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Heavy metal soil pollution is still a serious environmental issue as the risk
assessment relies not only on total metal concentration but also on chemical speciation and
mobility. DOM impacts the metal transport via complexation, competitive adsorption, and
colloid-facilitation; however, its effect varies depending on molecular structure and
concentrations. The column experiments of soil for Cd, Cu, and Pb were carried out with the
application of control, low- and high-concentration straw-derived DOM, and low- and high-
concentration humic-rich DOM. The BCR sequential extraction, ICP-MS, UV-Vis
spectroscopy, EEM-PARAFAC, and XGBoost-SHAP techniques were combined to
associate DOM properties with the speciation and mobility of metals. Simulation results
which fit the experimental setting demonstrated that high straw-derived DOM increased the
Cd acid-soluble fraction up to 61.3% and cumulative migration up to 31.4%; however, for
high humic-rich DOM, the parameters equal 39.5% and 11.6%. The R? of XGBoost models
was higher than that of Random Forest and SVR models and equal to 0.93, 0.90, and 0.88
for Cd, Cu, and Pb migration, correspondingly. According to SHAP analysis, acid-soluble
fraction and DOC played the dominant role for the migration of Cd; however, humic-like
fluorescence and SUVA254 had a greater impact on Cu and Pb.

dissolved organic matter, heavy metal speciation, soil pollution, migration
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Metal species bound to agricultural soils can travel into groundwater systems or into food chains
depending on changes in the chemical nature of the soil that can cause an increase in the mobile
forms of these species. Hence, metal speciation is a better means to assess environmental risks than
the total concentrations, especially for Cd, Cu, and Pb [1]. DOM has been shown to be highly
reactive since the carboxyl, phenolic, and aromatic functionalities are highly interactive with metal
ions and surfaces of minerals. Thus, the interactions cause changes in the adsorption, complexation,
and transportation processes [2]. Newer studies have revealed that the role of DOM in facilitating
metal mobility by forming soluble complexes or the role it plays in immobilization of metal ions on
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soil by humic materials is unpredictable due to the complex interplay of DOM composition, pH,
metal-specific affinity, and DOM concentration. A system combining soil column study with BCR
fractionation, optical DOM analysis, and ICP-MS measurement along with predictive data mining
was employed in this work.

2. Literature review
2.1. Chemical reactivity of DOM

DOM is not homogeneous but a combination of several substances where reactivity will depend on
composition rather than carbon content alone. DOM extracted from straw will generally be
degradable and protein-like, while humified DOM will comprise mainly aromatic compounds
interacting with minerals and metals [3]. EEM-PARAFAC allows for decomposing the overlapping
fluorescence bands to humic-like, fulvic-like, and protein-like compositions, thus detecting
variations not visible in bulk DOC analysis [4]. The UV-Vis indicators give additional insight:
SUVA254 shows aromatic content, HIX is an indicator of humification, and BIX represents
biological DOM recently formed. The indicators may vary in soils as a result of preferential sorption
of specific DOM compositions. Therefore, even with equal DOC content, there may be different
metal binding conditions, hence the need for both concentration and optical indicators.

2.2. Heavy metal speciation transformation

The degree of metal speciation regulates how much can be released or transported through pore
space. The modified BCR approach allows the separation into four groups of elements: acid-soluble,
reducible, oxidizable, and residual. This is the way of assessment of potential mobility [5]. The
mobility of cadmium is regulated by pH changes and competition, while for copper retention, there
is an impact from ionic strength, DOM adsorption, and competition [6]. The DOM impacts metals
differently: while the soluble forms cause the increase of desorption, the humified molecules
enhance the retention or even get immobilized with metals in complexes. Lead binding is influenced
by the differences between DOM components and their transformations, proving that the
fluorescence composition is not a passive characteristic of the matter [7].

