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ent of coal ash after 50 years of
weathering: the integration of multielement
analysis and biological endpoints

Petrović M., a Vidaković-Cifrek Ž.,b Medunić G.b and Fiket Ž. *a

Coal ash disposal poses a significant environmental risk due to the potential leaching of toxic elements into

surrounding ecosystems. Here, we analysed the phytotoxic effect of two coal ash disposal sites after 50

years of weathering to evaluate whether coal ash remains toxic after long-term disposal and whether

vegetated areas are less toxic than bare ones. To analyse that, a combination of multielement analysis of

coal ash and eluates and two bioassays-seed germination and Allium test-was used. Multielement

analysis revealed that some samples exceed the World Health Organization's drinking water thresholds;

however, biological responses did not consistently align with the total element concentrations. Seed

germination was inhibited in 7 out of 12 samples, most strongly in soil and bare ash eluates from both

sites. The Allium-based cytogenetic assay showed high mitotic inhibition and genotoxicity in most

eluates. Correlation analyses linked Al, As, and V with increased chromosomal aberrations. However, the

potential for synergistic or antagonistic interactions among elements complicates the straightforward

predictions of toxicity based on concentration alone. Overall, these results advocate for the integration

of biological endpoints with chemical data and highlight the persistent toxicity of coal ash even after 50

years of weathering.
Environmental signicance

Coal combustion residues (CCR) are one of the world's largest industrial waste streams, yet their long-term environmental risks remain poorly understood. This
study provides one of the rst systematic evaluations of phytotoxicity and genotoxicity from ∼50-year-old weathered coal ash deposits. By combining chemical
analysis with bioassays, we show that coal ash remains toxic decades aer disposal, despite partial natural attenuation through vegetation and pedogenesis.
Correlation analyses, supported by mechanistic evidence from the literature, suggest that aluminum, arsenic, and vanadium are likely contributors to the
observed chromosomal damage. Biological responses did not consistently align with measured elemental concentrations, highlighting the limitations of relying
solely on concentration-based thresholds and emphasize the need for integrated chemical–biological approaches in the management of legacy CCR disposal
sites.
1. Introduction

Coal combustion residues (CCRs) refer to four materials (y
ash, bottom ash, slag, and ue gas desulfurization by-products)
generated as by-products during coal combustion. Approxi-
mately 1.1 billion tons of CCRs are produced annually world-
wide, out of which 60% is utilized, and the rest is disposed of in
surface impoundments.1 CCRs, excluding the ue-gas desul-
furization by-products, consist of non-combustible inorganic
materials with varying percentages of unburned coal particles
(organic matter) and are enriched in organic pollutants (PAHs)
and trace elements.2,3
4, 10000 Zagreb, Croatia

orvatovac 102a, 10000 Zagreb, Croatia.

of Chemistry 2026
Among these trace elements are naturally occurring radio-
nuclides (e.g., 238U, 232Th, and 226Ra) and potentially hazardous
metal(loid)s (e.g., As, Pb, Cd, Cr, Hg, Se, B, and Mo) that exist at
2–10 times higher concentrations than that in the parent coal.4

When CCR is disposed of in landlls or impoundments,
contaminants may leach into surrounding soils and waters,
while ne ash particles can get transported over long distances
as they are airborne, creating multiple exposure pathways.5,6

The toxic effects of CCR both in the eld and laboratory
settings are well documented. In aquatic and terrestrial
systems, coal ash has reduced the swimming speed of toads,
leading to higher predation risk;7 caused oral and spinal
deformities in amphibians and sh;8,9 and contributed to
mercury poisoning in cattle that are grazing near coal power
plants.10 Epidemiological investigations have reported associa-
tions between proximity to CCR disposal sites and increased
respiratory symptoms, developmental concerns and
Environ. Sci.: Processes Impacts
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neurobehavioral problems in children.11–13 Laboratory bioassays
across a wide range of model systems, including plants, inver-
tebrates, microbes, and human cells, have demonstrated that
CCR can impair growth, reproduction, and genetic integrity,
with dose-dependent effects.14–19 Collectively, these ndings
demonstrate that the impacts of CCR extend from microor-
ganisms to higher organisms. These responses are commonly
associated with oxidative stress, inammation, and DNA
damage, resulting from the release and bioavailability of
enriched metal(loid)s, such as As, Cd, Cr, Pb, Hg, and Se.15,20–22

However, trace elements, PAHs, radionuclides, and high salinity
may act alone or synergistically, making it difficult to pinpoint
the mechanisms of toxicity.23,24

Moreover, the magnitude of the toxic effects depends
strongly on the ash composition, which can differ signicantly
even among ashes from the same power plant.5 Because the ash
composition governs toxicity, understanding how it changes
under environmental conditions is essential.

Over time, CCR does not remain chemically static. Aer
disposal, decade-long weathering processes alter its physico-
chemical properties. Reported changes include a decline in pH
(from ∼12 to <9), secondary mineral precipitation (e.g., calcite),
and an increase in organic matter.25,26 These transformations
affect pollutant release27 and, consequently, toxicity. Yet, most
CCR are assessed before disposal, even though landlls world-
wide are now several decades old and continue to evolve.
Understanding the toxicity of weathered CCR is therefore
essential for long-term risk assessment.

To date, few studies have addressed the toxicity of weathered
CCR. For example, Bandarra et al.28 tested weathered CCR
eluates on ve organisms (the plant Lepidium sativum, the
bacteria Aliivibrio scheri, the microalgae Raphidocelis sub-
capitata, the macrophyte Lemna minor and the microcrustacean
Daphnia magna) and found overall low impairment, with
Daphnia magna being the most sensitive. Toxicity was reduced
aer pH adjustment, underscoring the inuence of weathering.
Still, systematic evaluations of weathered CCR remain rare,
despite the global prevalence of old CCR disposal sites.29

Both landlls investigated in this study are Croatian CCR
disposal sites, each comprising a mosaic of bare ash deposits
and vegetated areas that have undergone differing degrees of
weathering and early pedogenesis.26 Vegetated zones exhibit
lower pH levels, greater secondary mineral formation, and
higher organic matter content compared to adjacent bare or
cemented deposits, which retain properties resembling fresh
ash. In our previous work, we demonstrated that this
pronounced spatial heterogeneity results from cementation
processes and early soil formation developing over the past ∼50
years.26 These contrasting conditions within each landll
provide a natural framework for comparing the toxicity of
differently weathered CCR materials exposed to the same
climate and deposition history.

