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This study explores the tectonic geomorphology of lake depressions in the Mongolian Altai Mountains (MAM), focusing on three prominent lakes: Tolbo, Achit, and Uureg. These lakes are situated within tectonically active zones in the westernmost part of Mongolia, providing valuable insights into the interplay between geological processes and geomorphological evolution. The study investigates the structural characteristics and faults influencing lake depressions, utilizing satellite imagery, morphometric analysis, and geomorphological criteria interpretation. The morphometric analysis reveals significantly high HI (%) values for the Uureg, Achit, and Tolbo lake depressions, suggesting active tectonic movements in these regions. Additionally, the Smf, Bs, RSl, and Re indices support the evidence of ongoing tectonic processes. Since the northern MAM are located within a transpressional stress regime, the associated basins are expected to reflect this tectonic setting. Accordingly, all intermontane basins in the region are characterized as half-ramp, remnant low, or ramp basins. Each depression is shaped by different fault regimes, including thrust, strike-slip, and tilted thrust faults. These depressions are controlled by neotectonic processes associated with the Indian–Eurasian plate collision. Their dynamic nature underscores their significance as key tectonic features in the MAM. This case study deepens our understanding of the dynamic interplay between tectonics and lake depression formation in seismically active regions. It contributes valuable insights into the geomorphological evolution of mountainous landscapes.
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1 INTRODUCTION
Understanding the formation and evolution of lake depressions is essential for analyzing lake basin morphology, structure, and long-term landscape development (Dietze et al., 2010). This process is influenced by factors such as rock composition, structural configuration, tectonic uplift and subsidence, and regional climate conditions (Leeder, 2011; Lehner, 2024; Huang et al., 2024). In particular, the relationship between faults and depressions is crucial for determining the structural origin of lakes and distinguishing between tectonic, glacial, or mixed-genesis basins (Dietze et al., 2010; Faghih et al., 2012; Enkhbold et al., 2022a, b, c). The initial geomorphic structure of lake basins strongly influences their hydrological dynamics and ecological functions (Dietze et al., 2010; Schallenberg et al., 2013), making tectonic interpretation vital for sustainable ecosystem management (Enkhbold et al., 2021; Jones et al., 2022).
The MAM region is characterized by an active tectonic setting and a complex network of fault-controlled depressions (Cunningham, 2005; Nissen et al., 2009a; Emanov et al., 2012; Enkhbold et al., 2024a; Ramel et al., 2025). These tectonic features have governed the geomorphic configuration of the area, resulting in closed-basin lakes that are highly sensitive to both endogenic and exogenic processes. Understanding the structural and morphometric characteristics of these lake basins is thus essential for interpreting long-term environmental dynamics, including lake formation, expansion, and potential desiccation events.
In Central Asia, lake distribution and basin morphologies have been shaped not only by tectonic processes but also by glacial and post-glacial climatic conditions (Grunert et al., 2000; Lehmkuhl et al., 2018a; Klinge et al., 2021; Demberel et al., 2024; Lehmkuhl et al., 2024). However, the underlying tectonic framework often dictates where glacial processes act, influencing basin depth, orientation, and sediment accumulation (Dietze et al., 2010; Lehmkuhl et al., 2018a).
The Cenozoic mountain belts of Central Asia provide key insights into intracontinental deformation processes (Walker et al., 2007; Yarmolyuk et al., 2011; Khukhuudei et al., 2022; Khukhuudei et al., 2024). Mongolia, centrally located within the Eurasian continent, lies in a zone of complex neotectonic activity driven by far-field stresses from the India–Asia collision (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979; Copley and McKenzie, 2007). In this context, the Mongolian Altai Mountains (MAM) represent an important region for investigating the geomorphic consequences of active tectonism, where large depressions have formed as a result of transpressional deformation since the Late Cenozoic (De Grave and Buslov, 2007; Jolivet et al., 2007; Walker et al., 2007; Ha et al., 2023).
The MAM, Although previous research has revealed a multifaceted Cenozoic deformation history involving shortening, strike-slip, and extensional regimes, precise age constraints on fault formation and reactivation remain scarce due to limited geochronological data. According to previous studies, the faults in the Mongolian Altai originated during significant Neogene uplift, and Quaternary fault activity has continued to the present (Baljinnyam, 1993; Cunningham et al., 2003; Cunningham, 2005; Bayasgalan et al., 2005; De Grave and Buslov, 2007; Walker et al., 2006; Walker et al., 2007; Nissen et al., 2009ab; Emanov et al., 2012; Ha et al., 2023; Enkhbold et al., 2024a; Trifonov et al., 2024; Ramel et al., 2025).
The MAM are characterized by major thrust and strike-slip fault systems (Baljinnyam, 1993; Bayasgalan et al., 1999b; Nissen et al., 2009b), which have governed the formation and evolution of prominent lake depressions such as Uureg, Achit, and Tolbo (Tserensodnom, 2000; Agatova and Nepop, 2019). Although many lakes in the region are glacially fed (Walther et al., 2024; Li et al., 2025), their underlying basins are structurally controlled, with tectonic faulting playing a primary role in their initial development (Enkhbold et al., 2024a; Trifonov et al., 2024; Ramel et al., 2025).
Notably, fault-related vertical displacement has shaped the depth, extent, and orientation of these depressions. For instance, a new fault segment formed in the Uureg Lake basin following a magnitude-7 earthquake in 1970, altering river inflow patterns and generating new lake terraces (Emanov et al., 2012). These tectonic dynamics have implications not only for landscape morphology but also for the interpretation of sedimentary records and paleoclimate proxies. While previous studies have reconstructed sediment chronologies for Achit and Tolbo Lakes (Zhang et al., 2023; Hu et al., 2024; Zhang, 2012; Huang et al., 2018; Chen et al., 2023), they often underrepresent the geomorphological controls underlying these records. The chronological records derived from lake sediments mainly reflect variations in paleoclimate.
Given the need for a clearer understanding of tectonic controls on lake basin formation in the MAM, this study applies satellite-based morphometric analysis to assess fault structures in the Uureg, Achit, and Tolbo lake depressions. Although no direct chronological data are included, the study provides critical structural insights that may serve as a baseline for future interdisciplinary research on tectonic-limnological interactions and paleoclimate reconstruction.
This study aims to identify and characterize the tectonic structures and morphometric configurations of the Uureg, Achit, and Tolbo lake depressions in the MAM, in order to assess how active fault systems have shaped the origin and evolution of these intermontane basins.
2 REGIONAL SETTINGS
The Altai Mountains stretch from the northwest to the southeast (45–52°N, 89–94°E), crossing the borders of Mongolia, China, Russia, and Kazakhstan (Khil’ko and Kurushin, 1982; Strand et al., 2022). As one of the most prominent mountain systems in Central Asia, the Altai Mountains serve as a significant ecological and geological boundary, separating distinct environmental zones (Lehmkuhl, 2016; Khukhuudei et al., 2024). Extending across regions of Mongolia, China, Russia, and Kazakhstan, this mountain range plays a crucial role in regulating regional climate patterns by acting as a barrier to atmospheric circulation and influencing precipitation distribution (Strand et al., 2022). The Altai Mountains form the headwaters of several major rivers, significantly contributing to the hydrological systems of central Asia (Lehmkuhl, 2016; Agatova and Nepop, 2019; Yembuu, 2021). This hydrological system is fundamental in maintaining the network of large lakes located in the continental interior, offering crucial support for the region’s ecological integrity and hydrological balance (Klinge et al., 2021). Its diverse geology, shaped by complex tectonic processes since the Oligocene, also provides key insights into the geomorphology and geological evolution of the region (Khukhuudei et al., 2024).
The Mongolian section of the Altai Mountains, known as the MAM, extends from the Tavan Bogd Mountains in the northwest and stretches southeastward, forming the largest mountain system in Mongolia with an elevation ranging from 3,000 to 4,000 m above sea level (Klinge et al., 2021; Enkhbold et al., 2024b). The MAM covers an area of 106,000 km2, with a length of 800 km in an NW-SE direction and a width varying between 370 and 60 km (Khukhuudei et al., 2020). The MAM is composed of several mountain systems along a transpressional zone. The MAM transpressional zone is a tectonic region where horizontal compression and lateral shear occur, resulting in a transpressional regime (Cunningham et al., 1996). It is characterized by strike-slip and reverse faulting, which drive mountain-building processes, fault systems, and the uplift of the range (Cunningham, 2005; Khukhuudei et al., 2024). This zone plays a pivotal role in influencing the region’s geomorphological and tectonic evolution, contributing to the development of landforms including mountains, basins, and fault systems (Cunningham, 1998). These landforms include the MAM, Khungiin Range-Deluun, Baatar Khairkhan-Sutai mountain, and Bairam-Kharkhiraa and Turgen ranges, separated by depressions and bounded by faults (Khil’ko and Kurushin, 1982).
