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ABSTRACT 
 
The objective of this study was radiological characterization of slag and ash 
produced in a thermo electric unit of the former “Adriavinil” chemical factory 
as a by-product of coal combustion and deposited in the Kastel Gomilica 
region, Croatia. The waste material was deposited in the “old” regulated and 
the “new” unregulated part of the depot. 33 samples were analyzed to obtain 
a preliminary data on the present state of the new unregulated part of the 
depot. Activities of the selected radionuclides (40K, 232Th, 235U and 226Ra) were 
measured using gamma-spectrometry method. 238U activity was calculated 
from the assumed natural 235U/238U activity ratio. It is found that there is a 
dependence of the activities of the selected radionuclides on the activities of 
the coal used for energy production in the power unit. The content of 232Th, 
226Ra and 238U in slag and ash increased several times during the combustion 
process. Investigated slag and ash showed a significant variability in their 
activities of selected radionuclides due to a different origin of coal used in the 
thermoelectric unit of the factory. The waste material was characterized by 
high activity of naturally occurring 238U, 235U and 226Ra. 226Ra and 238U 
activities were up to 50 times higher than their average activities 
characteristic for surrounding soils developed on flysch sediments. 40K and 
232Th showed no elevation compared to soil activities. Mineralogical analysis 
has been made as well. 
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INTRODUCTION 
 

Waste materials with technologically enhanced concentrations of 
naturally occurring radioactive materials, especially those with high activities 
of 226Ra, 228U and 232Th, originate from various sources. These include the oil 
and gas industry [1-3], non-uranium mining (copper mining, niobium industry, 
phosphate and gold industry) [4-6], coal mining [7,8] and energy production 
[9-11]. 



The purpose of this paper was radiological characterization of the slag 
and ash, which were by-products of the coal burning process in a thermo 
electric unit of the ex-“Adriavinil” chemical factory. The factory is situated in 
the small Croatian village of Kastel Sucurac, near the city of Split, which 
belongs to the central part of the northeast part of the Adriatic coast (Figure 
1). 

 

 
 

Figure 1. Location of the depot of the fly and bottom ash mixture and 
sampling points 

 
 Since 1949, a coal has been used as a fuel in a power unit for almost 

five decades of the facility operation. It was transported from several 
different coal mines, like Rasa in Istria (anthracite), Drinovci and Siritovci 
near Sibenik (brown coal and lignite) and the broader area of Livanjsko polje 
in Bosnia and Herzegovina (brown coal and lignite). All of them acted as a 
source of elevated uranium concentrations and its natural decay series 
radionuclide products. As an illustration the activities of 232Th, 226Ra and 238U 
together with 238U/226Ra activity ratio of the coal cores (brown coal and 
lignite) of the Tusnica region in Livanjsko polje (Bosnia and Herzegovina) 
sampled in 1993 are presented in Table 1. 

 
Table 1 Activities of 232Th, 226Ra and 238U (in Bq/kg) measured in coal cores of 
the Tusnica region in the Livanjsko polje (Bosnia and Herzegovina), sampled in 
1993 and the ratio 238U/226Ra in collected samples 
 
Coal core  depth (m) 232Th 226Ra 238U 238U/226Ra 

A 18.2 – 23.2 28.9 ± 1.8 410.2 ± 
2.8 

398.7 ± 
11.8 0.972 



 23.5 – 29.4 22.7 ± 1.8 330.4 ± 
2.6 

424.1 ± 
11.2 1.284 

21.2 – 26.2 6.5 ± 1.7 584.5 ± 
3.5 

696.9 ± 
15.3 1.192 

B 
26.2 – 31.0 16.1 ± 1.7 606.8 ± 

3.4 
651.1 ± 

14.6 1.073 

0.0 – 0.8 7.2 ± 0.8 83.2 ± 0.8 204.6 ± 3.6 2.459 
C 

1.0 – 1.5 7.4 ± 1.7 147.3 ± 
2.0 182.9 ± 8.0 1.242 

0.0 – 1.0 5.0 ± 1.7 177.1 ± 
2.0 178.9 ± 8.3 1.010 

D 
1.1 – 2.0 7.8 ± 1.6 116.2 ± 

1.7 210.3 ± 7.4 1.810 

0.0 – 1.0 17.3 ± 1.8 681.4 ± 
3.7 

641.5 ± 
15.6 0.941 

1.0 – 2.0 25.9 ± 1.8 464.7 ± 
3.0 

450.7 ± 
12.6 0.970 

2.8 – 3.5 9.2 ± 1.7 453.0 ± 
3.1 

336.0 ± 
12.8 0.712 

3.7 – 4.5 10.2 ± 1.7 482.7 ± 
3.1 

285.7 ± 
12.5 0.592 

E 

4.6 – 5.0 7.0 ± 1.7 532.2 ± 
3.3 

442.5 ± 
13.6 0.831 

 
The content of 232Th, 226Ra and 238U in slag and ash increased several 

times during the combustion process, what also depended on the inorganic 
portion of the coal. Representing an industrial waste, the slag and ash have 
been deposited in the vicinity of the factory where they remained until 1973, 
when a proper deposition location was found elsewhere. The material was 
removed to the selected location situated a few hundred meters away, at the 
edge of the town of Kastel Gomilica, and was protected with plastic foil and a 
layer of clay and humus. The area was then fenced in and grassed over 
forming the “old” depot. In time, the area between the factory and the “old” 
depot has been gradually covered with waste materials, which contained slag 
and ash. At the end of 1980s and at the beginning of 1990s, slag and ash have 
been dumped directly into the shallow seawater, in the southwestern part of 
the facility.  

