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Abstract

Coal-mining waste heaps represent a significant source of dissolved salts that can be mobilised by precipitation, posing
risks to ecological safety and civil protection. This study focuses on the Chervonohrad Central Concentration Plant spoil
heap in western Ukraine, where both thermally altered and unaltered argillite were tested. Laboratory column experi-
ments were performed on 100 g samples flushed with deionised water to simulate leaching under controlled conditions.
The cumulative leachate volumes reached approximately 432 L, allowing quantification of total dissolved solids and ion-
specific contributions. We flushed 100 g columns for 24 h at 300 mL-min™ (8.5 L recirculated; = 432 L passed), which
yielded final filtrate total dissolved solids of 462 vs. 185 mg:L™! for burnt and unburnt argillite and cumulative leached
masses of 3.93 vs. 1.57 g (= 2.5x higher for burnt). Early-time contrast was also strong: after 2 h (= 0.7 L), burnt reached
183 mg-L™! vs. 50 mg-L™* (=3.7x). Physical observations were combined with a mathematical modelling approach to es-
tablish a precipitation-response relationship linking annual rainfall to total dissolved solids release. The results indicate
a strong linear increase of annual salt release with precipitation, with burnt materials exhibiting markedly higher fluxes.
This integrated framework demonstrates how laboratory data and simple models can be applied to anticipate pollutant
releases, supporting ecological safety and informing civil protection measures in coal-mining regions prone to hydro-

logical extremes.
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1. Introduction

Coal-fired power generation reached a new high of
10.7 TW h in 2024, primarily driven by electricity de-
mand, which consumes roughly two-thirds of global
coal and supplies about 35% of the world’s electricity. In
Ukraine, coal reserves exceed 117 Gt, representing over
90% of the country’s fossil fuel resources, thus critically
underpinning the national energy infrastructure (Inter-
national Energy Agency, 2025). Expansive coal waste
piles throughout Europe, including those in Ukraine,
represent significant environmental challenges resulting
from decades of coal mining and beneficiation activities.
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These wastes contain a heterogeneous mixture of miner-
als, including sulphide phases such as pyrite (FeS:) and
chalcopyrite (FeCuS:), together with carbonates, sili-
cates and halite-type salts. As water and oxygen infiltrate
the waste material, these minerals undergo oxidation and
dissolution, releasing a wide range of major ions, such as
SO+*, HCOs™, CI, Na*, K*, Ca*, and Mg*, into sur-
rounding waters. For example, pyrite oxidation gener-
ates sulphate and acidity, which in turn enhance the re-
lease of major cations and trace metals. This acidifica-
tion promotes the mobility of toxic elements including
Zn, Pb, Mn, Cu, and Fe, thereby increasing the risk of
groundwater and surface water contamination (Koch-
mar and Karabyn, 2023; Rouhani et al., 2023; Rou-
hani et al., 2024). Microbial redox transformations are a
primary control on leachate chemistry in mine-waste
settings. Experiments with Desulfuromonas sp. have
shown that bacteria can reduce sulfate/sulfur and alter
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oxidized nitrogen species under iron-mediated condi-
tions - processes mechanistically aligned with redox
pathways expected in spoil-leachate systems (Moroz et
al., 2020). Studies highlight that biosorption techniques
(Sutherland et al., 2023) and biomodification of waste
rock with sulfate-reducing bacteria are promising meth-
ods for the treatment of mine wastewater from sulfur and
heavy metals (Xu et al., 2025). Studies highlight that
biosorption techniques are promising for the remedia-
tion of heavy metals in such systems; however, their
large-scale implementation remains technically chal-
lenging (Sutherland et al., 2023). Future investigations
may also benefit from incorporating machine learning
models to improve spatial prediction accuracy for heavy
metal distributions in mining-affected soils (Proshad et
al., 2025).

The environmental and human health impacts of ele-
vated concentrations of major anions such as SO+*, CI-,
and HCOs™ are profound. These impacts include in-
creased risks of groundwater contamination, degrada-
tion of water bodies, and associated public health haz-
ards, notably heavy metal exposure and fluorosis (Lo-
boichenko and Leonova, 2021; Xu et al., 2024;
Tkachenko et al., 2021). Uncontrolled disposal of waste
rock by introducing it into the soil, including for agricul-
tural purposes, changes its pH and negatively affects the
qualitative and quantitative composition of the microbi-
ome. Accordingly, this may have consequences for the
food security of the state (Garbacz at al., 2025). Moreo-
ver, coal waste sites significantly heighten the risk of
environmental emergencies such as spontaneous com-
bustion, landslides, and acute contamination events
(Hoxha et al., 2025; Petlovanyi et al., 2023; Monteiro
et al., 2025). However, even after the closure of coal
mines and the implementation of reclamation measures,
excess polutant are observed in water bodies located
downstream of these mines. (Cooke et al., 2025). Due to
the seepage of sediments, leaching of pollutants occurs
along with further entry into natural ecosystems. Nega-
tive cumulative effects may occur due to the additional
impact of mine waters, in the presence of several mining
centers (Tyndyk et al., 2024).

These environmental emergencies pose severe chal-
lenges to civil protection systems, particularly in
Ukraine. The State Emergency Service must coordinate
responses across mining regions whereas managing lim-
ited resources during wartime conditions. Recent tech-
nological advancements, such as ground robot technolo-
gies, provide new avenues for monitoring and mitigating
these risks, especially under hazardous conditions typi-
cal of post-mining landscapes (Gromek and Lowe,
2025). Given these risks, it is crucial to quantify the
leaching of major ions under realistic precipitation con-
ditions, as their concentrations, especially sulphates,
chlorides, and bicarbonates, directly affect pH and metal
transport. This study combines column experiments
with a linear model to quantify total dissolved solids

(TDS) leaching from the waste dump of a coal enrich-
ment plant. Current precipitation-driven TDS models
lack integration with civil protection frameworks, limit-
ing their utility for emergency preparedness and com-
munity risk assessment in coal mining regions. While
many studies characterise TDS leaching and manage-
ment, comparatively few develop precipitation-driven
annual-load models for coal-mine spoils; recent synthe-
ses and related leaching work underscore this gap
(Welch et al., 2021; Daniels et al., 2016b; Castillo-
Meza et al., 2020; Gao et al., 2025). The predictive
models developed estimate annual sulfur mobilisation,
particularly emphasising climatic factors like precipita-
tion. Comparative analyses illustrate how climate and
geology modulate acid mine drainage (AMD) severity,
as humid climates sustain continuous leaching, whereas
arid regions experience episodic pulses (Alvarenga et
al., 2021; Rouhani et al., 2024).

This research addresses a crucial gap by modelling
the mobilisation of major ions from coal waste materials
at the Chervonohrad Central Concentration Plant
(CCCP) waste pile, emphasising the ecological impacts
of sulphide mineral oxidation and the consequent poten-
tial for environmental emergencies. The integrated
methodological approach informs risk assessment and
environmental management tailored to Ukraine’s tem-
perate climatic conditions, while also providing a trans-
ferable framework for other mining regions and support-
ing the development of integrated environmental - civil
protection response systems. Understanding the leach-
ing behaviour of sulphate-rich mine wastes is essential
not only for hydrogeochemical modelling but also for
assessing risks to civil protection and emergency re-
sponse planning in mining regions. Embedding such
predictive frameworks within broader strategic environ-
mental assessment instruments would further enhance
their utility for civil protection and sustainable resource
management (Karabyn et al., 2022). The study area and
the laboratory methods underpin the model calibration
and scaling.

