEarth) sam-
ples were coated with carbon to prevent charging and then observed
on a FEI Quanta 600 in backscatter electron (BSE) mode to find parti
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Fig. 4. Carbonate: A) Calcite (c) in fractures in collotelinite (ct) and other macerals. Sample 8693 11;B) Calcite (c) in fractures in collotelinite (ct). Sample 8693 block 06;C) Calcite vein
(c) in detrovitrinite matrix. Sample 8693 06;D) Dolomite (d) crystals. Sample 8693 12.

Fig. 5. XRD scan of raw coal and low-temperature ash of coal (sample 8693).

cles with high average atomic numbers. Energy-dispersive spectroscopy
(EDS) analyses were made on particles with high BSE intensity using a
Bruker-AXS XFlash® silicon drift detector. EDS analysis was conducted
at 20keV, a sufficient overvoltage to detect diagnostic energy peaks of
REE and achieve a spatial resolution of approximately 1μm, with an
x-ray penetration of 4–5μm. EDS spectra were processed and analyzed
in the Bruker Esprit software.

Based on the SEM-EDS analyses, an area was selected for transmis-
sion electron microscopy (TEM) analysis. A FEI Helios 600 NanoLab

Focused Ion Beam (FIB) was used to extract and lift out a thin slice con-
taining promising mineral assemblages tentatively identified by SEM.
The slice was mounted on a Cu grid and ion milled to electron trans-
parency. TEM was conducted on a JEOL JEM-2100 analytical electron
microscope, with a LaB6 electron gun, operated at 200keV and equipped
with a JEOL 60-mm2-window silicon drift detector (SDD)-based EDS
system for chemical mapping at a spatial resolution of 3–20nm. Se-
lected area electron diffraction (SAED) was employed for mineralog-
ical identification. In conjunction with SAED and for

5
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Table 3
The relative concentrations (wt%) of the crystalline phases identified in the samples.

Sample Id. Chemical formula 8693 8694 8695

Coal Limestone Dripstone

LTA (wt%) 27.9
Calcite CaCO3 75.8 94.0 99.6
Ankerite Ca(Fe,Mg)(CO 3)2 3.3 6.0 0.4
Dolomite CaMg(CO 3)2 9.6
Magnesite MgCO3 3.3
Pyrite FeS2 0.8
Quartz SiO2 0.2
Bassanite CaSO4·0.5H2O 3.5
Glauberite Na2Ca(SO4)2 3.5

LTA – Low temperature ash

grains too small for SAED, High resolution TEM (HRTEM) was used for
mineral identification. Lattice spacing in HRTEM micrographs was mea-
sured from the corresponding Fast Fourier Transform (FFT) and com-
puted in the Gatan Digital Micrograph® image analysis software.

2.6. Micro-FTIR

Micro-FTIR measurements were performed at the Indiana Geologi-
cal & Water Survey using a Nicolet 6700 spectrometer connected to a
Nicolet Continuum microscope operated in reflectance mode. The mi-
croscope was equipped with a video camera to display images and a
computer-controlled mapping stage, and was linked to a liquid nitro-
gen cooled‑mercury cadmium telluride (MCT) detector (Nicolet Instru-
mentations Inc., Madison, WI, USA). Micro-FTIR spectra were obtained
at a resolution of 4cm−1 over the range 700–4000cm−1 wavenum-
ber, using a gold plate as background. The OMNIC program was used
for spectral de-convolution, curve-fitting, and determination of peak
integration areas. Reflectance micro-FTIR spectra were subjected to
Kramers-Kronig transformation (Kronig, 1926; Kramers, 1927). Peak as-
signments of spectra were based on Painter et al. (1981, 1985), Wang
and Griffiths (1985), Rochdi and Landais (1991), Mastalerz and Bustin
(1996), and Chen et al. (2012). The aperture size used for the analysis
was 50×50μm.

The following semi-quantitative indices were calculated: Aromatic-
ity (AR1 and AR2), A factor – an indicator of hydrocarbon generation
potential, and CH2/CH3– a parameter related to aliphatic chain length.
The calculation of these ratios is shown in Table 1.

Fig. 6. XRD scan of low-temperature ash of rock (sample 8694).

