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Abstract
Deposits remained after coal combustion are a well-known occurrence in the world; unfortunately, only a small percentage 
of such deposits are adequately regulated and, consequently, pose a serious threat to the local environment. Attenuation of 
negative consequences presupposes knowledge of a number of features, both of the deposit and the local environment as well 
the interaction with local biota. In this study, unregulated waste generated from decades of coal mining and combustion of 
superhigh-organic-sulfur Raša coal, enriched in Se-U–Mo-V and located in a vulnerable karst region, was investigated. To 
assess the impact of landfill on the environment, in addition to its general geochemical and mineralogical features, the human 
health risk was assessed and the leaching of elements from the landfill, local soil, and the coal itself was investigated. For the 
latter, three extraction procedures, ASTM, EP, and TCLP (pH 4.93 and 2.9), were employed, mimicking different environmen-
tal conditions, including the sporadic occurrence of acid rains in the region. The soil around the landfill displayed enrichment 
in the majority of elements compared to expected values, with exception of Se, Mo, U, V, Sr, and Cu found at the highest levels 
in landfill samples. Mobility of elements was found to be controlled by both pH and mineralogy (carbonates and sulfates), 
whereby the overall highest relative mobility was observed in landfill samples for elements prevalently bound to sulfate phases. 
Calculated Hazard Quotient describes this landfill as a risk to the environment and human health through different pathways.
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Introduction

Coal, as a combustible material, is one of the world's most 
important energy sources and contributes to the produc-
tion of almost 40% of the world's electricity (WEC 2016). 
In addition to the energy produced, the by-products of the 
combustion process, called coal combustion products (CCP), 
include the non-combustible part of coal in the form of fly 

ash, ash, boiler slag, and flue-gas extraction residues (Thor-
neloe et al. 2010). While fly ash is a very fine, powdery 
material collected by filters and mainly composed of silica, 
the bottom ash is a coarse-grained product that is too heavy 
to float and is deposited at the bottom of the boiler. Boiler 
slag is a molten form of coal ash, and the flue-gas desul-
furization material is a remnant of the sulfur dioxide reduc-
tion process mainly composed of calcium sulfite and sulfate 
(Álvarez-Ayuso et al. 2006).

Due to the high temperatures in coal combustion pro-
cesses (≥ 1000 °C), the organic and inorganic constituents of 
coal are transformed, making the composition of coal com-
bustion products different from the initial composition of 
coal (Vejahati et al. 2010). While elements associated with 
organic coal fractions typically evaporate or are adsorbed on 
fine particles, elements related to minerals generally remain 
in the ash, causing CCPs to be enriched in trace elements 
(Vejahati et al. 2010; Miller 2011; Speight 2012).

If not properly disposed of, coal combustion prod-
ucts can become a major environmental concern (Baba 
and Kaya 2004; Equeenuddin 2015; Kalembkiewicz and 
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Sitarz-Palczak 2015; Medunić et al. 2016b, 2018b; Fiket 
et al. 2019). Namely, under different environmental condi-
tions, waste particles could be transported from these reposi-
tories by wind action or rainfall erosion and consequently 
pollute the soil around the disposal site, reach the water bod-
ies in the region, or even enter the local groundwater.

Nowadays, various extraction methods are used to esti-
mate the release of inorganic constituents of potential con-
cern for a wide range of solid materials (Yue and Zhao 2008; 
Wang et al. 2009; Izquierdo and Querol 2012; Miguel et al. 
2012; Equeenuddin 2015; Tiwari et al. 2015; Zhang et al. 
2019). They are designed to consider the effect of key envi-
ronmental conditions and waste properties on leaching either 
for screening purposes as well as for specific scenarios of its 
use or disposal. Over time, more than two dozen leaching 
test methods have been developed to simulate the leaching 
process (e.g., Miguel et al. 2012; Tiwari et al. 2015; Zhang 
et al. 2019) and no consensus has been reached on which 
method gives the most accurate estimate of toxic substance 
leaching.

Nonetheless, executed under specified laboratory condi-
tions, leaching tests can be used to approximate the amount 
of constituents that can be released from a solid material 
into the environment, under certain conditions. The most 
commonly used methods are The Shake Extraction of Solid 
Waste with Water (ASTM D-3987-85) and EP tests devel-
oped by Environmental Protection Agency (EPA). While 
the ASTM test is intended to simulate conditions where 
the solid waste is the dominant factor in determining the 
pH of the leachate; the EP test simulates leaching under 
weak acid conditions (pH 5.0 ± 0.2). In case of the latter, the 
waste is considered hazardous if the extract contains any of 
the listed contaminants at a concentration greater than the 
specified value (US EPA, 1980; Table S1). The Toxicity 
Characteristic Leaching Procedure (TCLP or Method 1311; 
US EPA, 1993) represents an expanded version of the EP as 
it covers a broader range of waste types and can be used for 
more organic and inorganic compounds. It is usually con-
ducted using buffered acetic acid solutions, at pH = 4.93 or 
pH = 2.88, and its main drawback is that it can overestimate 
or underestimate leaching potential under other extreme con-
ditions (e.g., alkaline waste).

