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Introduction: China has the world’s largest amount of antimony resources and plays a vital role in the global antimony industry. The Huangyangling area in Xinjiang belongs to the Lazhulong-Huangyangling antimony mineralization belt; this area is rich in antimony ore resources, with potential for discovery of additional ore. This high-elevation mountainous area is located in the northwestern region of the northern Tibetan Plateau, with a harsh natural environment and poor transportation access; thus, the use of traditional geological exploration methods is limited, and remote sensing technology provides unique advantages.
Methods: Using Landsat 8 OLI and Gaofen-6 (GF-6) data, we extracted stratigraphic, lithologic and fault information from the study area through information enhancement processing of the images. Based on Landsat 8 OLI, Sentinel-2 and ASTER images and the use of remote sensing image preprocessing and interference information masking, the spectral characteristics of limonite, as well as hydroxyl, carbonate, and silicified alteration minerals were utilized; the characteristics included reflection or absorption in specific spectral bands. The spectral characteristics were then combined with principal component analysis (PCA) and the band ratio method to extract the alteration information for the study area.
Results: The stratigraphy and boundaries between stratigraphic and lithologic units extracted in this study were defined, and numerous small faults were identified based on a comparison with 1:250,000 geologic maps. And the overall distribution trends of the indicators of alteration extracted in this study were located along fault zones; additionally, the hydroxyl and carbonate alteration anomalies matched well with known deposits (occurrences). Thus, the alteration information is a good indication of antimony ore bodies. Based on the geological interpretation, alteration information extraction and geochemical exploration data, four prospecting areas were identified.
Discussion: The method of extracting geological and hydrothermal alteration information by remote sensing has practical significance because it provides the possibility for geological work and mineral exploration in difficult high-elevation environments.
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1 INTRODUCTION
Huangyangling is located in the western part of the Qin-Qi-Kun central orogenic belt and belongs to the Tethys-Himalayan mineralization domain (level I), the Cocosilia-Songpan-Ganzi tectonic mineralization belt (level II), the Lazhulong-Dongyinshan antimony-mercury mineralization belt (level III), and the Lazhulong-Huangyangling antimony mineralization belt (level IV) (Zheng et al., 2015; He et al., 2017; Dong et al., 2023; Li et al., 2023). This region has a long geological history, well-developed fault structures, long-lasting hydrothermal activity, a superior geological background for mineralization (Zheng et al., 2022), and 16 known deposits (occurrences), such as Panshuihe, Wolonggang and Huangyangling. These deposits have high potential for containing more antimony ore. The study area is an ideal working area for remote sensing geology and mineral exploration because of its low temperature, low oxygen concentration, harsh climatic conditions, exposed bedrock, scarce vegetation, inconvenient transportation access and high difficulty in carrying out geological field work. Previous researchers have performed related studies on the stratigraphy, tectonics, intrusive rocks, and genesis of antimony deposits in the area by traditional geological means. The Huangyangling antimony ore is located in low-temperature hydrothermal rocks, and in this area, nearly east‒west north-dipping reverse faults control the ore deposit. NE‒SW secondary faults, fissures, and interlayer faults and joints control the output of the ore body, and the antimony ore exhibits a clear layer-controlled distribution (Chen et al., 2009; Yang et al., 2013; Wang et al., 2022). The extraction of hydrothermal alteration information is highly important for the prospecting and exploration of hydrothermal ore deposits (Sillitoe, 2015; Testa et al., 2018; Chen et al., 2019; Zhang et al., 2019; Kaufmann et al., 2023; Zhong et al., 2023; Zhou et al., 2023). The distributions of fault structures and ore-endowed strata are indicative of the antimony ore output in Huangyangling. Therefore, fully exploiting the advantages of remote sensing technology is practical for identifying the distribution of stratigraphy and lithology in the study area, determining the important aspects of tectonics and hydrothermal alteration in the area to further improve antimony mining in the Huangyangling area and performing future antimony exploration.
Remote sensing technology is characterized by a wide field of view, rapid and inexpensive data acquisition, and rich comprehensive information. To some degree, information on underground and deep mineralization geological features can be obtained, and mineralization information can be acquired at multiple levels and from multiple aspects (Ahmad et al., 2016; Pour et al., 2018; Eldosouky et al., 2021; Li, 2021; Peyghambari and Zhang, 2021; Gil et al., 2023). The application of remote sensing technology in mineral prospecting and prediction is a direct reflection of the application of modern high-tech methods in the field of mineral exploration (Ali and Ghoneim, 2022; Shirmard et al., 2022; Ousaid et al., 2023; Tagwai et al., 2023). Currently, remote sensing technology is constantly maturing and has been commonly used in lithology identification, tectonic information interpretation, mineralization and alteration information extraction and other geological and mineral prospecting prediction tasks. The main data used come from the Landsat series, Sentinel series, WorldView series and ASTER (Amri et al., 2017; El Desoky et al., 2020; Moradpour et al., 2021; Chen et al., 2022; Mahdi et al., 2022; Chen L. et al., 2023; Mohamed Taha et al., 2023; Zhang X et al., 2023). In terms of remote sensing geological interpretation, the main methods used are the direct judgment method, comparison method and comprehensive judgment method. The information enhancement processing methods for remote sensing images are used to acquire lithology and tectonic information; these methods include optimal waveband combination, principal component analysis (PCA) and direction filtering, (Honarmand et al., 2013; Shahriari et al., 2013; Xu et al., 2019; Ibrahim et al., 2021; Benaissi et al., 2022). In terms of mineral lithology mapping and alteration information extraction, the construction and improvement of a mineral spectrum library provides the potential for the extraction of the lithology and the alteration information from remote sensing data (Swayze et al., 1993; Wang et al., 2012; Abubakar et al., 2017; Wang et al., 2018; Jain et al., 2024). The main methods used are matched filtering, the spectral area method, the mineral index method, PCA, the band ratio, and machine learning; among these methods, PCA and the band ratio are more widely used in the extraction of etching information (Crosta and Moore, 1989; Rowan et al., 2004; Leverington and Moon, 2012; Pour et al., 2013; Ninomiya and Fu, 2017; Abdolmaleki et al., 2020; Ahmadi and Uygucgil, 2021; Osinowo et al., 2021). The application of remote sensing technology allows the geological lithology division to be more detailed and the lithology boundary outline to be clearer and more definite; this compensates for the deficiency that field geology can only roughly distinguish lithology units due to the condition restrictions. Moreover, remote sensing technology can also provide comprehensive information on the spatial distribution of linear tectonic features. The combination of medium- and high-resolution data is conducive to the comprehensive extraction of lineament information at the regional scale and at the small and medium scales; moreover, these data can be used in the extraction of large-scale alteration zones and small-scale geological outcrop alteration information (Eldosouky et al., 2020; Zaghlol et al., 2021; Prabhakar et al., 2024).