2. Materials and methods
2.1. Study Area

The CCCP, operational since 1979 in Ukraine’s Lviv-
Volyn coal basin, has served as a key facility for process-
ing low-grade coal from surrounding mines. The sub-
stantial waste pile at CCCP covers approximately 0.8638
km? and rises to 68 m, encompassing about 48.89 Mm?*
of waste at an average density of 2680 kg-m > (Bosak et
al., 2020). The accumulated waste poses environmental
risks because of its large volume and the possibility of
pollutant leaching. The study area is in Western Polis-
sya, a humid continental (Dfb) climate zone with cold
winters and warm summers. Meteorological data from
the Volodymyr weather station indicate significant an-
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Figure 1. Total annual rainfall observed at Volodymyr station
(Ukraine) during 2018-2024 (URL 1).

nual precipitation variability of 511 - 829 mm (see Fig-
ure 1), which provides the range used later for precipita-
tion-based projections.

The CCCP waste primarily consists of argillite, silt-
stone, sandstone, and coal-associated sediments. The
predominant minerals-siderite (FeCOs), pyrite (FeS.),
and chalcopyrite (FeCuS:z) - undergo oxidation, signifi-
cantly contributing to environmental contamination
through iron and sulphur mobilisation (Kochmar et al.,
2024). As a consequence, these mineralogical processes
promote the leaching of major ions and trace metals into
surrounding hydrological systems (Karabyn and Koch-
mar, 2025). Leachate from the site may reach nearby
surface waters such as the Western Bug River, which
flows into the Vistula. As Vistula runs mostly through
Poland, this transboundary connection requires coordi-
nated monitoring and management.

Documented landslides, groundwater contamination,
and episodes of spontaneous combustion in waste piles
underscore the need for robust hazard-mitigation meas-
ures to protect regional ecosystems and communities
(Kochmar et al., 2022; Petlovanyi et al., 2023). Under-
standing precipitation-driven leaching processes is es-
sential for designing targeted environmental protection
measures, improving waste management practices in
Ukraine’s coal basin.

2.2. Research methods

Column experiments and processing of results. To
simulate the leaching dynamics of TDS from spoil rock,
a laboratory-scale column experiment was conducted
using an apparatus assembled at the Environmental
Safety Laboratory, Lviv State University of Life Safety
(Kochmar et al., 2024; Stepova et al., 2023). The test
material was argillite collected from the CCCP spoil
heap. Ten grab samples from different sectors of the
heap were composited to improve spatial coverage, then
air-dried at 20-25°C to constant mass over 30 d, gently
comminuted in an agate mortar, and dry-sieved through

a 1.25 mm stainless-steel mesh. The < 1.25 mm fraction
was used in subsequent leaching tests, with no second-
ary fractionation. Sampling targeted 0.2-0.3 m to capture
the biologically active and hydrologically responsive
near-surface layer of the spoil, where infiltration, oxy-
gen exchange, and temperature fluctuations are most
pronounced, promoting sulphide oxidation, dissolution
of readily soluble salts, and mobilisation of sulphate and
chloride ions. A similar focus on near-surface layers has
been used for coal-waste piles undergoing self-heating,
where the upper horizons control infiltration and thereby
increase the leaching of major ions and potentially toxic
elements (Espinha Marques et al., 2024, Anghelescu
and Diaconu, 2024).

For the tests, two material conditions were used: un-
burned argillite; and thermally altered argillite obtained
by laboratory firing of the composite material in a muffie
furnace for 4 h at temperatures up to 600°C. In this study,
“thermally altered (burnt) argillite” refers to argillite that
has undergone oxidation and partial mineralogical trans-
formation through laboratory firing at 600°C, producing
a reddish-brown material. The term “unaltered (unburnt)
argillite” denotes material that has not experienced ther-
mal alteration and retains the original grey, compact li-
thology typical of the parent rock. Each experiment used
a 100 g subsample packed into a vertical column 10 cm
high and 36 mm in diameter (cross-sectional area
0.001018 m?; packed volume =101.8 cm?) (see Figure
2). To ensure reliability, each treatment was run in tripli-
cate: three identical columns were packed in parallel
with the same mass of material (burnt or unburnt) and
operated under identical flow and temperature condi-
tions. Leachate was collected from each column at cor-
responding time intervals and analysed separately for
TDS; reported values are means across the three parallel
runs, which were used for the precipitation-response
modelling. The corresponding standard deviations did
not exceed the instrument’s measurement accuracy.

The concentrations of major ions in the filtrate were
determined using standard chemical analysis methods at
the Environmental Safety Laboratory at Lviv State Uni-
versity of Life Safety (certificate of attestation No. RL
091/21, dated 11/30/2021). In particular, acid titration to
the appropriate end-point pH following Standard Meth-
ods was used (HCOs"); argentometric titration with silver
nitrate and potassium chromate as indicator, according to
the Mohr method, was applied (CI"). EDTA complexo-
metric titration with murexide and Eriochrome Black T
was performed (Ca?" and Mg?*), with magnesium calcu-
lated by difference. Gravimetric determination as barium
sulphate after precipitation with Ba?* and subsequent igni-
tion and drying of the BaSOa precipitate was used (SO4>).
Sodium and potassium (Na*, K*) were estimated by the
ionic charge balance method, based on equivalents of the
directly determined major ions (APHA, 2017).

The leaching system comprised a vertical filtration
column and a circulation pump that continuously drove
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Figure 2. Laboratory setup showing
the column apparatus used
for TDS leaching experiments.

deionized water through the packed bed. Deionized wa-
ter (8.5 L) was recirculated at 300 mL-min™! for 24 h,
yielding a cumulative passed volume of =432 L (=50
flushing cycles). Aliquots of the filtrate were collected at
fixed intervals (every 4 h over 24 h), with additional
early-time sampling during the first 2 h of circulation
(Kochmar et al., 2024).

Filtrate samples were collected at multiple time inter-
vals and analysed for TDS (mg-L™"), which were derived
from measurements of electrical conductivity (EC). EC
was measured with a bench-top EC 215 (Hanna Instru-
ments), which automatically converts EC to TDS using a
built-in conversion factor. The meter was two-point cali-
brated daily with standards bracketing the sample range
and verified against a mid-range check, with recalibration
performed if drift exceeded £2%. The manufacturer-stated
accuracy is £1% of full scale. TDS values were calculated
from temperature-corrected EC at 25°C according to the
relationship TDS = f x ECss, with f= 0.50 appropriate for
sulphate-rich matrices. The method detection limit was 1.5
mg-L™" (based on 36 of low-level EC checks at 25°C, con-
verted to TDS). Quality control included reagent blanks,
duplicate aliquots (~10%), and periodic check-standards
(every 2 h), all within predefined acceptance limits.

Concentrations were multiplied by the cumulative fil-
trate volume to calculate cumulative mass (M) at each
sampling stage; dividing M by the passed volume V
yielded the mean leachate concentration (mg-L™"). The
results were used to model both the cumulative leaching
behaviour and the incremental leachate concentration
per unit water volume. The latter was obtained by calcu-
lating the change in TDS-derived mass over the change
in water volume between successive sampling points,

providing a dynamic view of concentration evolution
throughout the experiment. Based on the observed M-V
relationship, a linear regression model was fitted to de-
scribe salt removal as a function of water input. The
model estimated M = a_ -V + b, where M is cumulative
leached mass and V is passed water volume. The regres-
sion coefficients @, (mg-L™") and b  (mg) were derived
from experimental data and subsequently used to param-
eterise the site-scale precipitation model.