Raša coal belongs to a class of superhigh-organic-sulfur 
coal (SHOS), as it contains exceptionally high levels of sul-
fur (up to 11–14%) present mainly in organic form (Sin-
ninghe Damsté et al. 1999; Medunić et al. 2016a). Decades 
of its use in the nearby thermal power plant and other local 
factories left an imprint on the environment, reflected in 
elevated concentrations of various metal(loid)s as well as 
PAHs in different environmental compartments of this area 
(Medunić et al. 2016b). Furthermore, in the nearby Raša Bay 
area, levels of Hg, Cd, V, Se, Pb, Cr, Zn, Cu, and U in the 
local soil belong to the category of extremely high levels of 

soil pollution. In addition to their elevated levels in soil, S, 
Se, V, and U were also found increased in surface water and 
home-grown lettuce (Medunić et al. 2018a,b), Mo, U, V, and 
Sr displayed high levels in the majority of water samples as 
well as in analyzed vegetables, soil, and aquatic sediments, 
while Cu, Zn, Pb, and V were found slightly increased in 
liver samples of birds (Medunić et al. 2018c).

Additionally, the soil around Štrmac was reported to con-
tain anomalously high Cu, Zn, and Pb levels, while low Se 
levels were prescribed to leaching (Medunić et al. 2018a). 
There are numerous other landfills in the region as a remnant 
of the centuries-old tradition of coal mining and its applica-
tion in the local thermal power plant and factories. Chemical 
and toxicological evaluation of aqueous extracts of soil col-
lected near a coal-fired Plomin power plant, demonstrated 
that Plomin soil extracts induced phytotoxic effects (Radić 
et al. 2018). The same was also recently reported for soil 
from the Štrmac area (Fiket et al. 2019).

Following the above, the presented study aims to i) evalu-
ate the leaching potential of metal(loid)s by natural weather-
ing processes from an ash and slag landfill remained after 
SHOS Raša coal combustion; ii) explain the mechanisms of 
metal(loid)s release from these types of waste deposits and 
their mobility under natural conditions and iii) to assess the 
risk to the environment and human health.

Materials and methods

Study area

In Istria, eastern Croatia (Fig. 1a), there are a number of 
landfills consisting of coal ash, slag, and other mining resi-
dues. They are the remnants of a four-century-long tradition 
of coal mining in the region and its application in the local 
industrial sector. Due to the lack of clean coal technology, 
the excavation and burning of coal created spoil heaps and 
illegal landfills that still exist in the villages located in the 
karst area.

This study included one such landfill located in the vil-
lage of Štrmac, in the south-eastern part of the Istrian penin-
sula, the westernmost part of Croatia (Fig. 1b). The geologi-
cal setting of the wider study area consists of sedimentary 
Mesozoic (mostly Cretaceous) and Paleogene (Paleocene, 
Eocene) rocks (Vlahović et al. 2005) with Raša coal seams 
(Medunić et al. 2016a). Štrmac lays on Eocene limestones 
with the thrust fault going across the village (Šikić et al. 
1969). Soils that predominate in this area are red and brown 
soils of Chromic Cambisols class (Miko et al. 2003).

Details on Raša coal geochemistry and mineralogy, and 
influence of its combustion products on local soil, biota and 
water systems are beyond the scope of this paper, and can 
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be found elsewhere (Bauman and Horvat 1981; Valković 
et al. 1984; White et al. 1990; Sinninghe Damsté et al. 1999; 
Medunić et al. 2016a,b; Peco 2018; Fiket et al. 2018).

Sampling and sample preparation

The samples were collected in the Štrmac area (Fig. 1a and 
b) and include landfill samples  (L1,  L2, and  L3; Fig. 1c), soil 
sample taken at the foot of the landfill and Raša coal sam-
ple taken from the old mine. At all locations, samples (ca. 
1 kg) were collected with a sampling shovel and stored in 
a plastic bag. All samples were air dried, sieved through a 
2-mm sieve to remove the gravel fraction, and stored until 
further analysis.

For total element analysis, sub-samples (0.05 g), previ-
ously homogenized in an agate mill, were subjected to a 
total digestion in the microwave oven (Multiwave 3000, 
Anton Paar, Graz, Austria) in a two-step procedure. The 
latter consisted of digestion with a mixture of 4 mL nitric 
acid  (HNO3, 65%, pro analysis, Kemika, Zagreb, Croa-
tia)—1 mL hydrochloric acid (HCl)—1 mL hydrofluoric 
acid (HF, 48%, pro analysi, Kemika, Zagreb, Croatia) fol-
lowed by addition of 6 mL of boric acid  (H3BO3, Fluka, 
Steinheim, Switzerland). Prior to analysis, digests were 
tenfold diluted, acidified with 2% (v/v)  HNO3 (65%, supra 
pur, Fluka, Steinheim, Switzerland) and In (1 µgL−1) as 
internal standard was added.

Extraction procedure

For extraction, sieved samples (< 2 mm) were mixed with 
a specified extraction medium. Three extracting methods 
were tested, ASTM (Method D-3987, ASTM 1995), EP 
(Method 1310B, US EPA 2005) and TCLP (at pH 4.9 and 
2.9; Method 1311, US EPA 1993). The conditions of all 
extraction procedures are represented in Table 1.

For ASTM procedure, the extraction medium was Milli-
Q (MQ) water with a liquid-to-solid ratio 4:1 (40 mL MQ, 
10 g sample; Table 1). For EPA procedure, an appropriate 
quantity of MQ water was added to the sample and pH was 
adjusted to 5.0 by adding 0.5 N acetic acid. As described in 
Method 1310B, 0.5 N acetic acid was prepared by diluting 
concentrated glacial acetic acid  (CH3CH2OOH, 17.5 N) 
by adding 28.5 mL glacial acetic acid to 500 mL of MQ 
water and further diluting to 1 L. For TCLP procedure, 
the extraction medium was prepared according to Method 
1311 (at pH 4.9 and pH 2.9): a) addition of 2.85 mL gla-
cial acetic acid  (CH3CH2OOH) to 250 mL MQ water, fol-
lowed by the addition of 3.2 mL of 10 N NaOH and dilut-
ing to a volume of 500 mL gives a solution with a pH of 
4.93 + 0.05; b) diluting 2.85 mL of glacial  CH3CH2OOH 
with MQ water to a volume of 500 mL gives a solution 
with a pH of 2.88 + 0.05. In both cases, the liquid-to-solid 
ratio for extraction procedure was 20:1 (40 mL puffer, 2 g 
sample; Table 1).

