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Abstract. The accelerated advancement of artificial intelligence and analytics 
driven by data has substantially broadened the opportunities for geoscientific 
investigation. This research presents a systematic approach for data preparation, 
consolidation, and machine learning-based unsupervised examination of geospatial 
and geophysical information. The investigation illustrates this process using an open-
source satellite image analysis of the Sundarbans area as a case study, while preparing 
the framework for future implementation with magnetic and gravitational anomaly 
datasets from Kazakhstan. The approach integrates Python-based tools for handling 
geospatial information alongside unsupervised machine learning methods. Initial testing 
validates that thorough data preparation and characteristic identification significantly 
improve the clarity of spatial irregularities, establishing a basis for predictive models 
of mineral potential using Convolutional Neural Networks, AlexNet, and U-Net 
frameworks. Quantitative evaluation using silhouette score (0.73) and Davies–Bouldin 
index (0.42) confirmed strong clustering performance and improved data quality.
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Аннотация. Жасанды интеллект пен деректерге негізделген аналити-
каның қарқынды дамуы геоғылыми зерттеулер жүргізу мүмкіндіктерін едәуір 
кеңейтті. Бұл зерттеуде геокеңістіктік және геофизикалық ақпаратты дайындау, 
біріктіру және машиналық оқытудың мұғалімсіз оқыту әдістері негізінде жүйелі 
түрде зерттеу тәсілі ұсынылады. Зерттеу барысында аталған үдеріс Сундарбан-
дар аймағының ашық бастапқы дереккөздерден алынған спутниктік суреттерін 
талдау мысалында көрсетілген. Сонымен қатар ұсынылған әдістемелік негіз 
Қазақстан аумағындағы магниттік және гравитациялық аномалиялар дерек-
тер жиынтығын болашақта өңдеуге және қолдануға негіз қалайды. Ұсынылған 
тәсіл геокеңістіктік ақпаратты өңдеуге арналған Python негізіндегі құралдарды 
мұғалімсіз машиналық оқыту әдістерімен біріктіреді. Бастапқы сынақ нәтиже-
лері деректерді мұқият алдын ала өңдеу және белгілерді анықтау кеңістіктік 
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заңдылықтар мен ауытқулардың айқындылығын едәуір арттыратынын көрсетті. 
Бұл өз кезегінде пайдалы қазбалардың перспективалылығын болжауға арналған 
конволюциялық нейрондық желілерді, AlexNet және U-Net архитектураларын 
қолданатын модельдерді әзірлеуге негіз қалыптастырады. Силуэт коэффициенті 
(0,73) және Дэвис–Болдин индексі (0,42) арқылы жүргізілген сандық бағалау 
кластерлеу сапасының жоғары екенін және деректер сапасының жақсарғанын 
растады.

Түйінді сөздер:  геофизикалық деректер, машиналық оқыту, деректерді 
алдын ала өңдеу, белгілерді шығарып алу, пайдалы қазбалардың перспектива-
лылығын карталау, магниттік және гравитациялық аномалиялар
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геокеңістіктік және геофизикалық деректерді алдын ала өңдеу және біріктірудің 
әдістемелік негізі // Халықаралық ақпараттық және коммуникациялық техноло-
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Аннотация. Стремительное развитие искусственного интеллекта и ана-
лиза данных значительно расширило возможности проведения геонаучных ис-
следований. В данной работе представлен систематический подход к подготовке, 
консолидации и исследованию геопространственной и геофизической инфор-
мации с использованием методов машинного обучения без учителя. В качестве 
практического примера данный процесс продемонстрирован на основе анали-
за спутниковых изображений района Сундарбанов с использованием открытых 
источников данных, при этом разработанная методологическая основа ориенти-
рована на последующее применение к наборам данных о магнитных и гравита-
ционных аномалиях на территории Казахстана. Предлагаемый подход объединя-
ет инструменты на базе Python для обработки геопространственной информации 
с методами обучения без учителя. Первоначальное тестирование подтвердило, 
что тщательная подготовка данных и выявление характеристик существенно по-
вышают наглядность пространственных неоднородностей, создавая основу для 
разработки прогностических моделей оценки перспективности минеральных 
ресурсов с использованием сверточных нейронных сетей, а также архитектур 
AlexNet и U-Net. Количественная оценка с использованием коэффициента силу-
эта (0,73) и индекса Дэвиса–Болдина (0,42) подтвердила высокое качество кла-
стеризации и улучшение качества данных.

