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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical 
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation 
Index, a new edition of Web of Science. Content in this index is under consideration by 
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social 
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth 
of content Web of Science offers to researchers, authors, publishers, and institutions sets it 
apart from other research databases. The inclusion of News of NAS RK. Series of geology 
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication 
to providing the most relevant and influential content of geology and engineering sciences 
to our community.

Қазақстан Республикасы Ұлттық ғылым академиясы «ҚР ҰҒА Хабарлары. Геология 
және техникалық ғылымдар сериясы» ғылыми журналының Web of Science-тің 
жаңаланған нұсқасы Emerging Sources Citation Index-те индекстелуге қабылданғанын 
хабарлайды. Бұл индекстелу барысында Clarivate Analytics компаниясы журналды 
одан әрі the Science Citation Index Expanded, the Social Sciences Citation Index және the 
Arts & Humanities Citation Index-ке қабылдау мәселесін қарастыруда. Webof Science 
зерттеушілер, авторлар, баспашылар мен мекемелерге контент тереңдігі мен 
сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология және техникалық ғылымдар сериясы 
Emerging Sources Citation Index-ке енуі біздің қоғамдастық үшін ең өзекті және 
беделді геология және техникалық ғылымдар бойынша контентке адалдығымызды 
білдіреді.

НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и 
технических наук» был принят для индексирования в Emerging Sources Citation Index, 
обновленной версии Web of Science. Содержание в этом индексировании находится 
в стадии рассмотрения компанией Clarivate Analytics для дальнейшего принятия 
журнала в the Science Citation Index Expanded, the Social Sciences Citation Index и 
the Arts & Humanities Citation Index. Web of Science предлагает качество и глубину 
контента для исследователей, авторов, издателей и учреждений. Включение 
Известия НАН РК. Серия геологии и технических наук в Emerging Sources Citation 
Index демонстрирует нашу приверженность к наиболее актуальному и влиятельному 
контенту по геологии и техническим наукам для нашего сообщества.
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для одного термодинамического направлении - критической изотермы Тк=300,6К. 
На рис. 5а представлена концентрационная зависимость флуктуационной части 

вязкости 

Рис. 3б. Зависимость обратного значения флуктуационной части вязкости от концентрации на границе раздела фаз
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температуре (t→0) обратная величина 1( 0, 0)f c t−  → → стремится к постоянному значению

( )1 10, 0 /f f кc t q C− − → → = =  (1). Этот результат свидетельствует о том, что вязкость
раствора в критическом состоянии является конечной величиной. (Мартынов, 2018: 360),
(Ландау, 2002: 541)

Для количественного анализа поведения флуктуационной части вязкости на границе раздела фаз
была исследована концентрационная зависимость разности величин

1 1 1 1 /f f fê f q C− − − − = − = −    . В дальнейшем эта разность описывалась степенным

соотношением в соответствии с скейлинговыми представлениями (Стенли, 1982:353) о поведении
флуктуационной части вязкости ( )f c в близкой окрестности КТ в виде:
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Для нахождения величины этого показателя n1 в двойном логарифмическом масштабе была
построена зависимость (2). Эти данные показаны на рис. 4.
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Рис. 4. Логарифм обратного значения флуктуационной части вязкости на границе раздела фаз

На основе этих данных было получено, что величина показателя для границы раздела фаз n1 в
формуле (2) равна n11,9.
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(Паташинский,1982) =0,636, =0,337. Был также найден коэффициент N1 =145 000 (Пас)-1 для
границы раздела фаз.

Результаты и обсуждение. Полученные результаты подтверждают вид флуктуационной части 
вязкости, предложенный ранее в (Алехин, 2013:141).

Наряду с представленной выше информацией о поведении флуктуационной части вязкости для 
кривой сосуществования, на основе проведенных экспериментальных исследований (рис. 1)
аналогичный анализ был проведен еще для одного термодинамического направлении - критической
изотермы Тк=300,6К. На рис. 5а представлена концентрационная зависимость флуктуационной части
вязкости ( )f кc c c = −  для различных массовых концентраций вдоль термодинамического
направления критической изотермы Т=Тк.
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Из рис. 5б, как и раньше (рис. 3б) следует, что вдоль направления критической изотермы при
концентрации ( )0 kc c c → → величина 1

f к
− принимает конечное значение 

( )1 10 /f f кt q C− −= = =  . Для количественного анализа поведения флуктуационной части