Fig. 7. XRD scan of low-temperature ash of rock (sample 8695).
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Table 4
Moisture (M), ash yield (A), volatile matter (VM), and fixed carbon (FC) (As-received basis); Carbon (C), hydrogen (H), nitrogen (N), total sulfur (Stot), oxygen (O), pyritic sulfur (Spy), sulfate sulfur (Ssulf), and organic sulfur (Sorg) (ash basis); Heating value
(HV) (As-received basis); Chlorine (Cl) (whole-coal (w.c.) basis); major oxides (%, whole-coal and ash basis); minor and trace elements (ppm, whole-coal and ash basis).

Basis Sample M A VM FC C H N Stot O Spy Ssulf Sorg HV Cl

(MJ/kg)

8693 1.23 22.80 47.17 28.80 64.94 4.72 1.16 9.92 0.10 0.03 0.02 9.87 24.47 140
8694 0.08 97.83 16.18 0.50 0.01 0.34 0.10
8695 0.57 97.74 14.56 0.41 0.01 0.06 0.10
Sample ash SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 TiO2 SO3
8693 22.80 0.80 1.37 0.78 54.52 4.50 0.67 0.14 0.02 0.10 36.83
8694 97.83 0.54 0.27 0.67 92.94 3.53 0.07 0.03 0.01 <0.01 1.38
8695 97.74 2.51 1.03 2.60 89.87 1.80 0.04 0.12 0.07 0.06 1.08
Sample ash Li Be V Cr Co Ni Cu Zn Ga Ge As Se Rb Sr Zr Nb

w.c. 8693 22.8 2.2 0.1 92.9 3.8 5.9 20.6 0.1 3.4 0.6 bdl 1.1 5.7 0.1 2580.1 0.0 0.0
8694 97.8 0.9 0.0 1.8 4.1 0.8 10.8 3.9 1.4 0.1 0.0 0.1 1.0 0.4 696.0 0.8 0.1
8695 97.7 2.8 0.1 75.6 115.9 6.4 21.3 5.3 15.4 0.8 0.2 5.3 18.9 2.8 2354.8 6.0 0.5
Sample ash Mo Cd In Sn Sb Cs Ba Hf Ta W Tl Pb Bi Th U

w.c. 8693 22.8 bdl 0.3 0.0 0.0 0.0 0.2 113 bdl 0.0 bdl 0.1 2.0 bdl bdl 2.6
8694 97.8 0.5 0.0 0.7 228 bdl 0.0 10.0 0.0 bdl 0.8 bdl 0.5 0.0 bdl 0.1
8695 97.7 4.1 0.3 0.1 35.2 0.2 0.2 115 0.2 0.2 7.6 0.1 2.5 0.0 0.1 2.2

Sample ash Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
w.c. 8693 22.8 0.3 0.5 0.2 0.5 0.0 0.1 bdl bdl 0.0 bdl 0.0 bdl 0.0 bdl 0.0 bdl

8694 97.8 bdl 0.1 0.3 0.5 0.0 0.2 0.0 bdl 0.0 bdl bdl bdl bdl bdl bdl bdl
8695 97.7 bdl 0.8 0.7 1.3 0.1 0.6 0.1 0.0 0.1 bdl 0.1 0.0 0.1 bdl 0.1 bdl

ash Sample ash Li Be V Cr Co Ni Cu Zn Ga Ge As Se Rb Sr Zr Nb
8693 22.8 9.7 0.4 408 17 26 91 0.4 15 2.4 bdl 4.7 25 0.4 11,316 0.1 0.1
8694 97.8 0.9 0.0 2 4 1 11 4.0 1 0.1 0.0 0.1 1 0.5 711 0.8 0.1
8695 97.7 2.8 0.1 77 119 7 22 5.4 16 0.8 0.2 5.4 19 2.8 2409 6.1 0.5
Sample ash Mo Cd In Sn Sb Cs Ba Hf Ta W Tl Pb Bi Th U

ash 8693 22.8 bdl 1.3 0.1 0.1 0.0 0.7 496 bdl 0.0 bdl 0.3 8.6 bdl bdl 11.4
8694 97.8 0.5 0.0 0.7 233 bdl 0.0 10.2 0.0 bdl 0.8 bdl 0.5 0.0 bdl 0.1
8695 97.7 4.2 0.3 0.1 36.0 0.2 0.2 117 0.2 0.2 7.8 0.1 2.5 0.0 0.1 2.2
Sample ash Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

