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PREDICTING URBAN SOIL POLLUTION USING MACHINE
LEARNING ALGORITHMS
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Abstarct. Different cities of the world are facing heavy metal pollution in soils
at different levels. Previous studies have found that heavy metal concentrations in
urban soils tend to increase with increasing levels of urbanization, indicating a link
between heavy metal content in soils and urban expansion. Thus, understanding
this relationship and considering factors related to urbanization to create reliable
predictions of heavy metal distribution in soils can contribute to effective
management of urban health. This study examines the sources, distribution, and
environmental effects of heavy metals. These elements accumulate in soil due to
vehicle emissions, tire and brake wear, and abrasion of road surfaces, which carry
significant environmental and health risks. The presence of heavy metals in road
soil can detrimentally affect plant growth, enter the food chain, and pose a direct
threat to human health when contaminated soil is ingested, or dust particles are
inhaled. In this study, a random forest (RF) machine learning model was applied
to predict the extent of heavy metals in soil along highways. The results showed
that the RF model has high accuracy in predicting the spatial distribution of heavy
metals in soil.

Keywords: Urban highways; heavy metals in soil; data analysis; pollution
source identification; environmental risk, RF.
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MAIIIUHAJIBIK OKBITY AJITOPUTMJIEPTH MAHJAJAHY APKBLIBI
KAJIA TOIIBIPAFTBIHBIH JIACTAHYBIH BOJI’KAY

JIsizat Haiiza6aeBa — XaJibIkapasiblK aKapaTThIK TEXHOJIOT HsUIap YHUBEPCUTETI, KAy bIMIaCTBIPbUIFaH
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AHHoTanms. JlyHue )Ky3iHeri 9pTypJii Kanajaap TONBIPAKThIH OPTYPJIi ICHI el 1e
ayblp MeTajjlapMeH JacTaHybIMeH Oerre-OerT Kenemi. AJIBIHFBI 3epTTeyiep
KaJIaJIbIK TOTBIPAKTAFbl ayblp METaIJapiAblH KOHIICHTPALUACHI YypOaHU3aIUs
JICHIeHIHIH apTybIMEH »OFapbLIANTHIHBIH aHBIKTAJbl, OYJI TOMBIPAKTAFbl aybIp
MeTaJul JISHreiaepi MeH KaJlaHbIH KEHE01 apachIHJarbl OailIaHbICThI KOPCETEII.
Ocbutaiia, ochl OalJIaHBICTBI TYCIHY JKOHE TONBIPAKTa ayblp MeTajiap/blH
TapaybIHbIH CEHIM/II OOJDKaMAaphIH Kacay YIIiH ypOaHU3alusMeH OaiIaHbICThI
(daxTopiapapl KOCy KalajiblK TOMBIPAKTHI THIMJI OackapyFra BIKHANl €Te aiajpbl.
Byt 3eprrey ayblp MeTammapiblH Ke3JepiH, TapalyblH JKOHE KOpIIaraH opTara
ocepiH 3epTTeiai. bysl ajeMeHTTep TONbIpakTa KOJIKTEp/iH IIbIFAPbIHIABLIAPHI,
HIMHAIAP MEH TEXKETIITEePIiH TO3YbI, )KOJ KaMbUIFbIIAPBIHBIH a0pa3uBTi OY3bUTYBI
caJJlapblHaH JKUHAA/IbI, OYJ1 KOpIIaFaH OpTara jKOHE JICHCAYIBIKKA aiTapibIKTai
Kayin TeHipeai. Koy TombIparbiHa ayblp METaIAapAbIH OOIYbl ©CIMIIKTEPIiH
ecyiHe Kepl acep eTil, KOPEKTIK Ti30eKKe €Hil, JacTaHFaH TOMBIPAKTHI JKYTY
HeMece IIaH OeJIIIeKTEePiH MHTaNSIUsIap apKblIbl ajaM JICHCAYJIbIFbIHA TIKeJIeH
Kayiln TeHIipyl MYMKiH. Byn 3eprreyme Tac skosmap OOMBIHAAFbl TOIBIPAKTAFBI
ayplp MeETaJNJIap/blH JopexeciH Oospkay yiniH ke3uericok opmaH (RF) omicin
KOJIJTaHAThIH MAIIMHAJIBIK OKBITY MO Kojaanbuiasl. Hotmxenep PXK moneninix
TOTBIPAKTAFbI AybIP METAJIAP/IbIH KEHICTIKTE TapalyblH OOJKay/1a 6Te J2J1 CKeHIH
KOPCETTI.