Based on these applications, in this study, Landsat 8 OLI, Sentinel-2, ASTER and GF-6 satellite images are selected as the data sources for remote sensing geological interpretation, alteration information extraction and antimony ore prediction in the Huangyangling area. The Landsat 8 OLI and GF-6 data is modified by image enhancement processing combined with texture, color tone and other features to establish the stratigraphic and lithological information and fault markers; from these data, we identified the stratigraphy, lithology, faults and other ore-controlling factors in the study area. Based on the spectral characteristics of the alteration minerals in Landsat 8 OLI, Sentinel-2, and ASTER data, we extracted the alteration information on limonite, hydroxyl groups, carbonate and silicification. Finally, we synthesized the fault structure, alteration and geochemical information, combined these data with stratigraphic and lithological interpretation results, and defined the target area for mineral prospecting in the study area. In this study, the extraction methods for stratigraphy, lithology and fault structure in the Huangyangling area are explored, the distribution of alteration minerals is preliminarily mapped, and a prospecting area is defined; the objective is to provide theoretical value and technical support for further antimony ore prospecting in this area.
2 GEOLOGICAL SETTING
The study area is located in Minfeng County, Hoten Region, Xinjiang Uygur Autonomous Region, China, and is adjacent to the Tibet Autonomous Region to the south (Figure 1B). The area has a continental desert climate that is cold, windy and harsh, and 70% of the surface is exposed bedrock and sparse vegetation. The available mineral resources are mainly antimony ore.
[image: Figure 1]FIGURE 1 | (A) Geological map of Huangyangling (According to the Xinjiang Minfeng County Wolonggang-Huifengkou Antimony Mine Preliminary Geological Report, 2011); (B) Geographic location of Huangyangling (According to the Xinjiang Minfeng Huangyangling Antimony Mine Investigation Report, 2009, modified); (C) Geotectonic subdivision of Huangyangling (According to the Xinjiang Minfeng Huangyangling Antimony Mine Investigation Report, 2009, modified).
The main part of the study area is located in the Bayan Kara stratigraphic subdivision. The exposed strata in the area include Quaternary (Q), the Miocene Suonahu Formation (N1s), the Lower Cretaceous Shuangwushan Formation (K1s), the Lower and Middle Jurassic Yarkant Group (J1-2Y), the Upper Triassic Wolonggang Formation (T3w), the Middle Permian Huangyangling Formation (P2h), the Upper Carboniferous Haramilan River Group (C2H), and the Lower Carboniferous Tokutz Darban Group (C1T) (Figure 1A) (Huang et al., 2017; Fu, 2018). Fine-grained late Paleozoic and early Mesozoic marine clastic rocks are present in the area, and the lithologies include uneven rhythmic deposits of blocky sandstone, muddy siltstone and silty mudstone; this is in accordance with the previously proposed observation that “interbedding of supportive and plastic rocks is the most favorable lithological combination for antimony ore.” Additionally, the migration ability of low-temperature hydrothermal elements such as mercury and antimony is strong, which is similar to gas–liquid mineralization in an ore-forming environment. In a mineralization environment, a shield layer formed by plastic rocks needs to be present, and this is similar to those in gas‒liquid mineralization deposits. The Permian Huangyangling Formation in this area has basic conditions conducive to mineralization, and the Sb and Hg contents are high in this stratum; thus, this is a possible ore source layer.
Geotectonically, the study area is located between the Tarim-North China Plate and the South China Plate, and the main portion of the area is part of the late Paleozoic-Mesozoic marginal rift basin of the Bayan Kara (also known as the Mesozoic Marginal Activity Belt of Hoh Xil). The region has experienced a long history of tectonic changes and a series of geologic activities, such as extension, erosion, subduction and collision, forming a unique tectonic and geologic landscape in the region. The Altyn Tagh fault, a major regional fault with a NNE‒WSW orientation, is exposed to the northwest, and all the fault structures in the region are affected by this fault. The overall characteristics of this steeply dipping northward left-trending strike-slip fault are shown in Figure 1C (Lai et al., 2015; Xing et al., 2023). Fault activity was strongest in the Yanshanian period, and the rocks in the fault zones were fractured, muddied, carbonated and discolored. Certain faults in the area are ore-controlling structures for mercury and antimony ores.
The antimony ore in this area is a type of low-temperature hydrothermal filling (accountable) deposit controlled by tectonic (magmatic) activity (Yang et al., 2013; Zhang Z et al., 2023). Antimony ore formation involved multiple periods and multiple mineralization events. Mineralization occurred in the Mesozoic, specifically in the Indosinian, Yanshanian and Himalayan periods, and the main mineralization period was the Yanshanian. The main useful metal minerals in the area are stibnite, accompanied by small amounts of sphalerite, pyrite, wolframite and other ores, and the primary vein mineral is quartz. The main peripheral rock alteration (mineralization) types include silicification, carbonatization, sericification, stibnite mineralization, limonitization, pyrite mineralization, brecciation, and mudification.