In this study, we investigated two legacy Croatian CCR
landlls using two phytotoxicity assays: the seed germination
test and the Allium test, following established procedures
widely used in environmental monitoring.30–32 The seed germi-
nation assay evaluates phytotoxicity by measuring the
Environ. Sci.: Processes Impacts
inhibition of germination and early root elongation, providing
a sensitive indicator of plant-level stress caused by CCR expo-
sure. Because germination and early root growth represent the
rst stages of plant establishment, this assay is particularly
relevant for assessing how vegetated and bare areas differ in
their ability to support plant growth. The Allium test assesses
cytotoxic and genotoxic effects in actively dividing root meri-
stem cells through mitotic index and chromosomal aberration
endpoints. This allows the evaluation of whether CCR exposure
disrupts normal cell division and induces chromosomal
damage.

Therefore, we aim to (1) assess the toxicity of ∼50-year-old
weathered CCR, (2) test whether vegetated areas are less toxic
than bare deposits, and (3) evaluate statistical associations
between toxicity endpoints and trace element concentrations
using correlation analyses to identify which elements are most
likely contributing to toxicity. Because experimental testing of
individual chemical species in isolation was beyond the scope
of this study, these correlations serve as an informative rst step
toward identifying potential toxic contributors. By addressing
these aims, we provide new insight into the long-term evolution
of CCR toxicity and its implications for the management and
rehabilitation of legacy disposal sites.

2. Materials and methods
2.1. Study area

This study focuses on two unlined CCR landlls located in
Štrmac and Plaški villages in Croatia (Europe) (Fig. 1).

The rst landll (LŠ) is situated in Štrmac, a village on the
Istrian peninsula, western Croatia (Fig. 1b). It covers ∼17 000
m2 and consists of coal bottom ash and slag disposed of by
a local foundry in the 1960s. The nearest residents live only ∼12
m away. The top of the landll is planted with conifers, while
the slopes remain largely bare, with patches of grass and other
pioneer species. The ash was produced by burning local Raša
coal, a super-high-organic-sulfur coal enriched in S, Se, Mo,
U, V, and Re.33,34 A detailed description of the geological and
geochemical characteristics of Raša coal can be found else-
where (Medunić et al., 2018; Medunić et al., 2016), as well as
environmental pollution caused by its combustion.22,35,36

The second landll (LP) is situated in Plaški, a village in the
Lika Region (Fig. 1c). The landll consists of 70 000 m3 of y
and bottom ash disposed of by the former sulfate pulp factory
operating from 1965 to 1991. The height of the landll varies
from 3.5 to ∼13 m.37 The top of the landll is covered with
naturally growing grass, while the slopes are bare, with patches
of pioneer plant species (Fig. 1c). Slopes are cemented, which is
oen found in such landlls.38 The type of coal burned in the
factory is publicly unknown.

A detailed characterization of the physicochemical and
mineralogical properties of the samples from these two land-
lls, including granulometric characteristics, distribution of
mineral phases, cation exchange capacity, and particle surface
area, can be found in the study by Petrović et al.26 According to
this study, the bare section of the Štrmac landll is primarily
inuenced by abiotic processes (the second stage of landll
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Study area adapted from Petrović et al.26 showing the locations of the two landfills in Croatia and the sampling sites at Štrmac (LŠ) and
Plaški (LP) landfills. At each location, several samples with varying depths were taken, and the ones with visible numbers were used for the
phytotoxicity study. The physicochemical andmineralogical characteristics of all collected samples are presented in Petrović et al.26 Note: an LP1
sample is an intermediate sample. Chemically, it resembles a bare sample, and the grass did not fully cover it like it did the rest of the samples ‘with
vegetation’. However, that area had patches of vegetation growing on it; thus, in this study, it was classified as a sample with vegetation.
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evolution), while the vegetated areas exhibit early signs of
pedogenesis (the third stage). In contrast, both the bare and
vegetated samples of the Plaški landll show signs of early
pedogenesis (3rd stage).
2.2. Sampling and sample preparation

The sampling campaign was conducted in July 2020 (LŠ) and
May 2021 (LP) with a total of 69 samples collected. The sampling
details and sample preparation can be found in Petrović et al.26

For the total element analysis, all samples were analyzed. For
phytotoxicity testing, 12 samples were chosen (6 from both
landlls), including soil samples (LŠ1, LŠ7, LP8, LP9), naturally
vegetated samples (LŠ5, LŠ4, LP5, LP1) and bare samples (LŠ8,
LŠ11, LP3, LP10). In addition, an Allium test was performed on
two “fresh” ash samples (y ash, FA and bottom ash, BA)
generated, collected, and properly stored in the 1970s from the
Plomin Thermal Power Plant, which used the same Raša coal as
the foundry in Štrmac.

2.2.1. Sample preparation for the total element analysis.
For the total element analysis, sub-samples (0.05 g), previously
homogenized in an agate mill, were subjected to a total diges-
tion in the microwave oven (Multiwave 3000, Anton Paar, Graz,
Austria) in a two-step procedure. The latter involved digestion
This journal is © The Royal Society of Chemistry 2026
with a mixture of 4 mL of nitric acid (HNO3, 65%, pro analysi,
Kemika, Zagreb, Croatia), 1 mL of hydrochloric acid (HCl), and
1 mL of hydrouoric acid (HF, 48%, pro analysi, Kemika,
Zagreb, Croatia), followed by the addition of 6 mL of boric acid
(H3BO3, Fluka, Steinheim, Switzerland). Prior to analysis,
digests were 10-fold diluted, acidied with 2% (v/v) HNO3 (65%,
supra pur, Fluka, Steinheim, Switzerland), and In (1 mg L−1) was
added as the internal standard.

2.2.2. Eluate preparation. A standardized European leach-
ing batch test (EN-12457-2) at a liquid to solid ratio of 10 : 1 was
used for eluate preparation.39 The prepared suspensions were
shaken for 24 h using the mechanical shaker at 320 rpm,
centrifuged, and ltered using a 0.45 mm lter. Since some
samples have very high pH (>11), the pH of the eluates was
adjusted to 6–7 with 1 M, 0.5 M, and 0.1 M HCl to remove pH as
a toxic parameter and focus on ash constituents (Table S1).
2.3. Multielement analysis

Elemental concentrations were determined by inductively
coupled plasma triple quadrupole mass spectrometry (ICP-
QQQ, 8900 Agilent, USA). A total of 30 elements were ana-
lysed: Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, K, Li, Mg, Mn,
Mo, Na, Ni, Pb, Rb, Sb, Se, Sn, Sr, Ti, Tl, U, V, and Zn.
Environ. Sci.: Processes Impacts
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Analytical quality control included procedural blanks,
instrument blanks, and repeated analysis (n = 6) of certied
reference materials (CRMs). Three CRMs were used to verify the
analytical performance across different matrices: NCS DC 77302
(China National Analysis Centre for Iron and Steel, Beijing,
China) for soil samples, NCS FC 28145 (China National Analysis
Centre for Iron and Steel, Beijing, China) as a certied coal ash
reference material, and SLRS-4 (National Research Council
Canada) for aqueous eluate analyses.

