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Abstract 

 
 Coal may be the most complex geological material that is commonly enriched in sulphur (S) and selenium (Se). 
Coal combustion and related industries release the two elements into the environment. Considering the fact that both 
elements can have beneficial as well as detrimental effects on living systems, the knowledge of their fate in the 
ecosphere should be a matter of the utmost importance. Croatian superhigh-organic-sulphur (SHOS) Raša coal (Raša 
Bay, Croatia) is highly enriched in S and Se, the levels of which are usually as high as 9-11%, and 50 mg/kg, 
respectively. Several point sources of the two elements contaminate the Raša study area. The aim of this study was to 
explore depth profiles of S and Se by collecting seven sediment cores (down to 30-50 cm) from the Raša Bay, and by 
determining their levels with sulphur carbon analyser and ICP-MS, respectively. Data analysis showed that the both 
elements were elevated in two sediment cores located closest to a former Raša coal separation and washing facility, 
which was a source of wastewater disposed of directly in the bay during the period 1930s-1960s. Minimum to 
maximum S and Se levels in sediments were 0.22–2.6%, and 0.11–12 mg/kg, respectively. In the most contaminated 
sediment core the correlation S-Se was 0.87 (p = 3.3E-05). Differences among sites were statistically significant for 
both elements. This paper shows how to analyse environmental data by using nonparametric methods. Also, this paper 
should increase the public awareness of the marine Raša Bay environmental status. 
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1. Introduction 
 
 Coal may be the most complex geological material that is commonly enriched in sulphur (S) and selenium (Se), 
chemically similar elements that play vital roles in living systems (Tang et al., 2021). The largest percentage of global 
electricity production is accounted for by coal with as much as 40%, which is more than any other raw material. Due to 
its abundance and affordable costs, coal remains the key and most reliable source of electricity, mostly in China and 
India, but also in South Africa, some European countries (Poland, Greece, Serbia, Bosnia and Herzegovina, Croatia and 
Romania), some US states, Australia, and Indonesia. From an environmental point of view, it represents the most 
dangerous source of energy. Thanks to its complex composition (Dai et al., 2021), coal combustion commonly results 
in airborne fly ash which is partly synonymous for particulate matter, then gases SO2, NOx, and CO2, and hazardous 
trace elements, Hg, As, Cr, Ni, V, Se, Cd, etc. (Saikia et al., 2018). Their environmental fate is a matter of great 
concern with respect to human health (Rajak et al., 2020). Their adverse effects on humans and animals largely result 
from drinking contaminated water, and consuming crops grown on contaminated soil (Habib and Khan, 2021). Due to 
a variety of their sources and the steady input in the environment, there are still several knowledge gaps concerning 
their spatial distribution (Espitia-Pérez et al., 2018). 
 Croatian superhigh-organic-sulphur (SHOS) Raša coal (Raša Bay, Croatia) is highly enriched in S (especially 
organic form) and Se, the levels of which are usually as high as 9-11%, and 50 mg/kg, respectively. It was mined on the 
Istrian Peninsula (NW Croatia; Fig. 1) for nearly 400 years up to 1999 (Medunić et al., 2016). Similar coal can be 
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found in China. Dai et al. (2020) point out how understanding organic, mineral, and intimate organic associations of 
elements is important not only because non-mineral elements and, to a lesser extent, elements associated with fine-
grained minerals, play a significant role in affecting the utilization of coal, but also such modes of occurrence of 
elements provide useful geochemical information on coal formation and coal-bearing basin evolution. Regarding this 
study, the sampling locality belongs to coastal karst of the northern Adriatic Sea. There, Raša coal has been 
continuously leached by groundwater (mix of freshwater and seawater) for decades. Also, abandoned Raša coal and ash 
waste dumps and coal mine drainage pose hazard for karstic coastal ecosystem (Medunić et al., 2020b). Namely, Se is 
essential to human health in trace amounts but is harmful in excess (Prakash et al., 2010). According to research, 
possible harmful effects of long-term, low-level exposure to selenium should be studied. Selenium deficiency, which is 
more common, is regarded as a major health problem for 0.5 to 1 billion people worldwide. Even more of them are 
consuming less Se than required for optimal protection against cancer, cardiovascular diseases, and severe viral 
infections. Its semiconducting properties make it of special value for industry. Selenium is a rare element on the planet, 
it is a non-renewable resource due to its non-efficient and difficult recycling, and there are no ores which could be 
mined for Se. Herewith, the world's scarce Se resources need to be managed carefully, monitored, and stockpiled for 
use by future generations (Haug et al., 2007).  
 The main objectives of this paper were as follows: 1/ to demonstrate how to analyse sparse environmental data on S 
and Se by using nonparametric methods, and 2/ to interpret data on sedimentary S and Se in the context of impact of 
Raša coal on its surroundings at the Raša Bay area. Its purpose is to increase the public awareness of the marine Raša 
Bay environmental status. 
	