Ключевые слова: геофизические данные, машинное обучение, предва-
рительная обработка данных, извлечение признаков, картирование перспектив-
ности минеральных ресурсов, магнитные и гравитационные аномалии
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Introduction.
The search for mineral deposits remains one of the most complex and data-

intensive challenges in Earth sciences. Traditional exploration methods rely on 
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field surveys and expert interpretation of geophysical data, which are often time-
consuming, costly, and subjective. Analyzing magnetic and gravity anomaly requires 
deep geological expertise due to their complexity and inherent ambiguity.

In recent years, artificial intelligence (AI) and machine learning (ML) 
have transformed geoscientific data analysis. Deep learning architectures such as 
Convolutional Neural Networks (CNNs), U-Net, and AlexNet enable automated feature 
extraction, anomaly detection, and predictive modeling. These data-driven methods 
can reveal patterns and relationships that conventional approaches may overlook, 
offering a powerful foundation for mineral prospectivity prediction.

However, effective application of these methods requires standardized 
preprocessing and integration of heterogeneous datasets such as magnetic, gravity, 
and geological maps. This study introduces an open-source, reproducible workflow 
for preprocessing and integrating geospatial and geophysical data using Python tools. 
Demonstrated on satellite imagery from the Sundarbans region, the approach provides 
a transferable foundation for machine learning–based mineral prospectivity mapping 
in Kazakhstan.

The main contributions of this study are as follows:
Development of a reproducible, open-source workflow for preprocessing, 

integrating, and analyzing geospatial and geophysical datasets using Python libraries 
(Rasterio, GeoPandas, NumPy, Earthpy).

Demonstration of unsupervised anomaly detection via K-Means clustering and 
PCA using multispectral imagery as a methodological analogue for geophysical data.

Integration of preprocessing and feature extraction techniques that enhance 
spatial interpretability and allow quantitative evaluation using metrics such as the 
Silhouette Score and Davies–Bouldin Index.

Provision of a scalable framework adaptable to Kazakhstan’s magnetic and 
gravity datasets (EMAG2, WGM2012), supporting future deep learning and explainable 
AI applications in mineral prospectivity prediction.

Materials and methods.
Literature review
Early applications of machine learning in geosciences focused on statistical 

and regression-based ore deposit forecasting. Carranza and Hale (Carranza et al., 
2002) introduced knowledge- and data-driven GIS methods for mineral prospectivity 
mapping, while later studies applied SVM and decision trees to classify geochemical 
and geophysical data (Cracknell et al., 2016; Rodriguez-Galiano et al., 2012).

These approaches were useful but limited by their dependence on manual 
feature engineering and inability to capture non-linear spatial patterns. With the rise 
of deep learning, convolutional neural networks (CNNs) revolutionized spatial data 
analysis by automatically learning complex hierarchical features. Alzubaidi et al. 
(Alzubaidi et al., 2021) reviewed CNN architectures for object detection and image 
segmentation, and Chen et al. (Chen et al., 2022) demonstrated their effectiveness in 
geophysical inversion and anomaly detection using U-Net. U-Net and AlexNet have 
since been applied in gravity and magnetic data interpretation (Li et al., 2023; Guo et 
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al., 2022). Machine learning has also advanced remote sensing, where multispectral 
and hyperspectral imagery enables detection of lithological contacts and alteration 
zones (Chica-Olmo et al., 2021), like identifying geophysical anomalies.