Fig. 1  Map of the study area, 
its geographical position (A), 
sampling area (B) and studied 
landfill (C)

Table 1  Conditions of four 
different extraction methods 
(EP, TCLP, TCLP2, ASTM)

EP TCLP TCLP2 ASTM

Medium:sample ratio 20:1 20:1 20:1 4:1
Extraction medium 0.5 N acetic acid Acetic acid Acetic acid Milli-Q water
pH 5.0 4.93 2.9 Neutral
Extraction time 24 h 18 h 18 h 48 h
Agitation method Horizontal shaker Horizontal shaker Horizontal shaker Horizontal shaker
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Prepared samples were agitated with a horizontal 
shaker for a specified period, 48 h (ASTM), 24 h (EPA), 
and 18 h (TCLP). After extraction time finished, the lea-
chates (20 mL) were separated from the solids by filtration 
through 0.45 µm filters and acidified with 1% (v/v)  HNO3 
(supra pur, Fluka, Steinheim, Switzerland).

Prior to analysis samples were 100-fold diluted, acidified 
with 2% (v/v)  HNO3 (65%, supra pur, Fluka, Steinheim, Swit-
zerland) and In (1 µgL−1) as internal standard was added.

Multielement analysis

Multielemental analysis of prepared digests and extracts 
was performed by High Resolution Inductively Coupled 
Plasma Mass Spectrometry (HR-ICP-MS) using an Ele-
ment 2 instrument (Thermo, Bremen, Germany). Typi-
cal instrument conditions and measurement parameters 
used throughout the work are reported earlier (Fiket et al. 
2017). All samples were analyzed for total concentration 
of 29 elements (Al, As, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, 
Fe, Li, Mn, Mo, Ni, P, Pb, Rb, S, Sb, Sc, Se, Sn, Sr, Ti, 
Tl, U, V, and Zn).

Quality control of analytical procedure was performed by 
simultaneous analysis of the blank and certified reference 
material for soil (NCS DC 77,302, China National Analysis 
Center for Iron and Steel, Beijing, China). Good agreement 
between the analyzed and certified concentrations within their 
analytical uncertainties for all elements was obtained (~ 10%).

Minerological composition by XRD

The mineralogical composition of landfill sample  L1 was 
analyzed using X-ray powder diffraction (XRD, “PANalyti-
cal"), equipped with a Ni-filtered Cu Kα radiation source 
and a scintillation detector. The XRD pattern of sample was 
recorded over a 2θ interval of 5°- 90°, with a step size of 
0.03° on a PANalytical X-ray diffractometer (X’Pert PRO) 
using Ni-filtered Cu Kα radiation at CSIR-NML. The quali-
tative mineralogical analysis of all acquired patterns was 
performed on High Score plus along with manual analysis 
procedure on the basis of JCPDS database.

The electron-probe micro-analysis (EPMA) was carried 
out at the EPMA lab of CSIR-NML, Jamshedpur on JXA 
8230 (JEOL MAKE) electron microprobe. The operating 
conditions for analysis were 15 kv of high voltage and 10 
nA beam current with beam diameter of 1 micron or less.

Risk assessment

Human health risk assessment was carried out using a 
model developed by US EPA (USEPA 1996, 2011) and 

implemented in Octave 5.1.0. Elemental Dose (Di) was esti-
mated for adults and children for three different routes of 
exposure to potentially hazardous substance (oral exposure 
–  Doral; dermal exposure –  Ddermal, inhalation –  Dinhal). The 
non-carcinogenic effects of the elements were estimated by 
calculating the Hazard Quotient (HQ) and the Hazard Index 
(HI) using the equations:

The  Di is the Elemental Dose and is calculated for each 
element, while  Rfi is the Reference Dose, i.e., maximum 
acceptable daily dose of element published by US EPA. If 
HQ is > 1, adverse health effects are possible. The HI is the 
sum of all three exposure pathways.

Result

Mineral composition

The result of XRD analysis shows a very simple mineral-
ogical pattern in Fig. 2. Mainly two phases are identified 
in landfill sample  L1. The dominant mineral phases present 
in the sample are calcite and gypsum (Table 2), which is in 
accordance with data reported by Valković et al. (1984) on 
fly ash fraction. The variations in mineralogy and texture 
of the sample examined using EPMA imaging and EDS 
analysis are presented in Figs. 3a (for gypsum) and 3b (for 
calcite). Iron oxide also observed rarely.

(1)HQ = Di∕Rfi

Fig. 2  XRD pattern of the sample  L1 (C– calcite; G- gypsum)

Table 2  EDS data of different mineral phases identified in the sample 
 L1

Location O S Ca Interpretation

1 55.79 26.04 18.7 calcite
2 33.00 0.68 16.91 gypsum
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Major and trace element geochemistry

Total concentrations of major and trace elements in ana-
lyzed samples are shown in Table 3, with major elements 
expressed as oxides.