3 MATERIALS AND METHODS
The process of this study included remote sensing data acquisition, data preprocessing, extraction of information on geological conditions favorable for mineralization (such as stratigraphy and lithology, lineament information, and hydrothermal alteration information), and delineation of a target area for prospecting, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | The workflow of this study.
3.1 Data acquisition and preprocessing
In this study, Landsat 8 OLI, Sentinel-2, ASTER, and GF-6 remote sensing data were used, and the acquisition times and numbers are shown in Supplementary Table S1.
When satellite sensors observe the Earth, particles and gases suspended in the atmosphere absorb and scatter electromagnetic radiation, and errors in the sensors themselves, as well as terrain and other factors, can affect the quality of the images (Chen C. et al., 2023). Radiation calibration can be performed based on the sensor voltage or digital quantitative value and the absolute radiation brightness value to eliminate the influence of the sensor itself; additionally, atmospheric correction can eliminate the influence of the atmosphere, the environment and other factors to obtain the real radiation value of the feature.
The Landsat 8 OLI data preprocessing used in this study included radiometric calibration, atmospheric correction and image fusion; these were all performed in ENVI5.3. Radiometric calibration and atmospheric correction were performed using the ENVI5.3 radiometric calibration and the FLAASH atmospheric correction model that came with the software. The image fusion was performed by Gram‒Schmidt pan sharpening, which fused the multispectral band with the panchromatic band such that the image was characterized by a high spectral resolution in the multispectral band and a high spatial resolution in the panchromatic band.
The Sentinel-2 data are L2A data were processed with orthometric and atmospheric corrections; thus, the preprocessing of the Sentinel-2 data mainly consisted of resampling and band synthesis. SNAP was used to resample the data; each band was resampled to 10 m, and the 13 resampled bands were synthesized into one file in ENVI5.3.
The ASTER data are L1T-level data, and the preprocessing included radiometric calibration, atmospheric correction, resampling, and band synthesis; these were performed in ENVI5.3. After radiometric calibration in the visible and near-infrared (VNIR) and shortwave infrared (SWIR) regions, the FLAASH atmospheric correction module was used, and after radiometric calibration in the thermal infrared (TIR) region, atmospheric correction was performed using the Thermal Atm Correction tool.
The GF-6 data are L5A-level fusion data, which were preprocessed with geometric fine correction, ortho-correction, radiometric correction, and image fusion; therefore, these data were not processed again.
Due to the higher reflectivity of ice, snow, water bodies and other features, which greatly impacts information extraction, interfering information needed to be removed by mask processing before extracting alteration information.
3.2 Data analysis and extraction methods
Landsat 8 OLI data have a medium spatial resolution and rich spectral information and are suitable for lithology information extraction and large-scale lineament information interpretation. GF-6 data have a high spatial resolution and can be used for small-scale lineament feature identification. The Landsat 8 OLI, Sentinel-2, and ASTER data have a high number of bands and can be used for alteration information extraction. In this study, due to the severe snow and cloud cover conditions of the ASTER images of the study area, only one view with good image quality was selected for the extraction of alteration information in a high-priority mining area.
3.2.1 Methods for extracting stratigraphic and lithologic information
Remote sensing data reflect the spectral and spatial information of various lithologies on the surface of the Earth’s crust, and lithologies, rock types and lithostratigraphic units can be interpreted from remote sensing images. However, the interpreted lithologic and stratigraphic information lacks geologic age and stratigraphic sequence information; thus existing geologic information and relevant geologic research assistance need to be used before lithologic mapping can be performed.
Due to differences in the lithological composition, hardness and surface smoothness of the different strata, different color tones and textures are expressed in the remote sensing images. In the identification and delineation of stratigraphy and lithology based on remotely sensed data, a single true-color image contains minimal lithological information and often requires lithological enhancement processing. Stretching, fusion, band combination, band ratio analysis, PCA, independent component analysis (ICA), minimum noise fraction (MNF), color synthesis and other operations on remote sensing images can be used to highlight differences in the spectral features, colors and textures to achieve lithological enhancement; this processing aid in the determination of the lithological boundaries and the extraction of lithological and stratigraphic information.
The optimal band combination method refers to the selection of suitable bands for image combination and subsequent RGB color synthesis and is a practical and fast method for extracting lithological information. The bands involved in color compositing need to be selected because they contain a large amount of information, with high independence between the bands and low mutual repetition of information. Specifically, if the standard deviation is as large as possible, the correlation coefficient should be as small as possible. The optimal index factor (OIF) can effectively reflect this, and the formula is as follows:
[image: image]
where Si represents the standard deviation of the ith band and Rij represents the correlation coefficient between bands i and j. A larger OIF correlates to a richer amount of information contained in the combination of bands and a more significant reflection of the geological information.
The band ratio is a method for increasing the difference between the features for lithology enhancement by selecting two bands with large reflectance differences for ratio calculation.
PCA is an orthogonal transformation of the original data that concentrates the information of all bands in the image to be expressed in the first few principal components. After PCA, the image has no correlation between the bands and contains different feature information; this process is performed to remove redundant information between the image bands. PCA color synthesis refers to the selection of suitable principal components for RGB color synthesis after PCA processing of the image bands to achieve enhancement of the lithological information. ICA refers to independent PCA, which can further eliminate higher-order correlations within the data. MNF refers to the minimum noise separation transform, which is a method of PCA transformation on the basis of denoising. The ICA and MNF methods enable denoising, data compression, and spectral information centralization; these methods can aid in the extraction of mixed lithology samples and the differentiation of lithological boundaries in small areas.