ash 8693 22.8 1.2 2.1 0.9 2.3 0.0 0.7 bdl bdl 0.0 bdl 0.0 bdl 0.0 bdl 0.0 bdl
8694 97.8 bdl 0.1 0.3 0.6 0.0 0.2 0.0 bdl 0.0 bdl bdl bdl bdl bdl bdl bdl
8695 97.7 bdl 0.8 0.7 1.4 0.1 0.6 0.1 0.0 0.1 bdl 0.1 0.0 0.1 bdl 0.1 bdl
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
UCC 30 64 7.1 26 4.5 0.88 3.8 0.64 3.5 0.8 2.3 0.33 2.2 0.32
correction

ash 8693 0.03 0.04 0.00 0.03 bdl bdl 0.00 bdl 0.00 bdl 0.02 bdl 0.01 bdl
8694 0.01 0.01 0.00 0.01 0.00 bdl 0.00 bdl bdl bdl bdl bdl bdl bdl
8695 0.02 0.02 0.02 0.02 0.02 0.02 0.03 bdl 0.03 0.00 0.02 bdl 0.03 bdl
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Table 5
Comparison of trace element concentrations (ppm) in Croatian SHOS Raša coal and Chinese SHOS coals (whole-coal basis), and respective host-rock (whole-rock basis).

Coal V Cr Ni Cu Zn As Se Sr Mo Cd Sn Ba Pb U

Raša (8693) 92.9 3.80 20.6 0.10 3.40 1.10 5.70 2580 bdl 0.30 0 113 2.00 2.60
Dai et al. (2011) a 35.1 15.4 13.7 17.5 41.4 3.79 2.47 140 3.08 0.25 2.11 159 15.1 2.43
Dai et al. (2015) 892 391 99.7 45.5 66.0 9.24 35.3 182 364 3.43 0.95 68.0 8.86 211
Dai et al. (2017) 278 102 31.0 18.0 62.0 7.00 18.0 314 102 1.50 1.60 59.0 11.0 72.0
World or China b 28.0 17.0 17.0 16.0 28.0 9.00 1.60 100 2.10 0.20 1.40 150 9.00 1.90

CC
Dai 2012 2.6 0.2 1.5 0 0.1 0.3 2.3 18 1.2 0.7 0.1 1.1
Dai et al., 2015 0.1 0 0.2 0 0.1 0.1 0.2 14 0.1 1.7 0.2 0
Dai et al., 2017 0.3 0 0.7 0 0.1 0.1 0.3 8 0.2 1.9 0.2 0
World or China 3.3 0.2 1.2 0 0.1 0.1 3.6 26 1.5 0.7 0.2 1.4

Host-rock
Raša (8694) 1.80 4.10 10.8 3.90 1.40 0.10 1.00 696 0.50 0 228 10.0 0.50 0.10
Dai et al. (2017),

LL5-K3-1R
44.8 31.5 12.6 1.20 8.20 0.23 1.25 4419 5.23 0.16 bdl 22.9 0.20 17.9

CC 0 0.1 0.8 3.3 0.2 0.4 0.8 0.2 0.1 0 0.4 2.5 0

Ash
Raša (8693) 408 17.0 91.0 0.40 15.0 4.70 25.0 11,300 bdl 1.30 0.10 496 8.60 11.4
Ketris and Yudovich (2009) 155 100 76.0 92.0 140 47.0 8.80 740 14.0 1.20 6.40 940 47.0 16.0
CC 2.6 0.2 1.2 0 0.1 0.1 2.8 15 1.1 0 0.5 0.2 0.7

CC – concentration coefficient (ratio of element concentration in investigated samples vs. relevant published work).
bdl – below detection limit.

a Work by Dai et al. (values from Table 1 and references in Dai et al. (2012)).
b Values from Table 2 in Dai et al. (2015).

2.7. Raman micro-spectroscopy

The Raman experiments were performed on polished sections pre-
pared for organic petrography. The Raman spectra were obtained using
a Raman LabRAM HORIBA Jobin Yvon Spex spectrometer interfaced to
an Olympus microscope with 50× objective lens, diffraction gratings
with 1800 lines mm−1 and equipped with a 632.8nm emission line of
a HeNe laser at a power of 20mW. A density filter was always used to
avoid thermal decomposition of samples by the laser.