A two-stage approach was applied to process the col-
umn data. The primary experimental values were the
TDS (mg-L™) in the leachate measured at specific time
intervals. At the first stage, these values were converted
into the cumulative mass of leached salts M (mg) by
volume-weighting across successive sampling intervals:

M; = AViz TDS (1)
I

where AV is the incremental water volume between
samplings.

At the second stage, the incremental leachate con-
centration between successive points was computed as:

(dM) Mi - Mi—l L )
dVi~Vi—Vi—1’(mg ) @)

Calibration of column-derived regression coefficients
Jfor model parametrisation. Column data were used sole-
ly to calibrate the linear mass-volume relation M=a V+b,
for each material (burnt vs unburnt), yielding a  (mg-L™)
and b (mg). These dimensional coefficients are then
transferred to the site scale in the mathematical model,
where the real spoil area S , spoil mass m_, ., hydro-
logic partitioning (V ., I/[.S[te) and annual duration 7=1yr
govern the predictedp mass export as a function of precipi-
tation. To avoid ambiguity with the dimensionless formu-
lation used later, we denote the column-regression coeffi-
cients by a, b, here; when introduced into the site-scale
dimensionless expression, they appear through dimen-
sionless combinations denoted as a, b.

Column data were used solely to calibrate the linear
mass-volume relation M=al+b for each material (burnt
vs unburnt), yielding the regression coefficients a
(mg-L™") and b, (mg). These coefficients are then trans-
ferred to the site scale in the mathematical model,
where the real spoil area S_ , spoil mass m_ . hydro-
logic partitioning (V. 'V, ) and annual duration
T=1 yr govern the predicted mass export as a function of
precipitation. Thus, while the column analysis is ex-
pressed in terms of cumulative water throughput (M, V),
the field application uses the calibrated (@, b) with site-
specific geometry and hydroclimate.

Statistical processing of column data. For each treat-
ment (unburnt and burnt), the cumulative mass—volume
relation was fitted by ordinary least squares (OLS) as
M = a,V + b,. We report the slope a,, intercept b,, their
standard errors (SE,, SE,), the coefficient of determina-
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tion (R?) and the sample size (n). Two-sided 95% confi-
dence intervals (CI) for the slope were computed as
a, * too7s n—2 SEq, Where tygss ,—» is the Student’s t-
critical value for n — 2 degrees of freedom. Units are
expressed in SI; since 1mgL™ = 1tMm™3, the coeffi-
cient a, in mg-L™' is numerically identical to a per-vol-
ume sensitivity in t-Mm™. Residual plots were inspected
to check for obvious non-linearity or heteroscedasti-
city. The calibrated coefficients and their uncertaint-
ies are then propagated to per-100 mm sensitivities and
site-wide annual increments using scalar error propa-
gation (delta method), i.e. SE(Kjg) = Vigo SE, and
Closy, (K100) = Kigo £ to.o75,n-2 SE (K100), Where Viqq is
the effective infiltration volume associated with +100
mm precipitation. These procedures follow standard
treatments of simple linear regression and interval esti-
mation (Montgomery et. al., 2021).

Mathematical Model Formulation. Building on col-
umn-leaching formulations and hydroclimatic transport-
reaction metrics from prior work (Long et al., 2020;
Kumar et al., 2020), together with similarity z-theorem
scaling and leaching time-scale criteria (Vladyko et al.,
2022; Crundwell, 2005), we formulate a dimensional-
analysis framework for cumulative TDS leaching from
coal spoil. We first outline the controlling processes and
variables retained in the analysis, before assembling
them into a compact set of dimensionless groups that
couple precipitation forcing and infiltration with pore-
scale retention/adsorption and heap geometry, thereby
enabling scalable links from column conditions to field-
scale predictions (Long et al., 2020; Kumar et al.,
2020; Crundwell, 2005; Vladyko et al., 2022).

Leaching of SO+*, CI- and HCOs™ from coal waste is
controlled by meteoric infiltration, mineral structure,
and oxidation at the surface. To generalise these effects,
we applied dimensional analysis and similarity theory,
producing a predictive model of cumulative ion release.

Under the working assumption that the cumulative
mass of leached TDS scales with the infiltrated water vol-
ume and is modulated by physical characteristics of the
spoil heap, we construct a system of dimensionless
groups governing the leaching process. These comprise:
(1) terms characterising the dependence of TDS mass on
precipitation intensity and cumulative volume; (ii) groups
combining hydraulic conductivity, leaching duration, po-
rosity, density and water-solid interaction time; and (iii)
geometrical and structural descriptors of the spoil that
influence transport pathways and retention capacity.

The general non-dimensional form of the model is
given by:

Mpps = f(Vp'Vf' T,S, Pp'more'g'p' kads) (3)

Where:

Mrps — total mass of leached TDS over the integration
period T within the chosen control volume (col-
umn or spoil block) (kg),

Vo — cumulative precipitation volume that falls onto
the active infiltration area (S) during (7) (m?),

V. —effective infiltration volume that actually reaches
’ the reactive pore space (after run-off/evaporation
losses) (m?),
T  —leaching duration (integration time) (h or d),

S — infiltration area, i.e. the active surface of the
spoil (or cross-section in a column set-up)
through which water enters the system (m?),

B precipitation intensity, (mm-h™),

More —mass of solid spoil within the control volume
that participates in leaching over (7) (kg),

& — effective (mobile) porosity, the fraction of pore
space available to flow, dimensionless (0-1),

p — bulk density of the spoil mass, (kg:m),

kaas —effective  adsorption/distribution  coefficient
(m>-kg™).

The cumulative precipitation volume is defined as:

h=s| o )

where P(t) is the precipitation intensity (m-h™), S is the
active infiltration area (m?), and T is the integration pe-
riod (h or d).

For periods with approximately constant mean precipi-
tation intensity P,, this integral can be approximated as:

V ~ T-SB 5)

The effective infiltration volume is then defined as v,
=n'V,, where 0 < <1 is the infiltration coefficient ac-
counting for runoff and evaporation losses:

Vi =mn-1, (6)

Assuming separable contributions from water flux
and solid-phase reactivity, the normalised expression is:

Mops T-S-P-m T -S - P -m
=fVVp m+¢VVp L) ()
DV p e DV p e

Where:
my — mass of the sorbing (fine) fraction (kg).

The non-linear function ¢(-), associated with sorption
and secondary mechanisms, can be expanded as:

T‘ S 'Pp'mf'kads+

p()=c-

]/p.Vf.p.g
T-S-P,
+d‘W+€'kads (8)

. T-S B Mye\ .
Under the assumption that f is

]/p . Vf . p . £
approximately linear in its argument, the linear compo-
nent of the model (the first term of Equation 6) is:

TS B Mo

a V- Viop e

)

where a, b, ¢, d, e are empirical coefficients obtained
from laboratory column leaching experiments.
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The function ¢(*) is infinitesimal compared with the
function f and may therefore be neglected. Therefore,
the model can be simplified to the linear approximation:
TS B Mo

V,-Vi-p-e

Mrps
more

+b

(10)

Whereas this formulation was validated primarily for
TDS in our column experiments, the same framework is
directly transferable to other major ions, provided their
leaching behaviour is similarly governed by water input
and physical retention. The resulting model enables esti-
mation of contaminant fluxes (expressed, for instance, in
kg-Mm3, equivalent to 10~ kg-m~) based on precipita-
tion regime, heap structure, and material characteristics,
supporting applications in mine site risk assessment and
remediation planning. These column-scale metrics pro-
vide the empirical basis for the precipitation-based scal-
ing M, . = kP, which is calibrated and applied to site-
wide predictions.