3.2.2 Methods for extracting lineament information
Tectonic factors are important controls on the formation and distribution of ore deposits. For the Huangyangling antimony deposit, which is a type of endogenous deposit, large faults often acted as channels for the upward migration of magma and hydrothermal fluids and played a role in controlling the distributions of rocks and ore. Secondary faults directly controlled the output and distribution of deposits (ore bodies). Fault structures are characterized by linear features in remote sensing images due to differences in physical and chemical structures and environments. Remote sensing images can be used to interpret fault structures via interpretation and analysis through the use of interpretation markers such as hue, color, morphology and relationships with surrounding features combined with existing relevant geological data.
To enhance the spectral information and spatial distribution of fault structures in remote sensing images, remote sensing data can be processed by PCA, color synthesis and convolutional enhancement. Convolutional enhancement divides an image into blocks according to the image elements and performs average processing. This spatial enhancement method can weaken or filter out the tectonic components in other directions and preserve tectonic features in specific directions; this approach is very effective at individually extracting fault structures in certain directions.
3.2.3 Spectral analysis and methods for extracting hydrothermal alteration information
In the process of hydrothermal mineralization, hydrothermal fluid and the country rock undergo chemical reactions; these reactions cause a series of structural, tectonic and material composition changes known as peripheral rock alteration. Peripheral rock alteration is one of the main features of hydrothermal deposits and an important part of hydrothermal mineralization, and alteration anomalies are important signs of hydrothermal deposits (Kampmann et al., 2017; Simusokwe et al., 2021; Mulja and Heriawan, 2022).
Based on the alteration minerals related to antimony ore in the study area, limonite, as well as the carbonate, Al-OH, Mg-OH, and silicified alteration minerals, were selected for spectral characterization (Figure 3, selected from the USGS spectral library). The absorption positions of limonite (Fe3+) are approximately 0.5 μm and 0.9 μm, and the reflection positions are approximately 0.65 μm and 1.6 μm (selected limonite HS41.3 spectral curve). The silicified alteration minerals (quartz+albite) absorb at positions near 2.5 μm and 9.0 μm and reflect at positions near 10.0 μm and 21.5 μm. The hydroxyl alteration minerals have absorption features near 0.9 μm, 1.4 μm, 1.9 μm, and 2.2 μm and reflection features near 0.5 μm, 1.6 μm, and 2.1 μm. The carbonate minerals have three types of vibrations: a symmetric stretching vibration (v1), an asymmetric stretching vibration (v3), and a bending vibration (v2); these vibrational modes play a key role in the infrared spectral analyses of carbonate minerals. The band ranges involved in the Landsat 8 OLI, Sentinel-2A, and Sentinel-2B data are 0.433–2.300 μm, 0.412–2.320 μm, and 0.411–2.303 μm, respectively (Supplementary Table S2). Therefore, in this study, the characteristic curves of the carbonate alteration minerals (dolomite+calcite) in the range of 0–2.5 μm are selected for the analysis of the reflectance and absorption characteristics in this range. The absorption and reflection positions of dolomite and calcite features are similar, with absorption features at 0.9 μm, 1.9 μm, and 2.3 μm, and reflection features at 0.5 μm, 2.1 μm, and 2.4 μm (Figure 3E). A strong absorption feature is present at 2.3 μm, corresponding to a symmetric stretching vibration mode of the carbonate minerals (v1).
[image: Figure 3]FIGURE 3 | Typical alteration mineral spectral curves (from USGS spectral library) (A) Limonite; (B) Silicification minerals; (C) Al-OH minerals; (D) Mg-OH minerals; (E) Carbonate minerals.
In this remote sensing extraction of hydrothermal alteration information, PCA and the band ratio method were used. PCA is widely used for the extraction of hydrothermal alteration information and has many advantages, such as a fast processing speed, simple implementation process and good extraction effect (Xu et al., 2019; Feng et al., 2021). By amplifying the differences between the bands, the band ratio method highlights some weak anomalies and suppresses other information that interferes with the features; this method enhances the small differences between different features and rocks for the extraction of information on the lithology and mineralization-related alteration (Mohy et al., 2016).
4 RESULTS
4.1 Interpretation of stratigraphic and lithologic information
Since the OIF should be as large as possible, B7, B5, and B2 from the Landsat 8 OLI data were selected as the best band combinations for lithological information interpretation based on the actual situation of the study area and on the visual effect and the degree of lithological differentiation after band color combination. According to the known geological map (Figure 1A), the lithological boundaries of the image (Figure 4C) after the optimal band combination are significantly enhanced, but the overall lithological differences are remain unclear and need to be further differentiated.
[image: Figure 4]FIGURE 4 | Lithology information enhancement using Landsat 8 data (A) B4(R)B3(G)B2(B); (B) B6(R)B3(G)B2(B); (C) B7(R)B5(G)B2(B); (D) PC3(R)PC2(G)PC1(B); (E) PC5(R)PC3(G)PC1(B); (F) IC6(R)IC3(G)B1(B); (G) IC6(R)MNF2(G)MNF1(B); (H) B3(R)B5(G)B6/B7(B).
The seven bands of the Landsat 8 OLI image were processed by PCA; the first three principal components containing large amounts of information were selected for the color synthesis (Figure 4D), and the synthesized image was rich in color, with clear differences in hue among the different features and significant enhancement of spectral features. The third principal component (PC3) mainly included the lithological information, and PC5(R)PC3(G)PC1(B) was selected for color synthesis (Figure 4E). Based on a comparison with the geologic map (Figure 1A), the boundaries of the Miocene Suonahu Formation (N1s) and the Lower Cretaceous Shuangwushan Formation (K1s) were evident, and the enhancement effect was excellent. After ICA and MNF transformation of the Landsat 8 images and comparative analysis, the IC6(R)IC3(G)B1(B) synthesis scheme was selected to highlight the Quaternary system, as indicated by the light purple–light fuchsia area in Figure 4F. Additionally, the IC6(R)MNF2(G)MNF1(B) synthesis scheme highlighted the lower Carboniferous Tokutz Darban Group and the Wolonggang Formation (Figure 4G), and the lithological boundaries were clear and easy to delineate.
