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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.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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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
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AuHoTamus. byn 3eprrey HakTBl 3eprTeyiep HOTHIXKECIHJIE allbIHFaH
TCOXUMILSUTBIK, ~ IEPEKTEPre MAIIMHAIBIK OKBITYIBIH aHCAMOJIBIIK OIICTepiH
KOJJIaHy apKbUTBI TEOJOTHSUIBIK YATLIEpJe CHpPEK Ke3IeCeTiH AIIeMEHTTEpIiH
— nepuit (Ce), mantan (La) >xoHe HeomuMm (nd) Ma3MyHBIH OOIbKay MiHJIETiH
KapacTeipagbsl. OChl 3IEMEHTTEpPre OCil Keje KaTKaH OHEPKACINTIK CYPaHBICTHI
ecKepe OTBIPHII, THIMA1 OoImKay MoZIeTIbAepi Oapiiay cTpaTerusuIapblH Al TapabIKTal
KakcapTa alajibl )KoHEe KbIMOAT NasalbIK ipiKTey KaKeTTUIriH a3aiTansl. Herisri
JKOHE MHKPOIIEMEHTTEPAIH KOHIICHTPAIUSACH 0ap TEOXUMUSIIBIK MOJIIMETTEp
JKUBIHTBIFB aJITOPUTMICPAiH, COHBIH imiHAe XGBoost, k-kakpiH Kepmrisiep
(KNN), Tipek BekTopabIK MammHamIap (SVM) jxoHe TOTUCTHKAIBIK PETPECCHSIHBIH
KOMeTiMeH TanaaHabl. AHCaMOJIb MOAEI] T€HETUKAJIBIK aJTOPUTMAEP MEH TOPbI
1371y KOMOMHAIUSCHI apKbUIbl OHTaWMaHabIpeULabl, XGBoost Heri3ri anroputm
peTiHAe TaHJAJIbl, OHUTKCHI OHBIH KYpJCJi CBI3BIKTBIK €MEC TOYCIILIIKTepre
ce3iMTaIIBIFbI )OFapbl 00ibl. JKikTey ecenrepi yiriH ce, La xxone Nd Mmerananbik
KOHIICHTpanusiapsl ekiumik IIBIFpIC alfHBIMANBUIAPBIH AHBIKTAY VIMIH IIIEKTi
MoHzep peTiHne maiganansuiel. Monens La ymin ROC-AUC 0,83 kemerimMeH
OoJKayIbIH alTapIbIKTal TONIIriHe KOJ JKETKi3[i, OYJI CBHIHBIITAD apachIHAAFbl
CeHIMJII alBIPMAIIBUIBIKTBI KepceTeai. benrinepaiH MaHBI3ABUIBIFBIH  TaJIay
KykiptTi (S), amomunuiini (Al) xone xampumiiai (CA) Herisri OoypkayuibLiap
peTiHAEe aHBIKTAIbI, OVJI ONApABIH CHPEK JKE€p DIEMEHTTEPIMEH TCOXUMHUSIIBIK
OailTaHBICTaphl Typadbl aJABIHFBI 3EpTTEyJIepre colkec kenmemi. AHcaMOIb
MOJIEJI JKOFaphl OHIMAUTIKTI KOPCETKeHIMEH, KelOip Kare KiKTeylep KOCHIMINa
JepeKTepli OHJeY JKoHe Oenriiepai HaKTbUlady KaKETTIIIriH aHBIKTaabl. 3epTTey
aHCaMOJB/IIK OKBITY TEOXUMUSIIBIK MOJICIBICY MEH Maiiaisl Kazoamap sl Oapiay
YIIIH KYIITI TOCUIII YChIHATBIHBIH PacTal/bl. ¥ ChIHBUIFAH dJIICTEME OOJDKAYIIbIH
JOIIITIH apTTHIPBIT KaHa KOMMa/Ibl, COHBIMEH KaTap reoJIOTHSUIBIK OpTajia CUPEK
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’Kep MeTaIIAapbIHBIH KEHICTIKTe TapaiyblHa Heri3 OOoJaThlH KapamailbiM e3apa
opekeTTecyyep Typajbl TYCiHIK Oepei.
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THIeprapamMeTpiepi OHTaIaHabIpY.
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AnHoTauus. B 5ToM uccieqoBaHIH paccMaTpuBaeTCs 3a1a4a IPOTHO3UPOBAHUS
cojiepKaHUA peaKo3eMeNbHbIX 371eMeHToB — nepus (Ce), nantana (La) u Heonnma
(Nd) — B reonorudeckux o0Opasiiax myTeM MPUMEHEHHUS aHCaMOJIEBBIX METO/IOB
MAaIIMHHOTO 00YYCHHS K TCOXUMHUYCCKHUM JIAHHBIM, MTOJYYSHHBIX B XOJIC PEaJIbHBIX
HCCIIEIOBAaHUN. YUUTBIBAasl PACTyIIMM MPOMBIIUIEHHBIM CIIPOC HA 3THU JIEMEHTHI,
3¢ (QeKTUBHBICE MOJCIM TPOTHO3UPOBAHHUS MOTYT 3HAYUTEIBHO YIYYIIUTh
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CTpaTeruu pa3BeJKH U CHU3UTH MOTPEOHOCTH B JOPOTOCTOSIIEM IOJIEBOM OTOOpE
npo6. I'eoxuMuuecknii HAOOp NaHHBIX, COACPIKAIINN KOHLEHTPALMH OCHOBHBIX
W MUKPOAJIEMEHTOB, OBLI MPOAHAIM3MPOBAH C HCIOJIb30BAaHWEM KOMOWHAIMN
anroput™moB, Bkimtodas XGBoost, K-0mmkaiimmx cocenedt (KNN), omopHBIX
BEKTOpHBIX MamuH (SVM) u noructudeckoil perpeccun. Ancam0iaeBas MOJEIb
ObUla ONTHMHU3UPOBAHA C IOMOILBI0 KOMOMHALMN T'€HETHYECKUX aJrOPUTMOB U
nowcka 1o cetke, npuaeM XGBoost Ob11 BEIOpaH B KauecTBE OCHOBHOTO allTOPUTMa
M3-3a €r0 BBICOKOM UyBCTBUTEIBHOCTH K CIOKHBIM HETMHEHHBIM 3aBUCHMOCTSM
npusHak-uenb. s 3agad  knaccudukanum MeauaHHble KoHueHTpauuu Ce,
La u Nd ucnonp3oBanich B KaueCTBE MOPOTOBBIX 3HAUYCHHH IS OINpEAeIeHHUs
OMHApHBIX BBIXOIHBIX MEPEMEHHBIX. Moenb IOCTHIVIA 3aMETHOM TOYHOCTH
nporaozupoBanuss ¢ ROC-AUC 0,83 mns La, 4ro ykaselBaeT Ha HaJekKHOE
pasinueHue Mexay KiaccaMH. AHadu3 BaXHOCTH NPU3HAKOB BBISBHUI CEpy
(S), amomunmit (Al) n xampnuii (Ca) B Ka4ecTBe KITIOYEBBIX MPEAUKTOPOB, YTO
COMIacyeTcs C MPEABLLYILIUMH UCCICI0OBAaHUAMH UX TEOXHUMHUYECKUX aCCOLMALIM C
pelKo3eMeNbHBIMH 2JIEMEHTAaMH. XOTs aHCaMOJIeBasi MOZIEIb MPOJEMOHCTPHPOBAIa
BBICOKYIO IPON3BOUTEIBHOCTbD, HEKOTOPbIC OLIMOOUHBIE KIIACCH(DUKALIMH BBISIBUIIN
HEOOXOOUMOCTD JIOTIOJTHUTEIbHOW 00pabOTKM NAaHHBIX W YTOYHCHUS MPHU3HAKOB.
HccnenoBanue moATBEPkKAACT, UTO aHcaMOIeBoe 00ydueHHe MpeaiaraeT MOIIHBIN
MOAXOJ I TEOXUMHUYECKOTO MOJICIIMPOBAHNUS U Pa3BEIKU MOJIE3HBIX HCKOIIAEMBbIX.
[IpeanoxeHHast METOJOJIOTUS HE TOIBKO MOBBIIIAECT TOYHOCTh MPOTHO3UPOBAHMS,
HO W JIaeT MpEACTaBIeHHE 00 3JIEMEHTAPHBIX B3aUMOJCHCTBUSAX, KOTOPBIC JIEeXKAT
B OCHOBE IPOCTPAHCTBEHHOIO pAaCIpPEACICHUSI PEAKO3EMEIbHBIX METAIJIOB B
re0JIOTHYECKUX Cpesiax.