This study focuses on three main lake depressions Tolbo, Achit, and Uureg located along a transect within the MAM mountain range, which is characterized by a distinctive geomorphological context. The research aims to validate satellite imagery, morphometric analysis, and geomorphological criteria for identifying fault lines within these depressions. It also explores the spatial distribution and interactions of these faults to enhance our understanding of the tectonic processes shaping the region (Figure 1).
[image: Map illustrating the Altai Mountains region with elevation indicated by color gradients. Panel (a) shows Mungun Taiga, Bairam, and other mountain ranges, lakes such as Achit and Uureg, and rivers including the Khovd. Panel (b) situates the study area within a larger map outlining parts of Russia, Kazakhstan, Mongolia, and China. Key features include the Sayan and Tianshan mountain ranges.]FIGURE 1 | Locations of the Uureg, Achit, and Tolbo lakes within the study area (a), Inset map depicting the major mountainous regions surrounding the study area (b).The MAM experiences significant temperature fluctuations. The average winter air temperature is around −30 °C, while summer temperatures can reach up to +25 °C, resulting in a seasonal temperature variation of approximately 55 °C (Yembuu, 2021; Tsedevdorj et al., 2025). In the MAM, orographic precipitation occurs due to the influence of westerly winds, which contributes to the formation of permanent snow, glaciers, ice caps, lakes, and the main water sources for rivers (Klinge et al., 2021; Ghafor and Ahmad, 2021; Strand et al., 2022; Ghafor, 2022; Rashidi et al., 2023; Ghafor et al., 2023). The total amount of precipitation in the MAM is around 300 mm. In the vicinity of Uureg Lake, precipitation is 150–200 mm, near Achit Lake it is 100–150 mm, and around Tolbo Lake, it ranges from 200 to 250 mm (Yembuu, 2021). The hydrology of lakes in the MAM is closely linked to the region’s precipitation patterns. Variations in precipitation influence meltwater, runoff, evaporation rates, and overall water levels, contributing to the hydrological dynamics of these lakes on both seasonal and interannual scales (Klinge et al., 2021; Yembuu, 2021; Strand et al., 2022).
The mountain system is essential for sustaining regional water resources, supporting habitats for rare and endemic species, and preserving ecological balance (Yembuu, 2021). Furthermore, due to its ethnogeographic characteristics and eco-tourism potential, the region presents considerable opportunities for the development of a variety of hydrology-based tourism activities (Tsedevdorj, 2019). Lakes in the MAM support diverse aquatic life, serve as crucial stopover points for migratory birds, and provide habitats for terrestrial species, such as the Mongolian gazelle and snow leopard, all of which depend on the health of the lake ecosystems (Laurie et al., 2010).
The geology of the Achit, Uureg, and Tolbo lake depressions is fundamental to this study, as it offers critical evidence of tectonic activity and basin formation processes that have directly shaped the development, morphology, and hydrological characteristics of these lakes.
Geologically, the MAM consists of four major stratigraphic sequences, ranging from the late Neoproterozoic to the Devonian (Dergunov et al., 1980; Tomurtogoo, 2014; Khukhuudei et al., 2020). The study area contains several ophiolitic complexes. Some fragmented ophiolites are primarily exposed in the axial part of the zone between the Tolbo Nuur and Khovd faults as a serpentinite mélange, gabbroids, and greenstone basalts, which are interpreted as remnants of paleo-oceanic crust (Tomurtogoo, 2014; Khukhuudei et al., 2020) (Figure 2).
[image: Map illustrations labeled (a) and (b) depict geological and topographical features of a study area. They include color-coded regions for quaternary deposits, sedimentary deposits, plutonic rocks, and elevation levels. Legends detail features such as lakes, rivers, faults, and boundaries. Both maps display terrain variations and structural formations within outlined zones.]FIGURE 2 | (a) Geological formations of the study area, Western Mongolia (modified after Khukhuudei et al., 2020), (b) Geomorphological characteristics of the study area (modified after Enkhbold et al., 2024c).The Uureg Lake depression is an endorheic lake located between the Western Bairam, Tsagaan Shuvuut, and Turgen Mountains in the MAM, with no outlet (Tserensodnom, 1971). The depression is encircled by elevated mountain ranges and lies at an approximate elevation of 1,400 m above sea level. North of Uureg Lake, the Tsagaanshuvuut zone occupies a small wedge-shaped area on the eastern side of the northwestern end of the MAM. According to Gavrilova (1975), the complex consists of late Neoproterozoic to lower Cambrian ophiolites, along with Paleozoic gneiss, amphibolite, migmatite, schist, quartzite, and metasandstone, which have been intruded by diorite and granodiorite, with a K–Ar age of 456 ± 23 Ma. Additionally, it contains Ordovician and Silurian andesite, tuff, sandstone, siltstone, and minor limestone with brachiopod fossils (Badarch et al., 2002). To the south of Uureg Lake, the Bayram zone is comprised of metamorphic complexes, featuring greenschists interlayered with thin bands of marble and quartzite in the lower strata. Flysch refers to a sequence of sedimentary rocks typically consisting of alternating layers of sandstone, shale, and mudstone. These formations are commonly associated with tectonically active, deep marine environments. In contrast, terrigenous sediments or rocks are derived from land through the weathering and erosion of continental rocks, as opposed to marine or volcanic sources (Izokh et al., 2010). The upper sections consist of terrigenous flysch, sills, flood basalts (Tomurtogoo, 2014), and intrusions of picrite, picrobasalt, and picrodolerite, with an age of 512 Ma (Izokh et al., 2010; Izokh et al., 2011).
The depression of Achit Lake was formed as a result of tectonic subsidence along faults, driven by extensional tectonics. This process created a structure that collects water. Similarly, the depression of Uureg Lake is shaped by faulting along the mountain boundary, with extensional forces creating a basin that continues to evolve due to ongoing tectonic activity. The depression of Tolbo Lake, influenced by faulting and flexural subsidence, reflects the tectonic movements of the surrounding mountain ranges, shaping the depression in which it is located.
The Uureg Lake depression is characterized by the widespread development of alluvial fans, formed through the accumulation of lacustrine, fluvial, alluvial, and alluvial-colluvial deposits along the basin margins. One of the key geomorphic features is a well-defined terrace surrounding the lake, which provides evidence of historical hydrological fluctuations and shoreline displacement linked to climatic variability (Emanov et al., 2012). Several rivers and streams, such as Tsagaan Shuvuut, Tsagduul, and Kharig, flow into the lake, though most of them are ephemeral. The largest river with permanent flow, Kharigiin River, enters the lake from the southwest (Tserensodnom, 2000). Near the mouth of Kharigiin River, a swampy delta is formed.
Achit Lake depression is a large depression located between the major branches of the MAM, including the Siilkhem, Kharkhiraa, and Turgen Mountains. The geomorphological characteristics of the basin encompass an expansive valley situated between mountainous terrain. The western and northwestern parts are characterized by high mountains, while the eastern and southeastern areas are bordered by lower mountain ranges.
The area surrounding Achit Lake is characterized by lacustrine, fluvial, alluvial, and alluvial-colluvial deposits. In the western and eastern sectors, extensive alluvial fans, fed by catchments to the north, overlie marshy delta plains. Seasonal variations in lake levels induce shoreline migration, resulting in the formation of erosional scarps as well as depositional spits and berms along the deltas (Tserensodnom, 1971; Enkhbold et al., 2024a). By contrast, the southern and southeastern basin floors form a large equilibrium Surface of exposed bedrock, reflecting limited sediment cover and minimal contemporary fluvial deposition. The depression is nourished by water from several rivers and streams, including Tsagaan Nuur, Khatuu, Bukh, and Uliastai, all of which are generated from the surrounding mountains with meltwater (Tserensodnom, 1971; Tserensodnom, 2000). The excess water from Achit Lake flows eastward into the Khovd River.
The Khovd Zone is situated to the west of Achit Lake, along the eastern margin of the MAM. It consists of a series of thick, uniform terrigenous sandstone-siltstone beds ranging from the middle Cambrian to the lower Ordovician, with a noticeable lack of significant carbonate content. Following these are Silurian basalt, diabase, tuff, sandstone, and graptolitic shale (Dergunov, 1989). These rocks have been intruded by gabbro, diorite, granodiorite, and plagiogranite plutons, dated to 456–440 Ma through K–Ar dating (Gavrilova, 1975). The complex is present as fault-bounded disrupted blocks, thrust sheets, and tectonic slivers, with melanges in some areas containing ultramafic rocks, gabbro, and diabase. Overlapping assemblages include Devonian and Mississippian volcanic and sedimentary rocks, as well as Permian and Jurassic subalkaline granite plutons (Badarch et al., 2002).
The Tolbo Lake depression is situated between the branches of the MAM, with an elevation ranging from 1,000 to 1,500 m, surrounded by major mountain ranges. The depression features a relatively flat central area but is delineated by large mountains. The Tolbo Lake depression, is located around the Deluun Range along with Devonian intrusions in the region (Carson et al., 2008; Khukhuudei et al., 2020). The Tolbo Lake fault, positioned at the southern foot of the Ridge, is bounded by Early Devonian rocks and Quaternary sediments (Baljinnyam, 1993).