The shares of major oxides  (Al2O3,  Fe2O3, MnO,  TiO2, 
 P2O5 and  SO3) ranged over four orders of magnitude with the 
highest values observed in soil sample. The only exception 
was S, showing highest level in coal. In soil and landfill sam-
ples, Al was present at highest concentrations, followed by Fe 
and Ti, while Mn and P were present at concentrations < 1%. 
Among landfill samples, overall highest levels of oxides were 
recorded in sample  L3. In coal sample, in addition to S as the 
most abundant, the other major oxides followed the similar 
decreasing order as in soil and landfill samples.

Concentrations of trace elements (As, Ba, Be, Bi, Cd, Co, 
Cr, Cs, Li, Ni, Pb, Rb, Sb, Sc, Sn, Tl, and Zn) ranged from 
below the detection limits (Bi in  L3) to 1.1 g/kg (Sr in  L1). 
Generally, the highest concentrations of most elements were 
observed in soil, with levels of Bi, Co, Cs, Pb, and Rb up to 
7–30 times higher than in other samples. On the other hand, 
Cu, Mo, Se, Sr, U, and V had the highest concentrations 

in one of the three samples from the landfill. For majority 
of elements, the lowest concentration were observed in the 
coal sample, with exception of Bi, Cd, Pb, Se, Tl, Rb, and 
Zn having the lowest levels in one of the landfill samples 
and Sr having the lowest concentration in the soil sample.

Extract concentrations

Results are shown in Table S1 (Supplementary material) as 
extract concentrations (mg  L−1) and in Table 4 as Relative 
Mass Leached (RML, in %).

Extract concentrations ranged from below the detection 
limits (< LOD) to 507 mg  L−1 in ASTM, from < LOD to 
293 mg  L−1 in EP, from < LOD to 427 mg  L−1 in TCLP 
(pH = 4.93) and from < LOD to 272 mg  L−1 in TCLP2 
(pH = 2.9); whereby all maximum concentrations are 
related to sulfur. The extract concentrations of Be, Bi, Sb, 
Sc, and Tl were below the limits of detection in majority 
of samples and are omitted from the discussion.

The highest concentrations were observed for S and Sr 
in landfill and coal samples, and for Mn and S in soil sam-
ples. In general, the highest extract concentrations for most 

Fig. 3  Back-scattered electron image of gypsum (1) and calcite (2) and its EDS spectra in sample  L1
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elements were observed in landfill samples, while the low-
est element concentrations were observed in coal sample. 
Regarding methods, ASTM resulted in similar to lower 
extract concentrations compared to those obtained by EPA 
method. Element concentrations obtained by TCLP and 
TCLP2 method were higher, up to two orders of magnitude 
in case of the latter, with exception of S and Mo which 
had the highest extract concentrations in ASTM method.

Discussion

Element levels in samples

In landfill samples, an increase with depth was observed for 
all oxides and most trace elements, probably due to direct 
exposure of surface layer to rainfall. The overall highest 

variability in element distribution was observed for Se 
(5.39–35.9 mg/kg) with highest value in the  L2 (Table 3), 
probably reflecting the combined action of leaching and 
secondary adsorption. Compared to the previous study of 
this landfill (Medunić et al. 2018a), which encompassed 
a much smaller set of elements (Cd, Cr, Cu, Pb, Se, Sr, 
U, V, and Zn), the measured concentrations are only to 
some extent comparable. While for Cd, Cu, Pb, V, and Zn 
the measured concentrations fall within the range of those 
previously published, U was found only slightly higher, 
and concentrations of Sr, Cr and Se were, respectively, 1.7, 
4 and tenfold higher than the highest previously reported. 
Compared to data reported for the geochemically similar 
ash landfill in eastern Croatia (Oreščanin et al. 2005), U 
was also only slightly elevated, Se and Sr exhibited, respec-
tively, threefold and twofold, higher levels, while only Pb 
and Zn were found at lower levels. Compared to solid 

Table 3  Total element 
concentrations (mg  kg−1) and 
content of major oxides (%) in 
analyzed samples

Bolded are the highest values per element/oxide

Soil Coal Landfill

(mg  kg−1) L1 L2 L3

As 14.8 2.68 4.28 8.74 8.76
Ba 381 17.7 64.3 88.5 144
Be 2.36 0.06 0.37 0.53 1.19
Bi 0.47 0.04 0.02 0.02 0.00
Cd 0.83 0.20 0.19 0.42 0.15
Co 41.5 1.62 3.30 4.20 7.87
Cr 167 14.1 55.8 63.6 141
Cs 7.14 0.42 0.50 0.48 0.61
Cu 37.8 8.93 32.5 32.6 57.4
Li 53.8 10.5 25.5 21.7 32.6
Mo 2.89 2.75 11.1 15.5 28.6
Ni 96.3 8.92 27.9 35.6 64.5
Pb 48.2 1.82 2.23 8.02 1.70
Rb 108 3.05 2.67 2.52 3.74
Sb 1.64 0.15 0.21 0.53 0.45
Sc 16.1 0.95 3.36 3.72 7.47
Se 21.8 31.8 27.3 35.9 5.39
Sn 4.70 1.08 1.33 1.55 1.98
Sr 128 199 1083 971 984
Tl 1.04 0.09 0.08 0.31 0.07
U 4.86 0.79 15.2 21.1 30.3
V 183 16.8 128 136 262
Zn 120 17.7 12.1 21.2 20.1
(%)
Al2O3 13.1 0.872 2.15 2.29 5.41
Fe2O3 5.93 0.343 1.25 1.58 2.69
MnO 0.292 0.004 0.005 0.006 0.012
TiO2 1.11 0.051 0.129 0.134 0.305
P2O5 0.150 0.006 0.016 0.016 0.033
SO3 0.514 21.1 5.28 5.83 7.33
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Table 4  Mobility of elements in 
analyzed extracts expressed by 
Relative Mass Leached (%)