вязкости ( )f c (рис. 5) были построены в двойном логарифмическом масштабе обратные значения 
флуктуационной части вязкости на критической изотерме (рис. 6)
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Abstract.  This study addresses the challenge of predicting the content of 
rare earth elements — cerium (Ce), lanthanum (La), and neodymium (Nd)—
in geological samples by applying ensemble machine learning methods to 
geochemical data. Given the growing industrial demand for these elements, efficient 
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prediction models can significantly enhance exploration strategies and reduce the 
need for costly field sampling. A geochemical dataset containing concentrations 
of major and trace elements was analyzed using a combination of algorithms, 
including XGBoost, K-Nearest Neighbors (KNN), Support Vector Machines 
(SVM), and Logistic Regression. The ensemble model was optimized through a 
combination of genetic algorithms and grid search, with XGBoost selected as the 
primary algorithm due to its high sensitivity to complex nonlinear feature-target 
dependencies. For classification tasks, the median concentrations of Ce, La, and 
Nd were used as thresholds to define binary output variables. The model achieved 
notable predictive accuracy, with a ROC-AUC of 0.83 for La, indicating reliable 
discrimination between classes. Feature importance analysis identified sulfur (S), 
aluminum (Al), and calcium (Ca) as key predictors, which aligns with prior studies 
on their geochemical associations with rare earth elements. While the ensemble 
model demonstrated strong performance, some misclassifications revealed the 
need for additional data processing and feature refinement. The study confirms 
that ensemble learning offers a powerful approach for geochemical modeling and 
mineral prospecting. The proposed methodology not only enhances prediction 
accuracy but also provides insight into elemental interactions that underpin the 
spatial distribution of rare earth metals in geological environments.

Keywords: rare earth elements, geochemical data, machine learning, ensemble 
models, XGBoost, content prediction, hyperparameter optimization

Acknowledgements: The research was supported by RSF (project No. 25-26-
00377), http://rscf.ru/project/25-26-00377/ .

©  Я.А. Тынченко1,2, Е.В. Худякова3, В.В. Кукарцев1,2,3, 
М.Н. Степанцевич3,  А.А. Ступина1,4,5, 2025.

1Сібір федералды университеті, Красноярск, Ресей;
2Н.Э. Бауман атындағы Мәскеу мемлекеттік техникалық университеті, 

Мәскеу, Ресей;
3К.А. Тимирязев атындағы Ресей мемлекеттік аграрлық университеті – 

Мәскеу ауыл-шаруашылық академиясы, Мәскеу, Ресей;
4Решетнев атындағы Сібір мемлекеттік ғылым және технологиялар 

университеті, Красноярск, Ресей; 
5Ресей Төтенше жағдайлар министрлігінің мемлекеттік өртке қарсы 

қызметінің Сібір өрт сөндіру және құтқару академиясы, Железногорск, Ресей.
E-mail: vlad_saa_2000@mail.ru

ГЕОХИМИЯЛЫҚ ДЕРЕКТЕР НЕГІЗІНДЕ АНСАМБЛЬДІК ОҚЫТУ 
ӘДІСТЕРІН ҚОЛДАНА ОТЫРЫП, СИРЕК КЕЗДЕСЕТІН ЖЕР 

ЭЛЕМЕНТТЕРІНІҢ ҚҰРАМЫН БОЛЖАУ



270

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

Ядвига А. Тынченко ― Сібір федералды университеті, Красноярск, Ресей; Н.Э.  Бауман 
атындағы Мәскеу мемлекеттік техникалық университеті, Мәскеу, Ресей, e-mail: 051301@mail.
ru, https://orcid.org/0000-0001-8963-7830;
Елена В. Худякова ― экономика ғылымдарының докторы, профессор, К.А. Тимирязев 
атындағы Ресей мемлекеттік аграрлық университеті – Мәскеу ауыл-шаруашылық академиясы, 
Мәскеу, Ресей, e-mail: evhudyakova@rgau-msha.ru, https://orcid.org/0000-0003-2156-7236;
Владислав В. Кукарцев ― техника ғылымдарының кандидаты, доцент, Сібір федералды 
университеті, Красноярск, Ресей; К.А. Тимирязев атындағы Ресей мемлекеттік аграрлық 
университеті – Мәскеу ауыл-шаруашылық академия, Мәскеу, Ресей; Н.Э. Бауман атындағы 
Мәскеу мемлекеттік техникалық университеті, Мәскеу, Ресей, e-mail: vlad_saa_2000@mail.ru, 
https://orcid.org/0000-0001-6382-1736;
Марина Н. Степанцевич ― экономика ғылымдарының кандидаты, доцент, К.А. Тимирязев 
атындағы Ресей мемлекеттік аграрлық университеті – Мәскеу ауыл-шаруашылық академиясы, 
Мәскеу, Ресей, e-mail: stepancevich@rgau-msha.ru, https://orcid.org/0000-0002-7125-3027;
Алена А. Ступина ― доктор, профессор, Сібір федералды университеті, Красноярск, Ресей; 
Решетнев атындағы Сібір мемлекеттік ғылым және технологиялар Университеті, Красноярск, 
Ресей; Ресей Төтенше жағдайлар министрлігінің мемлекеттік өртке қарсы қызметінің Сібір өрт 
сөндіру және құтқару академиясы, Железногорск, Ресей, e-mail: h677hm@gmail.com, https://
orcid.org/0000-0002-5564-9267. 