The lithology of the middle Permian Huangyangling Formation (P2h) is mainly mudstone and mud siltstone, and the main constituents of mudstone are clay minerals such as hydrous mica, kaolinite, and montmorillonite. The hydroxyl functional groups can be used to positively reflect clay minerals. As shown in Figure 3, the hydroxyl ionophore has reflective features at 1.6 μm and absorptive features at 2.2 μm; these correspond to Landsat 8 B6 and B7, respectively, and the ratio operation was performed on these two bands. The results of the operation are color synthesized with B3 and B5, which can help to enhance the information on mudstone and the mudstone type. This study has implications for the identification and delineation of the middle Permian Huangyangling Formation (P2h). As shown in Figure 4H, the area with a light blue‒blue color effectively matches with the distribution of the first member of the Huangyangling Formation (P2h1).
By combining the results of color tone, texture and lithology enhancement with the existing geological map and geological data, we established interpretation markers for the stratigraphy and lithology information in the study area, as shown in Table 1.
TABLE 1 | Stratigraphic and lithologic interpretation flags using Landsat 8 data.
[image: Table 1]Based on the above lithological enhancement results and the established remote sensing interpretation signatures and with reference to the existing geological maps and data in the study area, a 1:250,000 scale stratigraphic and lithological interpretation of Landsat 8 images was carried out in the study area (Figure 5). Compared with those in Figure 1A, the lithology and stratigraphy of the remote sensing interpretation map were subdivided: the Wolonggang Formation (T3w) was newly delineated, the second member of the middle Permian Huangyangling Formation (P2h2) and the Quaternary gravel formation (Qhapl) were more detailed, and the boundaries of the lithologies were clearer and more definite.
[image: Figure 5]FIGURE 5 | Remote sensing interpretation of stratigraphy and lithology.
4.2 Interpretation of lineament information
The fault structure in the Huangyangling area is extremely well developed, and some faults in the area are the ore-controlling structures in the antimony mines. In this study, remote sensing interpretation of the fault structure in the area was performed. Before interpretation, the fault structure information is first enhanced. The best band combinations OLI752 (Figure 4C) and PCA321 (Figure 4D) yield rich geological information and large differences between different features, which is conducive to interpreting the fault structure. Combined with the fault strike in the study area, a 3 × 3 convolution kernel is selected to enhance the Landsat 8 OLI B1-7 bands via NE-oriented convolution filtering, and the local image of the B1 band after enhancement (Supplementary Figure S1), with clear linear features, is bright white.
Faults are often characterized by linear features in remote sensing images, which are mainly interpreted by the following signs: 1) the formation of tonal anomaly lines (bands) on the image due to the different features on both sides of the fault; 2) the characteristics of the rock layers that are incorrectly fractured, repeated, missing, or changed during production due to tectonic effects; and 3) the appearance of special geological phenomena, such as fault triangles and straight-line distributions of steep canyons, ridges, or valleys. In this study, we used Landsat 8 data to interpret regional, large and medium-sized faults and GF-6 high-resolution data to interpret small faults.
A regional large-scale fault, the Kuyake fault, passes through this area and has evident linear features in the remote sensing image (Figure 6A). The lithologies on the two sides of the fault are different, as shown in different shades on the image. The Sandaohezi fault, Wolonggang fault, and Panshuihe fault are large faults in the study area and are clearly visible in the remote sensing images (Figures 6B–D). In addition, the small and medium-sized faults are clearly observed in the GF-6 high-resolution images (Figures 6E–H).
[image: Figure 6]FIGURE 6 | Fault interpretation flags (A) Landsat 8 B7(R)B5(G)B2(B); (B) Landsat 8 B7(R)B5(G)B2(B); (C) Landsat 8 PC3(R)PC2(G)PC1(B); (D) Landsat 8 PC3(R)PC2(G)PC1(B); (E) Landsat 8 B7(R)B5(G)B2(B); (F) GF-6 B3(R)B2(G)B1(B); (G) GF-6 B3(R)B2(G)B1(B); (H) GF-6 B3(R)B2(G)B1(B).
In this study, according to the above interpretation and combined with the results from the image enhancement, a total of 145 fault structures were found (Figure 7). The main directions of the fault structures are NE, NNE, and ENE, and regional faults, such as the Kuyake, Sandaohezi, Wolonggang, and Panshuihe faults, are distributed in the NE‒SW direction at nearly equal intervals; these faults control the tectonic pattern of the entire region.
[image: Figure 7]FIGURE 7 | Remote sensing interpretation of lineaments.
4.3 Extraction of hydrothermal alteration information
4.3.1 Limonite
The spectral curve of limonite (Figure 3A) had absorption features at 0.45–0.52 μm and 0.86–0.92 μm, and these corresponded to the B2 and B5 bands of the Landsat 8 OLI data and the B2 and B8A bands of the Sentinel-2 data, respectively; additionally, limonite exhibited reflection features near 0.60–0.75 μm and 1.45–1.65 μm, which corresponded to the B4 and B6 bands of the Landsat 8 OLI data and the B5 and B11 bands of the Sentinel-2 data, respectively. Therefore, the Landsat 8 OLI B2, B4, B5, and B6 bands and the Sentinel-2 B2, B5, B8A, and B11 bands were selected for PCA. The anomalous principal components extracted from the Landsat 8 OLI data were characterized by OLI5 with coefficients opposite in sign to those of OLI4 and coefficients of the same sign as those of OLI2. The anomalous principal components extracted based on the Sentinel-2 data were characterized by the contribution coefficients of opposite signs in the B11 and B8A bands. Based on Table 2, Landsat 8 OLI PC4 and Sentinel-2 PC3 were selected as the main components for the limonite extraction.