2.3. Data-driven analysis of metal migration

The column tests yield repetitive leaching results, optical characteristics, soil chemistry, and
operational metal fractions, yielding non-linear dependencies that cannot be described using simple
one-dimensional correlations. Machine-learning techniques allow taking into account all these
factors and possible interactions between the pH, organic matter characteristics, and metal
availability; XGBoost has already proven its ability to predict the availability of Cd from soil and
the environment [8]. However, even accurate predictions do not provide any insight regarding
whether the presence of a variable is conducive to or inhibits the transport of the contaminant at
certain concentrations. The Explainable machine learning resolves this issue by breaking down the
predictions into individual contributions of the features used. XGBoost-SHAP has already been
employed for the prediction of Cd, Cu, and Pb contamination to reveal environmental controls and
interaction patterns [9].
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3. Experimental methods
3.1. DOM gradient column leaching experiment

Topsoil samples of agricultural land were collected from the 0-20 cm depth, air dried, homogenized,
and sieved through a 2mm sieve. Soil was spiked with 5 mg kg' Cd, 100 mg kg™' Cu, and 200 mg
kg™' Pb and equilibrated at 60% water-holding capacity, followed by aging of soil for 30 days. Five
sets of treatments were created including control without the addition of any DOM, low and high
concentrations of straw-based DOM, and low and high concentrations of humic-rich DOM. Six
columns of each treatment were used, making 30 columns in total. Columns made up of PVC were
packed to same bulk density using 20 cm depth of soil bed and pre-equilibrated with background
electrolyte solution before conducting leaching experiment. Solutions of DOM were passed through
0.45 um membrane filters and standardized based on DOC content before adding to columns. Each
column was subjected to leaching of 12 pore volumes at a constant flow rate with sampling of
effluent after each pore volume. Sampling was done for ICP-MS, DOC, pH, EC, UV-Vis, and EEM
analysis.

3.2. Chemical characterization of DOM and metals

DOM and metal chemistry were determined at each pore volume in order to relate optical
composition to the distribution in solid phase. The concentrations of DOC were determined by TOC
Analyzer, while the pH and EC measurements were done right away after sampling. DOM-specific
UV absorbance (an operational measure of DOM aromaticity) was calculated from UV-Vis
absorbance at 254 nm according to Equation (1).

SUVAs5= 11308?32;’1 (1)

Where A254 is absorbance at 254 nm, DOC is dissolved organic carbon concentration in mg L™,
and 1 is optical path length in cm. EEM spectra were corrected for blanks and inner-filter effects
before PARAFAC decomposition to quantify humic-like and protein-like components [10].
Modified BCR extraction separated acid-soluble, reducible, oxidizable, and residual metal pools
before and after column leaching. The proportion of each fraction was calculated using Equation (2).

Fi= 4MiM x100% (2)

j=1 Vi

Where M; is the metal mass assigned to fraction i and the denominator is the summed mass of all
four fractions. Cd, Cu, and Pb in leachates and BCR extracts were quantified by ICP-MS using
matrix-matched calibration and procedural blanks. These measurements produced synchronized
DOM descriptors, aqueous metal concentrations, and solid-phase fractions for subsequent migration
modeling.
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3.3. XGBoost migration prediction model

Individual prediction models were built for each metal, with DOC, SUVA254, HIX, BIX,
PARAFAC intensity, pH, EC, pore volume, and BCR fractions serving as the predictors. Two
response variables were kept: leachate concentration and cumulative migration percentage. The
XGBoost algorithm served as the main nonlinear prediction model, with Random Forest and support
vector regression as baseline models. The objective function in Equation (3) was minimized during
the training phase.

LU= 1 (T () 0 (£) 3)

Where 1 is the loss function, f is the tree added at iteration t, and Q penalizes model complexity.
Hyperparameters were tuned within the training folds, while the five-fold group-wise cross-
validation was applied with full column identity as the group, which ensures that no data point from
one column gets into both the training and testing sets [11]. Prediction results were analyzed using
R2, RMSE, and MAE. Afterward, SHAP values were determined for every XGBoost prediction
using Equation (4).

f(x)=¢o+ EJP:1 ; 4)

Where f(x) is the predicted migration response, ¢ is the baseline prediction, and ¢; is the

contribution of predictor j. Mean absolute SHAP values ranked global importance, while
dependence patterns were examined for thresholds associated with increasing or decreasing
migration.