ASTM EP TCLP TCLP2 ASTM EP TCLP TCLP2

Al L1 0.0022 0.0003 0.0098 0.0462 Cs L1 0.1998 0.1199 0.3796 0.2598
L2 0.0022  < LOD 0.0004 0.0337 L2 0.1448 0.1241 0.3516 0.2275
L3 0.0004 0.0001 0.0001 0.0123 L3 0.1643 0.1315 0.493 0.2465
Soil 0.0001 0.0002 0.0008 0.0042 Soil  < LOD  < LOD  < LOD  < LOD
Coal 0.0064 0.0006 0.0053 0.0282 Coal  < LOD  < LOD 0.0238  < LOD

As L1 0.0164 0.021 0.0304 0.1005 Cu L1 0.0154 0.0095 0.0157 0.048
L2 0.0183 0.0183 0.0252 0.0595 L2 0.0018 0.0083 0.0095 0.0438
L3 0.0114 0.0183 0.0274 0.0308 L3 0.0108 0.0232 0.0064 0.0481
Soil 0.0047 0.0054 0.0047 0.0034 Soil 0.0281 0.0124 0.0212 0.1577
Coal 0.0075 0.0112 0.0448 0.0224 Coal 0.0067  < LOD 0.0358 0.1456

Ba L1 0.0607 0.1436 0.1997 0.7109 Fe L1 0.00004 0.0002 0.0011 0.0136
L2 0.0427 0.0842 0.1392 0.4991 L2  < LOD  < LOD 0.0004 0.0066
L3 0.0207 0.0543 0.0612 0.2266 L3 0.00001 0 0.0001 0.004
Soil 0.0068 0.044 0.0902 0.3581 Soil 0.0001 0.0002 0.0001 0.0004
Coal 0.1215 0.0966 0.3096 0.4095 Coal  < LOD 0.0017 0.0036 0.0162

Cd L1 0.1565 0.1043 0.0522 0.4694 Li L1 0.2232 0.2115 0.2158 0.5341
L2 0.0958 0.0239 0.0239 0.3831 L2 0.1974 0.1716 0.2043 0.5259
L3 0.3287 0.1315 0.1315 0.5916 L3 0.1213 0.1633 0.1801 0.3434
Soil 0.012 0.1318 0.2994 0.9821 Soil 0.0007 0.0011 0.0007 0.0058
Coal  < LOD  < LOD 0.5413 0.8365 Coal 0.0057 0.0029 0.0029 0.0095

Co L1 0.003 0.0091 0.0152 0.1669 Mn L1 0.0068 0.0482 0.0709 0.5515
L2  < LOD 0.0024 0.0048 0.1143 L2 0.0021 0.0193 0.0463 0.5175
L3 0.0013 0.0178 0.0178 0.1741 L3  < LOD 0.0472 0.048 0.4098
Soil 0.001 0.0186 0.0246 0.1708 Soil 0.0002 0.1701 0.2276 0.6058
Coal  < LOD 0.0123 0.407 0.6784 Coal 0.0122 0.09 0.4323 0.9939

Cr L1  < LOD  < LOD 0.0022 0.0934 Mo L1 0.5702 0.2118 0.2435 0.7983
L2  < LOD  < LOD  < LOD 0.0602 L2 0.4618 0.1382 0.2145 0.6795
L3 0.0136 0.0004 0.0007 0.0427 L3 0.4474 0.1597 0.1993 0.3947
Soil  < LOD  < LOD 0.0001 0.0023 Soil 0.1313  < LOD  < LOD 0.1037
Coal  < LOD  < LOD 0.0014 0.0163 Coal 0.1092  < LOD  < LOD  < LOD

Ni L1 0.0014 0.0211 0.0236 0.2416 Sn L1 0.1430 0.1354 0.2032 0.0677
L2 0.0014 0.0051 0.0067 0.1451 L2 0.0452 0.1034 0.0840 0.2003
L3 0.0036 0.0479 0.0508 0.317 L3 0.1468 0.0962 0.1012 0.0759
Soil 0.005 0.0089 0.0125 0.0681 Soil 0.0894 0.0256 0.0426 0.0617
Coal 0.009 0.0056 0.0673 0.1301 Coal 0.1856 0.2412 0.1670 0.1577

P L1  < LOD  < LOD  < LOD 0.0612 Sr L1 0.3854 0.3864 0.4537 18.063
L2  < LOD 0.0297  < LOD 0.0059 L2 0.4294 0.3599 0.5247 17.917
L3  < LOD 0.1008 0.007 0.0981 L3 0.4203 0.4528 0.5992 15.543
Soil 0.0113 0.1379 0.0174 0.0772 Soil 0.1146 0.3191 0.3466 0.6568
Coal 11.085  < LOD 0.8394 0.1016 Coal 0.3166 0.1767 15.675 18.174

Pb L1  < LOD 0.0179 0.0135 0.0090 Ti L1  < LOD 0.0007 0.0009 0.0147
L2 0.0037  < LOD 0.2779 0.0199 L2 0.00002 0.0002 0.0004 0.0087
L3  < LOD  < LOD  < LOD  < LOD L3  < LOD 0.0002 0.0002 0.0027
Soil 0.0010 0.0168 0.0027 0.0260 Soil 0.00002 0.00001 0.00004 0.00002
Coal  < LOD  < LOD 0.2419 0.4564 Coal 0.0001  < LOD  < LOD 0.0014