TABLE 2 | PCA eigenvector matrix of alteration information extraction.
[image: Table 2]4.3.2 Hydroxyl alteration
The alteration anomalies that are most closely related to antimony mineralization in the Huangyangling area are the hydroxyl alteration anomalies. According to the spectral characteristics of the altered hydroxyl minerals (Figures 3C, D), 0.85–1.0 μm and 2.15–2.3 μm were selected as the absorption spectra corresponding to the Landsat 8 OLI B5 and B7 bands, respectively, and 0.49–0.58 μm and 1.60–1.70 μm were the reflection spectra corresponding to the Landsat 8 OLI B2 and B6 bands, respectively. Therefore, the Landsat 8 OLI B2, B5, B6, and B7 bands were selected for PCA, and the anomalous principal components were characterized by OLI6 contributing coefficients opposite in sign to those of OLI7 and of the same sign as those of OLI2. PC4 was selected as the principal component reflecting the information on hydroxyl alteration based on Table 2.
According to the spectral characteristics of the aluminum hydroxyl (Al-OH) groups of the alteration minerals (Figure 3C), the Sentinel-2 B6, B8A, B11, and B12 bands were selected for PCA; additionally, the anomalous principal component was characterized by the opposite sign of the contribution coefficients of B11 and B12. PC3 was used as a principal component reflecting the information of Al-OH alteration based on Table 2.
According to the spectral characteristics of the magnesium hydroxyl (Mg-OH) alteration minerals (Figure 3D), the Sentinel-2 B2, B8A, B11, and B12 bands were selected for PCA, and the anomalous principal components were characterized by the same sign of the B11 and B8A contribution coefficients and the opposite signs of the B11 and B12 contribution coefficients. PC3 was selected as the principal component reflecting the information on Mg-OH alterations based on Table 2.
4.3.3 Carbonate alteration
Carbonatization, mudification and other alterations in the Huangyangling area are accompanied by stibnite mineralization and silicification, and carbonatization is one of the alteration hallmarks of antimony mineralization in the area. According to the spectral characteristics of carbonate alteration minerals (Figure 3E), the characteristic absorption bands of carbonate alteration minerals are 0.86–0.98 μm, 1.80–2.0 μm, and 2.30–2.55 μm, and the characteristic reflectance bands are 0.49–0.58 μm, 1.65–2.75 μm, and 2.35–2.45 μm, respectively; therefore, we selected the Landsat 8 OLI B2, B5, B6, and B7 bands (same as in Section 4.3.2 Extraction of hydroxyl alteration information), the Sentinel-2 B3, B8A, B11, and B12 bands, and the ASTER B1, B3, B4, and B7 bands for PCA to extract carbonate alteration anomalies. Based on the Sentinel-2 data, the anomalous principal components are characterized by the same sign of contribution coefficients for B3 and B12 and by opposite signs of contribution coefficients for B3 and B11. Based on the ASTER data, the anomalous principal components are characterized by opposite signs of the contribution coefficients of B4 and B5. According to Table 2, PC3 is selected as the main component reflecting carbonate alteration information in the Sentinel-2 data, and the best component in the ASTER data is PC4 after inversion. Since the reflection values of the carbonate alteration minerals in the Landsat 8 OLI B6 band are significantly greater than those in the B7 band, the anomaly can also be extracted by selecting B6 and B7 for the ratio operation.
4.3.4 Silicified alteration
According to the spectral characteristics of silicified alteration minerals (Figure 3B), characteristic absorption bands were observed near 2.0–2.5 μm and 9.0–9.5 μm and characteristic reflection bands were observed near 10.0–10.65 μm. Therefore, the ASTER B12 and B13 band data could be selected for comparison to extract information on silicified alteration minerals. In addition, the silica content was extracted based on the ASTER thermal infrared band via the following formula (Chen et al., 2007):
[image: image]
where b10, b12, b13, and b14 represent the ASTER thermal infrared band radiance brightness values.
4.3.5 Results from the alteration information extraction via remote sensing
According to the above statistics on the extraction of the alteration information, the intensities of alteration anomalies were graded. The threshold value of the anomaly grade was divided by “mean + N×standard variance (σ),” and N was taken to be 2, 2.5 and 3 (N is taken to be 1.5, 2, 2.5 for limonite). The anomaly information was divided into three grades: weak anomaly, secondary anomaly and intense anomaly. The density segmentation data were processed by 3 × 3 median filtering, and pseudo-anomaly information was removed by combining the geologic, geographic and mineral data of the study area to obtain the final results of the alteration anomaly extraction. The remote sensing image was used as the base map, and the results of the alteration information extraction were superimposed to obtain a remote sensing alteration anomaly distribution map (Figures 8–11). The hydroxyl anomalies, carbonate anomalies, and limonite extracted from Landsat 8 OLI data were basically consistent with the distribution ranges of aluminum hydroxyl and magnesium hydroxyl anomalies, carbonate anomalies, and limonite extracted from Sentinel-2 data, reflecting the effectiveness of the extraction of alteration information based on multisource remote sensing data.
[image: Figure 8]FIGURE 8 | Results of limonite (A) Landsat 8 PCA B2, B4, B5, B6; (B) Sentinel-2 PCA B2, B5, B8A, B11.
[image: Figure 9]FIGURE 9 | Results of hydroxyl alteration (A) Hydroxyl-Landsat 8 PCA B2, B5, B6, B7; (B) Al-OH-Sentinel-2 PCA B6, B8A, B11, B12; (C) Mg-OH-Sentinel-2 PCA B2, B8A, B11, B12.
[image: Figure 10]FIGURE 10 | Results of carbonate alteration (A) Sentinel-2 PCA B3, B8A, B11, B12; (B) Landsat 8 B6/B7; (C) ASTER PCA B1, B3, B4, B7.
