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Abstract. Mercury contents in two types of Pernik coals and in mixed waste from coal preparation and combustion 
from a disposal pond were measured using direct mercury analyzer. Pearson correlation coefficients between Hg 
concentrations and ash content among different types of samples are statistically insignificant, suggesting predomi-
nantly organic affinity of Hg. The Hg content of 150 ppb in the fuel for the thermoelectric power station (low grade 
coal) slightly exceeds the world average for brown coals (100 ppb). Mercury concentrations in the mixed waste are 
twice lower than those in low grade coal, suggesting that Hg is released into the atmosphere during coal processing. 
However, coal for indoor heating (high grade coal) is significantly enriched in Hg (average of 392 ppb) and, therefore, 
its residential use as fuel may release larger amounts of Hg to the atmosphere. Newly formed gypsum from the dis-
posal pond concentrates Hg (221 ppb).
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Introduction

Mercury, like As, Se, and F is considered one of the 
most toxic elements found in coal worldwide (Yu-
dovich, Ketris, 2005a, b; Dai et al., 2012a). Min-
ing and combustion of coal in thermoelectric power 
stations (TPS), and its use for indoor heating and 
cooking are major anthropogenic sources of mer-
cury release into the environment. Human exposure 
to coal-released Hg occurs through direct inhalation 
of air affected by TPS emissions and through con-
sumption of food grown on agricultural soils near 
coal mines and power plants or near treatment and 
combustion waste facilities. Mercury poisoning 
can provoke neurological, mutagenic, kidney and 
liver diseases, as well as hearing loss, visual issues, 
speech impairments, neuronal cell death, and fatali-

ties from life-threatening illnesses (Wu et al., 2024 
and references therein). 

Yudovich and Ketris (2005a) mentioned that 
mercury in coal was first documented in 1914 in 
Germany in the form of cinnabar, whereas the first 
mercury concentrations were determined in coal 
tar in 1927. In Bulgaria, the first analyses of Hg in 
Bulgarian coal were performed by Kostadinov and 
Djingova (1976) using destructive neutron activa-
tion analysis. Since the 1990s, numerous studies 
have been carried out worldwide on the contents 
of mercury and its mode of occurrence in coal and 
waste products from coal combustion (e.g., Yu-
dovich, Ketris, 2005c; Dai et al. 2023). 

The objectives of this study are: 1) to determine 
Hg concentrations in different types Pernik coals 
and their products, as well as the redistribution of 
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Hg between them and its probable mode of occur-
rence; 2)  to compare these results with published 
data for Hg contents in Pernik coals to world aver-
age Hg abundances in brown coals; 3) to outline di-
rections for future research on related samples from 
the Pernik coal basin. 

Samples and analytical techniques
The Pernik coals of late Oligocene–Miocene age 
(Šiškov et al. 1986) are subbituminous, semi-bright 
to bright, with dominant clarain and vitrain litho-
types (Šiškov et al. 1982) (Fig.  1a, b). Based on 
data of Vassilev et al. (2001), the coals are char-
acterized by 47–60% ash content, as-received basis 
(Aar), 6–14% moisture, as-received basis (War), 74% 
carbon, dry ash-free basis (Cdaf), and 1% sulfur, dry 
ash-free basis (Sdaf). The major minerals (>3 wt%, 
coal basis) in the coal samples are quartz, kaolinite, 
and pyrite. The minor minerals (1–3 wt%) are illite, 
plagioclase, K-feldspar, gypsum, calcite, dolomite, 
and siderite (Yossifova, 2007). Fly ash (FA) and 
bottom ash (BA) are represented by glass, quartz, 
mullite, K-feldspar, plagioclase, kaolinite, magnet-
ite, hematite, and traces of calcite, gypsum, lime, 
maghemite, illite, Ca2SiO4, and char (Yossifova et 
al., 2024). 

Sampling was carried out from 1994 to 2007 
within the frame of previously conducted projects. 
The composite samples include: 1) high grade coals 
(HGC) (n = 9) for indoor heating, with particle size 
≥30  mm generated by gravitational washing, col-
lected from the coal preparation plant (CPP); 2) low 
grade coals (LGC) (n = 8) for use in TPS Repub-
lika, collected after coal sieving (≤30 mm), obtained 
from TPS storage; 3) mixed coal beneficiation and 
combustion material (coal slime, fly and bottom 
ash) collected from the disposal pond (DP) (n = 6); 
4) one sample of disposal pond material mixed with 
newly formed gypsum crusts and rounded lumps 
resulting from limestone used for desulfurization 
(DP-G); 5) fly ash (FA), and 6) mixed fly and bot-
tom ash (BA+FA) obtained from TPS Republika. 

The ash yield of each sample was determined at 
the University of Mining and Geology (Sofia, Bul-
garia) following ISO 17246:2010 procedures, and 
then the ash content was recalculated on a dry basis. 
Mercury concentrations in powdered samples were 
measured using a Dual-cell Double beam DMA-80 
evo direct mercury analyzer (Milestone Inc.) at the 
Geological Institute of the Bulgarian Academy of 
Sciences. The method is based on thermal decom-
position of samples (at 850 °C in this study), Hg va-
porization and amalgamation, followed by atomic 
absorption. Additional analytical details including 
reproducibility of standard reference materials are 
given in Georgiev and Bidzhova (2023).