Аннотация. Бұл зерттеу нақты зерттеулер нәтижесінде алынған 
геохимиялық деректерге машиналық оқытудың ансамбльдік әдістерін 
қолдану арқылы геологиялық үлгілерде сирек кездесетін элементтердің 
– церий (Ce), лантан (La) және неодим (nd) мазмұнын болжау міндетін 
қарастырады. Осы элементтерге өсіп келе жатқан өнеркәсіптік сұранысты 
ескере отырып, тиімді болжау модельдері барлау стратегияларын айтарлықтай 
жақсарта алады және қымбат далалық іріктеу қажеттілігін азайтады. Негізгі 
және микроэлементтердің концентрациясы бар геохимиялық мәліметтер 
жиынтығы алгоритмдердің, соның ішінде XGBoost, k-жақын көршілер 
(KNN), тірек векторлық машиналар (SVM) және логистикалық регрессияның 
көмегімен талданды. Ансамбль моделі генетикалық алгоритмдер мен торды 
іздеу комбинациясы арқылы оңтайландырылды, XGBoost негізгі алгоритм 
ретінде таңдалды, өйткені оның күрделі сызықтық емес тәуелділіктерге 
сезімталдығы жоғары болды. Жіктеу есептері үшін ce, La және Nd медианалық 
концентрациялары екілік Шығыс айнымалыларын анықтау үшін шекті 
мәндер ретінде пайдаланылды. Модель La үшін ROC-AUC 0,83 көмегімен 
болжаудың айтарлықтай дәлдігіне қол жеткізді, бұл сыныптар арасындағы 
сенімді айырмашылықты көрсетеді. Белгілердің маңыздылығын талдау 
күкіртті (S), алюминийді (Al) және кальцийді (CA) негізгі болжаушылар 
ретінде анықтады, бұл олардың сирек жер элементтерімен геохимиялық 
байланыстары туралы алдыңғы зерттеулерге сәйкес келеді. Ансамбль 
моделі жоғары өнімділікті көрсеткенімен, кейбір қате жіктеулер қосымша 
деректерді өңдеу және белгілерді нақтылау қажеттілігін анықтады. Зерттеу 
ансамбльдік оқыту геохимиялық модельдеу мен пайдалы қазбаларды барлау 
үшін күшті тәсілді ұсынатынын растайды. Ұсынылған әдістеме болжаудың 
дәлдігін арттырып қана қоймайды, сонымен қатар геологиялық ортада сирек 
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жер металдарының кеңістікте таралуына негіз болатын қарапайым өзара 
әрекеттесулер туралы түсінік береді.