[image: Figure 11]FIGURE 11 | Results of silicified alteration (A) ASTER SiO2 content; (B) ASTER B12/B13.
The four kinds of alteration information extracted above (limonite, hydroxyl, carbonatization and silicification hydrothermal alterations) were combined in the Arcmap platform for superposition analysis and combined with known Sb deposits (occurrences) in the Huangyangling area to construct a comprehensive distribution map of the alteration information (Figure 12). Stibnite mineralization in the Huangyangling area is often accompanied by silicification, carbonatization, mudification and other alterations. As shown in Figure 13, the hydroxyl and carbonate alterations are mainly distributed in the central part of the study area and are continuously distributed in a strip in the east‒west direction. Based on the geological conditions of the study area (Figure 1A), the remote sensing anomalies are generally distributed along the fault zones, with a high degree of coincidence with the known deposits (occurrences) and an evident ability to indicate ore bodies. Limonite anomalies are widely distributed in both the central and northern parts of the area, and several anomalous extremely developed areas appear near Wolonggang, Huangyangling, and Saiyangtan in the northwestern part of the area. In this study, due to data limitations, silicification anomalies were not extracted for the whole study area, and the Wolonggang mine area was selected for extraction of silicified alteration information. In summary, the extraction of hydroxyl and carbonate alteration anomaly information was indicative of the distribution of antimony ore bodies in the study area.
[image: Figure 12]FIGURE 12 | Comprehensive distribution map of alteration information.
[image: Figure 13]FIGURE 13 | Multiple information superposition and antimony ore prospecting prediction (the Landsat 8 image is the base map).
4.4 Prospecting prediction of antimony ore
Mineralization is a complex process, and the use of a single type of information often fails to meet the needs of actual mineral prospecting and exploration. Therefore, combining remote sensing data, geological data, geochemical exploration data and other multivariate information for comprehensive mineral prediction can compensate for the limitations of a single dataset. In this study, we utilized remote sensing-derived fault information, remote sensing-derived alteration information, antimony geochemical anomaly information (from the Xinjiang Minfeng Huangyangling Antimony Mine Investigation Report, 2009), geological and mineralogical information and remote sensing-derived stratigraphic and lithologic information to comprehensively analyze the study area and define target areas for antimony ore prospecting.
The antimony ore in the Huangyangling area is mainly distributed in the middle Permian Huangyangling Formation, and the distribution of antimony ore is controlled by faults. Additionally, alteration anomalies are distributed along the fault zones. Based on our remote sensing extraction results and according to the conditions of antimony ore mineralization in Huangyangling, four target zones were identified in the study area (Figure 13): the northeastern part of Huangyangling (A), Wolonggang (B), the northern part of Yematan (C) and the northwestern part of Saiyangtan (D). The four target zones all have Sb anomalies; additionally, all have hydroxyl and carbonate alteration anomalies that are similar to those of areas with known antimony ore formation. Among the study area, target zones B, D and D show Sb anomalies. Additionally, target areas B and D contain high levels of Sb. Target areas A and B are located in the Wolonggang fault zone, target area C is located in the Panshuihe fault zone, and target area D is near the Kuyake fault. In summary, all four target areas have good prospects for mineralization.
5 DISCUSSION
The Landsat 8 OLI data include six visible and near-infrared (VNIR) bands (including the panchromatic band B8) and three SWIR bands (including the cirrus band B9); thus, this dataset is rich in band information. Hence, the ability to extract information from these data is strong. Through the use of information enhancement methods, such as PCA, ICA, MNF color synthesis and band ratio, lithologic and stratigraphic information can be effectively extracted from the Landsat 8 images by establishing lithology and stratigraphy identification flags in the study area. Since the bands correspond to the characteristic spectral bands of limonite and hydroxyl alteration minerals, the data can be applied to the extraction of information on limonite and hydroxyl alterations. In addition, the data have a moderate spatial resolution, with three SWIR bands (including cirrus band B9) and an outstanding ability to interpret large- and medium-sized lineament information. The Sentinel-2 data have more near-infrared (NIR) bands than the Landsat 8 data and can be used to distinguish between magnesium hydroxyls, aluminum hydroxyls, and carbonate alteration information. The ASTER data include six SWIR bands; these bands are often used for extracting alteration information since most altered minerals have at least one pair of reflection peaks and absorption valleys in the SWIR region (Mujabar and Dajkumar, 2019; Son et al., 2019; Wang et al., 2020; Zhang X et al., 2023). Additionally, the ASTER data include five thermal infrared (TIR) bands, which are useful for the inversion of silica content and the extraction of silicified alteration information. The GF-6 data have fewer bands, but the panchromatic band has a high spatial resolution of 2 m; this resolution is suitable for the identification of small structures. By combining the above sources of remote sensing data, researchers can effectively extract geological and mineral information.
In this study, based on the Landsat 8 data, a series of processing steps, such as optimal band combination, PCA, and band ratio analysis, are performed; afterward, the lithological information is clearly enhanced (Figure 4), the boundaries are clearer, and the stratigraphic and lithologic information based on this interpretation can be subdivided more finely than that based on the data in 1:250,000 geologic maps. Moreover, the boundaries of geologic bodies are more refined; this effectively solves the shortcomings from previous geological mapping, which was limited by the conditions encountered during field work. These findings reflect the effectiveness of extracting lithologic and stratigraphic information in the area based on remote sensing data combined with geological information. Based on the use of Landsat 8 and GF-6 data to extract fault structures in the study area, remote sensing-derived linear features are clearly observable in the image after image enhancement. However, not all linear features present in remote sensing images are formed by geological action. Therefore, we need to incorporate geologic information on the study area into the interpretation and identify these features based on established interpretation flags and existing geologic data. Using the Landsat 8 and Sentinel-2 data combined with PCA and the band ratio method, we extracted information on limonite, Mg-OH, Al-OH, and carbonate alteration in the study area. Moreover, based on the ASTER data, we extracted information on carbonate and silicified alteration in the Wolonggang mining area. Considering the above alteration information extraction results, the overall spatial distribution trend along the fault zones and the high degree of coincidence with known deposits (occurrences) indicate the accuracy of the extraction of the alteration information. In this study, different remote sensing data and different methods are used to extract the same type of alteration information, and the spatial distributions are generally the same, indicating the effectiveness of the extraction.