Results and discussion

Mercury abundances in HGC range from 77.8 to 
1614 ppb, with a mean value of 392 ppb (Fig. 1c, 
d), whereas the LGC have lower concentrations, 
ranging from 91 to 201 ppb, with a mean value of 
150  ppb. The lowest average content of 66.5  ppb 
was determined in samples from the disposal pond 
(DP) and TPS, where Hg ranged from 16 to 121 ppb. 
Average ash yield content also varied among sam-
ple types, from lowest in HGC (21.8%), medium in 
LGC (58.2%), and highest in DP+FA+BA (96.9%). 
No significant positive or negative correlations 
were observed between Hg in all sample types and 
ash yield (significant values of r ≥0.66 and r ≤–0.66 
at confidence level 95%). For example, the correla-
tion coefficient of HGC Hg contents vs. ash yield is 
0.15, suggesting that the main mode of Hg occur-
rence is related to either organic matter (OM), or to 
phases that associate with OM, such as Fe sulfides 
(Yossifova, 2007). According to Dai et al. (2012b) 
such low correlation coefficient (r = 0.12), indicates 
that Hg may have both organic and inorganic af-
finities. The direct or indirect general affinity of Hg 
to OM is also supported by the fact that Hg con-
tents decrease more than twice from HGC (392 ppb 
Hg on average) to LGC (150 ppb Hg on average), 
which is paralleled by an increase in mineral matter 
(Fig. 1c). Compared with LGC, mercury concentra-
tions in DP, FA, BA decrease twice by two times 
(down to 66.5 ppb), suggesting that Hg is partially 
released into the atmosphere during combustion. On 
the other hand, DP-G yielded higher Hg abundances 
(221 ppb) than DP, BA, FA, and LGC. Therefore, 
micro-sized solid particles (fly ash, coals, clay) cap-
tured within the newly formed gypsum cannot ex-
plain the higher Hg abundances in it. Rather, they 
suggest that gypsum captured dissolved Hg from the 
disposal pond water. Sedlar et al. (2015), Wang et 
al. (2021), and Huang et al. (2022) identified the wa-
ter-soluble compounds bound to fly ash and to flue 
gas desulfurization gypsum as Hg chlorides (HgCl2 
and Hg2Cl2). Another highly mobile water-soluble 
form is methylmercury (HgCH3

+), which is gener-
ated by Hg-transforming bacteria in natural waters 
(Yudovich, Ketris, 2005a). The existence of both Hg 
species in the disposal pond (pH 6.9–8.0; Yossifova, 
2009) is likely, since the water used for coal wash-
ing in the preparation plant, as well as waters from 
the Struma River are introduced there. The analyses 
of seasonally sampled waters from the CPP and DP 
show that only the summer samples (August) have 
Hg concentrations of 0.001 mg/l, while it concentra-
tions in all other samples are <0.001 mg/l. (Yossi-
fova, 2009). Chlorine was also measured in the same 
coals (50  ppm, Vassilev et al., 2000) and in water 
from the disposal pond (28 mg/l, Yossifova, 2000).
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The anomalously high Hg content in one of the 
HGC samples for indoor heating high concentration 
(1614 ppb; Fig. 1c) suggests additional mechanisms 
for secondary/late Hg enrichment, such as Hg trans-
fer during underground coal fires. Such fires in the 
Pernik coal basin were first reported by Koniarov 
(1932). These coal fires still occur frequently (Yossi
fova, Valčeva, 2008). During spontaneous under-
ground coal combustion, Hg is released along with 
other gases and some Hg may be absorbed or recap-
tured by adjacent coal or sediment layers (Fig. 1c), 
providing a mechanism to locally increase Hg con-
centrations to anomalously high values (Cao et al., 
2023). For example, Cao et al. (2023) estimated that 
4.85 t of gaseous Hg is generated annually from un-
derground coal fires in China and suggested that this 
source of Hg be included in the global Hg cycle. 

Compared with the average world concentra-
tions of Hg in brown coals (100 ppb) (Ketris, Yu-
dovich, 2009), mercury contents in LGC are higher, 
with an average coefficient of enrichment (CE) of 

1.5 (Fig. 1d). The CE in HGC varies within a sig-
nificantly wider range (1.2–16.1, average of 3.9). 
The average Hg concentrations for LGC (150 ppb) 
obtained in this study are relatively lower compared 
with the 220 ppb values reported by Kostova et al. 
(2011). The Hg concentrations in the Pernik coals 
are comparable to the average contents for coals 
in USA (170 ppb, Finkelman, 1993) and China 
(200 ppb, Zhao et al., 2019). 

Conclusions
Mercury in the studied samples from the Pernik coal 
basin and TPS waste facilities is of authigenic ori-
gin, demonstrating a geochemical affinity mainly to 
organic matter. The concentrations of Hg increase 
in HGC following coal preparation in comparison 
to LGC, which are used as feed coal in TPS. This 
suggests that using HGC for indoor heating can re-
lease more Hg per given volume of coal. The rela-
tively lower Hg contents in DP, FA, and BA com-

Fig. 1. a) panoramic photo of the Pernik coal basin; b) major coal lithotypes in Pernik sub-bituminous coal; c) Hg concentrations 
and ash yield in the studied samples; d) coefficient of Hg enrichment in HGC and LGC (measured value/average world value; 
Ketris, Yudovich, 2009).
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pared to LGC suggest that Hg is partially emitted 
in the atmosphere during combustion (and not cap-
tured). The newly formed gypsum in the disposal 
pond concentrates Hg, probably by accumulating 
Hg from its water-soluble modes of occurrence. The 
TPS and underground coal fires release Hg to the 
atmosphere. The Hg contents in LGC (feed coal) 
are comparable to average Hg contents in coals in 
USA and China, the major coal producers in the 
world. Planned further studies exploring the geo-
chemical behavior of Hg in the Pernik coal basin 
include analyses on the carbon and sulfur contents 
in the studied samples, as well as Hg contents in 
lithotypes and host rock samples.
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