Түйін сөздер: сирек кездесетін жер элементтері, геохимиялық деректер, 
машина оқыту, ансамбльдік модельдер, XGBoost, құрамды болжау, 
гиперпараметрлерді оңтайландыру.
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Аннотация. В этом исследовании рассматривается задача прогнозирования 
содержания редкоземельных элементов — церия (Ce), лантана (La) и неодима 
(Nd) — в геологических образцах путем применения ансамблевых методов 
машинного обучения к геохимическим данным, полученных в ходе реальных 
исследований. Учитывая растущий промышленный спрос на эти элементы, 
эффективные модели прогнозирования могут значительно улучшить 
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стратегии разведки и снизить потребность в дорогостоящем полевом отборе 
проб. Геохимический набор данных, содержащий концентрации основных 
и микроэлементов, был проанализирован с использованием комбинации 
алгоритмов, включая XGBoost, K-ближайших соседей (KNN), опорных 
векторных машин (SVM) и логистической регрессии. Ансамблевая модель 
была оптимизирована с помощью комбинации генетических алгоритмов и 
поиска по сетке, причем XGBoost был выбран в качестве основного алгоритма 
из-за его высокой чувствительности к сложным нелинейным зависимостям 
признак-цель. Для задач классификации медианные концентрации Ce, 
La и Nd использовались в качестве пороговых значений для определения 
бинарных выходных переменных. Модель достигла заметной точности 
прогнозирования с ROC-AUC 0,83 для La, что указывает на надежное 
различение между классами. Анализ важности признаков выявил серу 
(S), алюминий (Al) и кальций (Ca) в качестве ключевых предикторов, что 
согласуется с предыдущими исследованиями их геохимических ассоциаций с 
редкоземельными элементами. Хотя ансамблевая модель продемонстрировала 
высокую производительность, некоторые ошибочные классификации выявили 
необходимость дополнительной обработки данных и уточнения признаков. 
Исследование подтверждает, что ансамблевое обучение предлагает мощный 
подход для геохимического моделирования и разведки полезных ископаемых. 
Предложенная методология не только повышает точность прогнозирования, 
но и дает представление об элементарных взаимодействиях, которые лежат 
в основе пространственного распределения редкоземельных металлов в 
геологических средах.

Ключевые слова: редкоземельные элементы, геохимические данные, 
машинное обучение, ансамблевые модели, XGBoost, прогнозирование 
содержания, оптимизация гиперпараметров.

Introduction. In recent decades, rare earth elements (REE) have gained special 
significance due to their wide application in high-tech industries such as electronics 
manufacturing, renewable energy, and transportation (Evsyukov, et al., 2024; 
Kurashkin, et al., 2024; Panfilov, et al., 2024). Metals like cerium (Ce), lanthanum 
(La), and neodymium (Nd) play a key role in the production of magnets, batteries, 
and other critically important components. Predicting the content of these elements 
in rocks is an important step in their exploration and extraction (Epikhin, et al., 
2024).

Traditional methods of geochemical data analysis, based on the chemical analysis 
of samples, often require significant time and financial resources (Degtyareva, et 
al., 2024). In recent years, with the development of machine learning methods, it 
has become possible to automate the process of analyzing and predicting metal 
content based on the geochemical characteristics of rocks (Gerasidi, et al., 2024; 
Kaung, et al., 2024; Bosikov, et al., 2023).

The aim of this study is to develop an efficient model for predicting the content 
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of rare earth elements based on geochemical data using ensembles of machine 
learning models. The study explored various approaches, including algorithms 
such as XGBoost, Support Vector Machines, and K-Nearest Neighbors. The 
optimization of the ensemble of models allowed for achieving high prediction 
accuracy for elements such as cerium (Ce) and lanthanum (La), as confirmed by 
high ROC-AUC metric values (Fedorova, et al., 2024; Evsyukov, et al., 2024).

The optimization of algorithm hyperparameters plays a key role in achieving 
high prediction accuracy. In several studies, grid search (GridSearchCV) and 
genetic algorithms were used for the automatic tuning of model parameters, which 
improved the ROC-AUC metrics to values above 0.80 (Smirnov, et al. 2023). The 
most significant factors affecting the content of REE are the concentrations of sulfur 
(S), aluminum (Al), and calcium (Ca) in rocks.

Other studies have shown that analyzing the mineral composition of rocks using 
data clustering methods plays an important role in predicting the content of rare 
earth elements. In particular, the use of deep learning algorithms, such as neural 
networks, has led to a significant improvement in prediction accuracy. Moreover, 
recent work has examined the influence of tectonic conditions on the distribution of 
rare earth elements, which expands the possibilities for prediction.

Several researchers have also proposed combined approaches that integrate 
traditional geochemical analysis methods with machine learning, achieving better 
results. The application of geostatistical methods in conjunction with machine 
learning algorithms allows for more accurate modeling of the spatial distribution 
of rare earth elements.

Materials and methods. For the study, a geochemical dataset of rock 
samples collected as part of a project investigating the mineral potential of rare 
earth elements was used (Migalin et al., 2024). The data were obtained from an 
open source and contain information about the chemical composition of samples 
collected from various geological regions. The dataset includes the concentrations 
of major elements such as aluminum (Al), calcium (Ca), iron (Fe), magnesium 
(Mg), silicon (Si), as well as the concentrations of rare earth metals such as cerium 
(Ce), lanthanum (La), and neodymium (Nd) (Panfilova, et al., 2024).