The Permian Huangyangling Formation is the possible source of antimony ore in this area, and the antimony ore is mostly distributed in the first member of the formation, where gray‒brown rocky sandstone is interbedded with muddy siltstone and mudstone. The distribution of antimony ore in the area is related to the fault structure. Large-scale NE-oriented faults acted as channels for ore-bearing hydrothermal fluid transport, and secondary faults, joints and fissures provided space for the formation of the antimony ore body. For instance, the Wolonggang antimony mine is related to NE-trending faults and secondary NE‒SW faults, joints and fissures; the Huangyangling antimony mine and Panshuihe antimony mine are related to nearly E‒W reverse faults and secondary NE‒SW faults, joints and fissures. In general, the NE–SW-trending secondary joints and fissures in the area are favorable sites for antimony ore mineralization (Yang et al., 2013; Yan et al., 2016; Wang et al., 2022). Therefore, remote sensing extraction of the stratigraphy, lithology and fault structure in the study area has practical significance for identifying antimony ore in the area. The antimony mineralization in the district is accompanied by evident silicification, carbonatization and mudification; these are direct signs of ore in the district. The hydroxyl and carbonate alteration anomalies obtained by Landsat 8 and Sentinel-2 are highly consistent with the distribution ranges of ore bodies, and the extraction effect is good (Figure 12). The distribution of the limonite anomalies is more dispersed, and development zones in the central part of the district with a strip-like distribution and development zones in the northwestern part of the district are observed (Figure 8). The overlaying of alteration information shows that the extraction of hydroxyl and carbonate alteration information has certain significance for the distribution of antimony ore. Comprehensive remote sensing fault and alteration information, combined with Sb geochemical exploration anomaly information and other favorable factors for mineralization, can guide further exploration of antimony ore in this region.
In this study, multisource remote sensing data were comprehensively utilized to systematically extract geological and hydrothermal alteration information from the Huangyangling area. The advantages of each remote sensing dataset were fully utilized, with the following results: 1) the stratigraphic lithology was subdivided, 2) the boundaries of the geological bodies were clarified, 3) the lineaments on the small and medium scales were identified, and 4) the spatial distribution of the hydrothermal alteration information was preliminarily clarified. Presently, due to geographical and environmental limitations, the geology and minerals of the Huangyangling area are not effectively studied; based on the present study, more detailed basic information has been provided for geological study and resource exploration in this area. The remote sensing geological and mineral prospecting information were combined with antimony geochemical anomalies, and new antimony mineral prospecting target areas were defined. By combining new remote sensing technology and traditional geological methods, more reliable results can be obtained by synthesizing multiple favorable information on ore searching. This study further provides an important scientific basis and theoretical guidance for antimony ore exploration in this area.
Due to the quality limitations of the ASTER data, we selected only the Wolonggang mining area to extract the carbonate and silicified alteration information from ASTER data in this study; the Wolonggang mining area is a medium-to large-sized deposit. In subsequent remote sensing mineral search work, we plan to consider combining multispectral and hyperspectral remote sensing data to extract relevant the alteration information for the entire area. Moreover, by including hyperspectral data, the alteration minerals and alteration types in the study area could be further identified and classified (Xu et al., 2015; Abdolmaleki et al., 2017; Chen L. et al., 2023).
6 CONCLUSION
In this study, based on Landsat 8 OLI, Sentinel-2, ASTER, and GF-6 data, we extracted information on stratigraphy, lithology, faults, and hydrothermal alteration in the Huangyangling area. The existing geological data and the distribution of known antimony deposits (occurrences) in the area were compared, and the feasibility of extracting geological and hydrothermal alteration information via remote sensing was shown. Moreover, the antimony ore prospecting potential in the study area could be predicted by combining the multidimensional remote sensing-derived information on faults, alteration and geochemical prospecting; additionally, this method could be generalized and applied to the extraction of other regional geological information and mineral prospecting work. The main conclusions are as follows:
(1) After comprehensive remote sensing-extracted fault information, hydrothermal alteration information and antimony geochemical exploration anomalies in the study area were combined with remote sensing interpretation of stratigraphic and lithologic information; consequently, four target areas were identified for mineral exploration, representing the next step for antimony mineral exploration in the Huangyangling area.
(2) Based on Landsat 8 data, the stratigraphy and lithology of the study area were determined and compared with the 1:250,000 geological map. The lithology and stratigraphy were subdivided, and lithological boundaries were clearly defined. The lithology information extracted by remote sensing was reliable, and the lithology-related hue and texture information greatly contributed in identification of the lithology of the strata; moreover, an increase in lithology information could highlight the characteristics of different lithologies in stratigraphy, resulting in a better interpretation.
(3) In the study area, based on the combination of Landsat 8 and GF-6 medium- and high-spatial-resolution data, 145 faults were found. The main faults in the area are oriented NE, NNE, and ENE, and the main faults controlling the tectonic pattern of the entire area are oriented NE‒SW with nearly equal spacing.
(4) Based on Landsat 8 OLI, Sentinel-2, and ASTER data, limonite, as well as hydroxyl, carbonate, and silicified alteration information was extracted. Our results showed (Figure 12) that the alteration indicators were generally distributed along the fault zones; furthermore, the distribution of hydroxyl and carbonate alteration anomalies was important for determining the location of antimony deposits. In this study, the extraction of alteration anomaly information from different datasets and through different methods played a role in mutual verification, which further verified the reliability of the extraction results.
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