3. Results
3.1. General Leaching Patterns of Major Ions

This section reports laboratory outcomes and trans-
lates them into precipitation-scaled predictions for
site-wide loads. A comparison of the concentrations of
dissolved solids in the leachates from thermally altered
(burnt) and unaltered samples shows a much higher con-
centration of TDS in the burnt material: after 24 h of
leaching (8.5 L of deionised water), the TDS content
reached 462 mg-L™' in the burnt sample, compared to
185 mg-L™! in the unburnt one (see Figure 3). In both
materials, a pronounced early-time spike in TDS is
observed at ~2 h, after which concentrations decline
towards quasi-steady values over the remainder of the
24 h run.

This corresponds to more than double the cumulative
mass of dissolved salts - approximately 3.93 g versus
1.57 g. These masses follow directly from the closed re-
circulating setup: M=ZC/ A VJ over the 24-h run (see
Equation 1), which is numerically identical to C, *8.5
L because the entire dissolved load resides in the tank at
the end; equivalently, M=(M/V) 432 L (see Table 1).

Differences in leaching behaviour are evident even at
the early stages of the experiment. For instance, after
only 2 h (=0.7 L of water), the TDS in the burnt sample
reached 183 mg-L™', which is 3.7 times higher than in
the unburnt counterpart (50 mg-L™).

Analysis of individual ions in the final filtrates con-
firms this trend (see Figure 4). Sulphate (SO+>") concen-
trations in the burnt sample reached 318 mg-L™!, more
than double the value observed in the unburnt sample
(141.5 mg-L™). Similar increases were observed for bi-
carbonates, Ca**, Mg*", K*, and CI".

Conventions. Sulphate (SO+*") concentrations are
shown rescaled by x0.1 to maintain all ions on a com-
mon y-axis scale. This rescaling was applied solely for
graphical clarity and does not affect the relative trends or
ratios among ions.

3.2. Experimental Leaching
as a Basis for Model Calibration

The laboratory column leaching test provided the em-
pirical foundation for calibrating the mathematical mod-
el that describes TDS release from coal spoil material
under rainfall conditions. Specifically, the experimental
setup enabled computation of the average leaching of
salt ions concentration per unit water volume (M/V,
mg-L™) for unburnt and burnt argillite, as well as the
cumulative leached mass. During the 24-hour experi-
ment, 8.5 L of deionised water was passed through each
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Figure 4. Distribution of water-soluble ions in filtrates of thermally altered and unaltered argillite samples
(sulphate bars scaled by xo0.1).

100 g sample under a controlled flow rate of 300
mL-min". At the end of the flushing cycle, the cumula-
tive TDS concentration in the filtrate reached 185

Table 1. Column leaching results for unburnt and burnt
argillite samples (24 h circulation; 8.5 L deionised water;
100 g material).

Parameter Unburnt Burnt
Argillite | Argillite
Mass of sample (g) 100 100
Volume of leachant (L) 8.5 8.5
Total filtrate passed (L) 432 432
Total TDS leached (mg) 1572.5 3927.0
é(\)/lelzlr;gee: é\r{l/;/ Eyle)r total passed 3.64 9.09
Final TDS in filtrate (mg-L™") 185 462

Conventions. Average M/V is computed as total leached mass
divided by the total passed volume (¥, = 432 L). Final TDS
in filtrate refers to the concentration measured in the last col-
lected solution portion.

mg-L™ for the unburnt sample and 462 mg-L™" for the
thermally altered (burnt) one. These values correspond
to cumulative leached masses of approximately 1.57 g
and 3.93 g per sample, respectively.

Assuming a linear relationship between water volume
and salt release over the tested range, the average TDS per
unit water volume was computed as M/V (units: mg-L™);
detailed values are reported in Table 1. Given the geomet-
ric characteristics of the test columns (cross-sectional area
~ 0.001 m?), the corresponding column-scale areal flux-
es were approximately J, =1570 gm™day™' (unburnt)
and J,,~3930 gm™day' (burnt), computed as J,,=M/
(4-24h) using the column cross-section.

These experimentally derived column metrics (M, V,
and M/V) informed the calibration of the precipita-
tion-based model, which was then used to simulate TDS
leaching as a function of annual precipitation. Table 1
summarises the primary data and calculations used for
model calibration. This ensured consistency between
laboratory observations and the field-scale predictive
framework.

Table 2. Linear regression diagnostics for M-V calibration (column experiments)

a, SE, 95% Cl for a, b, 5
Treatment (slope, mg-L* = t-Mm™) (mg-L™") (mg-L™) (intercept, mg) SE, (mg) R
Unburn 190.94 9.81 [165.70, 216.18] —156.38 50.26 0.987
Burnt 474.40 18.79 [426.07, 522.73] —274.74 96.30 0.992

Conventions. (i) Units: a, in mg-L™" are numerically equivalent to t-Mm™ (since 1 mgL™! = 1tMm™3). (ii) 95% CI computed as
ay F to975,n—2 SEq (here tg o755 = 2.571). (iii) Intercepts reflect linear extrapolation towards V' — 0 and are not used for site-scale

projections.
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Figure 5. Sensitivity of per-volume TDS release to precipitation: comparison of unburnt vs. burnt argillite.

To quantify linearity and propagate uncertainty into
the site-scale model, the cumulative mass-volume rela-
tion was fitted as M = a,,V + b,, for each treatment. The
regression diagnostics-slope (a,), standard error of the
slope (SE,), 95% confidence interval, intercept (b,), its
standard error, the coefficient of determination (R?) and
sample size (n) — are compiled in Table 2.

3.3. Precipitation-TDS response and sensitivity
(per-volume and site-scale)

As a result of the mathematical modelling, we quanti-
fied the relationship between annual precipitation P
(mm-yr) and the annual TDS release per unit spoil
volume M, . (t:Mm™-yr™") for unburnt and burnt argil-
lite (see Figure 5).

For clarity, the relations used in Figure 5 are written
explicitly as:

M =3.31x1073-P

TDS unburnt

M =8.78x1073-P

TDS burnt

(11
(12)

with slope parameters k , =3.31x10" and k, =
8.78%1073. Across the tested precipitation range, the
model yielded approximately 1.0-3.0 t-Mm™=-yr! for
unburnt and approximately 2.6-7.9 t-Mm™-yr for burnt
argillite, confirming a monotonic response and consist-
ently higher release for thermally altered material.

In this precipitation-based representation (per-volume
release vs. annual P), the burnt/unburnt slope ratio
equalsk, /k . =2.653.Atthe column scale, however,
the corresponding ratios obtained from independent

metrics are close to ~2.50: final filtrate concentrations
were 462 vs. 185 mg-L™! (ratio 2.497), and cumulative
leached masses were 3.93 vs. 1.57 g (ratio 2.503). Using
a constant column cross-section of 0.001018 m?, these
masses imply areal fluxes of = 3930 vs. = 1570 g-m?per
24 h (ratio 2.497). Taken together, the burnt/unburnt ra-
tio is metric-dependent (concentration, mass, areal
flux, or precipitation-based per-volume release) and
should therefore be interpreted strictly within the nor-
malisation used in each plot.