 
Figure	1:	Map	of	the	study	area:	a)	the	circle	in	blue	marks	the	position	of	Istrian	Peninsula,	and	the	black	dot	marks	the	

position	of	a	Raša	study	locality;	b)	sediment	core	locations	(RS1-RS7)	with	respect	to	the	RCSW	(former	Raša	coal	
separation	and	washing	facility).	

 
 
2. Methods 
 
 Comprehensive geological and hydrogeological characteristics of the study area are provided in Medunić et al. 
(2020a, b) and Fiket et al. (2021). Briefly, the karstic hydrogeological units are situated close to the Adriatic Sea 
coastline. The Liburnian Raša coal deposits are overlain and underlain by highly permeable carbonates, and chemically 
mixed groundwater is circulating through the system. The groundwater contamination derived from abandoned Raša 
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coal deposits as well as coal waste dumps is of a major concern due to seawater and freshwater mixing as well as the 
lack of a natural filtration system in the karst.   
 
2.1. Sampling of bottom sediments  
 
 Sediment core samples were retrieved in November 2020, by means of a boat B Light Dufour 525 Grand Large 
(private ownership of Dr. Ivica Orlić), shown on Figure 2. A part of the Raša Bay along the mouth of the Raša River is 
a naturally very shallow area, up to 15 m deep. The eastern side of the bay is artificially deepened for the needs of a 
local Bršica port, and other activities such as mussel farming. The sampling locations were selected at a depth of 3 to 5 
m, due to the dimensions of the sampler which was pushed into the sediment by a long metal pipe (mounted on the pipe 
shown on Figure 3), until the depth of the core was 50 to 80 cm long.  
 

 
Figure	2:	The	vessel	which	was	used	for	the	sampling	campaign	carried	out	in	November	2020. 

 
 For the sampling work, we used a hand core sampler, designed and constructed by Dr. Ivica Orlić. Its main 
elements were as follows (Figure 3): a plastic pipe with a diameter of 70 mm, and a one-way valve that prevents the 
loss of sediment when retrieving the pipe from the sea bottom. All sediment cores were divided into several 
subsamples. The upper 10-cm portion was sliced into 1-cm subsamples, and the rest of the material was sliced into 5-10 
cm subsamples. 
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Figure	3:	A	hand	core	sampler	(a)	with	one	way	valve	(b)	showing	retrieved	sediment	(c). 

 
2.2. Geochemical analysis of S and Se   
 

Sediment core samples were analysed in the China University of Mining and Technology (Beijing). Sulphur 
was analysed by Sulphur carbon analyser (SC832 Series, LECO, USA), according to the Standard Test Methods for 
Sulphur in the Analysis Sample of Coal and Coke Using High Temperature Tube Furnace Combustion Methods: ASTM 
D4239 Sulphur (Method A). Inductively coupled plasma mass spectrometry (X series II ICP-MS, Thermo Fisher 
Scientific, Waltham, MA, USA) was used to determine Se concentrations. Prior to ICP-MS analysis, samples were 
digested using an UltraClave Microwave High Pressure Reactor (Milestone) (after Dai et al., 2011). Collision cell 
technology (CCT) was used to avoid disturbance of polyatomic ions (Li et al., 2014). Multi-element standards 
(Inorganic Ventures: CCS-1, CCS-4, CCS-5, and CCS-6; Chinese standard reference GBW07381 and GBW07980) 
were used for calibration. 
 