The area surrounding Tolbo Lake is characterized by lacustrine, fluvial, alluvial, and alluvial-colluvial deposits. The northern and northeastern parts of the lake depression feature prominent alluvial fans, formed by the deposition of sediments transported by rivers and streams. These fans are created when water flowing from higher elevations loses velocity, causing materials like sand, gravel, and clay to accumulate. The fans are typically distinguished by gently inclined surfaces composed of stratified sediments. They are a clear indication of the dynamic interaction between water flow and sediment deposition processes. The presence of these alluvial fans offers valuable insights into the geomorphological evolution of the region and its hydrological regime (Klinge et al., 2021). In the southern section, the terrain consists of elevated lands with medium mountains (Lehmkuhl, 2016; Klinge et al., 2021). Numerous rivers and streams flow into the lake through mountain passes, and the lake drains its excess water through the Turgen River, eventually feeding into the Western Khovd tributary, the Omno River. During dry periods, when the lake level recedes, the lake loses its outlet and becomes endorheic. Despite this, the lake remains freshwater (Tserensodnom, 2000).
The elevation differences surrounding MAM lakes significantly influence erosion, sedimentation, and accumulation processes within their catchments. Rivers originating from high mountain areas incise deep valleys and contribute to the formation of alluvial fans, fan deltas, proluvium, and lake terraces along the lake shores. In contrast, the lower-lying zones are characterized by extensive lacustrine deposits. These lakes, in particular, exhibit well-developed landforms shaped by the surrounding rugged highlands.
3 METHODOLOGY
By integrating morphometric analysis, remote sensing mapping, and geomorphological criteria, we were able to identify tectonic faults as the primary factor shaping the morphological characteristics of the three lake depressions, as these methods collectively reveal linear alignments, structural patterns, and topographic anomalies indicative of fault activity.
A hypsometric cross-section covering a distance of 50–100 km was generated using 30-m resolution Digital Elevation Model (DEM) maps, integrated with bathymetric data from the lake depressions. Bathymetric data were sourced from published lake bathymetric maps (Tserensodnom, 2000), which were then digitized and incorporated into the DEM analysis to improve the precision of subaqueous topography within the hypsometric cross-sections. The hypsometric profile analysis provides strong evidence that fault activity has been a significant driver in shaping these depressions, as the elevation variations and topographic features align with the patterns of fault-induced deformation.
Morphometric measurements of the lakes were conducted during fieldwork in July 2024, utilizing tools such as a GPS device for precise location tracking, field photography for topographic analysis, and surface slope measurements to evaluate terrain characteristics.
3.1 Satellite image processing analysis
In this study, we utilized the Multi-resolution Valley Bottom Flatness (MrVBF) index, which classifies the degree of valley bottom flatness (Gallant and Dowling, 2003).
The MrVBF index is a geospatial analysis tool that combines two key parameters, flatness (inverse slope) and lowness (elevation percentile), to map valley bottoms within a specified circular neighborhood. These measures are both scaled from 0 to 1 and combined as fuzzy set memberships, following Kaufmann (1975), based on the FLAG method (Roberts et al., 1997; Gallant and Dowling, 2003; Malins and Metternicht, 2006). This method can analyze multiple scales enables it to capturing both broad and fine valley features. As a result, broad-scale flatness can dominate while preserving significant local variations. A location is identified as a valley bottom if it is sufficiently low and flat at the specified scale and flat at finer scales. The elevation percentile ranks a point’s elevation relative to surrounding cells within a defined radius. The ratio of lower-elevation neighbors to the total is indicates the local position in the landscape, with low values suggesting low positions.
Differentiating valley bottoms from hillslopes is a crucial initial step in recognizing and analyzing sediment deposits for geomorphic studies (Davaasambuu et al., 2023). Firstly, the slope is calculated from a DEM, then transformed into flatness index (F from 0 to 1) using a non-linear function. Next, elevation percentile for the first step (PCTL) is determined with the three DEM cells. Elevation percentile is a metric that quantifies the elevation of a point relative to its surrounding cells within a specified radius. The ratio of lower-elevation neighbors to the total reflects the local position within the landscape, with lower values indicating positions at lower elevations. F1 and the transformed elevation percentile act as membership functions with values greater than 0.5 indicating enough flatness or lowness to quality as a valley bottom. These steps are then repeated with a slope threshold for F1 and a radius of 6 cells for PCTL. The results from steps one and two are then combined to create MrVBF.
We used SRTM a 30-m resolution from https://search.earthdata.nasa.gov/search. The calculating process was conducted in the MrVBF module of SAGA GIS (Conrad et al., 2015), it provides a dedicated tool for MrVBF calculation, optimized for performance and accuracy. It offers user-defined parameters for scale and resolution. A comparison of SAGA with other GIS platforms reveals its superiority in terms of flexibility in terrain analysis workflows. The platform’s extensive utilization in geomorphological and hydrological studies is noteworthy, thereby establishing it as a reliable choice for valley bottom and fault-related feature detection. To ensure full coverage of the study area, Landsat images from path 142, rows 25 and 26, were necessary. Given that these images were intended for fault mapping and analysis, they needed to be cloud-free and as much as possible to minimize atmospheric distortion. A thorough search was conducted of recent Landsat eight and 9 OLI/TIRS satellite images that met these criteria, and the image from 2024/08/27 was identified as the most suitable for the study (https://earthexplorer.usgs.gov/). The short-wave infrared (SWIR) bands of Landsat imagery are sensitive to the mineralogical composition of the Earth’s surface, making them particularly valuable for lithological classification and detecting variations in rock types. The blue band (visible spectrum) facilitates the further differentiation of materials based on their reflectance characteristics. This combination can highlight differences in rock and soil composition, as well as detect fault zones due to changes in surface materials and topography (Pournamdari et al., 2014). Band combinations of SWIR-2 (7), SWIR-1 (6), and blue (2) are particularly useful for identifying geological formations, lithology features, and faults. A process of fault digitizing was carried out on conventional geological maps and other fault-related data. Nonetheless, the resolution proved to be unsatisfactory. Consequently, we conducted a visual validation of the faults derived from MrVBF and Landsat band combinations. This approach was adopted due to the presence of significant noise in the data extracted from the satellite imagery.
3.2 Spatial improvement analysis
Geological interpretation of specific areas on Earth’s surface is based on analyzing geomorphological features depicted in satellite imagery and numerical data, identifying interpretative criteria, and synthesizing results (Theilen-Willige et al., 2016; Canty, 2019; Nixon and Aguado, 2019). Spatial enhancement techniques, such as Sobel contrast filtering, are used to improve clarity and interpretability of geomorphological features in satellite imagery, allowing for more detailed analysis of landforms and their spatial distribution (Enkhbold et al., 2022a; b). The spatial enhancement method was applied to detect tectonic fractures on the surface using a Sobel directional filter on the original satellite imagery (Theilen-Willige et al., 2016). The Sobel function approximates the Sobel edge enhancement operator for satellite images (Equations 1–3).
Gjk=/Gx/+/Gy/(1)
GX=Fj+1,k+1+2Fj+1,k+Fj+1,k−1−Fj−1,k+1+2Fj−1,k+Fj−1,k−1(2)
GY=Fj−1,k−1+2Fj,k−1+Fj+1,k−1−Fj−1,k+1+2Fj,k+1+Fj+1,k+1(3)
The Sobel filter is used to detect edges in an image by measuring changes in brightness. It calculates how the brightness changes in two directions: horizontally (Gx) and vertically (Gy). At each pixel, the filter uses two small grids of number sto estimate these changes. This process is called convolution and is done across the entire image, using the pixel’s position, labeled as (j, k), in the satellite image (Equation 4).
Y mask=121000−1−2−1 X mask=−101−202−101(4)
All edge points in the results are set to zero. We applied horizontal and vertical Sobel filters using the Image Analysis toolbox in ArcMap 10.4. To identify bidirectional line features in satellite images, we generated two filtered images (x- and y-directional), where the highest values indicate line edges, appearing in white. This method modifies the pixel values of the satellite image by incorporating surrounding pixel values.
The Sobel operator was chosen for its balance of robustness and efficiency compared to simpler filters such as Prewitt or Roberts. It is also easier to implement and faster than more complex methods like the Canny edge detector (Theilen-Willige et al., 2016; Nixon and Aguado, 2019). In images processed using the Sobel filter, linear and segmented features associated with tectonic movements are more distinctly highlighted (Vijayarani and Vinupriya, 2013; Aher et al., 2014; Canty, 2019; Theilen-Willige et al., 2016; Nixon and Aguado, 2019).