The incident beam perpendicular to the plane of the sample is fo-
cused through the microscope lens, which also collects the Raman scat-
tered radiation in back-scattering geometry. A highly sensitive CCD
camera was used to collect the Raman spectra. Extended scans were per-
formed on the spectral range 400 to 1800cm−1. The time of acquisition
and the number of accumulations varied in order to obtain an optimized
spectrum for each sample analyzed.

Adequate fits to the experimental data were obtained using a mixed
Gaussian-Lorentzian curve-fitting procedure in a Labspec program from
Horiba-Jobin Yvon.

3. Results and discussion

3.1. Petrology

The Raša coal sample has a high volatile B bituminous vitrinite max-
imum reflectance (Rmax) of 0.69%. The maceral assemblage (Table 2)
is a mix of telovitrinite (approx. 29vol%, [mineral-included basis]) and
detrovitrinite (approx. 34vol%) (Fig. 2 and Fig. 3) with lesser amounts
of gelovitrinite, funginite (Fig. 3B), sporinite, resinite (Fig. 4), and in-
ertodetrinite derived from fusinite + semifusinite (minor amounts are
seen on Figs. 2 and 3). The vitrinite did not appear to fluoresce. Simi-
larly, White et al. (1990) reported that Raša coal was dominated by vit-
rinite and/or bituminite (>90%), with some liptinite (2–3%) and very
little inertinite (2–3%). The minerals are dominated by carbonates, with
cleat- and fracture-filling calcite (Fig. 4A–C) and dolomite (Fig. 4D),
which were also found by White et al. (1990).

3.2. Mineralogy

The XRD patterns of the coal sample (raw and low-temperature ash)
are shown in Fig. 5. The mineral phase composition of the low-tempera-
ture ash (LTA) of the coal is shown in Table 3. The coal LTA was mainly
composed of carbonates (calcite, dolomite, ankerite, and magnesite), as
Raša coal deposits are hosted by karst lithologies which belong to the
Adriatic Carbonate Platform (Velić et al., 2015). Very small amounts of
pyrite, quartz, glauberite, and bassanite were also present in the ash.
Glauberite and bassanite were most likely formed during low-temper-
ature ashing from organically associated calcium, sodium, and sulfur
(Ward, 2002). The presence of these two phases in the raw coal be-
fore ashing was not confirmed by XRD (Fig. 5). However, the concentra-
tions of both bassanite and glauberite in the low-temperature ash were
similar to that of magnesite, only magnesite was identified in the raw
coal. Host-rock and dripstone samples (8694 and 8695, respectively)
were mainly composed of calcite with 6% ankerite in the limestone, and
0.4% ankerite in the limy scale (Figs. 6-7 and Table 3). For comparison,
the main minerals identified in Chinese SHOS coal (Yishan), preserved
within carbonate host-rocks, were illite, quartz, feldspars, and pyrite,
with locally abundant calcite in some cases (Dai et al., 2018).

3.3. Geochemistry

Table 4 shows that SHOS Raša coal (sample 8693) is a high-ash
(22.8%, as-received), high-S (9.92%) coal. All but the 0.05% pyritic and
sulfate sulfur was organic. The 9.87% (as-received) organic S was in
line with previously reported values (Ignasiak et al., 1978; White et al.,
1990). Such S values in Raša coal are characteristic for marine-influ-
enced bituminous coals, resulting from bacterial reduction of marine
sulfate and subsequent incorporation of the reduced sulfur into the or-
ganic coal matter (White et al., 1990), which was supported by the pres-
ence of substantial amounts of calcite and dolomite (Table 3). A review
by Chou (2012) reported that SHOS coals were formed in clastic-starved
basins characterized by algal accumulations and significant in
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Fig. 8. SEM image of carbonate: A and B with included pyrite (inset - B) and pyrite euhedra; C and D with accompanying EDS spectrum showing both carbonate (Mg and Ca) and pyrite
(Fe and S) peaks.

Fig. 9. SEM images and EDS spectrum of Sn-Fe particle.

fluence of seawater. Compared to Raša coal, maximum values of total
and organic S in the Chinese SHOS Yishan coal (Dai et al., 2018) were
even higher, 11.9, and 11.3%, respectively. The sulfur value in carbon-
ate host-rock (sample 8694) was 0.34% (Table 4), nearly seven-times

the average value (0.05%) of S in limestone (Reimann and Caritat,
1998). Compared to the average limestone S (0.05%), a slightly higher
S value (0.06%) was found in dripstone (the sample 8695). Obviously,
Raša coal and coal-bearing strata are both enriched in sulfur, as a con
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Fig. 10. SEM image and EDS spectrum of Sr-S-Ca-rich particle, possibly celestine.