2.3. Data analysis    
 

 Data analysis was conducted with the free PAST software (Hammer et al., 2001). It included calculations of basic 
statistical parameters, Shapiro Wilk test (variable distributions; level of significance was 0.10), and nonparametric 
Kendall’s tau correlation coefficients, and Kruskal–Wallis test (level of significance was 0.05). Prior to the testing of 
null hypotheses (i.e. there is no difference among groups, and there are no relations among variables in the groups), we 
first checked variable distributions. This is a very important step in data analysis as parametric methods are commonly 
not suitable for environmental data (Reimann and Filzmoser, 2000) due to either a low number of samples or skewed 
(asymmetric) variable distributions. Parametric methods are based on mean and SD, but they can be severely inflated by 
only a few outliers (unusually high variable values); hence, nonparametric methods, based on Q50, which is resistant to 
outliers, is recommended (Helsel et al., 2020). We chose the nonparametric methods because the two variables were not 
symmetrically distributed.     
 
 
3. Results and discussion 
 

 Basic statistical parameters of sediment core S and Se are shown in Tables 1 and 2, respectively. Clearly, S is 
increased in the core RS5 which is closest to the former Raša coal separation and washing facility, RCSW (Fig. 1). 
During the period 1930s-1960s, huge quantities of wastewater were dumped directly into the bay (Medunić et al., 
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2020b), and Raša coal particles ended up in the local estuarine sediment brought up by the Raša River. With time, the 
deposit has got perched above seawater level, and its surface has become covered in wild grasses and other vegetation. 
Similarly, maximum Se value was found in the core RS5. These results are in line with the fact that Raša coal is 
enriched in S (Medunić et al., 2018) and Se (Medunić et al., 2018, 2020a). Hence, the two fingerprint elements, 
elevated in the bottom Raša Bay sediment, are indicative of Raša coal legacy. According to Ketris and Yudovich 
(2009), world coal Se level is 8.8 mg/kg, while it is up to 25 mg/kg in Raša coal (Medunić et al., 2020a). Reimann 
and de Caritat (1998) report natural S and Se levels in stream overbank sediments (neither element was reported in 
marine bottom sediments in the publication) are as follows: 0.01%, and 0.37 mg/kg, respectively. Therefore, Raša Bay 
sediment S and Se are increased up to 260 and 30 times, respectively. Sulphur and Se levels in Raša Bay sediments are 
also shown on Figures 4 and 5 where the core RS5 stands out from the rest, and both figures show essentially identical 
pattern. Generally, sediment cores RS5, 6, and 7, being closest to the RCSW, have higher S and Se concentrations 
compared with the rest of the cores, situated further away from the RCSW. However, the most striking feature of 
sediment core S and Se levels (Tables 1, 2) is the fact that RSD values are exceptionally high regarding both elements, 
more so for Se. Anthropogenic processes usually result in high RSD values of trace elements in the environment, 
causing their skewed distributions (Reimann and Filzmoser, 2000). The RSD values of S and Se in Raša Bay 
sediments are certainly very interesting, thus warranting further detailed mineralogical, petrological, and geochemical 
analyses of collected samples. Although we noted above that the core RS3 belongs to an area of the bay less affected by 
the RCSW, the results in Tables1 and 2 are indicative of the opposite, and therefore our ongoing work will try to reveal 
the possible reasons for that.  
 