Landsat TM imagery was primarily used to identify fractures, which were then verified through field observations and the integration of other remote sensing data. The tectonic fractures of the lake depression were mapped using Landsat TM satellite imagery with a 30-m resolution. The data was processed in ENVI 5.3 remote sensing software using the ‘Directional Filter’ command under the 'Convolution and Morphology’ menu. The ENVI 5.3 was selected due to its advanced features, reliability, and user-friendly interface, making it suitable for directional filtering.
3.3 Morphometric analysis
In this study, morphometric analysis is used to quantify the shape, size, and spatial attributes of the lake depressions, providing a foundation for interpreting their geomorphological evolution before applying of specific analytical indices (Jacques et al., 2014; Hassen et al., 2014; Manchar et al., 2022).
Morphometric analysis is also commonly employed in neotectonics studies to identify faulting and land surface structures, thereby emproving the understanding of tectonic processes and landscape evolution (Filosofov, 1967; Pinter and Keller, 1995; Florinsky, 1996; Singh, 2008; Jacques et al., 2014; Hassen et al., 2014; Derikvand and Farahpour, 2020; Ezati et al., 2021; Enkhbold et al., 2022a; b, c; Manchar et al., 2022; Enkhbold et al., 2024a; Taib et al., 2024).
Morphometric analysis reveals the relationships and spatial distributions of various morphometric parameters, showing strong correlations between area, perimeter, and elongation ratio (Singh, 2008). DEM maps have the precision of tectonic geomorphology assessments (Grohmann et al., 2007; Grohmann, 2018) and tectonic characterization (Singh et al., 2012; Whipple and Gasparini, 2014). Morphometric analysis remains a crucial tool in geomorphology, with applications ranging from watershed management to tectonic studies (Ezati et al., 2021). In this study, morphometric indices such as Hypsometric Integral (HI), Mountain front sinuosity (Smf), Basin Shape index (Bs), Relief Slope (RSl), and Relief Energy (RE) were used. Each of these indices provides a unique perspective on the tectonic processes influencing the landscape, allowing for a more comprehensive understanding of fault-related features and the development of lake depressions.
The Hypsometric Integral (HI) is a dimensionless metric used to quantify the distribution of elevation within a drainage basin (Strahler, 1952; Singh, 2008). The index is defined as the area below the hypsometric curve and thus expresses the volume of a basin that has not been eroded (Pinter and Keller, 1995; Hassen et al., 2014). A lake depression with a high HI may indicate significant tectonic activity shaping the basin, while a low HI could suggest more erosion and a less tectonically active basin. Mathematically, it is expressed as (Equation 5):
HI %=Emean−Emin/Emax−Emin(5)
where Emean is the mean elevation, Emin is the minimum elevation, and Emax is the maximum elevation of the depression. A high HI value (>0.5) indicates a youthful stage of land surface evolution, while a low HI value (<0.4) suggests a mature or old stage with significant erosion (Strahler, 1952; Strahler, 1964; Pinter and Keller, 1995; Hassen et al., 2014; Farhan et al., 2016a; Maliqi et al., 2023).
The Mountain Front Sinuosity (Smf) is a morphometric index employed to evaluate the degree of tectonic activity along mountain fronts (Keller and Pinter, 2002; Silva et al., 2003). It is calculated as follows (Equation 6):
Smf=Lmf / Ls(6)
where Lmf is the total length of the mountain front along the contact between the mountain and the adjacent depression, and Ls is the straight-line length of the mountain front (Bull and McFadden, 1980). A Smf value below 1.4 indicates active tectonics, with uplift prevailing over erosion, tectonically stable or eroded front (Keller and Pinter, 2002). In contrast, Smf values above 1.5 suggest less tectonically active or more erosional fronts, often characterized by irregular or sinuous shapes due to erosional processes (Bull and McFadden, 1980).
The Basin Shape index (Bs) in tectonically active mountain ranges is generally more elongated but tends to evolve into a more circular form over time (El Hamdouni et al., 2008). In the mountainous region, the presence of narrow, elongated basins along the Main Frontal Thrust and Main Boundary Thrust indicates recent tectonic uplift and ongoing fault activity (Anand and Pradhan, 2019; Taib et al., 2024). It is defined by the following ratio (Equation 7):
Bs=Bl/Bw(7)
Here, Bl represents the measured length from the headwater to the mouth of the basin, while Bw denotes the width measured at the widest point of the basin (Ramírez-Herrera, 1998). A higher Bs value indicates a more elongated basin, while a lower value suggests a more circular or compact basin (Table 1).
TABLE 1 | Basin shape (Bs) index values are used to classify tectonic activity levels (El Hamdouni et al., 2008; Anand and Pradhan, 2019; Das et al., 2022).	Tectonic activity	Bs index	Basin shape
	Highly active	≥2.3	Elongated
	Moderately active	1.2 to 2.3	Less elongated or oval
	Less or inactive	≤1.2	Circular


Relief Slope analysis (RSl) is an effective tool for identifying fault structures within lake depressions by evaluating two primary indicators: steep side slopes, which suggest abrupt changes in surface gradient, and relative elevation differences, which point to vertical displacement along fault lines. These geomorphic signals are often corroborated by characteristic patterns in hypsometric curves (Jordan, 2003; Farhan et al., 2016b; Enkhbold et al., 2022a; Enkhbold et al., 2022b). Previous studies have demonstrated the utility of RSl analysis in identifying fault structures within lake depressions (Onorato et al., 2017; Korzhenkov et al., 2019). In this study, RSl values were derived from satellite-based digital elevation models (DEMs) and visualized as spatial maps to detect abrupt changes in slope. The resulting spatial patterns highlight zones of steep gradients and relative elevation discontinuities, which often correspond to inferred fault traces (Gürbüz and Gürer, 2008). These interpretations are further substantiated by hypsometric curve analysis, which quantitatively characterizes the elevation distribution within the basin (Hooper et al., 2003; Farhan and Anaba, 2016). The likelihood of fault presence can be assessed based on surface slope characteristics within the lake depression. Specifically, RSl values indicate different probabilities of faulting: RSl <5° is low probability of faulting, 5°<RSl< 10° is possible fault presence, and RSl >10° is the high probability of a fault (Bucknam and Anderson, 1979; Hooper et al., 2003; Ganas et al., 2005; Gürbüz and Gürer, 2008; Onorato et al., 2017; Korzhenkov et al., 2019; Enkhbold et al., 2022a; Enkhbold et al., 2022b).
A straight-line appearance along the sloping surface suggests alignment with a fault. The greater the visible length of this linear feature, the higher the likelihood of fault presence (Hooper et al., 2003; Onorato et al., 2017; Korzhenkov et al., 2019; Enkhbold et al., 2022a, b). For this study, RSl values were calculated using spatial resolution imagery from DEM (30 m).
Morphometric analysis based on Relief Energy (RE) indicators provides another method for fault identification on land surfaces (Kot, 2018; Enkhbold et al., 2022b). RE represents the difference in relative height across the surface (Di Crescenzo and Santo, 2005). Faults can be detected by abrupt variations in RE values (Di Crescenzo and Santo, 2005; Kot, 2018; Enkhbold et al., 2022b). The RE value is calculated using the following (Equation 8):
RE=Hmax−Hmin(8)
Where RE is the Relief Energy (m), Hmax is the maximum surface height (m), and Hmin is the minimum surface height (m). Using a hypsometric curve, the upper, middle, and lower dimensions of relative surface height can be determined. In mountainous terrain, RE values up to 50 m indicate a low probability of a fault, values between 51 and 150 m indicate a medium probability, values between 151 and 500 m indicate a high probability, and values exceeding 500 m indicate a very high probability of a fault (Hooper et al., 2003; Di Crescenzo and Santo, 2005; Kot, 2018; Enkhbold et al., 2022a, b).
3.4 Analysis of geomorphological criteria
This criterion indicator relates to the determination of the origins of lake depressions by systematically identifying and hierarchically ranking the factors contributing to their formation. As noted by Cohen (2003), the genesis of lake basins can be elucidated by assessing the relative contributions of tectonic processes, glacial dynamics, climatic conditions, and geomorphological evolution, thereby providing a comprehensive understanding of the mechanisms shaping lake depression morphology (Enkhbold et al., 2024a). To achieve this, the primary and secondary factors affecting lake depressions are analyzed based on their geomorphological characteristics (Hughes, 2010; Church, 2013). Although the morphological features shaped by these factors are challenging to quantify, researchers can evaluate the genetic characteristics of landforms within a defined spatial framework using specific assessment criteria (Bishop et al., 2012; Enkhbold et al., 2021; Enkhbold et al., 2022a; Enkhbold et al., 2022b; Enkhbold et al., 2022c; Enkhbold et al., 2022d).
The ten criteria for classifying lake depressions were developed based on geomorphological analysis of field and map materials. Determining the origin of these depressions involves two steps: first, analyzing geomorphological patterns, field measurements, and geological research documents, and second, using mapping methods to identify and confirm the factors influencing their formation. The typology is assessed through a suitability matrix of geomorphological criteria (Table 2).