Fig. 11. SEM image and EDS spectrum of Nb-rich particle.

sequence of specific geochemical mechanisms at the time of their for-
mation (White et al., 1990). However, more research should reveal a
behavior of organic S in the marine karst environment in terms of hy-
drogeochemical processes which dictate dissolution and mobilization of
potentially toxic trace elements (e.g. Se, V, U, Mo, Ba, etc.) from Raša
coal, and consequently affect local environment.

The major oxides in the coal were dominated by CaO, and SO3 (the
latter was formed during ashing from organic S) with lesser amounts
of MgO, consistent with the carbonate-dominated mineralogy and or-
ganic sulfur-dominated coal chemistry. The small percentages of SiO2
and Al2O3 reflected the low quartz and silicate content found by XRD.
In the case of Chinese SHOS Yishan coal, it was found to be enriched
in SiO2, MgO, and Na2O, compared with the average percentages for
Chinese coals, but depleted in Fe2O3, MnO, K2O, and P2O5, in line
with the mineralogy (Dai et al., 2018). The REE concentrations (Table
4) in Raša coal sample are markedly lower than their concentrations
reported by Fiket et al. (2018). Previously, analytical work was per

formed on archived coal samples, dating to the time of exploitation,
i.e. decades ago (Fiket et al., 2018), while the Raša coal used in this
study has been exposed to water-mediated leaching processes in the coal
mine. The observed differences may point to the variability in the com-
position of the coal seam or post-mining processes due to flooding of
coal mines. A limited set of samples, unfortunately, precludes a more
detailed discussion.

With the exception of Sr, Ba, V, and Ni, the trace element concen-
trations, expressed on whole-coal basis, were low (Table 4). Compared
to Chinese SHOS coals and world ash, a majority of analyzed trace ele-
ments in Raša coal and ash, respectively, were depleted (0.8–0 times),
with the exception of V, Se, Sr, and Ba, which were increased 1.7 to
26 times (Table 5). This fact, supported by elevated trace element con-
centrations in newly formed dripstone, are evidence for weathering of
Raša coal by underground water, which is contaminating the local en-
vironment with trace elements, selenium in particular. Most of ana-
lyzed trace elements were increased approximately four-fold when ex
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Fig. 12. Sr-Ba-S overlay of TEM image of a mixed mineral particle. EDS spectrum shows the presence of Sr, Ba, and S, along with Al-Si and Ca. The EDS spectrum shown is cumulative of
the mapped region, peaks in green are used for elemental maps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Organic S-rich piece of coal. The pink grain (in white circle) is the chromite in Fig. 14. The dark grain in the coal is an Al-silicate, likely kaolinite. The EDS spectrum is cumulative
of the entire region, the peaks used for elemental maps are in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

pressed on ash basis, which was in accordance with the content of ash
(nearly to 23%). On the contrary, trace element levels in two rocks
samples expressed on whole-rock and ash basis were fairly similar, if

not identical occasionally. However, it should be emphasized that lev-
els of Ni, Sr, Ba, and V in dripstone were increased approximately two-,
four-, 10-, and 40-fold, respectively, compared to Raša coal host-rock.
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Fig. 14. Same region as in Fig. 13. The triangular particle is likely chromite. D-spacings of 2.54Å corresponds to the 311 plane of chromite; d=2.07Å corresponds to the 400 plane (b).
The EDS spectrum (c) is from the chromite.

Fig. 15. S-rich coal with Cu mineral within coal. The EDS spectrum is from the region marked with a white rectangle, in the overlay map.

Moreover, levels of Ni, Sr, Ba, and V in dripstone were increased
approximately four-, five-, 1.3-, and five-fold, respectively, compared
to their world limestone levels (Reimann and Caritat, 1998). These
lines of evidence argue for their aqueous-mediated migration from
host-rocks and possibly Raša coal into newly formed dripstone. In other
words, this confirms the fact that Raša coal-mine water is constantly

contaminating local environment with potentially toxic trace elements
(Medunić et al., 2019).