Recoveries for all elements ranged between 90% and 110% of
certied values. The relative standard deviations (RSD) for the
CRM replicate analyses were generally below 5%. Instrument
blanks were consistently below the detection limits for all
measured elements. The limits of detection (LOD) were calcu-
lated as three times the standard deviation of repeated proce-
dural blank measurements and are reported in the Tables S4
and S6.

The results of total analysis for As, Cr, Mo, Se, U, and V were
reported previously for the interpretation of leaching tests.27

The total concentration for the rest of the elements and the
eluate concentrations have not been previously published. The
results of the eluates were compared to the EU non-hazardous
landll leachate limits40 and the more rigid WHO/EU drinking
water thresholds.41
2.4. Ecotoxicity testing

2.4.1. Seed germination test. The germination test was
performed according to the procedures described in Fritz et al.42

(2007) and Luo et al.32 (2018) with certain modications. Two
layers of sterile lter paper and 5 mL of the sample or 5 mL of
pure water (Milli-Q), which we used as a negative control, were
added to sterile plastic Petri dishes with a diameter of 9 cm. 20
lettuce seeds (Lactuca sativa L., a variety of Dalmatian ice
lettuce) were placed in each bowl. Four replicates for each
sample investigated were le in the dark at a temperature of 22
± 1 °C. For four days (96 h), we recorded the number of
germinated seeds. To maintain humidity, on the third day of
the experiment (aer 72 h), we added another 2.5 mL of the
sample, or Milli-Q water (control), to the Petri dishes. At the end
of the fourth day of the experiment (96 h), we measured two
toxicity endpoints: seed germination and radicle length.42

We expressed the results as follows:
(a) Seed germination (SG): the percentage of germinated

seeds in a certain period of time:

SGð%Þ ¼ no: of germinated seeds

no: of total seeds
� 100

(b) Relative seed germination (RSG): the percentage of
germinated seeds in the treatment compared to the control
(used only to calculate the Germination index):

RSGð%Þ ¼ no: of germinated seedsðsampleÞ
no: of total seedsðcontrolÞ � 100
Environ. Sci.: Processes Impacts
(c) Relative radicle growth (RRG): the length of the radicle
aer the treatment compared to the length in the control:

RRGð%Þ ¼ radicle length in treatment

radicle length in control
� 100

(d) Germination index (GI):

GI ¼ RSG�RRG

100

2.4.2. Allium test. Onion bulbs (Allium ascalonicum L.),
with ∼2 cm diameter, were prepared by removing the dry outer
scales and gently cleaning the base of each bulb without
damaging the root primordia. The bulbs were placed on the top
of glass asks lled with reverse osmosis-puried tap water (pH
6.5), and roots were allowed to grow for 48 hours, with daily
water changes. Once the roots reached ∼1.5 cm, the bulbs were
exposed for 24 hours to sample eluates, with ve biological
replicates per treatment. Tap water was used as the negative
control, and a 5 mmol L−1 copper sulfate solution (CuSO4 × 5
H2O) was used as the positive control.

Aer treatment, some roots were xed immediately in
ethanol–acetic acid (3 : 1), while others were placed in fresh tap
water for a 24-hour recovery before xation. All procedures were
carried out at 22 ± 1 °C and shielded from light. It should also
be noted that the tap water used during root growth, the
recovery period, and as a negative control was le at room
temperature for 24 hours and aerated for at least 5 minutes
before use in the experiment. During the experiment, the water
was changed every 24 hours.

Fixed roots were hydrolyzed in 1 M HCl (Lach-Ner s.r.o.) at
60 °C for 10 minutes and stained with Schiff's reagent43 for 1.5
hours. The roots were then prepared for microscopy by
immersing the meristem region in a drop of 45% (v/v) glacial
acetic acid. Themeristem region was then cut off, and the tissue
of the root tip was crushed with a glass rod, covered with
a coverslip and pressed with the thumb (“squash” technique).
At least ve microscope slides were prepared per treatment, and
a minimum of 4000 cells were analyzed per condition using
a Primo Star Zeiss light microscope under 40× or 100×
magnication. The following parameters were determined:

(a) Mitotic index (MI): the percentage of dividing cells in the
total number of observed cells:

MIð%Þ ¼ no: of dividing cells

no: of total cells
� 100

(b) Chromosomal aberrations (CA): the percentage of cells
with chromosomal or mitotic aberrations in the total number of
cells in division:

CAð%Þ ¼ no: of cells with aberrations

no: of cells in division
� 100

In addition, the types of chromosomal aberrations were
recorded.
This journal is © The Royal Society of Chemistry 2026
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2.5. Statistical analyses

All values are obtained from four replicates. Unless otherwise
stated, descriptive values in the text refer to sample means.
Boxplots in all gures display medians and interquartile ranges.
Statistical analyses were performed in MATLAB R2023b.

Differences among treatments were evaluated separately for
each landll (Štrmac and Plaški). For the seed germination test,
one-way ANOVA, followed by Tukey's post hoc test, was per-
formed, including all eluate treatments and the corresponding
negative control within each site. For the Allium test, separate
one-way ANOVAs were conducted for the mitotic index (MI) and
chromosomal aberrations (CA), including all exposure treat-
ments and controls within each site. Recovery-phase data were
analyzed independently using the same approach. The signi-
cance level was set at p < 0.05.

Spearman correlation coefficients were calculated for bio-
logical endpoints and eluate concentrations, and the results
were visualized as heatmaps.
3. Results and discussion
3.1. Geochemical characterization of weathered coal ash
samples

The geochemical composition of major oxides in CCR samples
was assessed using concentration coefficients (CC), dened as
the ratio between measured oxide concentrations and the
average composition of European coal ash. This approach
highlights the relative enrichment (CC > 1) or depletion (CC < 1)
of elements compared to the typical European CCR.44
Fig. 2 Median concentration coefficients (CC) ofmajor oxides in the sam
CCwas calculated as the ratio of the oxide concentration in each sample
above 1 indicate enrichment, while values below 1 indicate depletion. Tota
and S3).

This journal is © The Royal Society of Chemistry 2026
The results revealed the high enrichment of sulfur and
calcium and the depletion of other oxides (Al2O3, Fe2O3, K2O,
MgO, MnO, Na2O, P2O5, and TiO2) (Fig. 2). A high sulfur
enrichment in Štrmac CCR reects their origin from Raša coal,
a unique coal type with exceptionally high organic sulfur
content.33,45,46 Similarly, CaO enrichment and the depletion of
Al2O3 and Fe2O3 were expected, given the abundance of Ca-
bearing minerals, such as calcite (CaCO3), gypsum (CaSO4-
$2H2O), portlandite (Ca(OH)2), and ettringite (Ca6Al2(SO4)3(-
OH)12$26H2O) in these ashes.26,46

These oxide patterns have important implications for ash
reactivity, as they classify both ashes as Ca-rich ash (class C).47

Ca-rich ashes typically have high buffering capacity, alkaline
pH, and a tendency to leach oxyanion-forming elements, such
as As, Cr, Mo, P, S, Se, Sb, U, and V.46

The CC of the trace elements in the coal ash samples,
normalized to world coal ash averages,48 revealed clear patterns
of enrichment and depletion across the two landll sites and
material types (Fig. 3). At Plaški, high enrichment was observed
for Ni, Cr, and U, with moderate enrichment of V, Mo, and Cs.
At Štrmac, similarly high values were recorded for Mo and U,
along with relatively greater enrichment of Se compared to the
case at Plaški. In contrast, unweathered ash samples (FA and
BA) showed enrichment in Rb (6.4) and Mo (3.1), together with
consistently higher CCs for several alkali metals compared to
weathered landll materials (Table S5).