Unsupervised algorithms such as K-Means and hierarchical clustering have 
proven effective in distinguishing geological structures (Zhang et al., 2021; Pan et al., 
2023). Recent research further highlights the importance of integrating multi-source 
datasets. Li et al. (Li et al., 2023) fused magnetic and gravity data through PCA and 
ML-based classification, while Ibrahim et al. (Ibrahim et al., 2023) showed that deep 
learning combined with PCA enhances geophysical feature extraction and anomaly 
preservation.

Table 1. Comparison of representative workflows for data integration
Study Data Sources Derived Features/

Indices
Algorithms Evaluation 

Metrics
Workflow 
Availability

Li et al. 
(2023)

Magnetic + 
Gravity

PCA-based data 
fusion

Random 
Forest

Accuracy Closed 
Implementation

Ibrahim et al. 
(2023)

Geophysical 
grids

CNN + PCA Deep CNN Visual 
Comparison

Not open-source

Pan et al. 
(2023)

Airborne 
geophysical 
data

Spatial clustering K-Means Qualitative 
interpretation

Limited 
reproducibility

C. Cracknell 
and A. 
Reading 
(2016)

Remote 
sensing

Spectral features 
(band ratios)

SVM, 
Decision 
Trees

Overall 
accuracy

GIS-based only

Proposed 
Framework

Multispectral NDVI, NDWI, 
PCA, THD, TDR

K-Means, 
PCA

Silhouette 
Score, 
Davies-
Bouldin 
Index, SNR

Open-source, 
reproducible 
(Python / Jupyter)

Previous studies have explored different combinations of data sources, feature 
extraction techniques, and machine learning algorithms for mineral prospectivity and 
geophysical analysis. However, few have emphasized open-source reproducibility 
and cross-domain integration. Table 1 summarizes representative approaches and 
highlights the positioning of the proposed framework.

Methodology and data framework
The methodological framework developed in this research establishes a 

reproducible pipeline for preprocessing, integration, and unsupervised analysis of 
spatial datasets. Although the approach is demonstrated using open-access satellite 
imagery, its structure and logic are directly transferable to the processing of magnetic 
and gravity anomaly data for mineral prospectively studies.

The proposed workflow consists of five main stages: (1) data acquisition, 
preprocessing and correction, (2) feature extraction and visualization, (3) unsupervised 
learning and anomaly detection, and (4) integration and interpretation. Each stage 
employs open-source Python libraries and geospatial tools to ensure transparency, 
reproducibility, and adaptability to other datasets such as geophysical grids or 
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geological maps.
Data sources and preprocessing
For demonstration purposes, two open-source Jupyter notebooks were utilized. 

The first, Sundarbans Satellite Imagery Analysis using Python (Sundarbans Satellite 
Imagery Analysis using Python), focuses on multispectral image processing and 
vegetation/water index computation. The second, Unsupervised Learning in Satellite 
Imagery using Python, extends this analysis by applying clustering algorithms to detect 
surface anomalies.

The datasets correspond to the Sundarbans region (India–Bangladesh delta), 
characterized by heterogeneous land cover, hydrological variability, and strong spectral 
contrasts. These properties make the region a suitable analogue for testing preprocessing 
and feature extraction methodologies that are conceptually like geophysical anomaly 
detection.

The preprocessing stage aims to ensure data consistency and prepare raster 
layers for subsequent analysis. In the demonstration study, the raw satellite images 
were imported as multispectral raster bands representing visible (RED, GREEN, 
BLUE), near-infrared (NIR), and shortwave-infrared (SWIR) wavelengths. A key 
aspect of preprocessing involves radiometric normalization to standardize reflectance 
values and reduce sensor-specific noise. Gaussian filtering was employed to smooth 
high-frequency fluctuations and remove small-scale noise, improving the clarity of 
spatial patterns.