There are at least three possible explanations for high concentra-
tions of Sr and Ba in Raša coal as follows: 1) their substitution of Ca
and/or Mg in the carbonate phases; 2) the presence of trace amounts
of strontianite and witherite within the carbonate assemblages, or; 3)
the presence of Sr and Ba sulfates, i.e. celestine and barite, respectively.
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Fig. 16. The average micro-FTIR spectrum of the vitrinite (based on 15 individual spectra).

Fig. 17. Representative Raman spectrum obtained on the Raša coal.

The latter was supported by electron microscopy analyses (see the text
below). Moreover, Medunić et al. (2019) found out that among ana-
lyzed trace elements in Raša coal-mine water, Sr and Ba had the highest
values. Compared to world stream water values (Reimann and Caritat,
1998), Sr was increased 10–13 times, Ba 1.3–1.7 times, Se 35–45 times,
U 45–55 times, V 3–5 times, Mo 25–35 times, Cd 6–9 times, and Ni
3–6 times. Strontium was particularly increased (Table 4) in Raša coal
(up to 2600ppm) when compared with world coal levels (Ketris and
Yudovich, 2009) of 110ppm. It could be explained by high carbon-
ate content in the analyzed coal-rock assemblage. Compared to Chinese
average as well as SHOS coals, it was increased up to 26 times, but
depleted regarding Chinese SHOS host-rock (Table 5). Noteworthy, Sr
concentrations determined previously in Raša coal specimens not ex-
posed to coal-mine water were up to 400ppm (Medunić et al., 2018c).
It was also the most abundant minor element in the rock samples
(Table 4). Reimann and Caritat (1998) reported Sr levels in limestone
up to 500ppm. Rock samples no. 8694 and 8695 had Sr concentrations
up to 700 and 2400ppm, respectively. Unlike Ba, strontium is highly

mobile in oxidizing alkaline karst environments (Reimann and Caritat,
1998). Presumably, Sr has been redistributed among Raša coal, carbon-
ate host-rocks, newly formed dripstone, and coal-mine water, mainly
due to solubility equilibrium processes, almost certainly involving ce-
lestine. Strontium levels determined previously in ash derived from the
combustion of Raša coal not exposed to coal-mine water, were up to
1800ppm (Medunić et al., 2018c), while Table 4 shows that Sr value
expressed on ash basis was up to 11,316ppm. The latter concentration
was highly increased (Table 5) compared to world ash Sr (Ketris and
Yudovich, 2009) of 740ppm. Strontium also has been occasionally in-
creased in local topsoil (Medunić et al., 2018b, 2019). On the other
hand, barium was depleted (Table 5) in Raša coal (Ketris and Yudovich,
2009), host-rock (Reimann and Caritat, 1998; Dai et al., 2017), and ash
(Ketris and Yudovich, 2009).

Vanadium belongs to an S-Se-U-Mo-V association that is commonly
enriched in SHOS coals (Dai et al., 2015). Its concentration coefficients
(CC) were up to 3.3 (Table 5) compared to Chinese coals and world ash.
Although its concentration (Table 4) was almost four-fold the level of
V in world coal (Ketris and Yudovich, 2009) of 25ppm, it was far less
than V levels found previously in Raša coal not exposed to coal-mine
water, which were up to 350–1500ppm (Medunić et al., 2018c). Also,
it was depleted compared to Chinese SHOS coals, and Chinese SHOS
coal host-rock (Table 5). Vanadium, along with Se, U, and Mo, has been
found to be increased in local surface streams (and occasionally in sea-
water), and topsoil (Medunić et al., 2018b, 2018c, 2019). This is prob-
ably a consequence of its high mobility in oxidizing, neutral to alkaline
conditions. This is also in line with previously published results which
point at enhanced mobility of oxyanionic species such as As, B, Cr, Mo,
Sb, Se, V, and W (Izquierdo and Querol, 2012).