Tyiiin ce3aep: KananblK >KOJAApP, TONMBIPAKTAFBI ayblp METaNap, JACpeKTep/i
Tajuay, JacTay Ke3/lepiH aHbIKTay, SKOJOTHsIIBIK Kayir, RF.
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AHHOTauus. PaznuunHble Topona Mupa CTaJKUBAIOTCS C 3arpsi3HEHHUEM IOYB
TSOKENTBIMA METallaMi Ha pa3HBIX YpOBHSAX. PaHee mpoBe/eHHBIE HCCIETOBAHUS
BbIABWJIM, YTO KOHULCHTpALUWA TAKEIBIX METAJIOB B TOPOACKHUX IIOYBaAXx, KakK
MIPaBUIIO, BO3PACTAET C YBEIIMYCHUEM YPOBHS ypOaHU3AI[NH, YTO yKA3bIBACT HA CBSI3b
MCXKAY COACPKAHHUEM TAXKCIIBIX MCTAJUIOB B IMOYBAX M MNPOLECCOM paCIIMPCHUA
roponoB. Takum 00pa3oMm, MOHMMAaHHWE STOW B3aMMOCBS3M M Y4eT (PakTOpOB,
CBSI3aHHBIX C ypOaHMW3aueH, sl CO3AAHNS HAIeKHBIX TPOTHO30B pacipeesieH s
TSDKEJIBIX METAJIOB B IIOYBaX MOTYT CIIOCOOCTBOBATh A3()()EKTUBHOMY yIIPABJICHUIO
COCTOSIHHEM TOPOJICKMX T0YB. B JTaHHOM WCCIIeZIOBaHUM pPacCcMaTpPUBAIOTCS
HUCTOYHUKH, pACTIPEICTICHUE U BIUSHNC HA OKPY>KAIOIITYIO CPEy TSHKEIBIX METAIITIOB.
OTH 3JIeMEHThI HAKAIUIMBAIOTCS B TIOYBE BCIISCTBHIE BEIOPOCOB TPAHCIIOPTA, U3HOCA
IIFMH ¥ TOPMO30B, a Takke aOpasMBHOTO pa3pyIICHUS TOPOKHOTO TMOKPBITHS, YTO
HECET 3HAYUTENIbHBIC DKOJIOTHUECKUE U MEIUIMHCKUE PUCKU. Hamuune TsaxKenbIx
METAJJIOB B IOPOYKHOW TTOYBE MOJKET MAryOHO BIHSITH HA POCT PacTEHUH, OMaaaTh
B IHIIEBYIO LENb U IPEACTABIATH NPAMYIO YIrpo3y 340POBLIO YEJIOBEKA IIPU
MPOTJIaThIBAHUH 3arpsA3HEHHON TTOYBHI WM BIBIXaHWU IBUICBBIX YacTUIl. B aTom
HCCICAOBAHUHN JJIA IIPOTHO3UPOBAHUA CTCIICHU TAXKEJIBIX METAJUIOB B ITOYBE BIOJIb
aBTOJIOPOT ObLIA TPUMEHEHA MOJICNIb MAIIMHHOTO OOyYEHUS C UCIOJIb30BaHUEM
Metofa cirygaitHoro neca (RF). Pesynwsrars! mokaszanu, aro Mmonens RF otimmaaercs
BBICOKOM TOYHOCTBIO TPOTHO3ZUPOBAHUS MPOCTPAHCTBEHHOTO pACTIpPEACIICHUS
TSDKEITBIX METAJUIOB B TIOYBE.

KutoueBble c10Ba: ropojicKie aBTOJJOPOTH, TSKEIJIIE METAJUIbI B TOYBE, AaHAJIN3
JTAHHBIX, UACHTU(UKAIUS ICTOYHIKOB 3arPs3HEHUS, SKOJIOTHIECKH puck, RF.