To gain a deeper understanding of the data structure, a statistical analysis of the 
main characteristics was conducted. Table 1 presents the mean values, medians, 
and standard deviations for the key elements in the dataset.

Table 1. Averages, medians, and standard deviations for key elements in the dataset
Element Mean Median Std. Deviation
Al (Aluminum) 8.23 8.10 1.75
Ca (Calcium) 4.56 4.40 1.12
Fe (Iron) 5.34 5.10 1.68
Mg (Magnesium) 3.12 3.00 0.94
Si (Silicon) 24.85 24.70 4.58
Ce (Cerium) 0.45 0.42 0.14
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La (Lanthanum) 0.22 0.21 0.08
Nd (Neodymium) 0.17 0.16 0.06

For the analysis of target variable concentrations, threshold values were calculated 
to determine the presence or absence of rare earth elements. In particular, for each 
element, the median was used as the threshold value for binary classification, where 
a value above the median indicates the presence of the element in the sample, and 
below it — its absence (Filina, et al., 2023).

Figure 1 shows histograms of the value distributions for elements such as Ce, 
La, and Nd. These charts demonstrate that the value distribution for rare earth 
elements exhibits some asymmetry, which indicates possible differences in element 
content across different samples.

Fig. 1. Histograms of target variables (Ce, La, Nd)

For predicting the content of rare earth elements, an ensemble of models was 
applied, consisting of the following algorithms:

•	XGBoost: Gradient boosting on decision trees. This algorithm effectively 
identified nonlinear relationships between features and target variables. 
Hyperparameter optimization for XGBoost included tuning parameters such as 
n_estimators, max_depth, learning_rate, and subsample.

•	K-Nearest Neighbors (KNN): This algorithm was used for classification based 
on object proximity. Optimal hyperparameter values for the number of neighbors 
and distance metrics were determined using grid search.

•	Support Vector Machines (SVM): The use of SVM allowed for the construction 
of a nonlinear decision boundary for predicting metal content. A Gaussian kernel 
function was employed to enhance efficiency.

•	Logistic Regression: As a basic linear classification method, logistic regression 
was added to the ensemble to account for linear dependencies in the data.

To achieve maximum prediction efficiency, an ensemble optimization approach 
was employed, which included the use of a genetic algorithm and grid search 
(GridSearchCV). The primary focus was on tuning the hyperparameters of the key 
ensemble models, such as XGBoost, K-Nearest Neighbors (KNN), and SVM.
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XGBoost gradient boosting on decision trees was chosen as the main model of 
the ensemble due to its ability to detect complex nonlinear dependencies in the data 
(Kuzkin, et al., 2024; Rozhkova, et al., 2024). For hyperparameter optimization, the 
grid search (GridSearchCV) method was used, varying parameters such as:

•	n_estimators (number of trees),
•	max_depth (maximum tree depth),
•	 learning_rate (learning rate),
•	subsample (fraction of the data sample used for building each tree) (Stepanova 

et al., 2024).
The optimization process was conducted using 3-fold cross-validation, which 

helped to avoid overfitting and achieved ROC-AUC values exceeding 0.79 for target 
variables such as Ce and Nd (Olentsova et al., 2024). The best hyperparameters 
identified during the search were: n_estimators = 100, max_depth = 3, learning_
rate = 0.01, and subsample = 0.8.

For the K-Nearest Neighbors (KNN) algorithm, a grid search was also used to 
tune the following parameters:

•	n_neighbors (number of nearest neighbors),
•	p (distance metric).
As a result of the optimization, it was determined that the most effective value 

for the number of neighbors is 9 when using the Manhattan distance metric. This 
configuration achieved ROC-AUC values of around 0.70.

The SVM algorithm was employed to construct a nonlinear decision boundary 
using a Gaussian kernel. During the grid search, the following parameters were 
varied:

•	C (regularization parameter),
•	gamma (kernel parameter).
The optimal parameter values improved the prediction accuracy for rare earth 

elements such as Ce and La, reaching ROC-AUC scores of approximately 0.70.
Logistic regression was added to the ensemble as a basic linear method to 

capture simple linear dependencies between features. In this case, grid search was 
also used to tune the regularization parameter C. The model demonstrated stable 
results, complementing the ensemble for predicting metal content.

To evaluate the performance of the ensemble, the following metrics were used:
•	ROC-AUC: The primary metric for assessing the model’s ability to distinguish 

between classes (presence and absence of the element);
•	F1-score: Used to balance precision and recall;
•	Accuracy: The percentage of correct model predictions.