Model-based scaling using calibrated coefficients; ar-
eal annual fluxes Jyear are reported in the text for each
scenario.

Site-wide scaling. Using the column-calibrated coef-
ficients a, b and the site parameters (S, m ... p, €),
the annual mass export of dissolved solids is estimated
from precipitation as:

(13)
(14)

where P, is the annual precipitation depth (m-yr™) and
0 < n < 1is the effective infiltration coefficient.

Results are expressed as mass load per year (e.g.,
tyr!) and, where required, as areal annual flux:

Vp,site = SsiteProt

Vf,site = an,site

_ Mrps site

= 1
]year Ssite T ( 5)

(e.g. kg'm™-yr'), enabling comparison across spoil
heaps of different size and morphology. Formally, the
areal annual flux is:
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Table 3. Scenario TDS loads vs. annual precipitation (CCCP heap)

cenario P Unburnt M, . | BurntM, I{nbul.'nt .Bun}t Avs.670 mm | Avs. 670 mm
S _ ok . site-wide | site-wide ~ B
(mm-yr?) | (tMm>3yr?') | (tMm>3yr?) (t-yr) (t-yr) (Unburnt, t-yr™) | (Burnt, t-yr)
Dry 511 1.69 4.49 82.69 219.35 -25.73 -68.25
Average 670 2.22 5.88 108.42 287.60 +0.00 +0.00
Wet 829 2.74 7.28 134.15 355.85 +25.73 +68.25

Conventions. (i) Units: per-volume values in t-Mm™=-yr!; site-wide totals assume V= 48.89 Mm?®. (ii) Relations: M.

=3.31x103-P, M

TDS?

burnt = 8.78x107%-P; P in mm-yr .

Table 4. Fixed marginal sensitivity (linear model)

Metric Unburnt | Burnt
Per-volume increment per +100 mm
(tMm->-yr-) 0.33 0.88
Slte-ywde increment per +100 mm 16.18 4293
(tyr?)
Mrps st 2 -
]year =_— (kg *m 2yr 1) (16)
Ssite * 1yr
For §, = 0.8638 km?, the scenario values are: Dry

(511 mm) — Jy oo = 0.096 (unburnt) and 0.254 (burnt);
Average (670 mm) — 0.1260 (unburnt) and 0.333
(burnt); Wet (829 mm) — 0.155 (unburnt) and 0.412
(burnt) kg-m=2-yr.

For each additional 100 mm of annual precipitation,
the predicted release increases by 0.331 t-Mm™=-yr* for
unburnt and 0.878 t-Mm3-yr! for burnt argillite. When
scaled by the CCCP spoil volume V=48.89 Mm?, these
per-100 mm sensitivities correspond to +16.18 t-yr*
(unburnt) and +42.93 t-yr™ (burnt) in site-wide annual
loads. These sensitivities are constant within the applica-
bility domain of the adopted linear approximation; slope
values and their ratio will differ if a different metric or
normalisation is used, which is why the specific defini-
tion is provided alongside each figure.

To operationalise the linear precipitation — TDS rela-
tions reported above, Table 3 summarises per-volume
responses and the corresponding site-wide annual loads
for three precipitation scenarios spanning the CCCP site
range, while Table 4 lists the fixed marginal sensitivities
per +100 mm of precipitation.

Table 3 summarises the per-volume model M, . =
kP and the corresponding site-wide annual loads for
three representative precipitation scenarios — Dry (511
mm), Average (670 mm) and Wet (829 mm). These val-
ues confirm a monotonic increase with P and consist-
ently higher magnitudes for burnt argillite. Relative to
the Average scenario (670 mm), the Dry scenario reduc-
es the site-wide load by — 25.73 t-yr! (unburnt) and —
68.25 t-yr! (burnt), whereas the Wet scenario increases
itby +25.73 t-yr' and +68.25 t-yr ', respectively. Across
the full span from 511 to 829 mm, the site-wide TDS
load rises by 51.46 t-yr! (unburnt) and 136.50 t-yr
(burnt).

s Unburnt

According to Table 4, the constant increments implied
by the linear model per +100 mm of annual precipita-
tion are summarised. This tabular presentation facili-
tates straightforward application of the model to varying
climatic scenarios without the need for recalculation.
These increments are invariant within the calibration do-
main and can be used to interpolate between scenarios or
to adjust loads for intermediate P. They also facilitate
quick updates using observed or forecast precipitation
without re-fitting the model. For instance, +200-300 mm
above mean annual precipitation would increase
site-wide TDS export by ~32-64 t-yr~' for unburnt-dom-
inant scenarios and =~ 86-129 t-yr! where burnt materi-
als prevail.

Building directly on the per-volume precipitation -
TDS relations (Equations 11-12; Figure 5), our results
show a robust, approximately linear increase of annual
salt release with increasing annual precipitation for both
lithological states of argillite, with consistently higher
magnitudes for thermally altered (burnt) material. The
slope parametersk,, ~=3.31x107andk, =8.78%x107
(t:Mm™-mm™) quantify this contrast and, together with
the site-scale volume of the CCCP spoil heap, allow di-
rect translation from climatic variability to annual salt
loads. This contrast between burnt and unburnt rock is
consistent with the results of our earlier studies (Koch-
mar and Karabyn, 2023).

3.4. lon-specific response of leaching to
precipitation

Building on the linear precipitation-TDS relations de-
scribed in Section 3.3, we apportioned the precipita-
tion-driven release to individual dissolved species using
the final filtrate composition from the column experi-
ments (see Table 5). For each material regime m (un-
burnt or burnt), we treat the leachate composition as
quasi-stationary, i.e. c(t) ~a, ¢, (t). We compute o
from the final tank composition as a,-,m:Cz; ﬁm/zl.e_/CL fnal
over the major ions listed in Table 5, so that ) o =1.
Integrating the mass balance M,.=fcid vV gives
M=a, M, ; together with Mms:kms,mp and Ml.=kl.’mP,
this yields k, =a, k.. . For transparency, we also re-
port > o, and the variability of C/C, across sam-
ples (median and coefficient of variation) to docu-

ment the quasi-stationarity assumption. Here, «
Lm

Rudarsko-geolosko-naftni zbornik 2026, 41 (3), pp. 21-36, https://doi.org/10.17794/rgn.2026.3.2



V. Karabyn, I. Kochmar, O. Karabyn, et al.

30

denotes the mass fraction of ion i among the major ions
in the filtrate of material m (HCOs~, SO+>", Cl~, Na*, K*,
Mg?', Ca*'), and k; is the precipitation-based slope
(K = 331107k, =878 x 107 tMm™-mm™).
The fractions are normalised to sum to unity, ensuring
that 2k, = k.. . The resulting composition weights
are: burnt argillite dominated by sulphate (=<79%) with
bicarbonate ~11%,; unburnt argillite <72% sulphate and
~13% bicarbonate; alkali and alkaline-earth cations

Table 5. Major-ion shares in the filtrate,
used for partitioning the TDS slope

Ion Unburnt (%) Burnt (%)
HCO," 13.0 11.1
SO, 71.7 78.6
ClI- 2.5 2.2
Na* 5.3 1.9

K* 0.9 1.3
Mg** 2.0 1.9
Ca** 2.9 2.6

Conventions. (i) Fractions (a, , %) are calculated from the
major-ion concentrations and normalised within the major-
-ion set. (ii) For unburnt material, CI~ is treated as 5.0 mg-L™!
(upper bound).