Results and discussion.
Feature extraction and visualization
Feature extraction transforms the preprocessed data into interpretable indices 

and attributes. In the satellite-based demonstration, two common indices were derived:
Normalized Difference Vegetation Index (NDVI), highlighting vegetation 

density.
NDVI = ((NIR - Red)/(NIR + Red)),

where NIR = pixel values from the near-infrared band and Red = pixel values 
from the red band.

•	 Normalized Difference Water Index (NDWI), identifying surface water 
features.

NDWI = (Green - SWIR) / (Green + SWIR),

where Green = pixel values from the green band and SWIR = pixel values from 
the short-wave infrared band.

These indices serve as proxies for geophysical variables by quantifying spatial 
gradients and anomaly intensities. The resulting NDVI and NDWI maps (see Figures 
1 and 2) clearly delineate vegetation zones and hydrological networks, providing 
examples of how field-derived raster data can be decomposed into informative feature 
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layers.

Fig. 1. NDVI index map representing vegetation density (proxy for feature extraction).

Fig. 2. NDWI index map highlighting water distribution and spatial contrast.
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Unsupervised learning and anomaly detection
To simulate the identification of prospective geological zones, the second 

notebook applied unsupervised learning algorithms to the extracted feature layers. 
K-Means clustering and Principal Component Analysis (PCA) were used to group 
pixels into distinct spectral classes and reduce data dimensionality.

Fig. 3. K-Means clustering results of unsupervised classification of surface anomalies.

The clustering results (Figure 3) reveal coherent spatial patterns corresponding 
to different surface materials and vegetation cover types. These clusters can be 
interpreted as “spectral anomalies,” analogous to magnetic or gravity anomalies in 
geophysical grids. PCA visualization (Figure 4) highlights dominant axes of variation 
and helps interpret how different features (e.g., NDVI, NDWI) contribute to the overall 
variance structure of the dataset. Each PCA layer highlights distinct spectral features: 
PC-1 captures overall reflectance brightness, PC-2 differentiates vegetation from 
water surfaces, and PC-3 and PC-4 reveal subtle land cover transitions and residual 
spectral variability. The color intensity scale (−4 to +4) represents standardized 
component values, enabling visual comparison of spatial variance patterns. To ensure 
uniform presentation, the PCA maps follow the same layout, resolution, and labeling 
conventions as the NDVI, NDWI, and K-Means clustering figures.
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The unsupervised stage thus serves as a methodological testbed for anomaly 
detection. Once applied to Kazakhstan’s magnetic and gravity datasets, the same 
procedures will enable the automatic delineation of high-potential zones that warrant 
geological validation.

Fig. 4. PCA scatter plot of dominant feature variance in multispectral space.

Data integration and interpretation
The final stage involved integrating raster outputs with vector layers representing 

geological information. In the demonstration, open-source shapefiles such as river 
networks and administrative boundaries were overlaid to validate spatial alignment 
and enhance anomaly interpretation. The combined visualization of preprocessed 
rasters and clustered zones demonstrated consistent spatial coherence, illustrating how 
multi-source data can be co-registered and analyzed together is an essential step for 
future geophysical applications integrating magnetic, gravity, and geological datasets 
(Krasnozhonov et al., 2025; Altaibek et al., 2025). To objectively evaluate the workflow, 
clustering and preprocessing metrics such as Silhouette Score, Davies–Bouldin Index, 
Signal-to-Noise Ratio, and PCA Variance Explained were computed.

Quantitative evaluation metrics
To objectively assess the performance of preprocessing and clustering stages, 

several quantitative metrics were applied. These metrics evaluate data quality 
improvement, cluster separability, and dimensionality reduction efficiency.

Silhouette Score (SS)
The Silhouette Score measures how similar a pixel (or sample) is to its own 

cluster compared to other clusters. It ranges from –1 to +1, where higher values indicate 
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better-defined clusters.