When comparing different sample types (bare and with vege-
tation), the Plaški samples displayed amore uniform distribution,
with bare ash consistently enriched in most trace elements. At
ples from the Štrmac and Plaški coal combustion residue (CCR) landfills.
type to the average oxide concentration in European coal ash.44 Values
l oxide concentrations for each sample are reported in the SI (Tables S2

Environ. Sci.: Processes Impacts
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Fig. 3 Average concentration coefficients (CC) of trace elements in the Štrmac and Plaški samples. CC was calculated as the ratio of the sample
element concentration to the global coal ash average.48 Elements were grouped by plant relevance (essential vs. toxic) and geochemical
behaviour (alkali, transition and chalcophile) to highlight mobility and uptake pathways.49,50 Categories are not mutually exclusive; hence, some
elements appear in more than one group. Full concentrations are in the SI (Tables S4 and S5).
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Štrmac, the distribution was less uniform, where ash with vege-
tation showed higher enrichment in Cu, Zn, and Se, and soil
materials in Ni and Cd, compared to the bare ash samples.
Environ. Sci.: Processes Impacts
3.2. Geochemical characterization of ash leachates

Although the analyzed samples were enriched in several major
and trace elements compared to the European and global
This journal is © The Royal Society of Chemistry 2026
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averages, the total concentration alone does not reect the toxic
capacity of coal ashes. To better assess the environmental risk,
the relative mass leached (RML, %) and water-soluble concen-
trations were determined.

Most major and trace elements showed low mobility (RML <
1%), indicating strong retention in the solid phase. However,
several elements exhibited much higher release, depending on
the sample type and site conditions. Among major elements,
Na, K, and Ca were the most mobile. Na reached 22.6% in LP3
and 16.1% in BA, with elevated values also in FA (7.9%), LŠ1
(5.5%), and LŠ11 (6.4%). K peaked in LŠ4 (27.4%) and LŠ8
(13.5%), while Ca was highly soluble in BA (24.0%). Mg was
generally stable, except in LP3 (5.6%) (Table S7). These values
are consistent with the dissolution of soluble salts and Ca-
bearing phases, such as gypsum (CaSO4$2H2O), portlandite
(Ca(OH)2), and ettringite (Ca6Al2(SO4)3(OH)12$26H2O), which
are typical of high-Ca ashes.26,46,51,52

Among trace elements, the highest mobilities were observed
for Cd, Mo, Pb, Zn, Sr, and Se (Fig. 4 and Table S7). Cd was
highly mobile in LP3 (21.6%) and BA (24.0%). Mo reached
22.6% in LP3 and was also elevated in LŠ1 (5.5%) and LŠ11
(6.4%). Pb showed moderate release in LP3 (5.1%). Zn reached
11.5% in LŠ11 and 8.9% in BA. Sr was especially mobile in FA
(9.5%), while Se was enriched in BA (15.2%) and FA (6.4%). In
contrast, Ni remained consistently low (<0.5%) in all samples,
despite its enrichment in Plaški ashes.

Clear differences were observed between sample types. Bare
ashes (LP3, LŠ11) and unweathered ashes (FA, BA) consistently
showed the highest leaching fractions, reecting the domi-
nance of soluble phases, typical of the early abiotic stage of
landll evolution.26 Within this group, individual samples, such
as LP3 and LŠ11, showed especially high leaching fractions.
This variability between the same sample type may be linked to
localized cementation, which could have reduced inltration
and promoted the accumulation of soluble salts in parts of the
landll, similar to cementation zones described in mine
tailings.53

In contrast, vegetated or soil samples (LP1, LP5, LŠ7, LŠ5)
generally showed lower RML values than bare samples. Lower
RML values in vegetated samples are likely a result of more
advanced pedogenesis in those samples.26 A decrease in pH to
a more neutral value, a higher organic matter content, and the
precipitation of more stable secondary minerals (calcite, clays)
may all have caused the reduction in element release.54

However, some excepted results were observed, including more
mobile As in the vegetated Plaški sample (LP5) and U, As, and V
in the vegetated Štrmac samples. Unlike cationic elements (e.g.,
Pb, Zn, and Ni), which are strongly retained by clays, oxides, and
organic matter, these elements occur mainly as oxyanions
(arsenate, uranyl-carbonate, vanadate). The shi from hyper-
alkaline conditions in bare ash to neutral–alkaline conditions
in vegetated samples26 may have promoted higher release of the
mentioned oxyanion species. This has been observed in
modelling studies of the leaching of oxyanion species from coal
ash55 and our previous leaching study, which showed that
pedogenesis changes how As and V are released.27 Thus, while
vegetation and soil development generally reduce trace element
This journal is © The Royal Society of Chemistry 2026
release, they may simultaneously promote the mobility of
certain oxyanion-forming elements.

Site-specic differences were also evident. Plaški samples
were more prone to releasing oxyanion-forming elements (As, V)
and alkali metals (Li, Rb). In contrast, Štrmac samples released
more Ba, Ca, Sr, Cr, and Cu, likely reecting the Raša coal origin
and the abundance of soluble Ca–S phases that favor co-
leaching of alkaline earths and redox-sensitive trace metals
under strongly alkaline conditions.36,45

Overall, element mobility appears to be governed by both the
stage of pedogenesis and site-specic mineralogy, with
cementation and salt accumulation offering explanations for
localized hotspots, such as LP3. Bare and unweathered ashes
(LP3, LŠ11, FA, BA) exhibited the highest leaching, while soil
and vegetated samples were more stable, with exceptions in
certain oxyanion-forming species. These ndings highlight the
role of landll evolution, cementation, and coal origin in
determining which elements remain environmentally relevant
during long-term weathering of CCR.

3.2.1. Comparison with environmental standards. To
further assess the risk and describe the samples' composition,
elemental concentrations were compared to two regulatory
thresholds commonly used for comparison in leaching studies.