A floating dock situated in the southern part of the “Adriavinil” factory 
is mostly buried in the deposited material and is in a direct contact with the 
sea. A channel of north-south direction whose both sides are exposed to the 
surface is also dug through the deposit. In addition, there is a pool situated in 
the southwestern part of the factory area, where the sea water is in a direct 
contact with waste material. Furthermore, a marina is being built up west of 
the “old” depot and a new unregulated part of the depot. Finally, the vicinity 
of the settlement must be emphasized. 

A total of 33 samples of slag and ash were collected and analyzed in the 
spring of 2004 in order to obtain a preliminary data on the present state of 
the new unregulated part of the depot.  

 



 
MATERIALS AND METHODS 
 

Approximately 1 kg of slag and ash was sampled at each location, put in 
a plastic bag and transported to a laboratory. The material was dried at 
105°C and the fraction <0.5 mm was disaggregated in an agate mortar for the 
purpose of determination of activities of selected radionuclides and for XRD 
analysis.  

Waste materials were placed in the counting vessels of 125 cm3, sealed 
and stored for at least the 4-week period to allow an ingrowth period of 
gaseous 222Rn. At the end of the ingrowth period, gamma-spectrometry 
measurements were performed on a HPGe semiconductor detector joined to 
the 8192 channel analyzer “Canberra”. Spectra were recorded during 80000 
seconds and analyzed using Genie 2K “Canberra” software. Activities of 40K 
were calculated from the 1460.75 keV-peak, 226Ra from the 609.3 keV-peak of 
its 214Bi progeny and 228Ra from 911.1 keV-peak of its 228Ac progeny. Activities 
of 235U were calculated from 186 keV-peak after subtraction of the 
overlapping 226Ra contribution and used for calculation of 238U activity 
assuming the natural 235U/238U activity ratio of 0.04603 [12-14].  

Composite sample of slag and ash was also prepared for the XRD 
analysis. Powdered samples were examined at room temperature using a 
Philips PW 1830 X-ray diffractometer with Cu tube (current = 40 mA; voltage = 
40 kV), graphite crystal monocromator and proportional counter. Diffraction 
data were processed by Philips X'Pert software. The relative intensities of X-
ray diffraction lines were compared with literature values [12].  
 
 
RESULTS AND DISCUSSION 
 
Radiological characterization 
 

Activities of 40K, 232Th, 226Ra and 238U in collected samples are presented 
in Figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Figure 2. Activities of 40K, 232Th, 226Ra and 238U measured in slag and ash from 
the Kastel Gomilica, Croatia  
 

It is found that there is a dependence of the activities of the selected 
radionuclides on the activities of the coal used for the energy production in 
power unit. In the majority of the ash samples 238U activity was up to 30% 
lower compared to 226Ra while in the coal samples (Table 1) their average 
activities were similar. This could be explained by the fact that most of the 
samples were taken either from the surface of the deposit with a damaged 
protective cover or from the channel exposed to the rainwater circulation. 
Since the leaching of uranium from the ash by the rainwater was more 
susceptible than the leaching of 226Ra the resulting ratio 238U/226Ra shifted 
towards radium. Alkaline solutions promote the dissolution of the glassy 
components of fly ash and increase uranium solubility through the formation 
of the uranium-carbonate species. On the other hand, leachates of fly ash are 
rich in dissolved sulfate which minimizes the solubility of radium through the 
formation of its highly insoluble sulfates. 

The Shapiro-Wilks W test showed normal distribution only for 40K while 
other three radionuclides expressed significant variations of measured 
activities. This is expected since the radionuclides originated from the coal 
supplied from five different sources. 226Ra and 238U activities are up to 50 
times higher than their average activities characteristic for surrounding soils 
on the Middle and Upper Eocene flysch sediments. 40K and 232Th showed no 
increase compared to soil activities. 
 
Results of Mineralogical Analysis 
 

The predominant minerals present in the fly and bottom ash mixture are 
calcite, quartz, monteponite (CdO) and bassanite (CaSO4 x 0.5H2O).    
 
 
CONCLUSION 
 
Investigated slag and ash showed a significant variability in the activities of 
selected radionuclides due to a different origin of coal used in a 
thermoelectric unit of the ex-“Adriavinil” factory. Activities of 226Ra and 238U 
in slag and ash were approximately 50 times higher than those in the common 
soil. It can be, therefore, said that the former factory represents a significant 
influence on the environment of the Kastela Bay. 
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