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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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Аннотация. Дүние жүзіндегі әртүрлі қалалар топырақтың әртүрлі деңгейде 
ауыр металдармен ластануымен бетпе-бет келеді. Алдыңғы зерттеулер 
қалалық топырақтағы ауыр металдардың концентрациясы урбанизация 
деңгейінің артуымен жоғарылайтынын анықтады, бұл топырақтағы ауыр 
металл деңгейлері мен қаланың кеңеюі арасындағы байланысты көрсетеді. 
Осылайша, осы байланысты түсіну және топырақта ауыр металдардың 
таралуының сенімді болжамдарын жасау үшін урбанизациямен байланысты 
факторларды қосу қалалық топырақты тиімді басқаруға ықпал ете алады. 
Бұл зерттеу ауыр металдардың көздерін, таралуын және қоршаған ортаға 
әсерін зерттейді. Бұл элементтер топырақта көліктердің шығарындылары, 
шиналар мен тежегіштердің тозуы, жол жамылғыларының абразивті бұзылуы 
салдарынан жиналады, бұл қоршаған ортаға және денсаулыққа айтарлықтай 
қауіп төндіреді. Жол топырағында ауыр металдардың болуы өсімдіктердің 
өсуіне кері әсер етіп, қоректік тізбекке еніп, ластанған топырақты жұту 
немесе шаң бөлшектерін ингаляциялар арқылы адам денсаулығына тікелей 
қауіп төндіруі мүмкін. Бұл зерттеуде тас жолдар бойындағы топырақтағы 
ауыр металдардың дәрежесін болжау үшін кездейсоқ орман (RF) әдісін 
қолданатын машиналық оқыту моделі қолданылды. Нәтижелер РЖ моделінің 
топырақтағы ауыр металдардың кеңістікте таралуын болжауда өте дәл екенін 
көрсетті.

Түйін сөздер: қалалық жолдар, топырақтағы ауыр металдар, деректерді 
талдау, ластау көздерін анықтау, экологиялық қауіп, RF.
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Аннотация. Различные города мира сталкиваются с загрязнением почв 
тяжелыми металами на разных уровнях. Ранее проведенные исследования 
выявили, что концентрация тяжелых металлов в городских почвах, как 
правило, возрастает с увеличением уровня урбанизации, что указывает на связь 
между содержанием тяжелых металлов в почвах и процессом расширения 
городов. Таким образом, понимание этой взаимосвязи и учет факторов, 
связанных с урбанизацией, для создания надежных прогнозов распределения 
тяжелых металлов в почвах могут способствовать эффективному управлению 
состоянием городских почв. В данном исследовании рассматриваются 
источники, распределение и влияние на окружающую среду тяжелых металлов. 
Эти элементы накапливаются в почве вследствие выбросов транспорта, износа 
шин и тормозов, а также абразивного разрушения дорожного покрытия, что 
несет значительные экологические и медицинские риски. Наличие тяжелых 
металлов в дорожной почве может пагубно влиять на рост растений, попадать 
в пищевую цепь и представлять прямую угрозу здоровью человека при 
проглатывании загрязненной почвы или вдыхании пылевых частиц.  В этом 
исследовании для прогнозирования степени тяжелых металлов в почве вдоль 
автодорог была применена модель машинного обучения с использованием 
метода случайного леса (RF). Результаты показали, что модель RF отличается 
высокой точностью прогнозирования пространственного распределения 
тяжелых металлов в почве.

Ключевые слова: городские автодороги, тяжелые металлы в почве, анализ 
данных, идентификация источников загрязнения, экологический риск, 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 for analyzing 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 (Fröhlichová, 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 



198

N E W S  of  the National Academy of  Sciences of  the  Republic  of  Kazakhstan

transportation and industrial activity, was selected for this study. The choice of this 
area is due to the signifi cant level of anthropogenic impact on the environment, 
which makes it suitable for analyzing factors aff ecting 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), coeffi  cient of determination 
(R²) 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 classifi cation 
and regression tasks. Its high accuracy and robustness to overfi tting 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 classifi cation task, each tree “votes” 
for one of the classes, and the fi nal prediction is chosen by majority vote. The 
prediction formula for RF in a regression problem looks like this:

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 workfl ow.

Figure 2. Workfl ow 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 Coeffi  cient 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 11.91 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 diff erent 
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

Figure 3. The coeffi  cient of determination and error of SVM s model
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Figure 4. The coeffi  cient of determination and error of RF s model

Figure 5. The coeffi  cient of determination and error of XGBoost s model

Figure 6. Comparison of RF, SVM, XGBoost models
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Calculations of evaluation metrics including RMSE, MAE and R2 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 R2 of the RF model for the 
validation set is close to the R2 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 R2  small difference between the 
R2 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 R2 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 R2 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 R2 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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