When compared to the EU non-hazardous landll leachate
limits,40 most eluate concentrations were below regulatory
thresholds. Only Mo in one sample (LP3, bare) exceeded the
EU limits for non-hazardous waste leachate. No other
sample exceeded these limits; therefore, from a waste classi-
cation perspective, almost all samples would be
considered acceptable for disposal at non-hazardous waste
facilities.

When applying the more stringent drinking water stan-
dards,41 multiple exceedances were observed (Table 1). The As
concentrations exceeded the 10 mg L−1 threshold in four Plaški
samples (LP1, LP3, LP5, LP8), while Cd was above the 3 mg L−1

guideline in LP3. The Cr and Pb levels surpassed their respec-
tive drinking water limits (50 mg L−1 and 10 mg L−1) in LP3 and
LP5, and Pb also exceeded the limit in Štrmac samples LŠ4 and
LŠ11. Mo exceeded the 70 mg L−1 limit only in LP3, which also
had the highest concentrations of multiple other metals,
including U, Sb, and Ba. The U concentrations were also above
the drinking water limit (30 mg L−1) in LŠ7, and the barium
levels exceeded the 700 mg L−1 limit in LŠ11.

Despite the relatively low total concentrations for many
metals, these ndings highlight that several eluates (LP3, LP5,
LŠ7, LŠ11, LŠ4) contain trace elements at levels that exceed safe
drinking water standards. This suggests potential environ-
mental risks if such eluates were to enter groundwater systems
or surface water bodies, especially in scenarios of long-term
leaching. This is particularly important because both landlls
are unlined.
3.3. Phytotoxicity of weathered coal ash

3.3.1. Inuence of weathered coal ash on seed germination
and radicle growth. The potential toxic effects of weathered coal
ash eluates and associated soils were evaluated based on three
Environ. Sci.: Processes Impacts
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Fig. 4 Relative mass leached (%) of selected trace elements (As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, Se, V, U, and Zn) from coal ash samples in different
sample types (unweathered, soil, bare, and vegetated). Values are shown on a logarithmic scale to account for the variation across orders of
magnitude. Symbols: Plaški landfill, triangles; Štrmac landfill, circles. Measured concentrations and calculated relative mass leached (RML) values
for every element and sample are in the SI (Tables S6 and S7).
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Table 1 Comparison of the measured element concentrations in eluates to two different regulatory thresholds: the EU non-hazardous landfill
leachate limits at a liquid-to-solid ratio (L/S) of 10 L kg−1 (ref. 40) and more rigid WHO drinking water thresholds.41

EU non-hazardous waste
leachate limit (mg L−1)

WHO drinking water
limit (mg L−1)

Minimum
(mg L−1)

Maximum
(mg L−1) Above limit?

Samples exceeding
the limit

As 200 10 0.13 62.5 Yes (4) LP1, LP3, LP5, LP8
Ba 10 000 1300 5.37 8260 Yes (1) LŠ11
Cd 100 3 0.01 9.83 Yes (1) LP3
Cr 1000 50 1.5 98.0 Yes (2) LP5, LP3
Cu 5000 2000 0.58 132 No —
Mo 1000 70 0.24 1235 Yes (1) LP3
Ni 1000 70 11.4 133 Yes (1) LŠ4
Pb 1000 10 0.06 73.8 Yes (3) LP3, LŠ4, LŠ11
Sb 70 5 0.03 0.99 No —
Se 50 40 0.03 6.28 No —
U — 30 0.13 276 Yes (2) LP3, LŠ7
Zn 5000 — 0.25 54.9 No —
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indicators: seed germination, relative radicle growth, and
germination index.

Seed germination (SG) of seeds treated with eluates from the
Štrmac locality (LŠ1, LŠ4, LŠ5, LŠ7, LŠ8, LŠ11) ranged from 35%
to 91%, while for the Plaški samples (LP1, LP3, LP5, LP8, LP9,
LP10), it ranged from 20% to 90% (Fig. 5). In comparison, the
control seeds germinated at 95%.

Based on ANOVA followed by Tukey's post hoc test (Table S8
and Fig. 5), seven of the tested samples showed signicant
inhibition of germination compared to the control. Among the
Fig. 5 Seed germination (%; (A) and (D)), relative radicle growth (%; (B) and
the Štrmac (A–C) and Plaški (D–F) localities. Colors denote sample typ
samples with vegetation (green), and bare ash samples (grey). Differe
differences between treatments based on one-way ANOVA, followed by
the literature, a value of 80 was taken as the toxicity threshold (red dash

This journal is © The Royal Society of Chemistry 2026
Štrmac coal ash samples, inhibition was observed for two bare
ash eluates (LŠ8, LŠ11) and one vegetated ash eluate (LŠ5).
Among the Plaški coal ash samples, inhibition was observed for
two bare ash eluates (LP3, LP10). No signicant differences were
found between the vegetated and bare ash samples within the
Štrmac locality. In Plaški, however, the vegetated ash samples
(LP1, LP5) exhibited signicantly higher SG than the bare ash
samples (LP3, LP10), suggesting early pedogenic effects that
mitigate toxicity.
(E)), and germination index (C and F) of seeds treatedwith eluates from
es: negative control (white), soil samples around the landfill (brown),
nt lowercase letters above boxplots indicate statistically significant
Tukey's post hoc test (p < 0.05). Black dots represent outliers. Based on
ed line) for the germination index.32
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For soil eluates, signicant inhibition was observed in both
Plaški soil samples (LP8, LP9), whereas none of the Štrmac soil
samples (LŠ1, LŠ7) showed inhibition. The contrasting toxicity
patterns most likely stem from differences in sampling loca-
tions. Štrmac soils were collected on top of the landll, whereas
Plaški soils were collected downslope beneath the ash body,
where leachate accumulation is expected to be greater.

Because radicle growth is a more sensitive indicator of
stress,56,57 it is commonly evaluated for samples that do not
signicantly inhibit seed germination. The relative radicle
growth (RRG) incorporates negative control into its calculation;
therefore, values below 100% reect reduced radicle growth.

Among the Štrmac samples without signicant effects on SG
(LŠ1, LŠ7, LŠ4), the RRG values varied considerably. Soil
samples LŠ1 and LŠ7 showed radicle growth close to the refer-
ence level (100%), whereas the vegetated LŠ4 sample exhibited
a noticeable reduction. A similar pattern was observed for
Plaški. Although vegetated samples LP5 and LP1 did not
signicantly inhibit SG, both displayed reduced RRG.

These ndings demonstrate that germination alone may
underestimate toxicity, as radicle growth can be impaired even
when seeds germinate successfully. This highlights radicle
growth as an important complementary indicator for identi-
fying sublethal effects that may disturb seedling growth and
development.