(Na*, K*, Mg*, Ca*) contribute only a few per cent
each.

To complement the composition weights in Table 5,
Table 6 presents the marginal sensitivities per +100 mm
of precipitation for individual ions, reported both as per-
volume and site-wide values.

Building on these marginal sensitivities, Table 7 pre-
sents the predicted annual releases of major ions at a rep-
resentative precipitation level of 670 mm-yr', expressed
both per-volume and as site-wide loads.

Sulphate dominates the precipitation-driven response
in both materials, contributing ~72% (unburnt) and
~79% (burnt) of the bulk TDS slope. The bicarbonate
fraction is 11-13%, consistent with carbonate buffering
and dissolution. Among cations, Ca** and Mg*" incre-
ments are modest but non-negligible. Since the model is
linear, the difference in ion release between dry years
(511 mm) and wet years (829 mm) can be obtained di-
rectly by multiplying the +100 mm sensitivities from
Table 6 by the corresponding precipitation difference.
As a reference point, Table 7 summarises the predicted
annual releases of major ions at 670 mm-yr (the aver-
age precipitation scenario), showing that sulphate over-
whelmingly dominates the total loads, followed by bi-
carbonate, with other cations contributing only margin-

Table 6. Marginal increase in annual load per +100 mm of precipitation (AP = 100 mm).

Unburnt Burnt Unburnt Burnt
Ion (per-volume, t-Mm™>-yr™ (per-volume, t-Mm™>-yr™ (site-wide, t-yr™ (site-wide, t-yr™
per +100 mm) per +100 mm) per +100 mm) per +100 mm)
HCO, 0.043 0.097 2.10 4.75
SO,* 0.237 0.690 11.61 33.74
Cl- 0.008 0.020 0.41 0.97
Na* 0.018 0.017 0.86 0.83
K* 0.003 0.012 0.14 0.56
Mg?** 0.007 0.017 0.33 0.83
Ca?* 0.010 0.023 0.47 1.10

Conventions.Values are reported both as per-volume (t-Mm™=-yr! per +100 mm) and as site-wide increments (t-yr' per +100

mm), assuming a spoil volume of V= 48.89 Mm?3.

Table 7. Predicted major-ion releases at P = 670 mm-yr!

Ton Unburnt Burnt
tMm>3-yr'; tyr') | (tMm>3-yr?; tyr?)

HCO, 0.288 (14.07) 0.651 (31.84)
SO,* 1.590 (77.76) 4.623 (226.04)
CI 0.056 (2.75) 0.132 (6.45)
Na* 0.118 (5.77) 0.113 (5.54)

K 0.019 (0.94) 0.077 (3.76)
Mg 0.045 (2.19) 0.113 (5.53)
Ca? 0.064 (3.13) 0.151 (7.39)

Conventions. Values are reported as per-volume rates AM,/V
(tMm™-yr') and as site-wide loads AM; (t-yr', in parenthe-
ses), computed for a spoil volume of V= 48.89 Mm>.

ally. This linearity assumption simplifies projections but
may under-represent potential nonlinear responses dur-
ing extreme hydrological events.

This equal-rate assumption follows the linear rela-
tionship M, . = KTDS, m-P. These methodological
choices do not affect additivity or the dominant sulphate
signal, but they should be reconsidered if time-resolved
compositions become available. The results have direct
implications for anticipating water-quality impacts un-
der extreme precipitation scenarios, which may escalate
into local emergency situations requiring civil protection
measures. Furthermore, the ion-resolved relationships
established here underpin the scenario analysis linking
climatic variability to composition-specific load chang-
es. These quantified responses and sensitivities are inter-
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preted in the context of mechanisms, published ranges,
and implications for civil protection. These quantified
responses and sensitivities are interpreted below in the
context of mechanisms, published ranges, and implica-
tions for civil protection.

4. Discussion
4.1.-Leaching mechanisms

The approximately linear precipitation-TDS relation
indicates that annual salt export is primarily water-flux-
limited, whereas thermally altered argillite exhibits
higher reactivity across scales. Two features are salient:
(i) fixed marginal sensitivities enable scenario-based ex-
trapolation across climatic regimes; and (ii) the magni-
tude of the burnt-unburnt contrast is contingent on the
normalisation of the response metric (per spoil volume,
per water volume, or per exposed area).

Thermal alteration augments salt release by breaking
mineral lattices and exposing fresh reactive surfaces, by
oxidising sulphides (e.g. pyrite) and promoting forma-
tion of readily soluble sulphate-bearing secondary phas-
es (e.g. gypsum, anhydrite), and by altering pore archi-
tecture toward higher connectivity for percolating water
(Castillo-Meza et al., 2020; Gao et al., 2025). Coal-
spoil studies show higher SC/TDS ratios and sulphate-
chloride fluxes from thermally altered (self-heated) ma-
terials in both column and field settings (Daniels et al.,
2016b; Orndorff et al., 2015; Clark et al., 2017).

These pathways are consistent with the elevated sul-
phate and chloride measured in burnt filtrates and with
widely observed increases in ionic strength from ther-
mally affected mine wastes (Daniels et al., 2016a;
Clark et al., 2017; Welch et al., 2021). In our columns,
burnt material exhibits larger initial concentrations and
cumulative masses than unburnt material under the same
water input, supporting the interpretation that a thermal-
ly produced pool of labile salts is efficiently mobilised
during wetting cycles. The persistence of a steeper pre-
cipitation-response slope in the annual model suggests
that, beyond this transient pool, thermally altered rock
maintains higher long-term reactivity. At other regional
landfills, such as the Nadiya mine spoil tip, concentra-
tions of major ions are also elevated, indicating that coal
industry waste is a regional source of pollution through-
out the Lviv-Volyn coal basin (Skrobala et al., 2022).

A sharp TDS peak around 2 hours (see Figure 3) re-
flects the rapid dissolution and wash-off of soluble sec-
ondary salts accumulated on reactive near-surface mate-
rials. The concentration then reduces as these salts are
depleted and flow stabilises. Field and analogue studies
of mine pools associate this ‘first flush’ to dissolution of
efflorescent sulphate salts formed during oxidation.
These salts produce highly mineralised waters at the on-
set of flushing, followed by a gradual reduction in con-
centrations (Mugova et al., 2024). Column tests on

empty rock also show an ‘early weathering’ stage, char-
acterised by high specific conductivity and peak ion con-
centrations, indicating rapid mobilisation of soluble salts
prior to slower, reaction-limited release from less reac-
tive phases (Martin & Langman, 2024). This interpre-
tation aligns with the observed post-peak decline in our
columns and supports treating early-time pulses as tran-
sient contributions superimposed on the longer-term,
precipitation-modulated leaching captured by the linear
model (Merritt & Power, 2022).