TABLE 2 | Suitability matrix of geomorphological criteria (Adapted from Enkhbold et al., 2024a).	No	Compliance ratio	Conformity suitability	Percent, %
	1	0 > 3	Not compliance	0–30
	2	3 > 4	Less compliance	31–40
	3	5 > 7	Compliance	51–70
	4	7 > 9	Good compliance	71–90
	5	9 < 10	Excellent compliance	91–100


In this study, tectonic geomorphological criteria were developed to facilitate a comparative analysis of the origin and morphological characteristics of the Achit, Uureg, and Tolbo lake depressions (see Table 5 for criteria).
TABLE 5 | Analysis of geomorphological criteria indicators.	No	Criteria Indicators (Compatibility +, Incompatibility –)	Achit	Uureg	Tolbo
	1	Whether a tectonic fault is present around the lake depression	+	+	+
	2	Whether the drainage depression of the lake is 2–4 times larger than the lake’s surface area	+	+	+
	3	Whether the lake depression is located at an altitude of 500 m or higher	+	+	+
	4	Whether the difference in elevation between the surrounding mountains and the lake depression exceeds 600 m	–	+	+
	5	Whether volcanic rocks are present in the area around the lake depression	–	+	–
	6	Whether an island composed of original bedrock exists in the lake	–	–	+
	7	Whether the lake has steep shores and an uneven lakebed morphology	–	+	+
	8	Whether the surrounding depression is constricted or elongated, and whether the lake’s surface area is irregularly shaped	+	+	+
	9	Whether the shoreline is heavily indented, and whether there are significant distortions in the bathymetric data	+	+	–
	10	Whether the lake water is fresh, deep, and has a large volume relative to its size	+	+	+
		Number of Compliances	6	9	8


4 RESULTS
4.1 Satellite map interpretation
In the MAM region, significant faults trending northwest to southeast are still causing block to experience uplift and subsidence (Cunningham et al., 2003; Howard et al., 2003; Cunningham, 2005; Khukhuudei et al., 2024).
The Achit Lake depression covers an area of 2235.51 km2, the Uureg Lake depression spans 768.13 km2, and the Tolbo Lake depression, the smallest of the three, has an area of 345.79 km2.
The satellite-based structural interpretation delineates the digitized mapping of primary and subsidiary faults (Tamani et al., 2019; Chibani et al., 2022), derived through MrVBF analysis. This interpretation integrates a band combination of SWIR-2, SWIR-1, and blue wavelengths to enhance fault structural contrasts, complemented by a Landsat 9 OLI/TIRS image (30 m resolution) processed with spatial enhancement techniques to accentuate fault patterns. Collectively, these datasets provide a comprehensive structural framework that is critical for the tectonic geomorphological analysis of the study area (Figure 3).
[image: Three maps labeled (a), (b), and (c) display fault lines across a region with lakes named Uureg, Achit, and Tolbo. Map (a) shows topography with faults in red. Map (b) uses Landsat 9 imagery, highlighting vegetation and water bodies in various colors. Map (c) applies a Sobel filter for emphasizing edge details, with lakes in blue.]FIGURE 3 | (a) Digitized main and sub-faults based on the MrVBF, (b) clarification on the band combination of SWIR-2, SWIR-1, and blue, (c) Landsat 9 OLI/TISR Satellite (30-m) image processed by spatial improvement method, shown faults.The tectonic influence on the lake depressions was more distinctly revealed through the analysis of image overlaps discrepancies, fault mapping, and the construction of cross-sectional profiles. These steps enabled a detailed understanding of how tectonic movements shape the MAM distribution of the lake depressions.
The interpretation of satellite imagery highlights the fundamental tectonic features of the MAM, with a particular focus on the relationship between fault structures and the formation of lake depressions. The structural interpretation, based on satellite imagery, offers a comprehensive and digitized map of both primary and secondary fault lines (Tamani et al., 2019; Taib et al., 2024), delineated through MrVBF analysis (Figure 3A). This approach incorporates a combination of SWIR-2, SWIR-1, and blue wavelengths, effectively accentuating lithological and structural contrasts. Additionally, a Landsat 9 OLI/TIRS image (with a spatial resolution of 30 m) was processed using advanced spatial enhancement techniques to improve the visibility of fault patterns (Figure 3B). The results are analyzed within the framework of the faulting system that extends from the northwest to the southeast of the MAM, correlating tectonic processes with the formation of these distinctive features. This study provides critical insight into the structural controls influencing lake depressions, thereby contributing to a deeper understanding of the region’s tectonic evolution. The fault lines identified by satellite imagery were highlighted and marked using a spatial enhancement method applied to the linear spectrum on the satellite image (Figure 3C).
The tectonic geomorphological features of the Tolbo, Achit, and Uureg Lake depressions were systematically analyzed and characterized through the validation of satellite imagery, a method that facilitated detailed observation and interpretation of the landscape. High-resolution satellite images were utilized to identify and map key features such as fault lines and other tectonically influenced formations. The satellite-based approach enabled the identification of fault patterns and their spatial relationships, offering key insights into the tectonic evolution of the Tolbo, Achit, and Uureg lake depressions. This method provided a concise framework for understanding their geomorphological development.
4.2 Morphometric analysis interpretation
Morphometric analysis based on satellite imagery is essential for accurately defining the size, shape, structure, and geometric characteristics of lake depressions (Jordan, 2003; Hooper et al., 2003; Jacques et al., 2014; Onorato et al., 2017; Enkhbold et al., 2022a, b, c). First, Mountain front sinuosity (Smf) and Hypsometric Integral (HI) were calculated in the study area (Figure 4).
[image: Map showing two panels: (a) displays hypsometric integral values with legend indicating areas below 0.4 in yellow, 0.4 to 0.6 in green, and above 0.6 in black, with red boxes highlighting regions around blue lakes; (b) shows mountain front sinuosity with legend indicating values from 1.0 to 2.2 in shades of red and yellow, depicting the distribution of geological features and lakes.]FIGURE 4 | (a) Hypsometric Integral (HI) map of the study area, (b) Mountain Front Sinuosity (Smf).The HI (%) analysis of the Uureg Lake depression revealed an HI (%) value of 0.67 between elevations of 2000–2500 m.a.s.l along the Tsagaan Shuvuut fault and 0.56 between 1,600 and 2000 m.a.s.l along the Bayram fault. In the Achit Lake depression, the HI (%) value was 0.57 between 1900 and 2400 m.a.s.l along the Khovd fault and 0.51 between 2000 and 2300 m.a.s.l along the Khundlun Uul fault. The HI (%) analysis of the Tolbo Lake depression showed a value of 0.77 between 2100 and 2500 m.a.s.l along the Tolbo Nuur fault, while the fault on the southern side of Tolbo Lake had an HI (%) value of 0.76 between 2200 and 2600 m.a.s.l above sea level (Figure 4a).
The morphometric Smf analysis of the Uureg Lake depression indicated index values along the Tsagaan Shuvuut fault ranging from 1.1 to 1.5. The whereas the Bayram fault exhibited index values between 1.5 and 2.2. In the western portion of the Achit Lake depression, the Khovd fault showed index values between 1.0 and 1.1, while in the eastern part of the depression, the Smf index values along the Khundlun Uul fault ranged from 1.1 to 1.5. Along the Tolbo Nuur fault in the northern part of the Tolbo Lake depression, the Smf index values ranged from 1.0 to 1.1 and from 1.1 to 1.5, indicating active tectonics. In the southern part of the depression, the Smf index values ranged from 1.1 to 1.5 and 1.5 to 2.2, signifying active tectonics (Figure 4b).
Morphometric Basin shape index (Bs) of three different lake depressions was calculated (Table 3).
TABLE 3 | Basin shape index (Bs) of three lakes depression.	Depression	Length	Width	Bs index	Tectonic activity
	Uureg lake	69.3	41.9	1.65	Moderate active
	Achit lake	161.1	88.8	1.81	Moderate active
	Tolbo lake	55.9	18.3	3.05	Highly active


The Bs index value ranged from 1.65 to 1.81 in the Uureg and Achit lake depressions, indicating moderate activity, and was 3.05 in the Tolbo lake depression, indicating high activity.
Hypsometric RSl analysis examines the distribution of elevations within a specific area, such as a lake basin. The results are typically presented as hypsometric curves, which help interpret the geomorphic development stage and the tectonic history of the landscape (Hooper et al., 2003; Farhan and Anaba, 2016). The RSL values within the hypsometric curve were calculated using hypsometric cross-sectional profiles constructed along the studied lake basins. These profiles facilitated the identification of fault patterns and the assessment of their geomorphic influence. Based on the distribution and orientation of the fault systems, a conceptual basin model was developed and refined (Figure 5).