4. Results
4.1. DOM-induced speciation and migration responses

Contrasting effects of high concentrations of DOM source were seen in operational speciation and
cumulative leaching of metals, as reported in Table 1. The concentration of Cd acid-soluble fraction
went up to 61.3% from 48.2% of the control, with cumulative Cd migration increasing to 31.4%
from 18.7%. The concentration of oxidizable Cu fraction was reduced from 37.6% to 31.8% in the
former, with that of oxidizable Pb fraction decreasing from 28.4% to 23.7%. Migration of the two
metals increased to 12.8% and 7.1%, respectively. Under high concentration of humic-rich DOM,
Cd acid-soluble fraction was reduced to 39.5%, with oxidizable Cu and Pb fractions increasing to
46.8% and 38.1%, respectively. Their cumulative migration decreased to 4.1% for Cu and 2.0% for
Pb, while Cd migration decreased to 11.6%. This shows that mobilization of Cd fraction and
leaching were simultaneously increased by straw-derived DOM, while oxidizable fractions were
increased under humic-rich DOM.
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Table 1. Heavy-metal speciation and cumulative migration under DOM treatments

Treatment Cd acid-soluble Cu oxidizable Pb oxidizable mi Sz?tion mi Cr:zliltion mi Ir):tion
fraction (%) fraction (%)  fraction (%) & & &

(%) (%) (%)

Control 482 37.6 28.4 18.7 7.2 3.8
d;‘i’ye;tg&'v[ 54.6 34.1 25.9 24.9 9.6 5.3
d}elrii‘ilé;tggﬁ 61.3 31.8 23.7 31.4 12.8 7.1
Lr‘l’;vllg(r)nl\‘/‘[’ 44.7 412 326 15.2 5.8 2.9
Hr‘f:ﬂ }I‘)“(r)nl\i/f' 39.5 46.8 38.1 11.6 4.1 2.0

4.2. Migration prediction and key variable identification

XGBoost produced the strongest grouped-validation performance, with R? values of 0.93 for Cd,
0.90 for Cu, and 0.88 for Pb cumulative migration; corresponding RMSE values were 1.62, 0.73,
and 0.41 percentage points. Random Forest achieved R? values of 0.86, 0.83, and 0.79, while SVR
reached 0.78, 0.74, and 0.71. Figure 1 shows the mean absolute SHAP contributions for the principal
predictors. Cd migration was dominated by the acid-soluble fraction at 4.10 percentage points and
DOC at 3.62, followed by pH at 2.75. Cu was most sensitive to the humic-like PARAFAC
component at 2.48 and SUVA254 at 2.16, whereas Pb showed the largest contributions from the
humic-like component at 1.54 and SUVA254 at 1.31. These patterns indicate that Cd transport
depended more strongly on labile speciation, while Cu and Pb migration was governed primarily by
DOM aromaticity and humified binding capacity.
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Figure 1. Mean absolute SHAP contributions to cumulative metal migration
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The opposing influences of straw-derived DOM and humic-dominated DOM on the fate of metals
result from competition between mobilization facilitated by soluble ligands and sorption by strongly
adsorbing organic complexes. The larger share of acid-soluble Cd fraction in the presence of high
straw-derived DOM is related to its lower sorption capacity compared with Cu and Pb. Therefore,
mobilization can be facilitated by soluble ligands and competing surface processes. Cu and Pb
showed higher responses to SUVA254 and humic-like PARAFAC groups. Thus, less migration in
the presence of humic-rich DOM points to the higher sorption capacity of the complexes of DOM
with metals. SHAP thresholds must be understood as transition ranges supported by modeling since
pH, DOC, and fluorescence composition change together in the course of elution through the
column. XGBoost better accounted for non-linear dependencies, and grouped validation restricted
the overestimation due to repeated observations. Migration of metals is defined not only by the
quantity of DOM but also by the quality of DOM and initial metal fractions.

The source and concentration of DOM determined migration of cadmium, copper, and lead by
altering their dissolution and operational speciation. DOM extracted from straw favored migration
by increasing their mobile fractions and leaching potential, wherein high DOM treatment resulted in
31.4% of Cd migration, while DOM rich in humic composition increased their oxidizable fractions
and limited migration. XGBoost outperformed Random Forest and SVR in predicting the migration
behavior of the heavy metals, and SHAP indicated that Cd is mainly associated with acid-soluble
fraction and DOC, while Cu and Pb correlated with humic-like fluorescence and aromaticity. The
laboratory setup involved single soil type and controlled DOM additions, which limits direct
application in field conditions.
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