Along with the concentrations of Se, U, and Mo in coal and rocks,
which deserve special attention as they are members of the S-Se-U-Mo-V
assemblage, As, Sn, and Cr will be discussed too due to their ele-
vated levels in analyzed samples (Table 4). By referring on their val-
ues in world coal (Ketris and Yudovich, 2009), only selenium (among
the six considered elements) was increased in Raša coal. However,
Table 5 shows that it was depleted compared to Chinese SHOS coals,
and comparing Raša host-rock with a Chinese one. Moreover, previous
analyses (Medunić et al., 2018c) reported much higher Se concentra-
tions in Raša coal, up to 50–150ppm. Apparently, selenium is being
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Fig. 18. Example of a deconvolution pattern of a Raman spectrum obtained from Raša coal.

leached from the Raša coal and host-rock due to weathering in the aque-
ous environment. Therefore, the local surface environment has been af-
fected by Raša coal-mine effluents as well as by coal-mining activities
in the past, in a way that it has been severely polluted with selenium
(Medunić et al., 2018b, 2018c, 2019). Regarding the levels of Se, U,
Mo, As, Sn, and Cr in analyzed rocks (samples 8694 and 8695), com-
pared to world limestone (Reimann and Caritat, 1998), it can be said
that they were mostly increased; also, they were increased (except of Sn)
in dripstone compared to host-rock. Specifically, Se, U, Mo, As, and Cr
in dripstone were highly increased, up to 19, 22, 8, 53, and 29 times, re-
spectively, compared to host-rock. Concentration ratios host-rock/world
limestone, and dripstone/world limestone of Se, U, Mo, As, Sn, and Cr
were following: 40 and 756, 0.1 and 2.2, 2 and 14, 0.1 and 4, 760 and
117, and 1 and 23, respectively. Generally, both rocks were enriched
in a number of trace elements compared to an average world limestone
rock, and dripstone was particularly enriched in trace elements when
compared with the Raša coal host-rock. The collected Raša coal and
associated rock specimens, having been in contact with underground
water for several decades, clearly provide an evidence of weathering
processes, i.e. dissolution of trace elements which are being emitted into
the local environment by coal-mine effluents.

3.4. Electron microscopy

SEM-EDS demonstrated that abundant S was associated with the
coal, not a surprise in a coal with nearly 10% organic sulfur. Al-Si-rich
areas with Mg, K, and Na; associations of S with Fe and/or Ca; low
concentrations of Mg, Cr, Zn, and P; and trace amounts of Nb and Ce
were noted. Fe-sulfides and carbonates are included in the coal; both
are seen in Fig. 8, which shows pyrite grains within carbonates. Fig. 9
shows an unidentified Fe-Sn mineral. Fig. 10 shows a Sr-S-Ca region,
possibly celestine. A Nb-rich grain is shown on Fig. 11. Due to the seem-
ing paucity of Nb minerals in coal, we compared the data with a sim-
ulation using the standardless Fundamental Parameter method (with
Bruker Esprit software) of Nb, S, and Hg that have EDS peaks in the
vicinity. Sulfur has a slightly higher energy than this peak, the Hg

main peak partially overlaps, but other peaks are missing; as a result,
the simulation with these two elements only explains 20% and 15% of
the composition, respectively. The additional presence of Y might indi-
cate fergusonite (YNbO4) or a similar REY-bearing niobate.

TEM-EDS imaging of a Sr-Ba-S mineral found in a micro-fracture
within the coal is shown on Fig. 12. The rim appears to be slightly en-
riched in Sr (celestine (?), perhaps with anglesite given some signs of
Pb in the rim) relative to the Ba (barite?) concentrated in the core of
the mineral. Anglesite was also observed in a superhigh-organic sulfur
Pennsylvanian coal from western Kentucky (Hower et al., 2018), albeit
not as high in Sorg as the Raša coal. Overall, the mineral was extremely
beam sensitive; note the multiple holes in the mineral as shown on the
image in the upper left of Fig. 12 and the striping noise. Through the
examination time, the TEM rastering left the mineral in a withered state
compared to the more intact grain seen in our first encounter with it.

As noted above, the presence of S is unequivocal in some particles,
such as the coal particle imaged on Fig. 13. The particle to the right of
the S-rich coal (Fig. 14A) is chromite, as indicated by the d-spacings of
2.54 and 2.07Å (the 311 and 400 planes, respectively; American Miner-
alogist Crystal Structure Database, amcsd 0008918), and the EDS spec-
trum (Fig. 14B–C). The presence of spinel minerals could account for the
Ni and V noted in the discussion of the minor elements.

The sample was mounted on a Cu grid, meaning that most EDS in-
dications of Cu are really part of the background. However, the Cu-rich
particle in the S-rich coal shown on Fig. 15 seems to be distinct from the
Cu-related noise.