[image: Two diagrams depict geological cross-sections. (a) Illustrates fault lines near Uureg and Achit Lakes with main and sub faults marked, showing water levels and mountain ranges. (b) Shows basin formations, including Tolbo Lake's half ramp basin, Uureg Lakes' ramp basin, and Achit Lake's remnant low. Additional features include restraining bends, pull-apart basins, and strike-slip basins, highlighted by yellow and red lines.]FIGURE 5 | (a) Hypsometric cross-section illustrating the faults and surface slopes that contributed to the formation of the lake depression. (b) Genetic model depicting the types of mountain ranges and basins in the MAM (adapted from Cunningham, 2005; Khukhuudei et al., 2024).In the northern part of the Uureg Lake depression, morphometric RSl analysis revealed steep slopes ranging from 38° to 42° along the Tsagaan Shuvuut thrust fault at elevations between 2000 and 2500 m, whereas the Bayram fault in the southern sector showed gentler slopes of 21°–24°. In the western margin of the Achit Lake depression, slope angles of 41°–44° were identified along the Khovd strike-slip fault at elevations of 1900–2400 m, while the eastern Khundlun Uul fault exhibited lower slopes of 19°–23°. Similarly, in the northern part of the Tolbo Lake depression, the tilted thrust fault along Tolbo Nuur displayed slopes of 41°–47% at 2100–2500 m, contrasting with gentler slopes of 17°–19° in the southern segment. The variation in surface slope angles along bounding faults of the lake depressions suggests a high likelihood of recent or ongoing fault activity.
Exposures of Oligocene to recent strata within upturned belts along the MAM provide evidence that Cenozoic tectonic rejuvenation began during the Oligocene and has continued to the present (Howard et al., 2003; Cunningham, 2005; Khukhuudei et al., 2024). The MAM is characterized by various basin types, including half-ramp, ramp, and foreland basins, as well as pull-apart, strike-slip, open thrust, and remnant low basins (Cunningham, 2005). These basins are shaped by diverse tectonic processes, such as active thrusting, strike-slip faulting, and sediment accumulation in tectonically stable areas.
The northern margin of the Uureg Lake depression is controlled by a thrust fault associated with the Tsagaanshuvuut Fault (Emanov et al., 2012; Khukhuudei et al., 2024), indicating that the depression corresponds to an ramp basin model. In the case of the Achit Lake depression, its western boundary is the Khovd fault (Davaasambuu et al., 2023; Ha et al., 2023), while the eastern margin is bounded by the Khundlun Mountain fault, which has resulted in the formation of a remnant low basin. This structural configuration is consistent with a ramp basin model. Similarly, the northern portion of the Tolbo Lake depression is controlled by the Tolbo Nuur fault (Baljinnyam, 1993), suggesting that the depression conforms to a half-ramp basin model.
This type of depression type is typically observed in regions where tectonic and erosional forces have shaped the landscape, resulting in a gently sloping surface that promotes the accumulation of water or sediments. Studying such a basin type is essential for understanding the dynamics of hydrology, sediment transport, and overall landscape evolution in the region.
Morphometric RE analysis was conducted to determine the highest, lowest, and average surface elevations of the three lakes in the study area. The comparative morphometric characteristics of the lake depressions in the study area were calculated using 'Landsat TM’ satellite imagery from the 'Global Visualization Viewer’ (GloVis) (Table 4).
TABLE 4 | Morphometric parameter of Lake depressions.	No	Lake name	Length (km)	Width (km)	Area (km2)	Elevation, m.a.s.l (m)	RE (m)	Probability
	Low	Medium	High
	1	Uureg	161.1	88.8	768.13	1,383	1,666	2406	1,023	Very high
	2	Achit	69.3	41.9	2235.51	1,429	1,549	1827	398	High
	3	Tolbo	55.9	18.3	345.79	2062	2237	2663	601	Very high


Based on the morphometric parameters of the three studied lake depressions, Reanalysis was conducted. The results revealed that the Achit Lake basin exhibited a high likelihood of tectonic activity, whereas the basins of Uureg and Tolbo Lakes demonstrated a very high likelihood of tectonic influence.
By comparing the morphometric parameters across the Achit, Uureg, and Tolbo lake depressions, we were able to identify their spatial patterns and provide a comprehensive interpretation of the morphometric analysis. This analysis offers valuable insights into the tectonic processes that have shaped these features. The spatial distribution and morphological characteristics of these lake depressions reflect ongoing tectonic activity in the MAM region, where faulting, uplift, and subsidence have significantly influenced their development. Each depression displays distinct geomorphological features, underscoring the interaction between tectonic forces and sedimentary processes.
4.3 Geomorphological criteria interpretation
Interpretating geomorphological criteria involves assessing landforms, geological structures, and surface processes to understand the dynamics of a given region (Green and White, 2019; Smith, 2020). This interpretation relies on analyzing landforms such as mountains, valleys, and plains, as well as the processes shaping them, including erosion, sediment transport, and tectonic activity (Hughes, 2010; Bishop et al., 2012; Church, 2013; Enkhbold et al., 2021; Enkhbold et al., 2024a). These criteria aim to detect tectonic activity and characterize the geomorphological features surrounding a lake. Specifically, tectonic shifts, earthquakes, and volcanic processes play a crucial role in influencing the formation, topography, elevation, and water levels of the lake and its surrounding landscape (Church, 2013; Enkhbold et al., 2021). In this study, ten criteria were evaluated to clarify the origin and tectonic geomorphological influence of the lake depression (Table 5).
Based on tectonic geomorphological criteria for defining lake depressions, the Achit Lake depression meets 6, the Uureg Lake depression 9, and the Tolbo Lake depression eight criteria consistent with a tectonic origin. The tectonic influence on the depressions of the lakes examined in this study shows a strong correlation, with compliance ranging from 60 to 90 percent. This indicates a high degree of consistency and a significant contribution to the formation of these depressions. It suggests that tectonic processes play a crucial role in shaping the lake basins, with their influence accounting for a substantial portion of the observed geomorphological features.
Upon synthesizing the study results, it becomes clear that the spatial distribution of tectonic faults and surface features observed in the MAM lake depressions, along with the direction of tectonic movement and transitional patterns across Mongolia, suggest that the origins of these three lake depressions likely developed under similar geological conditions. The faults within the study area are depicted in the images below (Figure 6).
[image: Four landscape images of fault lines, lakes, and mountains in Mongolia. (a) Two views of Uureg Lake with the Tsagaan Shuvuut Fault and Tsagaan Shuvuut Mountains, featuring horses and yurts. (b) A desert landscape with the Khovd Fault and a view of Achit Lake, alongside traditional yurts and the Siilkhem Mountains. (c) Two images of Tolbo Lake and the Daluun Mountains highlighting the Tolbo Nuur Fault, with a village near the water and open fields under a cloudy sky.]FIGURE 6 | Interpretation of field photographs. (a) View of the Tsagaan Shuvuut fault, located north of the Urekh Lake depression, (b) View of the Khovd fault, situated west of the Achit Lake depression, (c) View of to the north of Tolbo Nuur fault (Photos taken by Altanbold Enkhbold, Alexander Perin, Alexander Strekhletov, B. Batzorig, and B. Zolbadral).An interpretation of geomorphological criteria was conducted on the lake basins. This involved a comprehensive analysis based on specific criteria, aimed at identifying key features and their corresponding geomorphological forms.
The interpretation of these tectonic geomorphological criteria reveled that, the MAM lake depressions are classified as tectonic depressions. Satellite imagery, morphometric analysis, and geomorphological criteria revealed prominent fault structures that define the boundaries of these depressions, confirming the role of extensional tectonic forces in their formation. These forces have caused the crust to fracture and sink between parallel fault lines, resulting in the distinct basin-like structures observed in the region. The northern MAM are in the transpressional stress field, the basins should be consistent with it and all intermontane basis are either half ramp or ramp basins.
The Uureg Lake depression is bordered by a tectonic fault system. The Tsagaan Shuvuut Fault trends parallel to the northern boundary of the lake basin in a northwest-southeast direction, while the Bayram Fault runs parallel to the southern boundary of the lake, also following a northwest-southeast orientation. The northern boundary of the lake depression is defined by the Tsagaan Shuvuut fault, while the western and southwestern boundaries are delineated by the Western Bayram fault. The central portion of the depression is shaped by faults linked to Uureg Lake. Notably, a significant earthquake with a magnitude of 7.0 occurred along the Tsagaan Shuvuut fault in 1970, and the region remains an area of high seismic activity (Emanov et al., 2012). The drainage basin of the lake is 2–4 times larger than the surface area of the lake itself. The lake depression is located at an altitude of 500 m or higher, with an elevation difference of more than 600 m between the surrounding mountains and the lake depression. Volcanic rocks are present in the area surrounding the lake depression. The lake features steep shores and an uneven lakebed morphology. The surrounding depression is either constricted or elongated. The lake’s surface area is irregularly shaped, and its shoreline is heavily indented. Significant distortions may be present in the bathymetric data. The lake water is deep and possesses a large volume relative to its size.