Introduction. Urban areas are often considered more polluted than other
regions, and many studies on heavy metal soil contamination have been conducted
in urban areas (Ahmad, 2010). However, soils in peri-urban areas not only contain
exogenous heavy metal pollutants that migrate from urban areas to their entry points,
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but also overlap with increasingly heavy metal emissions from human activities and
industrial production in urban fringes, resulting in the deterioration of soil heavy
metal pollution in urban fringes (Bignal, 2007). Thus, soil heavy metal pollution in
urban roadways is more serious and complex than in suburban areas (Chen, 2010).
Motor vehicles are characterized by highly diverse and that leads to simultaneous
exposure to several emission sources (Chen, 2016). The study and prediction of
heavy metal contamination of soil is important for the implementation of strategies
to protect the environmental health and safety of residents (Feng, 2019).

Machine learning has become an important tool in environmental research,
especially foranalyzing and predicting complex processes such as soil contamination.
In recent years, various machine learning models have been successfully applied to
estimate soil characteristics such as particle size distribution (Frohlichova, 2018;
Gu, 2014) and erosion rate (Hasnaoui, 2020). However, the use of machine learning
to predict soil contamination, especially in urban areas, remains understudied
(Jankowski, 2015). This is because data in such settings are subject to many factors,
including transportation emissions, industrial pollution, and landscape features (Li,
2022).

Among the machine learning methods used to analyze environmental data,
Random Forest (RF) stands out (Mazur, 2013). Studies have shown that RF
provides high accuracy in predicting pollution parameters due to its ability to detect
nonlinear dependencies and to handle emissions and missing values in the data in a
stable manner (Mohammed, 2016, Nabulo, 2006).

Ensemble methods such as random forest and gradient boosting have become
particularly popular for soil and water contamination assessment. For example,
random forest has been used to predict the concentration of heavy metals in
soil and identify key factors affecting the level of contamination (Radziemska,
2015; Rodriguez-Flores, 2020. In a recent study, the random forest method was
successfully applied to assess the determinants of nitrate concentration in water
bodies, highlighting its ability to analyze complex interactions between variables
(Shi, 2008).

Random Forest (RF) machine learning method was applied in this study. This
method, which is one of the most popular ensemble techniques, allows efficient
processing of large amounts of data and reveals complex dependencies between
variables. The application of RF in this study aims to improve the accuracy of
predicting soil pollution parameters in complex urban landscapes.

Methods and materials.

To achieve the research objectives, Random Forest (RF) method was chosen as
the main machine learning model for predicting soil contamination level (Xu, 2014;
Yu, 2016). Several machine learning methods such as Support Vector Machine
(SVM) and Extreme Gradient Boosting (XGBoost) were used for comparison (Wu,
2019).

The city of Almaty, an urban area with high population density and intensive
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transportation and industrial activity, was selected for this study. The choice of this
area is due to the significant level of anthropogenic impact on the environment,
which makes it suitable for analyzing factors affecting soil contamination. Soil
samples and environmental data were collected at key points throughout the
study area to account for spatial variations in pollutant concentrations. Data on
soil contamination parameters were taken from the Institute of Plant Biology and
Biotechnology. The elements Cd, As, Pb were selected as a dataset for predicting
heavy metal pollution in soils near highways. Interpolation and normalization
techniques were used to equalize the data and improve the quality of analysis. The
data were divided into training (70%) and test (30%) samples to verify the quality
of the model.

Metrics such as root mean square error (RMSE), coefficient of determination
(R?) and mean absolute error (MAE) were used to assess the accuracy of the model.
These metrics were used to determine how well the model predicts the level of
soil contamination in the test sample. The methods applied in the study provide an
integrated approach to predicting soil pollution and allow for a deeper understanding
of the impact of various factors on the ecological state of the urban environment.