It is worth noting that the samples that inhibited seed
germination had a relative radicle growth similar to or even
higher than the samples that did not inhibit seed germination,
which seems contradictory. For example, two bare samples
from both localities, LŠ11 and LP10, had the lowest seed
germination of all samples at their respective location, but their
radicles were among the longest. Although it could be that some
ash constituents only affect seed germination and not radicle
growth, it is more likely that the cause is stress-induced
growth,58 particularly because the radicles were visually more
twisted and thinner than radicles from the control group. This
may be an adaptive mechanism of the plant to explore a larger
soil volume to nd less toxic zones or more nutrients, or it may
be caused by some other effect (e.g., alteration of hormonal
balance in the radicles),59 which future studies should address.

To integrate both germination and radicle growth effects, the
germination index (GI) was calculated as it comprehensively
reects the toxicity of the sample.32,60 For seeds treated with the
Štrmac samples, the germination index ranged from 28 to 99,
and for the seeds treated with the Plaški samples, the values
ranged from 20 to 73 (Fig. 5). Seeds treated with LP10 (20), LŠ8
(28) and LP8 (30) had the lowest indices, and those treated with
samples LŠ1 (99), LŠ7 (73), and LP5 (73) had the highest
germination indices, showing that toxicity varied among
samples.

A GI value of 80 is commonly used as a toxicity threshold;
therefore, values above 80 indicate non-toxic conditions, and
lower values reect phytotoxicity.32,56 Thus, based on this crite-
rion, nine out of twelve samples were classied as toxic. In the
Štrmac locality, two bare samples (LŠ8 and LŠ11) and two
vegetated (LŠ4 and LŠ5) were classied as toxic, while the soil
samples were the least affected. All Plaški samples exhibited GI
Environ. Sci.: Processes Impacts
< 80, with vegetated samples LP5 (73) and LP1 (65) showing
milder toxicity than bare ash eluates LP3 (42) and LP10 (20).

Although most samples showed phytotoxic effects, the
severity of toxicity varied between sample types and localities. At
Štrmac, the vegetated and bare ash eluates exhibited similar
toxicity levels, while at Plaški, the vegetated samples displayed
substantially higher GI values, indicating that early pedogenesis
has already moderated toxicity in certain parts of the landll.

Taken together, these results show that early pedogenesis
can measurably reduce phytotoxicity, not only through
geochemical changes, such as pH buffering, reduced salinity,
and secondary mineral formation (see Section 3.2), but also by
lessening biological impacts on germination and early root
growth (higher GI, higher RRG where SG is unaffected). In other
words, pedogenesis at Plaški is already translating into reduced
biological stress, even though exceptions remain (e.g., oxyanion-
forming elements discussed above). This highlights that landll
evolution inuences both geochemical properties and ecolog-
ical outcomes for the resident biota.
3.4. Inuence of weathered coal ash on the cell division and
chromosomes of Allium ascalonicum root tips

The Allium ascalonicum root-tip assay revealed that exposure to
weathered coal ash caused notable suppression of cell division
and induced a spectrum of chromosomal abnormalities in the
root meristems. These effects varied by sample type and site of
origin, and clear differences were observed before vs. aer
a recovery period in clean water. The results are detailed below,
along with a discussion of their implications and mechanisms.

3.4.1. Cytotoxicity of weathered coal ash. Microscopic
observations of the A. ascalonicum meristematic root tip cells
revealed differences in cell division between the negative
control and roots treated with the ash (Fig. 6 and Table S8). 11
out of 14 samples signicantly lowered cell division compared
to the negative control, with the average mitotic index ranging
from 1.94% to 4.53%. The highest inhibition of cell division was
caused by the vegetated LP1 sample (MI = 1.94%), followed by
two unweathered y (FA) and bottom (BA) ash samples (2.36
and 2.56%, respectively). Soil LŠ1, vegetated LŠ4, and bare LP10
samples did not cause a signicant difference in cell division
compared to the negative control. For comparison, the mitotic
indices of the bulbs treated with the negative and positive
controls were 6.03% and 0.35%, respectively (Fig. 6).

A decrease in MI is a well-established indicator of cytotox-
icity, reecting cell-cycle arrest or prolongation of specic
phases due to toxic stress. Reduced MI indicates that fewer cells
are able to progress into mitosis under chemical exposure.61

Comparable responses have been reported for fresh coal y ash.
Jana et al.15 documented a >50% reduction in MI in onion roots
exposed to concentrated ash leachates, while Chakraborty
et al.14 observed complete growth arrest and severe inhibition of
mitotic activity at high ash concentrations. These ndings
support the interpretation that the reduced MI in our samples
reects inhibition of normal cell-cycle progression. Mechanis-
tically, toxicants commonly present in ash, such as certain
metals and metalloids, can delay the G2/M transition, disrupt
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Mitotic index (%) and chromosomal aberrations (%) in Allium ascalonicum root tips exposed to eluates from Štrmac (A and B) and Plaški (C
and D). Panels A and C show mitotic index, and B and D chromosomal aberrations. Colors denote different samples: control (no color), soil
samples around the landfill (brown), samples with vegetation (green), and bare samples (grey). Different lowercase letters above boxplots indicate
statistically significant differences between treatments based on one-way ANOVA, followed by Tukey's post hoc test (p < 0.05). Black dots
represent outliers.
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spindle formation, or activate DNA-damage checkpoints,
resulting in fewer cells entering mitosis at any given time.15,62

In our study, unweathered FA and BA induced the strongest
mitotic suppression, consistent with the higher availability of
contaminants in unweathered ash. Weathered samples exhibi-
ted a broader range of MI responses, which likely reects
differences in their eluate composition. These relationships are
examined in more detail in Section 3.3.

Aer 24 hours of recovery, which included placing roots in
control water and allowing cells to divide under no inuence of
the leachate sample, cell division increased in all analyzed root
tips, with the mitotic index ranging from 2.46% to 5.44%. In
comparison, the mitotic indices of the negative and positive
controls were 5.36 and 2.97% aer recovery, respectively (Fig. 7).
All samples, except LP1, LP5, and the positive control, showed
an increased MI aer recovery compared to their exposure
values, indicating that the mitotic inhibition caused by many
treatments was at least partially reversible. The reversibility of
This journal is © The Royal Society of Chemistry 2026
MI suppression is commonly interpreted as evidence of acute,
non-permanent cell-cycle inhibition rather than irreversible
cytotoxic damage, as plants can repair sublethal injuries once
the toxicant is removed.63

However, not all treatments achieved full recovery. FA
remained below the MI of the negative control even aer
recovery, and LP8 showed a decrease in MI following recovery,
suggesting persistent or delayed toxicity. Such patterns may
arise when contaminants remain bound within root tissues and
continue to affect cell physiology through mechanisms such as
oxidative stress or enzyme inhibition, even aer external expo-
sure ends.15