Rb L1 0.5204 0.2096 0.3968 0.3931 U L1 0.1947 0.1362 0.1467 0.7302
L2 0.4093 0.1987 0.3299 0.3696 L2 0.1303 0.1104 0.1616 0.6572
L3 0.3794 0.2538 0.5879 0.4462 L3 0.0059 0.1411 0.1907 0.5422
Soil 0.0032 0.0044 0.0042 0.0055 Soil 0.0021 0.0062 0.0185 0.0741
Coal 0.0295 0.0197 0.0525 0.0328 Coal 0.0382 0.0255 0.0764 0.1400

S L1 18.786 0.4856 0.5798 0.8692 V L1 0.0083 0.0163 0.0239 0.0823
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wastes from thermal power plants of western Turkey (Baba 
and Kaya 2004), coal combustion bottom ash from Poland 
(Kierczak and Chudy 2014) and alkaline coal combustion 
by-products from China (Zhang et al. 2019), obtained data 
are lower to comparable for majority of elements. Also, 
all elements were found below the coal ash Clarke values 
(Ketris and Yudovich 2009), again with exception of Se and 
Sr which showed elevated values.

In soil, fifteen elements (Al, Ba, Co, Cr, Cu, Fe, Ni, Pb, 
Sc, Sr, Ti, V, and Zn) out of seventeen listed in Geochemi-
cal atlas of Croatia (Halamić and Miko 2009) had higher 
concentrations than the median background values for the 
region, while only As and Cd were found at slightly lower 
levels. Nonetheless, distribution of major and several trace 
elements (Cd, Cr, U, and V) was found in agreement with 
previous studies of this area (Fiket et al. 2018; Medunić 
et al. 2018a). Only Se was found at higher concentrations 
(up to ten times), while concentrations of Pb, Zn, Sr, and 
Cu were more than two times lower.

The content of major elements and majority of trace ele-
ments in coal sample is in the agreement with previously 
reported values (Jakšić et al. 1993;  Peco 2018). How-
ever, some trace elements (As, Cr, Mo, Ni, Pb, Sr, U, and 
V) were more than two times lower than those previously 
reported. Also, all trace elements were lower or compara-
ble to the coal Clarke values (Ketris and Yudovich 2009), 
with exception of Mo and Se. The latter is in accordance 
with Se-U–Mo-V enrichment characteristic for Raša coal 
(Medunić et al. 2016a).

Impact of Štrmac landfill on the environment

Extraction procedures resulted in different extract concentra-
tions of analyzed elements (ASTM < EPA < TCLP < TCLP2), 
which indicates that pH is an important parameter affecting 
the leaching rate of studied elements. It also raises a question 
which procedure is the most effective in predicting subsur-
face contamination due to leaching.

Selection of a method that can closely simulate the real-
life scenario depends on different factors—physical proper-
ties of wastes, the composition of the source, age of waste 
disposal, and the climatic conditions of the disposal area 
(Tiwari et al. 2015). Most authors agree that ASTM is the 
best method in representing natural weathering, since the 
waste is the dominant factor in determining pH of the extract 
(Baba and Kaya 2004). EPA and TCLP method are con-
sidered too aggressive for majority of wastes, which often 
results in misinterpreting the results and wrongly classify-
ing waste (Izquierdo and Querol 2012; Miguel et al. 2012; 
Tiwari et al. 2015). In addition, both of these methods were 
shown to mask leaching of oxyanionic species, like As and 
Se which are usually more mobile in neutral to alkaline 
conditions (Thorneloe et al. 2010; Tiwari et al. 2015). And 
although TCLP may not always be the optimal choice when 
assessing natural weathering conditions, its application pro-
vides insight into the mobility of elements in acidic condi-
tions, especially in parts of the world affected, even occa-
sionally, by acid rain (Kalembkiewicz and Sitarz-Palczakm 
2015).

Compared to EPA toxicity levels (in mg  L−1: As 5.0; 
Ba 100; Cd 1.0; Cr 5.0; Pb 5.0; Se 1.0), the landfill 
extract concentrations, define Štrmac landfill as non-
hazardous. However, extract concentrations of several 
elements (Al, S, Se, and V) were above limit values 
listed in Croatian regulation of wastewater treatment 
(Ministry of Agriculture, Croatian Government 2010; 
Table  S1). Not only are the S, Se, and V naturally 
enriched in SHOS Raša coal (Medunić et al. 2016a,b), 
but previous studies in the region reported their 
increased levels in water, vegetables, soil, and aquatic 
sediment (Medunić et al. 2018a,b,c), suggesting that 
leaching from the Štrmac landfill presents one of the 
possible sources of pollution.