The dominant fault structures within the Uureg Lake Depression were further verified through the hypsometric cross-sections analysis. Specifically, the Tsagaan Shuvuut Fault has played a significant role in shaping the morphology of the depression, which is enclosed within a closed basin and surrounded by medium to high mountain ranges. The development of pediments along the mountain ranges indicates a high degree of relief energy difference within the depression.
At an elevation of 42 m above the current water level of Uureg Lake, five to six distinct gravel terraces have been identified (Tserensodnom, 1971). Although this study does not provide direct chronological data on sedimentary deposits or gravel terraces from Uureg Lake itself, regional chronological records from adjacent basins - such as Khyargas and Orog Lakes—offer valuable insights into shared tectonic and climatic influences. Incorporating these data enhances the interpretation of terrace formation and broader landscape evolution in a regional geomorphic and temporal framework. Recent studies have established chronological constraints on gravel terraces and paleo-shoreline features around Khyargas and Orog Lakes, aiming to reconstruct past hydrological and tectonic regimes (Nottebaum et al., 2022; Zhang J. et al., 2022; Wolf et al., 2025; Rahimzadeh et al., 2025). Optically stimulated luminescence (OSL) dating by Nottebaum et al. (2022) and Zhang S. et al. (2022) indicates the existence of a paleolake at Orog Lake, with water levels reaching 56 m above the present lake level approximately 124.2 ± 6.8 ka ago. At that time, the lake’s volume was estimated at 24.5 km3 - approximately 153 times greater than its modern capacity. Subsequent highstands occurred at 23 m above the current level around 11.1 ± 1.0 ka, and between 14 and 20 m around 6.7 ± 0.8 ka. Similarly, OSL dating by Wolf et al. (2025) and Rahimzadeh et al. (2025) on shoreline terraces at Lake Khyargas revealed that a terrace located 129 m above the present lake level formed between 104.7 ± 14.4 ka and 88.8 ± 12.7 ka. An additional terrace at 118 m was dated to approximately 14 ka, while terraces ranging from 7 to 15 m were formed during the late Holocene. Taken together, the paleo shoreline terraces of Lakes Orog and Khyargas reflect significant lake-level fluctuations spanning from the Late Pleistocene through the early, middle, and late Holocene (Lehmkuhl and Lang, 2001; Lehmkuhl et al., 2018b; Nottebaum et al., 2022; Zhang J. et al., 2022; Wolf et al., 2025; Rahimzadeh et al., 2025). These findings support the interpretation that the gravel terraces at Uureg Lake likely represent analogous coastal features formed during the same periods of climatic and hydrological change. It has been established that the primary source of these water inputs during the Late Quaternary was meltwater originating from the Altai and Khangai Mountains (Lehmkuhl and Lang, 2001; Lehmkuhl, 2016; Lehmkuhl et al., 2018a; Lehmkuhl et al., 2018b; Klinge et al., 2021; Wolf et al., 2025).
The Achit Lake depression is enclosed by a tectonic fault. Analysis of the graben structures within the study area reveals several parallel fault lines along the western and eastern boundaries of the Achit Lake Depression. The drainage basin of the lake is approximately 2–4 times larger than the lake’s surface area. The depression is situated at an altitude of 500 m or higher. The surrounding depression exhibits constriction or elongation, and the lake’s surface area is irregularly shaped. The shoreline exhibits considerable indentation, and the bathymetric data show significant distortions. Additionally, the lake water is fresh, deep, and contains a large volume relative to its size.
Upon interpreting the surface features of the Achit Lake Depression and considering the dominant tectonic movement directions and transitional patterns in Mongolia, it is evident that the primary morphological structure of this depression aligns with a tectonic-origin graben formation. The depression is bordered by parallel tectonic fault lines, forming a downthrown graben structure.
Cross-sectional analysis of the Achit Lake Depression indicates that the western side, bounded by the Siilkhem Mountain range and the Khovd fault, exerts a significant influence on the depression’s morphology. Along the Khovd fault, a large pediment has developed in the western portion of the depression. In terms of relief, the western section is marked by steep mountain ranges, whereas the eastern side is characterized by relatively gentle, sloping surfaces. The depression is enclosed by parallel fault lines, and the notable down warping of the depression suggests the formation of an extensive drainage area, which implies a high-water storage capacity.
Studies have reported significant fluctuations in water levels within the lake depression. Particularly during the early Holocene, the lake level was 50–60 m higher than it is currently, resulting in the formation of lake terraces along the northeastern shore (Agatova and Nepop, 2019; Oyunchimeg and Narantsetseg, 2020). These fluctuations have led to rapid increases and decreases in water levels, causing noticeable change in the surrounding surface. Chronological analysis of the depression’s sediments has dated the Holocene sediments to approximately 11,500 ± 150 years (Tserensodnom, 2000). However, Sun et al. (2013) conducted a detailed analysis of a sediment sample from 200 cm below the lakebed, revealing a chronology of approximately 19,969 ± 110 years. While this chronology is only partially linked to the primary formation of the lake depression, it is crucial for understanding the sedimentation processes, tectonic dynamics, and the broader chronological context of the lake’s history.
The Tolbo Lake depression is bounded by a tectonic fault, with the Tolbo Nuur fault located to the north of the depression. Surface features observed in the Tolbo Lake Depression, when analyzed and interpreted, indicate that the primary structure of the depression is of tectonic origin. The drainage basin of the lake is approximately 2–4 times larger than the lake’s surface area. The depression is situated at an altitude of 500 m or higher, with an elevation difference exceeding 600 m between the surrounding mountains and the lake basin. The lake exhibits steep shores and an uneven lakebed morphology. The surrounding depression is characterized by constriction and elongation, while the lake’s surface area has an irregular shape. Furthermore, the lake water is fresh, deep, and holds a large volume relative to its size.
The depression is bordered to the north and south by tectonic faults, and it is evident that the Tolbo Lake fault has exerted a significant influence on its morphology. The depression is enclosed by a closed depression, surrounded by medium to high mountains that form a playa-like structure. The development of pediments along the mountain ranges indicates a considerable relief energy difference within the depression. Hydrological and sedimentological studies of Lake Tolbo reveal significant fluctuations in water levels within the lake depression.
Zhang S. et al. (2022) study reconstructs aeolian activity in western Mongolia over the past ∼14 ka using sediment grain size data from Tolbo Lake, revealing that intensified late Holocene activity was driven by stronger winds resulting from increased spring insolation and mountain snow, while weaker activity during the middle Holocene correlated with warming in northern latitudes, increased humidity, and limited dust contribution to Greenland. Additionally, Li et al. (2025) studied and reconstructed the water level fluctuations of Tolbo Lake in the Altai Mountains over the past 13.7 kyr using sedimentary cladoceran fossils, showing that the Holocene rise in lake levels was driven by intensified westerly precipitation.
5 DISCUSSION
5.1 Geomorphological features and tectonic influence of the lake basins in the MAM
The present distribution and size of lakes in the mountainous regions of Central Asia, particularly in the MAM, have undergone significant changes compared to the past, as documented by multiple studies (Tserensodnom, 2000; Grunert et al., 2000; Sun et al., 2013; Lehmkuhl, 2016; Agatova and Nepop, 2019; Oyunchimeg and Narantsetseg, 2020; Klinge et al., 2021; Enkhbold et al., 2022d; Zhang J et al., 2022; Hu et al., 2024; Lehmkuhl et al., 2024; Enkhbold et al., 2025a; Li et al., 2025).
Lakes in the MAM typically occupy tectonic depressions formed during the Quaternary due to ongoing tectonic movements related to the India-Asia collision and associated transpressional regimes (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979; Nissen et al., 2009ab; Cunningham, 2005; Ha et al., 2023; Ramel et al., 2025). These depressions are controlled by fault systems at mountain-depression boundaries, where mountain blocks experience uplift while adjacent basins subside, creating accommodation space for lake formation (Enkhbold et al., 2024a; Enkhbold et al., 2025b).
Glaciation has further modified the morphology of these depressions, with glaciers sculpting the landscape and leaving behind overdeepened basins and lacustrine terraces (Tserensodnom, 2000; Grunert et al., 2000; Lehmkuhl, 2016; Lehmkuhl et al., 2018a, b; Walther et al., 2024). Thus, the current lake basins represent the integrated effects of tectonic subsidence, glacial erosion, sedimentation, and climate-driven hydrological changes (Figure 7).
[image: Flowchart titled "Tectonic and Surface Processes Shaping Lake Basins in the MAM" shows the progression from tectonic processes, driven by the India-Asia collision, leading to fault-controlled uplift and subsidence, glacial erosion, and surface processes. These result in fluvial and glacial infill processes, integrating effects on lake basin morphology. Subcategories include uplift, subsidence, fault systems, glacial erosion, lacustrine terraces, fluvial sediment input, and integrated effects.]FIGURE 7 | Conceptual diagram illustrating the tectonic and surface processes shaping lake basins in the MAM.Fault-controlled uplift and subsidence create accommodation space for lake formation. Glacial erosion and deposition further modify basin morphology, while fluvial sediment input influences basin infill. The interplay of these endogenic and exogenic factors determines the present-day lake basin features.