Overall, the evaluated MI revealed that both unweathered
and weathered coal ash eluates can suppress mitotic activity,
with varying degrees of reversibility. These data distinguish
samples that exert predominantly acute effects from those with
more lasting cytotoxic inuence.
Environ. Sci.: Processes Impacts
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Fig. 7 Mitotic index (%) (A and C) and chromosomal aberrations (%) (B and D) in Allium ascalonicum root tips after the 24-h recovery period in
water for Štrmac samples (A and B) and Plaški samples (C and D). Boxplots show medians and interquartile ranges; black dots represent outliers.
Different lowercase letters above boxplots indicate statistically significant differences among treatments based on one-way ANOVA, followed by
Tukey's post hoc test (p < 0.05). Colors denote sample categories: negative and positive controls (white), soil-derived eluates (brown), ash with
vegetation (green), bare weathered ash (grey), and unweathered fly and bottom ash (light grey).
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3.4.2. Genotoxicity of weathered coal ash. Alongside
mitotic inhibition, coal ash exposure induced a variety of
chromosomal aberrations in the dividing cells of the root tips.
Microscopic observations of chromosomal aberrations revealed
that 9 out of 14 samples had signicantly higher percentages of
cells with chromosomal aberrations, compared to the negative
control, with the average chromosomal aberrations (CA)
ranging from 0.73% to 26.1%. In comparison, the CA of bulbs
treated with the negative and positive controls were 0.72% and
3.34%, respectively (Fig. 6). The highest CA was caused by
unweathered y ash (FA, 26.1%), LP8 (soil, 24.7%), and LŠ7
(soil, 24.2%), while the LŠ1 (soil), LŠ8 (bare), and LP3 (bare)
samples did not cause a signicant difference in CA.

The spectrum of aberrations includedmultipolar anaphases,
disturbed prophases, lagging and vagrant chromosomes, C-
metaphases, anaphase bridges, and chromosomal stickiness
(Tables S9, S10 and Fig. 8). This combination of lesion types is
consistent with both clastogenic (chromosome-breaking) and
Environ. Sci.: Processes Impacts
aneugenic (spindle-disrupting) mechanisms.62 Bridges, frag-
ments and micronuclei are typical of agents that induce DNA
strand breaks and misrepair, whereas laggards, C-mitoses and
multipolar spindles indicate interference with the mitotic
spindle and chromosome segregation.15,31 Chromosome sticki-
ness, observed in the most affected treatments (especially FA
and the most toxic weathered samples), is considered an irre-
versible alteration of chromatin structure and is frequently
associated with cell death.31 Together, these aberration types
indicate that coal ash eluates can both damage the genetic
material and disrupt the mitotic apparatus.

Aer a 24-hour recovery period in clean water, the frequency
of chromosomal aberrations decreased in most samples, with
values ranging from 2.32% to 18.2% (Fig. 7). Notable reductions
were observed in LŠ7 (from 24% to 9%), LP5 (23% to 12%), and
LP8 (25% to 13%), indicating partial damage repair and
regeneration by healthier dividing cells. However, recovery was
incomplete for several treatments. The unweathered y ash (FA)
This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Some of the observed chromosomal aberrations: (a) disturbed prophase, (b) chromatin erosion, (c) prolonged prophase, (d) spindle
disturbance at the metaphase, (e) anaphase bridge and irregular position of the anaphase groups, and (f) chromosomes isolated from the
anaphase group.
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retained a high aberration rate (∼18%), while two bare ash
samples (LŠ8 and LP3), as well as the positive control, showed
no improvement or even slight increases in CA, suggesting
persistent genotoxic effects or delayed manifestation of earlier
DNA damage.

Overall, the CA data conrm that both unweathered and
weathered coal ash eluates are genotoxic, with the vegetated and
soil samples oen being more damaging than bare ash at both
sites. Because some treatments produced relatively modest MI
suppression but strong CA responses (e.g., LP8), while others
showed the opposite pattern, chromosomal aberrations should
be interpreted jointly with the mitotic index. Taken together, MI
and CA reveal that coal ash can induce both acute and residual
cytogenetic damage in root meristems, even aer a recovery
period in clean water.

Data from both mitotic index and percentage of chromo-
somal aberrations underscore that weathering and revegetation
do not universally diminish cytotoxicity and genotoxicity. Even
aer ∼50 years of weathering, many ash samples from both
sites retain the capacity to impair cell division and induce
genetic damage in plant roots. This nding contrasts with
observations by Bandarra et al.,28 who reported relatively low
toxicity of decade-old y ash leachates in several bioassays (with
only slight effects onmost test organisms). In our case, even ash
that had weathered ∼50 years, including material from vege-
tated zones, still contained enough contaminants to signi-
cantly impair cell division. This highlights that site-specic
factors (such as the original ash composition, coal type, and
mode of weathering) can greatly inuence the persistence of
CCR toxicity.
3.5. Linking elemental composition to toxic effects

To identify potential drivers of toxicity in coal ash eluates,
correlation analyses were performed separately for Plaški and
Štrmac landlls (Fig. 9) to evaluate the potential site-specic
This journal is © The Royal Society of Chemistry 2026
relationship between elemental concentrations (33 detected
elements) and biological endpoints: seed germination (SG),
relative radicle growth (RRG), mitotic index (MI), and chromo-
somal aberrations (CA).

In the Plaški eluates, seed germination (SG) decreased with
higher levels of Be (r = −0.64) and Rb (r = −0.42), while Zn (r =
0.62) and Ba (r = 0.60) showed positive associations. Radicle
growth (RG) was negatively associated with Sb (−0.68), Li
(−0.61), and Cs (−0.61), but positively linked to Zn (0.72) and Cu
(0.48). Mitotic index (MI) was reduced with higher Al (−0.67), Cr
(−0.61), and Ni (−0.57), and chromosomal aberrations (CA)
increased with V (0.81), As (0.66), and Be (0.60).

Correlation trends in the Štrmac eluates showed both
parallels and contrasts. SG correlated positively with Mg (0.81),
Co (0.85), and Mn (0.63) but negatively with Cs (−0.57) and Cr
(−0.60). RG had strong positive associations with Be (0.90), Na
(0.89), and Mg (0.52) and negative ones with As (−0.81) and Fe
(−0.43). MI decreased with increasing Al (−0.60), Ti (−0.67),
and V (−0.63) while showing a slight positive correlation with
Cu (0.42). CA was mostly associated with Ti (0.79), V (0.85), and
Ca (0.74).

Despite site-specic differences, several elements showed
consistent correlations with toxicity endpoints across the Plaški
and Štrmac eluates. Al was negatively associated with MI in
Plaški (r = −0.67) and Štrmac (r = −0.60), suggesting mitotic
inhibition. As and V showed consistent positive correlations
with AI (Plaški: V= 0.81, As= 0.66; Štrmac: V= 0.85, As = 0.43).
These recurring patterns point toward a potential role of these
elements in driving genotoxic responses.