KutoueBble ciioBa: peaKo3eMeNbHbBIE SJIEMEHTH, T€OXMMHYECKHE JaHHBIC,
MallMHHOE O0yueHue, aHcamOieBble Monenu, XGBoost, mnporHosupoBanue
COoZiepKaHMs, ONTUMHU3ALMS THIIEpIIapaMeTPOB.

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

273



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

La (Lanthanum) 0.22 0.21 0.08
Nd (Neodymium) 0.17 0.16 0.06

Fortheanalysis 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.

Pacnpepenenne Ce Pacnpenenexue La Pacnpenenenve Nd

0 200 400 600 8OO 1000 1200 0 00 200 300 400 500 600 70O O 100 00 300 400 500 600

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:

e 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.

e 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.

e 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.

o [ogistic 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:

e n_estimators (number of trees),

e max_depth (maximum tree depth),

e learning rate (learning rate),

e 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:

e n_neighbors (number of nearest neighbors),

e 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:

e C (regularization parameter),

e 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:

e ROC-AUC: The primary metric for assessing the model’s ability to distinguish
between classes (presence and absence of the element);

e Fl-score: Used to balance precision and recall;

e 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.

Confusion Matrix for La

True label

Predicted label

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.

276



ISSN 2224-5278

3.2025

ROC Curve for La
1.0 4
td
”
td
’
-
”,
,
”
4 ’I
0.8 L
,I
,/
2 -
o
< 0.6 4 4
P '
2
=
wi
& e
’
2 -
= 044 ”/
’/
-
e
’/
rd
0.2 PR
’
4
s
’,
’I
e —— ROC curve (area = 0.83)
0.0 . ' : :
0.0 0.2 0.4 0.6 0.8

False Positive Rate

Fig. 3. Curve ROC

10

The feature importance graph for La (Figure 4) demonstrated that the key

variables influencing the predictions are:

e S pct ICP-OES (sulfur content),
e Al pct ICP-OES (aluminum content),
e (Ca pct ICP-OES (calcium content).

Feature Importance for La Prediction
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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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