These findings align with laboratory and field evi-
dence from other coal basins. Column studies on Appa-
lachian spoils show high early-time TDS and specific
conductance that decline toward quasi-steady levels af-
ter multiple pore-volume flushes, with higher values for
unweathered, sulphide-rich mudstones and black shales
(Orndorff et al., 2015; Daniels et al., 2016b). Work on
closure salinity risk likewise documents rapid declines
in Na-Cl where halite is initially present, followed by
longer-term sulphate-dominated leaching (Park et al.,
2013). Weathering-cycle simulations demonstrate that
fine-grained fractions can produce extremely high initial
TDS pulses that collapse after repeated wetting-drying
cycles (Dang et al., 2019). At field scale, lysimeter and
catchment monitoring confirm the same direction of
change but over years to decades, with typical SC de-
clining from >1000 - 3000 puS-cm™ to 300 - 700 uS-cm™,
depending on lithology and management (EPA, 2011;
Daniels et al., 2016a; Welch et al., 2021). Against this
backdrop, our burnt/unburnt contrasts (=2.5 at column
scale; 2.653 at precipitation-based per-volume scale) fall
within reported ranges.

4.2. Model adequacy and emergency risks

The linear precipitation-response model adopted in
Section 3.3 aligns with established hydrological theory.
In chemostatic catchments, solute concentrations vary
only weakly with discharge, so annual loads scale ap-
proximately linearly with water flux; this behaviour is
well documented and has been reaffirmed in recent reas-
sessments (Godsey et al., 2009). At broader hydrocli-
matic scales, export vulnerability is governed by trans-
port-reaction time-scale ratios (a Damkdhler-type con-
trol), which implies stronger mass mobilisation with
greater water inputs across realistic precipitation ranges
(Kumar et al., 2020). These lines of evidence provide a
physically consistent basis for a linear precipitation-
mass relation and justify its application to the tested ma-
terials and site-relevant precipitation regime (Godsey et
al., 2009, Knapp et al., 2024; Kumar et al., 2020).

From a civil protection perspective, the constant mar-
ginal sensitivities imply that wet-year anomalies trans-
late linearly into elevated TDS loads, with a stronger
effect for burnt zones. Wet-year anomalies will propor-
tionally increase site-wide loads, with stronger effects
where burnt materials prevail. For instance, +200-300
mm above mean annual precipitation would increase
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site-wide TDS export by =32-64 t-yr' for unburnt-dom-
inant scenarios and ~ 86-129 t-yr! where burnt materi-
als prevail. Since sulphate and chloride remain mobile
under neutral to mildly alkaline conditions, such in-
creases can influence ionic strength, cation exchange,
metal speciation, and downstream aquatic ecology
(Daniels et al., 2016a; EPA, 2011; Welch et al., 2021).
These risks may escalate into local environmental emer-
gencies, underscoring the need for preventive measures
such as stabilisation of burnt sectors, interception of
first-flush leachates, selective covers where f, is high,
and monitoring of SC and sulphate with thresholds in-
formed by per-100 mm sensitivities.

4.3. Model limitations and future directions

The discussion reconciles column-scale evidence and
a parsimonious precipitation-response model into a co-
herent picture of salt leaching from coal-derived argil-
lites. Thermal alteration emerges as the principal intensi-
fier, with effects that are visible across metrics and pre-
served after scale-up to annual, per-volume predictions.
The linear form captures first-order climatic control
while remaining transparent enough to support decision-
making: every +100 mm of precipitation implies a fixed,
material-specific increase in annual TDS export per-vol-
ume of spoil and, by extension, a predictable increment
in site-wide load at the heap scale.

Methodologically, the approach integrates controlled
column leaching (100 g samples, 24 h, 300 mL-min™!
flow rate, = 432 L cumulative throughput) with dimen-
sional analysis and simple scaling to the spoil-heap vol-
ume (48.89 Mm?). The model thus links micro-scale
leaching processes with meso- and macroscale hydro-
logical forcing, allowing the evaluation of salinity ex-
port in a form directly applicable to early-warning and
planning frameworks of civil protection.

The framework developed here is not limited to the
Chervonohrad district. Its formulation is transferable to
other spoil piles and mining waste facilities across
Ukraine, particularly in eastern regions where spontane-
ous combustion, shelling, and extreme precipitation
combine to create conditions of heightened risk. In such
settings, thermal alteration and hydrologic forcing inter-
act to intensify contaminant release, underscoring the
importance of a predictive tool that can quantify expect-
ed load increments under different climatic scenarios.
Extending application to eastern Ukraine provides an
opportunity to support civil protection planning under
conditions of ongoing military threat. The ability to fore-
cast ion-specific releases strengthens preparedness for
potential emergency situations, where contaminated
runoff or groundwater could directly impact local com-
munities and ecosystems.

Several limitations should be noted. First, depth cov-
erage was restricted to 0.2 - 0.3 m, which targets the
near-surface leaching zone rather than the full vertical
variability of element mobility within the heap. This

upper horizon is hydrologically responsive and biologi-
cally active - where infiltration, oxygen exchange and
temperature fluctuations enhance sulphide oxidation,
dissolution of readily soluble salts, and mobilisation of
major ions (notably SO+*~, CI-, HCO5") into percolating
waters - yet it does not resolve potential deeper path-
ways of mobilisation governed by compaction, moisture
storage and redox stratification. Accordingly, the report-
ed leachate chemistry should be interpreted as charac-
teristic of the active near-surface source zone for first-
flush export, with recognition that metre-scale subsur-
face processes - including low-temperature oxidation
and self-heating fronts - may develop below the surface
and alter migration pathways and fluxes at depth (Es-
pinha Marques et al., 2024; Anghelescu & Diaconu,
2024).

The relationship between the sediment and the mass
applied in this study represents a linear approximation of
a more general model, in which non-linear sorption and
secondary processes are grouped into a term ¢ (+). In this
analysis ¢(-) is set to zero, giving the simplified form
used in further modelling. The approach was validated
mainly for total dissolved solids using recirculating col-
umn experiments, and ion-specific loads were estimated
by applying quasi-stationary composition weights. Ad-
ditional uncertainty arises at field scale from hydrologi-
cal representation and scale transition: runoff genera-
tion, preferential flow and seasonal storage can decouple
precipitation from effective infiltration; stratification and
patchiness within spoil heaps may bias scaling; and col-
umn geometries differ from field conditions. Accord-
ingly, confidence intervals should be propagated when
translating per-volume sensitivities into site-wide an-
nual loads for risk management. Finally, the fixed per-
100 mm sensitivities should be applied as constants only
within the stated applicability and calibration domain of
the linear model.

In summary, the synthesis highlights both the mecha-
nistic insight and the applied relevance of the model. It
provides a robust, adaptable framework for environmen-
tal management in mining regions and a practical foun-
dation for integrated civil protection strategies across
Ukraine and beyond.

Future work should aim to extend the modelling
framework beyond the CCCP heap, applying it to other
spoil piles and concentration plant dumps across
Ukraine, particularly in the eastern regions that are sub-
ject to shelling and therefore present higher risks than
the Chervonohrad district. Further developments should
also integrate a dynamic water balance module that
translates precipitation into effective infiltration as a
function of cover, slope, and season. In order to imple-
ment such approaches under real constraints, optimisa-
tion based on dynamic programming is an effective
method for selecting and sequencing technological ac-
tions (Lousada et al., 2024). In addition, model calibra-
tion should be extended not only to total TDS, but also
separately to sulphates, bicarbonates and chlorides. Such

Rudarsko-geolosko-naftni zbornik 2026, 41 (3), pp. 21-36, https://doi.org/10.17794/rgn.2026.3.2



33 Integrated Mathematical and Physical Modelling of Salt Ions Leaching from Coal-Mining Waste...

improvements will enhance the accuracy and reliability
of the model and will be useful in planning civil protec-
tion measures for mining regions.