Correlation alone cannot prove causation; however, the types
of chromosomal abnormalities observed in this study (multi-
polar anaphases, bridges, laggards, stickiness) are consistent
with previously described effects of Al, As, and V in root meri-
stems. Al has been shown to interfere with microtubule poly-
merization and spindle formation, which reduces the mitotic
index and produces C-mitosis, sticky chromosomes, and
Environ. Sci.: Processes Impacts
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Fig. 9 Correlation heatmap showing relationships between elemental concentrations and bioassay responses—seed germination (SG), radicle
growth (RG), mitotic index (MI), and aberration index (AI)—in eluates from weathered coal ash in Štrmac and Plaški. Warm colours (red shade)
indicate positive correlations, while cool colours (blue shade) represent negative correlations.
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lagging gures.64 Arsenic primarily exerts genotoxicity through
the generation of reactive oxygen species and the disruption of
spindle assembly, leading to DNA damage, micronuclei
formation, and segregation errors.65,66 Vanadium, oen present
as vanadate (V5+), can substitute for phosphate in enzymatic
processes and disrupt the phosphorylation-dependent steps of
mitosis. In addition, it induces oxidative stress, resulting in
spindle defects, chromosomal stickiness, and lagging chromo-
somes.67,68 Published thresholds for vanadium toxicity in Allium
roots begin at approximately 25–100 mg L−1,67,68 which overlaps
with the concentrations detected in our eluates.

Importantly, previous leaching experiments conducted on
the same CCR materials27 demonstrated that pedogenetic
changes modify the mobility of oxyanion-forming elements,
particularly As and V, under the prevailing alkaline to near-
neutral pH conditions. These elements exhibit pH-dependent
release behaviour, meaning that localized shis in buffering
capacity can enhance their availability in eluates even when
total concentrations remain moderate. Thus, the cytogenetic
responses observed here are consistent not only with the known
cellular mechanisms of Al, As, and V toxicity, but also with their
demonstrated mobility in weathered CCR systems. While direct
causality cannot be established, the combined geochemical and
biological evidence supports their likely contribution to the
observed genotoxicity.

Taken together, these mechanisms provide a plausible
explanation for the observed cytogenetic effects and support the
conclusion that Al, As, and V are among the main contributors
to the persistent genotoxicity of weathered CCR eluates.
Environ. Sci.: Processes Impacts
However, it has to be noted that many elements in coal ash
eluates likely act synergistically or antagonistically, which
complicates the attribution of specic toxic effects to individual
elements.5

This is evident in the discrepancy between the elemental
concentrations in eluates and the toxic effect of the sample. For
example, seven out of twelve eluates signicantly inhibited seed
germination, including both the soil and bare ash samples from
the Plaški (LP3, LP8, LP9, LP10) and Štrmac (LŠ5, LŠ8, LŠ11)
landlls. Meanwhile, eluates such as LP3, LP5, LŠ7, LŠ11, and
LŠ4 contained trace element concentrations exceeding WHO
drinking water thresholds, but not all induced equally strong
biological effects. This discrepancy is especially evident in the
Allium test results: LP1 (vegetated), with moderate elemental
content, caused the highest inhibition of cell division (MI =

1.94%), whereas LŠ4 (vegetated) showed no signicant impact
on mitosis despite exceeding the WHO limit. Similarly, chro-
mosomal aberrations were highest in eluates from y ash (FA,
26.06%), LP8 (soil, 24.7%), and LŠ7 (soil, 24.2%), while other
samples with comparable or higher elemental content, such as
LŠ1, LŠ8, and LP3, did not cause signicant genotoxicity.

Coal ash is an inherently complex material, oen containing
various organic and inorganic compounds, as well as dozens of
elements across wide concentration ranges and in various
chemical forms. The interactions between elements, their
competitive uptake by plants, and their speciation in aqueous
media can dramatically inuence toxicity outcomes. The
observed, sometimes contradictory, correlations highlight the
need for more detailed chemical characterization in the future,
such as speciation modeling or bioavailability assays, to fully
This journal is © The Royal Society of Chemistry 2026
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understand the mechanisms of coal ash toxicity. In addition,
relying solely on elemental concentrations for coal ash assess-
ment may overlook relevant biological risks, underscoring the
value of integrated bioassay approaches. These observations
emphasize both the importance and the inherent challenges of
assessing CCR toxicity.
3.6. Study scope and future perspectives

The present study provides novel insight into the long-term
toxicity of approximately 50-year-old weathered CCR under
eld conditions. However, as with any complex environmental
system, certain aspects remain beyond the scope of the current
investigation.

The correlation analyses identify statistically robust associ-
ations between elemental concentrations and biological
endpoints, but they do not allow denitive attribution of toxicity
to single elements, as CCR represents a chemically heteroge-
neous mixture in which multiple components may interact.

In addition, toxicity was evaluated using aqueous eluates and
two established plant-based bioassays, which effectively capture
early phytotoxic and cytogenetic responses but do not encom-
pass all possible ecological exposure pathways or long-term
eld effects.

Future research integrating element-specic experimental
designs, multi-species testing, and extended eld monitoring
would further rene our understanding of the mechanisms
controlling weathered CCR toxicity. Nevertheless, the combined
geochemical and biological approach applied here provides
a robust framework for assessing the environmental relevance
of legacy coal ash deposits.
4. Conclusions

This study demonstrated that weathered coal ash remained
phytotoxic even aer ∼50 years of natural exposure. Both seed
germination and Allium tests revealed the signicant inhibition
of growth and cytogenetic damage in eluates from two Croatian
landlls, despite evidence of pedogenesis and partial vegetation
cover.

Our results show that
(1) Pedogenesis mitigates, but does not eliminate, effects.

Vegetated samples generally released fewer trace elements and
exhibited weaker toxicity, yet exceptions occurred, particularly
for oxyanion-forming elements (As, V, U).

(2) Coal ash continues to impair germination, radicle
growth, and cell division, conrming its relevance as a legacy
waste.

(3) Correlation analyses identied Al, As, and V as consistent
drivers of mitotic inhibition and chromosomal aberrations,
supported by known mechanistic pathways. Importantly, the
vanadium concentrations in our eluates fall within published
toxicological thresholds for Allium roots.

(4) Elemental exceedances did not always correspond to the
strongest biological responses, reecting interactions among
elements, speciation effects, and bioavailability constraints.
This journal is © The Royal Society of Chemistry 2026
Together, these ndings underscore the need to integrate
biological endpoints with chemical characterization when
assessing the environmental risks of coal ash disposal sites. For
effective management and rehabilitation of legacy landlls,
monitoring frameworks should move beyond concentration-
based thresholds and incorporate bioassays to capture the full
spectrum of potential ecological impacts. Such an approach
may also be relevant for other waste systems, including mine
waste facilities and contaminated soils associated with indus-
trial activities, where complex mixtures can limit the inter-
pretability of chemical data alone, highlighting the value of
integrating bioassays in characterisation workows.
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