S RS1 RS2 RS3 RS4 RS5 RS6 RS7 
n 18 20 16 15 13 12 16 
Min 0.22 0.26 0.21 0.30 0.84 0.70 0.29 
Max 0.49 0.36 1.5 0.64 2.6 1.7 0.95 
Mean 0.35 0.31 0.56 0.41 1.4 1.1 0.45 
SD 0.07 0.04 0.4 0.09 0.6 0.3 0.2 
Q50 0.34 0.31 0.39 0.41 1.3 1.1 0.38 
Q25 0.31 0.29 0.27 0.32 0.92 0.85 0.34 
Q75 0.37 0.34 0.73 0.45 1.6 1.4 0.46 
RSD 19 9.4 74 22 41 29 42 

Table 1: Levels of S (%) in Raša Bay sediment cores (RS1-RS7). Q50 – median; Q25 and Q75 – quartiles 
 

Se RS1 RS2 RS3 RS4 RS5 RS6 RS7 
n 18 20 16 15 13 12 16 
Min 0 0 0.05 0 3.1 0.86 0.65 
Max 1.2 1.5 5.4 1.2 12 9.7 4.0 
Mean 0.58 0.46 1.6 0.33 5.4 4.5 1.7 
SD 0.4 0.4 2 0.4 3 2 0.9 
Q50 0.60 0.41 1.0 0.22 5.0 4.6 1.3 
Q25 0.31 0.15 0.40 0 3.2 3.4 1.2 
Q75  0.91 0.67 2.2 0.52 6.4 5.3 1.8 
RSD 64 83 99 120 49 46 57 

Table 2: Levels of Se (mg/kg) in Raša Bay sediment cores (RS1-RS7). Q50 – median; Q25 and Q75 – quartiles 
 

We tested variable distributions by applying Shapiro Wilk test (recommended level of significance is 0.10), 
and it showed for S the following p values: RS1 0.25, RS2 0.16, RS3 0.001, RS4 0.17, RS5 0.01, RS6 0.76, and RS7 
0.0004. Sulphur values in cores supposedly less affected by the RCSW (RS1-4) should be symmetrically distributed 
(their p values should be >0.10), but that was not the case with the core RS3. In the case of Se, p values were as 
follows: RS1 0.59, RS2 0.08, RS3 0.01, RS40.005, RS5 0.008, RS6 0.15, and RS7 0.001. The results warrant further 
specific mineralogical, petrological, and geochemical analyses, to find out why the data have large spread (large SD and 
RSD) in almost all the cores, Se in particular.   

By applying Kruskal-Wallis test, to explore if there is any difference among the seven groups (i.e. sediment 
cores), p values for S and Se were 7E-12, and 9.9E-14, respectively. Such low numbers are indicative of a very strong 
difference among the groups. By applying a multiple comparison Duncan test, we were able to see specifically among 
which groups the differences were statistically significant (at p<0.05), and the results are shown in Tables 3 and 4. The 
lowest p values for S and Se were found for the cores RS5 and RS6 with respect to other cores, and from these values it 
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seems that the cores RS2 and RS4 were the least affected by the RCSW. Regarding the core RS5, the most 
contaminated by the RCSW, the levels of S and Se showed peaks in the sediment depth 15-20 cm.  

By using Kendal tau correlation, coefficients between S and Se were as follows (p values in parentheses): RS1 
0.08 (p>0.05), RS2 -0.08 (p>0.05), RS3 0.54 (p = 0.003), RS4 -0.20 (p>0.05), RS5 0.87 (3.3E-05), RS6 0.67 (p = 
0.002), and RS7 0.68 (p = 0.0002). Since S and Se were found to be positively correlated in Raša coal (Medunić et al., 
2018), it was expected to find them related the same way here, at least in the cores RS5 and RS6. Thanks to statistically 
significant positive correlations between S and Se in the cores RS5, 6, and 7, closest to the RCSW, but also in the core 
RS3, we now know that the impact of the RCSW has been profound in terms of the element composition of the bottom 
sediment of the Raša Bay.   
 