Additionally, all these elements were above prescribed 
limits only in TCLP2 extracts suggesting that their release 
from the landfill could pose serious threat to local soil 
and groundwater in case of acid rain. The above scenario 

Table 4  (continued) ASTM EP TCLP TCLP2 ASTM EP TCLP TCLP2

L2 19.437 0.7531 0.8319 0.9050 L2 0.0073 0.0104 0.0163 0.0531
L3 17.282 0.9983 14.551 0.9263 L3 0.0240 0.0141 0.0216 0.0381
Soil 0.5755 0.1619 0.1342 0.1969 Soil 0.0013 0.0008 0.0006 0.0019
Coal 0.0125 0.0025 0.0026 0.0028 Coal 0.0137 0.0030 0.0196 0.0285

Se L1 0.0392 0.0381 0.0257 0.0964 Zn L1 0.2495 0.3396 0.3999 0.2231
L2 0.0036 0.0233 0.0292 0.1426 L2 0.1153 0.1450 0.1559 0.1710
L3 0.2206 0.2317 0.2039 0.7748 L3 0.1660 0.1950 0.1610 0.1795
Soil 0.0018 0.0023  < LOD 0.0005 Soil 0.0655 0.0322 0.0410 0.1290
Coal 0.0016 0.0003 0.0022  < LOD Coal 0.1677 0.1734 0.2270 0.3445

Bolded values show high mobility (RML > 0.5%)
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is quite realistic given that for the first half of 2019 pH of 
rainfall measured in the region (Rijeka, Croatia) ranged 
from 4.8–7.2, while in 1996 pH as low as 3.0 was reported 
(e.g., DHMZ 1996, 2020). In soils, only Mn was found 
above prescribed limits in EP and TCPL schemes.

Mobility of elements

Leaching pattern of elements

Under different pH conditions, elements can display one of 
the following leaching patterns: (i) cationic, displaying high-
est mobility in acidic pH, which decreases as pH increases; 
(ii) oxyanionic, displaying slight increase at acidic pH and 
more prominent increase at alkaline pH; and (iii) ampho-
teric, having high mobility at both alkaline and acidic pH 
values (Izquierdo and Querol 2012; Komonweeraket et al. 
2015; Zhang et al. 2019).

In our study, the Al, Ba, Cd, Co, Cr, Cu, Fe, Li, Mn, Ni, 
Pb, Sr, Ti, U, and V displayed an increase in all extract con-
centrations with a decrease in pH, implying their cationic 

character (e.g., Cu in Fig. 4a). As and Se displayed such 
behavior only in landfill samples, whereas in soil and coal 
their concentrations were similar, regardless of the pH (e.g., 
As in Fig. 4b).

As expected, S displayed oxyanionic pattern with high-
est extract concentrations in ASTM (Fig. 4c). Similarly, P 
displayed highest extract concentrations in EP.

Oxyanion Mo, on the other hand, showed amphoteric 
pattern (Fig. 4d). Contrary to other publications (Zhang 
et al. 2019, Izquierdo and Querol 2012), which reported 
that other oxyanion species (e.g., As, Se) usually have sim-
ilar leaching pattern as Mo, As and Se in landfill extracts 
had, on average, the lowest concentrations in ASTM. Due 
to its mineral composition and the prevalence of calcite 
(Fig. 2, Table 2), conditions within the landfill are pre-
dominately alkaline. And although alkaline conditions 
enhance desorption of oxyanions, they also decrease dis-
solved As and Se through incorporation into secondary 
calcium precipitates, like ettringite (Wang et al. 2009; 
Izquierdo and Querol 2012; Schwartz et al. 2018). Sul-
fur concentration hasn’t decreased in ASTM conditions, 

Fig. 4  As, Cu, S, and Mo extract concentrations in samples using different extraction methods
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suggesting that such precipitates may not have formed, but 
that does not exclude forming of other secondary calcium 
precipitates. Uptake of Mo by secondary precipitates is 
usually lower due to its larger size (Kumarathasan et al. 
1989), which is in accordance with the high mobility of 
Mo in ASTM, unlike other oxyanions. Uptake of Se by Ca-
precipitates is further supported by higher total values of 
Se in landfill samples  L1 and  L2 compared to  L3 (Table 3).

Contrary to other elements, the Cs, Pb, Rb, Sn, and Zn 
showed similar concentrations at all tested pH. However, 
according to Yue and Zhao (2008), the behavior of ele-
ments during leaching is not only controlled by the pH, 
but also by associated mineral assemblage, as discussed 
below.

Relative mobility of elements

Compared to the literature (Baba and Kaya 2004; Equee-
nuddin 2015; Kierczak and Chudy 2014; Zhang et  al. 
2019; with RML from 0.1% to > 10.0%), all elements had 
noticeably lower RML values (0.00001% to 1.94%). High 
content of carbonates and low pyritic value (White et al. 
1990; Peco 2018) of samples are probably responsible for 
the low RML. Namely, under alkaline conditions, Ca-pre-
cipitates are known to occur, causing the precipitation of 
trace elements (Jones 1995). Absence of pyrite, a promotor 
of acidic discharge (Equeenuddin 2015), further promotes 
the stated conditions.

Nonetheless, for purpose of discussion the elements were 
grouped as follows: elements with RML 0.5% or higher 
were referred to as high mobility class, elements with RML 
between 0.5% and 0.05% as moderate mobility class and ele-
ments with RML below 0.05% as low mobility class.

Element mobility related to matrice properties

High mobility in all sample types was observed for Mn, Sr, 
and Cd (Table 4), suggesting their association with carbon-
ates and sulfates. Substitution of  Mn2+ and  Sr2+ for  Ca2+ in 
calcite was reported for many coals (Swaine 1990), while 
Sr can also be associated with gypsum (Spivak-Birndorf 
et al. 2012). Cadmium is usually associated with sulfides 
and considered immobile in neutral to alkaline conditions 
(Izquierdo and Querol 2012; Zhang et al. 2019). However, 
due to its moderate to high mobility in studied samples, it is 
likely that Cd is associated with sulfates or soluble salts like 
 CdSO4 and  ZnSO4 (Querol et al. 1996). Although they are 
not present as major phases, we cannot rule out their pres-
ence as minor minerals.

Similarly to Sr, Ba forms sparingly soluble compounds 
with carbonates (Fruchter et al. 1990), further corroborating 
its moderate to high mobility in samples.