3.5. Micro-FTIR spectroscopy

Functional group distribution of this coal is presented in Fig. 16.
This spectrum is the statistically generated average spectrum based on
15 almost identical spectra of vitrinite. Aliphatic stretching C–H bands
in 2000–3000cm−1 region are most prominent, followed by an aro-
matic carbon band with the peak at 1607cm−1 and aliphatic bend-
ing modes with the peak at 1449cm−1. Aromatic H bands are of very
low absorbance in the 3000–3100cm−1 aromatic stretching region, but
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prominent in the 700–900cm−1 out-of-plane region where three distinct
aromatic bands occur at 756, 819, and 874cm−1. In addition, there is a
distinct band at ~1040cm−1. This band could result from Si–O stretch-
ing (e.g., Ibarra et al., 1996) or from C S stretching (Rao et al., 1964).
Because the vitrinite analyzed looked very pure, the assignment of this
band to Si–O stretching seems unlikely and, considering relatively high
absorbance of this peak, sulfur compounds seem to be a more proba-
ble explanation. FTIR derived aromaticity, 0.0097 using the aromatic
stretching region and 0.36 using the aromatic out-of-plane region, A fac-
tor (0.62), and CH2/CH3 ratio (1.69) all are within the range expected
for vitrinite of this rank (e.g., Walker and Mastalerz, 2004).

3.6. Raman spectroscopy

Although a very weak Raman spectra was obtained in this coal (Fig.
17), their deconvolution (Fig. 18) allowed identification of low resolu-
tion bands related to the presence of a highly disordered carbon with
C–C stretching modes clearly observed in the region 1000–1600cm−1

and thio- polyaromatic hydrocarbons with the stretching modes of C–S
and S–S at around 710–570cm−1 and 500cm−1, respectively (Sheppard,
1950; Otakar et al., 2007).

4. Conclusions

The Paleocene Raša coal was extracted over the course of a nearly
400-year history of mining in the Istrian Peninsula, Croatia. The Raša
coal has been recognized for its unusually high (superhigh) organic sul-
fur content and the consequent properties of the coal, such as an anom-
alously high thermoplasticity for the high volatile B bituminous (0.69%
Rmax) coal rank. The sample studied here had 9.87% organic sulfur out
of 9.92% total sulfur (both on ash basis).

The organic petrology is dominated by telovitrinite (29%) and de-
trovitrinite (34%) (both on the mineral-included basis), with lesser
funginite, sporinite, resinite, fusinite, and semifusinite. The major ox-
ide chemistry is dominated by CaO, SO3, and MgO, and Sr, Ba, V,
and Ni are the most abundant minor elements. Mineral assemblages,
as determined by X-ray diffraction, are dominated by carbonates (cal-
cite, dolomite, ankerite, and magnesite), with lesser amounts of pyrite,
quartz, glauberite, and bassanite, the latter two minerals being artefacts
of the low-temperature ashing process. SEM-EDS and TEM-EDS-SAED
investigation indicated that some minerals are present at the sub-mi-
cron scale. Fine minerals include the sulfates celestine (presence sup-
ported by the >11,000-ppm concentration of Sr (ash basis)), anglesite,
and barite; fergusonite or a similar REY-bearing niobate; a Fe–Sn min-
eral; chromite; and a Cu-rich mineral.

Micro-FTIR spectroscopy showed, in addition to the aromatic and
aliphatic indicators expected in high volatile B bituminous vitrinite, the
presence of a band at about 1040cm−1. While this band could be as-
signed to Si–O stretching, in the apparently mineral-free (or sparse) vit-
rinite a C S stretching assignment is more viable. Raman spectroscopy
identified thio polyaromatic hydrocarbons with stretching modes of C–S
and S–S in the 710–570cm−1 range and at about 500cm−1, respectively
(after assignments by Sheppard (1950), and Otakar et al. (2007)).

Overall, the high organic sulfur content of the Raša coal, thus its
extreme position in the consideration of coal chemistry, contributes to
the interest in learning more of its basic chemistry. The end of the min-
ing of the Raša coal implies that new samples of the coal will be dif-
ficult to obtain; thus, this contribution serves to round out our basic
knowledge of this unusual coal. The most important outcome of this
study is the fact that it has undoubtedly confirmed the fact that Raša
coal is being weathered/leached by underground water, which is con-
taminating the local environment with a number of potentially toxic

trace elements, selenium in particular, but also with Ba, V, U, and Sr.
This study warrants further hydrogeochemical environmental research.
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