 RS1 RS2 RS3 RS4 RS5 RS6 RS7 
RS1        
RS2 0.17       
RS3 0.16 0.01      
RS4 0.19 0.01 0.95     
RS5 4.6E-07 1.4E-10 0.00 0.00    
RS6 3.4E-06 2.3E-09 0.00 0.00 0.80   
RS7 0.19 0.01 0.94 0.99 0.00 0.00  

Table 3: Results of Duncan post-hoc test for S (bold italic underlined values are significant at p<0.05) 
 

 RS1 RS2 RS3 RS4 RS5 RS6 RS7 
RS1        
RS2 0.50       
RS3 0.08 0.01      
RS4 0.19 0.49 0.00     
RS5 4.8E-07 8.8E-09 0.00 1.6E-09    
RS6 4.6E-06 1.4E-07 0.00 2.4E-08 0.75   
RS7 0.00 0.00 0.25 5.3E-05 0.02 0.06  

Table 4: Results of Duncan post-hoc test for Se (bold italic underlined values are significant at p<0.05) 
 

Figure	4:	Box-plots	of	S	(%)	in	sediment	cores	RS1-RS7. 
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Figure	5:	Box-plots	of	Se	(mg/kg)	in	sediment	cores	RS1-RS7. 
 
 
4. Conclusion 
 

Data analysis (nonparametric methods) conducted on sediment core sulphur and selenium concentrations, the two 
fingerprint elements of Raša coal, confirms that the Raša Bay has been impacted by the former Raša coal separation and 
washing (RCSW) facility, which had disposed of wastewater directly in the bay during the period 1930s-1960s. The 
legacy of such an environmentally hazardous practice is reflected in the estuarine sediments’ geochemistry, at least 
considering S and Se spatial distributions in bottom sediments. Both elements were found to be elevated in two 
sediment cores located closest to the RCSW, but other cores have been affected by the RCSW to a certain extent as 
well. Moreover, this paper should guide scholars, inexperienced in data analysis, that using nonparametric methods 
(testing differences among groups, and correlation analysis) is the safest strategy when the number of samples per group 
is less than 30, and variable distributions are skewed (large spread of data reflected in large RSD values). Finally, this 
paper shows interesting results that warrant further analytical work on the retrieved samples from the marine Raša Bay, 
that deserves environmental protection in terms of a bioaccumulative, potentially toxic trace element selenium. 
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Sažetak 
 
Sumpor i selen iz Raškog ugljena zabilježeni u jezgrama morskog sedimenta (Raški zaljev, 
Hrvatska): preporučeni koraci statističke analize podataka iz okoliša 
 
 Ugljen je možda najsloženija geološka tvar koja je obično obogaćena sumporom (S) i selenom (Se). Izgaranjem 
ugljena te srodnim industrijskim aktivnostima otpuštaju se dotična dva elementa u okoliš. Obzirom na to da oba 
elementa mogu imati blagotvorne i štetne učinke na žive sustave, poznavanje njihove sudbine u ekosustavu trebalo bi 
biti od najveće važnosti. Raški ugljen (Raški zaljev, Hrvatska) ima iznimno visoke koncentracije organskog S i Se, čije 
razine obično iznose 9-11%, odnosno 50 mg/kg. Nekoliko točkastih izvora ta dva elementa onečišćuje istraživano 
područje Raše. Cilj ovog istraživanja bio je istražiti dubinske profile koncentracija S i Se u sedam prikupljenih 
sedimentnih jezgri (do dubina 30-50 cm) iz Raškog zaljeva, te određivanjem njihovih koncentracija pomoću XRF i ICP-
MS. Analiza podataka pokazala je da su oba elementa povišena u dvije sedimentne jezgre koje se nalaze najbliže 
nekadašnjem postrojenju za separaciju i ispiranje ugljena, koje je u razdoblju od 1930-ih do 1960-ih predstavljalo izvor 
otpadnih voda koje su ispuštane izravno u zaljev. Minimalne do maksimalne razine S i Se u sedimentima bile su 0,22–
2,6%, odnosno 0,11–12 mg/kg. U najonečišćenijoj jezgri sedimenta korelacija S-Se iznosila je 0,87 (p = 3,3E-05). 
Razlike među jezgrama bile su statistički značajne za oba elementa. Ovaj rad prikazuje preporučene korake statističke 
analize podataka iz okoliša primjenom neparametarskih metoda. Također, ovaj bi rad trebao povećati svijest javnosti o 
ekološkom statusu Raškog zaljeva. 
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