High mobility of S in landfill and soil samples is probably 
due to high amounts of soluble sulfates (gypsum, Table 2), 
while low mobility of S in coal sample reflects its prevalence 
in less-mobile organic form (Markuszewski et al. 1981).

Alkali metals Cs, Li, and Rb showed the same leaching 
pattern, moderate to high leaching in landfill samples and 
low mobility in soil and coal. Reported that the peak of Rb 
was present in non-magnetic fraction of fly ash where  CaCO3 
and  CaSO4 were main constituents, suggesting that these ele-
ments are also associated with sulfates in the landfill samples. 
Although Raša coal is characterized by a high sulfur content 
with calcite and dolomite as the main mineral phases, White 
et al. (1990) reported that from 10.77 wt.% of the total sul-
fur (as-received basis), 10.45% is organic sulfur, 0.3–0.63% 
is pyrite, and only 0.02% is sulfate. Low mobility of Rb, Cs, 
and Li in coal samples, thus, may be due to these elements 
being bound to small pyritic fraction, clay minerals or organic 
fraction (Izquierdo and Querol 2012; Zhao et al. 2017). In soil 
samples, those elements are probably absorbed on potassium 
alumino-silicates (e.g., ilite) due to common substitution of 
those elements for K ion in mentioned minerals.

The Mo, Se, and U also showed high mobility in landfill 
samples. Mobility of Mo is mostly affected by pH mentioned 
earlier. As volatile element, Mo readily condenses on the 
surface of fly ash particles during coal combustion and is 
consequently prone to leaching. Additionally, high mobil-
ity of Mo and U could be linked to their association with 
sulfates, oxides, and salts (Querol et al. 1996).

In the coal, P and Co demonstrated highest mobility. Phos-
phorus may be bound to organic matter in coal but also to inor-
ganic phases (e.g., apatite and aluminophosphate), whereby, 
depending on the pH and metal supply during coalification, 
typically one mineral group dominates (Ward et al. 2005). 
Apatite is more likely to form in natural to alkaline conditions, 
meaning that apatite is more likely to appear in Raša coal due 
to alkaline conditions prevailing during coalification of Raša 
coal (Medunić et al. 2016a, b). However, mobility of P was the 
highest in ASTM procedure, which is contrary to solubility of 
apatite which has lower solubility as pH increases (Smith et al. 
1977). Lack of literature data about mobility of phosphorus 
from coal precludes further discussion. Cobalt, on the other 
hand, is usually associated with pyrite, calcite, and dolomite. 
Considering low pyrite value of Raša coal, high mobility of 
Co in coal could be attributed to solubility of carbonates in 
acidic conditions.

The low mobility of other elements in the coal sample is 
probably due to its complex structure and the fact that many 
elements in the matrix are associated with organic matter, 
as well as the presence of soluble iron sulfates (rozenite and 
siderotil; Peco, 2018). Namely, the dissolution of these phases 
releases iron which is then precipitated as Fe-oxyhydroxide, 
readily binding other present trace elements (Herbert 1996; 
Hudson-Edwards et al. 1999; Kairies et al. 2005).
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Although total values of elements were highest in soil sam-
ples, mobility of elements was lower in soil than in landfill 
samples. This is probably due to slow dissolution rate of sili-
cates in acid conditions and association of elements with clay 
minerals, which adsorb trace elements, especially in alkaline 
conditions.

Most elements showed highest mobility in landfill samples, 
probably due to transformation of minerals during coal com-
bustion (Unver and Terzi 2018), as well as higher content of 
water-soluble sulfates, unlike in soil where main minerals are 
clay minerals (Peco 2018).

Health assessment

Of all the elements, only for As HQ was > 1 for all three routes 
of exposure (oral, dermal, and inhalation). For other elements, 
HQ < 1 for inhalation and dermal exposure, while for oral 
exposure it was higher for Co and V for the adult population, 
and for Co, Li, Mn, and V for children. In addition, the HI 
was > 1 for As, indicating that it would be desirable to limit 
any contact or prolonged stay at the studied landfill. Although 
As, Co, and Li were not above the prescribed limit in leachate, 
the calculated HQs nevertheless indicate a possible threat to 
human health, which further emphasizes the importance of 
considering different routes of exposure. All the more so as 
elements such as Mn and V in leachate have been recorded 
above the prescribed limit, confirming that the soil from this 
site poses a risk to the environment and human health through 
various forms of exposure.

Conclusion

In the studied landfill remained after deposition of SHOS 
coal combustion products, elements with highest leaching 
potential are those associated with sulfates and to a lesser 
extent with carbonates. Overall low RML values of all ele-
ments could, thus, be prescribed primarily to the alkalinity 
of this type of matrix which attenuates the release of ele-
ments associated with silicates (the majority of analyzed 
elements) and enhances the release of oxyanionic species 
(As, Cr, Sb, Se, and V), while simultaneously causes the 
uptake of released elements by Ca-precipitates. Nonetheless, 
both pH and mineralogy affect the leaching pattern. This fact 
not only highlights the complex interaction between mineral 
matter solubility, pH, and the leaching of potentially hazard-
ous elements but also emphasizes the necessity to consider 
also the mineralogy of inorganic deposits in the assessment 
of their possible impact on the environment.

Results also showed the non-cancerogenic risk for As 
(oral, inhalation, and dermal exposure) and also for oral 

exposure for Co and V (adults), and Co, Li, Mn and V (chil-
dren), emphasizing also the necessity to consider different 
pathways of exposure of this type of waste deposits.
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