4.4.-Recommendations

Given the calibrated linear precipitation—-TDS re-
sponse (k,, =331 x 107 and k, = 8.78 x 107
t-Mm=-mm™) and the fixed marginal sensitivities per
+100 mm of annual precipitation (+0.331 and +0.878
t-Mm=3-yr!; site-wide +16.18 and +42.93 t-yr' for un-
burnt and burnt material, respectively), management
should prioritise (i) stabilisation and hydrologic control
of thermally altered (burnt) sectors, where per-volume
slopes and loads are consistently higher; (ii) interception
of first-flush leachates during heavy rainfall and snow-
melt, as early-time pulses dominate short-term export;
(iii) routine monitoring of specific conductance and sul-
phate as pragmatic early-warning indicators, with action
thresholds derived directly from the +100 mm sensitivi-
ties in Table 4 and the precipitation scenarios in Table 3;
(iv) selective covers and drainage measures in areas with
high effective infiltration (#), to reduce Vf and thus an-
nual loads; and (v) contingency planning for wet-year
anomalies (+200 — 300 mm), which, under linear scal-
ing, translate into predictable tens-of-tonnes increases in
site-wide TDS export. These measures follow directly
from the observed burnt/unburnt contrasts, the linear
precipitation dependence over the site-relevant range,
and the ion partitioning that highlights sulphate as the
dominant contributor to annual loads.

5. Conclusions

This study developed and applied an integrated math-
ematical and physical modelling framework to quantify
the leaching dynamics of salt ions from coal-mining
waste, with particular emphasis on the contrasting behav-
iours of thermally altered (burnt) and unaltered (unburnt)
argillite. By linking controlled column experiments with
a precipitation-response model scaled to the CCCP spoil
heap, we demonstrated that annual releases of TDS in-
crease linearly with precipitation input, and that burnt
materials consistently exhibit higher fluxes across multi-
ple metrics. This outcome reflects both the mobilisation
of labile salts and the sustained reactivity of sul-
phide-bearing phases subjected to thermal alteration.

The analysis of ion-specific contributions revealed
that sulphate overwhelmingly dominates the precipita-
tion-driven signal (= 72 - 79%), with bicarbonate pro-
viding secondary buffering and other cations contribut-
ing marginally. This composition indicates that environ-
mental risks from coal-mining waste leachates are not
uniformly distributed among ions but are heavily shaped
by sulphate oxidation processes, which directly threaten
ecological safety through elevated ionic strength, poten-
tial metal mobilisation, and downstream impacts on
aquatic systems.

From a methodological standpoint, the use of linear
precipitation-response functions provides a parsimoni-
ous yet robust predictor of annual TDS loads, facilitating
the translation of climatic variability into site-wide esti-
mates of pollutant release. Such predictive capacity is
essential for integrating hydrogeochemical insights into
risk assessments and early-warning systems for civil
protection. Collected sensitivity data (+0.331 and +0.878
t Mm™ yr* per +100 mm for unburnt and burnt argillite,
respectively) provide practical thresholds for scenario
planning across dry, average, and wet-year conditions.

Coal-mining waste heaps are not only local sources of
salinity but can also trigger environmental emergencies
during extreme hydrological events. Linear upscaling
indicates that wet-year anomalies (+200-300 mm) may
increase site-wide TDS exports by tens of tonnes per
year — a load high enough to stress receiving waters.
These results suggest that spoil-heap leaching should be
included in regional strategies for emergency readiness
and civil protection.

For civil protection and ecological safety planning in
Ukraine and other coal mining regions, particularly
those exposed to armed conflict and the associated risks
of spontaneous combustion, the findings underscore sev-
eral priorities. First, stabilisation and hydrological con-
trol of thermally altered sectors are essential to minimise
salt ions leaching. Second, interception of first-flush lea-
chates during heavy rainfall and snowmelt can substan-
tially reduce the load of dissolved salts reaching receiv-
ing waters. Third, continuous monitoring of sulphate
and electrical conductivity should be implemented as
early-warning indicators, ensuring timely detection of
elevated releases. These measures are critical to reduc-
ing vulnerability to environmental emergencies and
strengthening adaptive capacity.

Overall, the modelling framework presented here is
transferable beyond the Chervonohrad region. It pro-
vides a generic yet adaptable tool for anticipating the
mobilisation of dissolved loads from coal-derived wastes
under variable climatic forcing. The study not only ad-
vances hydrogeochemical science but also directly sup-
ports the development of integrated environmental-civil
protection systems, thereby bridging ecological research
with applied disaster risk reduction in mining-affected
landscapes.
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SAZETAK

Integrirano matematicko i fizicko modeliranje izluzivanja ionskih soli
iz rudarskoga otpada ugljena: implikacije za ekolosku sigurnost i civilnu zastitu

Odlagalista rudarskoga otpada iz eksploatacije ugljena predstavljaju znatan izvor otopljenih soli koje se mogu mobilizi-
rati pod utjecajem oborina, §to stvara rizike za ekolosku sigurnost i sustave civilne zastite. Ovo istrazivanje usmjereno je
na odlagaliste jalovine Centralne flotacije Cervonohrad u zapadnoj Ukrajini, gdje su ispitivani i termalno izmijenjeni i
neizmijenjeni argiliti. Laboratorijska istrazivanja izluZivanja provedena su na uzorcima mase 100 g, koji su izluZeni dei-
oniziranom vodom radi simulacije procesa izluzivanja pod kontroliranim uvjetima. Kumulativni volumeni procijedene
otopine iznosili su priblizno 432 L, $to je omogucilo kvantifikaciju ukupnih otopljenih tvari te pojedina¢nih ionskih
doprinosa. Tijekom 24 sata provedeno je izluzivanje kroz stupce brzinom od 300 mL-min™! (ukupno 8,5 L recirkulirano,
= 432 L proslo kroz uzorak), pri ¢emu je izmjerena kona¢na koncentracija ukupnih otopljenih tvari od 462 mg-L™ za iz-
gorjeli argilit i 185 mg-L™! za neizgorjeli, dok su kumulativne mase izluZenih soli iznosile 3,93 g odnosno 1,57 g (= 2,5 puta
vi$e za izgorjeli uzorak). Razlika u pocetnoj fazi izluZivanja bila je jo$ izraZenija: nakon 2 sata (= 0,7 L) koncentracija je
kod izgorjeloga uzorka iznosila 183 mg-L!, a kod neizgorjeloga 50 mg-L™! (= 3,7 puta vise). Fizi¢ka opaZanja povezana su
s matematickim modeliranjem radi uspostave odnosa izmedu koli¢ine oborina i oslobadanja ukupnih otopljenih tvari.
Rezultati upuéuju na izrazenu linearnu povezanost izmedu godi$nje koli¢ine oborina i oslobadanja soli iz procesa izlu-
Zivanja, pri ¢emu termalno izmijenjeni materijali pokazuju znatno vece tokove iona. Ovaj integrirani modelni pristup
pokazuje kako se laboratorijski podatci i jednostavni modeli mogu koristiti za predvidanje izluzivanja oneci$c¢ujucih
tvari, ¢ime se pridonosi ekoloskoj sigurnosti i planiranju mjera civilne zastite u rudarskim podruéjima sklonim hidrolos-
kim ekstremima.

Kljucne rijeci:
civilna zastita, ekoloska sigurnost, sustavi ranoga upozorenja, geokemija, prediktivho modeliranje, izluzivanje
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