Results and discussion. The results of predicting the content of rare earth 
elements demonstrated the high efficiency of the proposed ensemble model, 
which includes the algorithms XGBoost, K-Nearest Neighbors (KNN), Support 
Vector Machines (SVM), and Logistic Regression (Borodulin et al., 2024). These 
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algorithms enabled the modeling of relationships between geochemical features 
and the presence of elements such as cerium (Ce), lanthanum (La), and neodymium 
(Nd) in rock samples.

An example prediction for the content of La (lanthanum) showed promising 
results. Based on the confusion matrix, the model correctly predicted 6 instances 
for class 0 (absence of La) and 6 instances for class 1 (presence of La). However, the 
model also made several errors: 4 cases where the presence of La was incorrectly 
predicted, and 1 case where the model failed to predict the presence of La when it 
was actually present. These errors may be attributed to a high correlation between 
features or missing data in some samples.

Fig. 2. Confusion matrix

The ROC curve for La (Figure 3) showed an AUC value of 0.83, indicating a 
strong ability of the model to distinguish between classes. This metric confirms 
that the model can accurately predict the presence or absence of lanthanum in the 
samples. An AUC value above 0.80 demonstrates the reliability of the model in this 
prediction task, despite a certain number of errors in the confusion matrix.
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Fig. 3. Curve ROC

The feature importance graph for La (Figure 4) demonstrated that the key 
variables influencing the predictions are: 

•	 S_pct_ICP-OES (sulfur content), 
•	 Al_pct_ICP-OES (aluminum content),
•	 Ca_pct_ICP-OES (calcium content).

Fig. 4. Feature importance
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These features have the greatest impact on the model’s predictions. The high 
importance of sulfur may indicate its interconnection with rare earth elements in 
geological structures, while aluminum and calcium also play a significant role in 
predicting the La content. These results are consistent with previous studies showing 
that rare earth elements often occur together with these chemical elements in rocks.

Despite the high performance of the model, the confusion matrix reveals several 
misclassifications. In particular, the model erroneously predicted the presence of 
La 4 times when it was not present, suggesting a possible overestimation of the 
influence of some features. These errors may be related to a high correlation between 
features or the complexity of class separation in certain samples. A more detailed 
data analysis could help improve the model, for example, by using more advanced 
data processing algorithms such as outlier detection methods or regularization.

Despite the high performance of the model, the confusion matrix reveals several 
misclassifications. In particular, the model erroneously predicted the presence of 
La 4 times when it was not present, suggesting a possible overestimation of the 
influence of some features. These errors may be related to a high correlation between 
features or the complexity of class separation in certain samples. A more detailed 
data analysis could help improve the model, for example, by using more advanced 
data processing algorithms such as outlier detection methods or regularization.

Despite the high performance of the model, the confusion matrix reveals several 
misclassifications. In particular, the model erroneously predicted the presence of 
La 4 times when it was not present, suggesting a possible overestimation of the 
influence of some features. These errors may be related to a high correlation between 
features or the complexity of class separation in certain samples. A more detailed 
data analysis could help improve the model, for example, by using more advanced 
data processing algorithms such as outlier detection methods or regularization.

Conclusion. During the study, an ensemble machine learning model 
was developed and optimized to predict the content of rare earth elements (Ce, 
La, and Nd) based on geochemical data. The application of algorithms such as 
XGBoost, K-Nearest Neighbors (KNN), Support Vector Machines (SVM), 
and Logistic Regression enabled the identification of key nonlinear relationships 
between features, which contributed to improved prediction accuracy.

Hyperparameter optimization using a genetic algorithm and grid search led 
to significant improvements in the model’s performance. The best results were 
achieved for the element La, with a ROC-AUC of 0.83, indicating high prediction 
accuracy. Good results were also obtained for Ce and Nd, although their accuracy 
was slightly lower.

Analysis of feature importance revealed that the key variables with the greatest 
influence on predictions are the contents of sulfur (S), aluminum (Al), and calcium 
(Ca). These elements proved to be significant factors in predicting the content of 
rare earth metals, underscoring their role in geochemical processes.

Despite the successful results, the model made several errors, which indicates the 
need for further improvements, for example, through the implementation of outlier 
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detection methods and the use of additional data. It is also advisable to consider 
employing more complex models, such as deep neural networks, to capture the 
intricate multidimensional dependencies among features.

Overall, the proposed methodology demonstrated high effectiveness in 
addressing the tasks of predicting rare earth element content and may be useful in 
other geochemical analysis and mineral exploration applications.
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