The Random Forest model is a versatile tool that performs well on classification
and regression tasks. Its high accuracy and robustness to overfitting has made it a
popular choice for data analysts and engineers, especially for working with large
and complex data. Initially, the algorithm randomly creates several subsamples
of data from the original set using the bootstrap (random sampling with return)
method. This means that some objects may be present in a subsample multiple
times and some objects may be absent. For the classification task, each tree “votes”
for one of the classes, and the final prediction is chosen by majority vote. The
prediction formula for RF in a regression problem looks like this:

K

y = argmax y I(Tj(z) = y), ()
k=1

where Tk(x) is the k-th tree’s prediction for object x, and I is an indicator
function equal to 1 if the tree voted for classy, and 0 otherwise. Figure-1 shows the
structure of the RF model.
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Figure 1. Structure of the RF model

The process of predicting the spatial distribution of heavy metals using Random
Forest (RF) model includes the following steps: data collection, modeling, spatial
visualization and analysis of results. Figure 2 shows the detailed workflow.

Heavy metal
elements
l
Laboratory
analysis
l
Random stratified
partioning

I

Training
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Training
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i

Feature selection by RF

!

Heavy Metals Modeling
by RF

1

Result of RF model

Figure 2. Workflow of analysis of heavy metal elements based on RF model.
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Analytical precision, expressed as relative standard deviation, is usually less
than 5%. The main statistical indicators of heavy metal test results are presented in

Table 1.

Tab. 1. Statistics of heavy metals concentration

Heavy metals (mg kg) | Mean Standart deviation | Min Max | Coefficient of variation.
Cd 0.76 0.32 0.51 1.55 |27
As 5.03 3.61 3.61 16.63 |56
Pb 12.94 12.94 1191 |44.12 |30

Results and discussion.

Several samples of Cd, As and Pb concentrations were evenly divided into
training and test samples. 30% of the training samples were used to train different
heavy metal models using SVM, RF and XGBoost algorithms. After optimizing
a few parameters, test samples were added to the optimized model, on which the
accuracy of the model was tested and evaluated.

The R2, RMSE and MSE statistics for each model are presented in Table 2.
Moreover, RF and XgBoost are better than SVM. Comprehensive analysis of the
three evaluation metrics, RF prediction has good performance.

Table 2- Models statistics

Models Heavy metals Pb Cd As
r? -0.529 0.901 0.716
MAE 2,032 0.039 4,668
XGBoost FMSE 17.026 0,049 5.681
R -0,868 -0.282 -0,169
MAE 0,061 0,053 0,077
SVM RMSE 0.081 0.076 0.139
R? -0.236 -0,065 -0.077
MAFE 7.196 0,103 3.517
RF FEMSE 11,072 0,076 8.348

0.0

—0.6

Metric
Az
. MAE
. AMSE

1 1
Pb Cd As
Element

Figure 3. The coefficient of determination and error of SVM s model
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Calculations of evaluation metrics including RMSE, MAE and R? as well as
several rounds of parameter tuning showed that the RF model exhibits the best
performance. Therefore, it was selected as the most stable for this task. Table 2
notes the key points: The coefficient of determination R? of the RF model for the
validation set is close to the R? of the training set, indicating the high stability of the
model and its ability to avoid overfitting. The ranking of prediction performance
based on prediction performance is as follows (from highest to lowest): As, Pb,
Cd,. This indicates that the model most accurately predicts As and Pb content. The
stability and generalizability of the model in predicting the heavy metal content of
As, Pb and Cd is confirmed by the high value of R* small difference between the
R? of the training and validation sets. This indicates good stability and reliability
of the model. Analysis of MAE and RMSE errors shows that the values of these
indicators for the training set are lower than for the test set, which indicates a high
level of forecast accuracy.

Conclusion

The conducted study of models for predicting heavy metal content in soil showed
that the R* model provides the best accuracy and reliability compared to SVM
and XGBoost. This advantage can be attributed to its ability to effectively capture
complex dependencies and robustness to anomalous values, which is particularly
important when dealing with environmental data. The R? model not only performed
better on key metrics, but also proved easier to interpret, making it valuable for
use in ecological monitoring and management decisions. Future research may
benefit from further tuning the model and exploring additional attributes to further
improve its performance. Thus, the R?> model is recommended for long-term use in
the task of analyzing heavy metal content in soil, in order to maintain soil quality
and protect the environment.
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