                                                                                               (1)

where a is the mean intra-cluster distance, and b is the mean nearest-cluster 
distance. 

1. Davies-Bouldin Index (DBI)
The Davies–Bouldin Index evaluates intra-cluster similarity relative to inter-

cluster distances. Lower values correspond to better clustering.

                                                                                  (2)
     
where σ is the cluster dispersion and d₍ᵢⱼ₎ are the distance between cluster 

centroids.

2. Signal-to-Noise Ratio (SNR)
SNR measures the relative improvement in data quality after preprocessing (e.g., 

Gaussian filtering and normalization). It quantifies how much the signal (meaningful 
spatial variation) is enhanced compared to noise.

                                                                        (3)

3. Variance Explained (PCA)
Principal Component Analysis (PCA) reduces data dimensionality while 

preserving most variance. The proportion of variance explained by the first few 
components demonstrates how effectively key spatial information is retained.

                                                                                     (4)

where λᵢ are eigenvalues.
Interpretation of experimental results
To complement qualitative visualization, several quantitative metrics were 

computed to assess clustering validity and preprocessing effectiveness. The Silhouette 
Score (0.73) and Davies–Bouldin Index (0.42) indicated well-separated and coherent 
clusters, confirming the stability of the unsupervised classification.

Furthermore, preprocessing efficiency was evaluated by measuring the 
Signal-to-Noise Ratio (SNR) before and after Gaussian filtering, showing an average 
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improvement of 28% in spectral clarity. These metrics validate that the preprocessing 
and clustering procedures not only produce visually interpretable patterns but also 
demonstrate statistical robustness.

Table 2. Comparison of representative workflows for data integration
Metric Symbol Ideal Range Result Interpretation
Silhouette Score SS 0  +1 (higher is better) 0.73 Clear, distinct clusters
Davies-Bouldin Index DBI 0  1 (lower is better) 0.42 Low inter-cluster overlap
Signal-to-Noise Ratio SNR Higher = cleaner data +28% Improved data quality after 

filtering
PCA Variance 
Explained

VE >85% desirable 91% High information retention

The combination of these metrics demonstrates that the preprocessing stage 
substantially enhances the data quality, while the unsupervised clustering produces 
coherent, distinct, and interpretable spatial groups. Quantitative validation ensures that 
the framework is not only visually effective but also statistically sound, providing an 
objective foundation for transferring to magnetic and gravity anomaly data.

Quantitative metrics confirm the robustness of the proposed methodology. High 
Silhouette and low Davies–Bouldin scores indicate stable clustering without labeled 
data, while improved SNR values validate the efficiency of preprocessing in enhancing 
anomaly clarity. Together, these results provide an objective foundation for applying 
the framework to magnetic and gravity datasets in Kazakhstan.

Conclusion.
This study introduced a reproducible framework for preprocessing, 

integrating, and analyzing spatial datasets using open-source machine learning tools. 
The multispectral case study demonstrated that systematic data preparation and 
unsupervised methods such as K-Means and PCA can effectively detect and interpret 
spatial anomalies, even without labeled data.

The framework, built on open-source Python libraries is adaptable to magnetic 
and gravity anomaly datasets through similar preprocessing and feature extraction 
procedures. For Kazakhstan, with its diverse geology and rich geophysical resources 
(EMAG2, WGM2012), the approach provides a scalable, data-driven solution for 
mineral exploration, enabling more accurate prospectivity mapping and cost-efficient 
decision-making.

Future work will benchmark the proposed framework against existing mineral 
prospectivity models using standardized evaluation metrics to quantitatively assess 
their performance and generalization across diverse geophysical regions.

In conclusion, this study establishes a robust methodological foundation for 
applying AI to mineral exploration. It bridges remote sensing and geophysical data 
processing, promotes open and reproducible science, and lays the groundwork for 
advanced deep learning–based mineral prospectivity modeling in Kazakhstan and 
other geologically diverse regions.
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