While tectonic processes dominate basin formation, exogenic factors such as sediment supply from rivers and weathering contribute significantly to the infill and morphological evolution of these depressions. Fluvial sediments transported from elevated catchments accumulate within tectonically subsiding basins (Agatova and Nepop, 2019; Lehmkuhl et al., 2018a; Lehmkuhl et al., 2018b; Oyunchimeg and Narantsetseg, 2020), modifying lake basin morphology over time (Lehmkuhl, 2016).
The geomorphological characteristics of lake depressions in the MAM are therefore a product of complex interactions between endogenic tectonic activity and exogenic surface processes. This interplay has resulted in distinctive morphological features that allow differentiation of primary tectonic controls from secondary sedimentary modifications (Enkhbold et al., 2022d).
Understanding these relationships is critical for reconstructing the tectonic evolution of the region and assessing landscape development. Future research integrating tectonic geomorphology, sedimentology, and paleoecological data will provide a more comprehensive view of the formation and evolution of these lake basins. A more detailed investigation into the interaction between tectonics and lake depressions is essential for understanding regional tectonic development and the evolution of lake depression morphology. In the future, combining tectonic research with geomorphology, paleoecology, and detailed sedimentary studies will provide a more comprehensive understanding of the historical changes in the lake depressions of the MAM tectonic region.
5.2 Tectonic-driven lake basins in the altai mountains: a geomorphological perspective
The Altai Mountains in Mongolia represent one of the most tectonically dynamic and geomorphologically intriguing regions in Central Asia (Bayasgalan et al., 1999a; Khukhuudei et al., 2024; Enkhbold et al., 2024c). The landscape is distinguished by diverse landforms, including high mountain ridges, deep valleys, and numerous lake depressions, all of which provide valuable insights into the tectonic processes that have shaped the region. A detailed tectonic geomorphological study of these lake depressions reveals the intricate relationship between geological activity and surface processes.
The Altai Mountains are a product of complex tectonic interactions, primarily associated with the collision between the Eurasian and Indian plates (Molnar and Tapponnier, 1975; Molnar and Tapponnier, 1975; Kusky et al., 2016). This region has been shaped by a combination of compression, uplift, and faulting, which has resulted in the creation of significant mountain ranges and basins (Cunningham et al., 1996). These basins, many of which are now filled with lakes, serve as important geological indicators of past and present tectonic activity (Cunningham, 2005).
The fault systems of the MAM play a critical role in shaping the geomorphological characteristics of the region, being directly linked to the formation of lake depressions (Enkhbold et al., 2024c). These faults influence the direction of water flow and sediment accumulation, leading to the formation of lakes along fault lines or the creation of tectonic depressions due to faulting. The activity of these faults alters the landscape, creating conditions favorable for water accumulation, which is essential for the formation and development of lake depressions. The lake depressions in the study area are depressions surrounded by major active high mountains and less active high mountains, situated between transpressional mountain ranges (Figure 8).
[image: Map illustrating transpressional mountain ranges in Mongolia and surrounding regions, showing elevation in meters with color gradients. Key features include GPS-derived movement arrows, main and less active high mountains, depressions, thrusts, folding, and faults. Study areas, including Tsagaan Shuvuut and others, are outlined with associated lakes and geographic landmarks. Insets provide a broader regional context, highlighting major geological and topographical elements.]FIGURE 8 | Neotectonic structures of the MAM (adapted from Khukhuudei et al., 2024).The inset box illustrates the major mountain belts in the MAM. The Great Lakes Basin is characterized by isolated mountain ranges bordered by Cenozoic thrust and oblique-slip faults. Isolated mountains: J- Jargalant Khayrkhan, B- Bumbat Khayrkhan, Bt- Baatar Khayrkhan, D- Dariv. Folded Cenozoic sediments are in two places near the western and southeastern flanks of the Dariv Range (Devyatkin, 1981; Khukhuudei et al., 2024). Main structure-bound faults are in numbered circles. I- Tsagaan Shuvuut, II- Khar Us Nuur, III- Khovd, IV- Tolbo Nuur, V- Tal Nuur, VI- Khoton, VII- Turgen, VIII- Bulgan, IX- Sharga, X- Khan Khukhey, continuation of Khangay fault. Intermontane depressions in the MAM are in Arabic numbers. One- Uureg Lake, 2- Achit Lake, 3- Uygar, 4- Tsagaan Gol, 5- Upper Khovd, 6- Tal Nuur, 7- Tolbo Lake, 8-Middle Khovd, 9- Namir River, 10- Deluun, 11- Lower Khovd, 12- Mankhan, 13- Tsetseg (Khukhuudei et al., 2024). Black arrows represent GPS velocities of points relative to Siberia (data from Calais et al., 2003). The tectonic forces at play have influenced the distribution, size, and depth of these depressions. The study of fault lines, thrusts, and seismic activity in the area helps to understand how these features have evolved, as well as their role in the ongoing tectonic adjustments of the Altai Mountian. Areas of this study have been highlighted by the bright blue color.
The India-Asian collision has directly influenced the morphology, origin, and spatial pattern of lake depressions in Central Asia (Dobretsov et al., 1996; Faghih et al., 2012; Enkhbold et al., 2022c; Enkhbold et al., 2024a). The morphology of these lakes is additionally influenced by the region’s climatic and hydrological conditions. The harsh continental climate, with its wide temperature variations and limited precipitation, has played a significant role in determining the shape and size of the lakes. In some cases, tectonic movements have influenced the hydrological systems, altering water levels and lake shapes (Figure 9).
[image: Map showing tectonic features of Central and East Asia. Subduction zones, normal, strike-slip faults, extension, and compression are marked. Block motions are indicated with arrows. Study boundary is highlighted in red. Regions include Siberia, Mongolia, China, India, and surrounding seas such as the South China Sea.]FIGURE 9 | Structural-tectonic map illustrating Cenozoic continental deformation associated with the India-Asia collision, including the MAM fault system (modified after Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979).The ongoing tectonic activity continues to reshape the land surface, causing changes in the elevation and morphology of the depressions. A critical aspect of studying the lake depressions in the Altai Mountains is understanding how tectonic forces interact with surface processes like erosion, sediment deposition, and climate change.
Faults influence the formation of areas where water is stored and accumulated. Water can be accumulated along the sides of faults or in sections along fault lines, leading to the formation of lakes. These lakes play a crucial role in the ecological balance of the region and have significant geomorphological importance. These depressions are associated with tectonic impact and are shaped by the interplay of uplift and subsidence along fault structures. Consequently, the morphology of lake basins undergoes continuous modification, influencing water levels and shoreline dynamics.
For example, seismic events can result in temporary fluctuations in lake water levels or even trigger the formation of new depressions. Erosion and sediment deposition, influenced by both tectonic uplift and climatic conditions, further modify the landscapes surrounding the lakes, adding another layer of complexity to the geomorphological study.
The study of these lake depressions offers valuable insights into the regional geodynamics of the Altai Mountains. Analyzing the tectonic and geomorphological characteristics of the depressions allows researchers to gain deeper insight into the mechanisms underlying the region’s tectonic evolution. Additionally, these studies can contribute to a broader understanding of the seismic hazards in the area and their potential impact on the environment and local communities.
The lakes also serve as natural archives, preserving sediment records that can be used to reconstruct past climatic conditions, seismic events, and tectonic movements. This multidisciplinary approach, integrating tectonics, geomorphology, and climate science, offers a comprehensive framework for understanding the geological history of the region.
The tectonic geomorphological study of the lake depressions in the Altai Mountains offers a fascinating window into the complex interplay between tectonic forces and surface processes. These depressions not only provide valuable insights into the region’s geological history but also present a unique opportunity to examine the dynamic interplay between endogenic and exogenic Earth processes. Further research in this area can provide critical insights into the ongoing tectonic evolution of Central Asia and its implications for regional development and natural hazards.
6 CONCLUSION
The main characteristic of the depressions is that the Uureg, Achit, and Tolbo lakes are deep, well-defined, and developed along fault lines. By utilizing satellite imagery and morphometric indices to analyze their spatial distribution, researchers have identified a detailed understanding of the tectonic impact in these lake depressions.
Analysis of the HI (%) values for the MAM lake depressions is significantly high, indicating active tectonic movements in these regions. Furthermore, the Smf, Bs, RSl, and Re indices provide additional evidence of ongoing tectonic processes, with the observed values suggesting substantial fault activity and morphological changes along the major fault lines within these lake depressions.
Based on the regularity of the faults found in these depressions, it is confirmed that the lake depressions exhibit a tectonic origin. These depressions follow the major fault zones of tectonic uplift in the MAM, oriented from the southwest to the northeast.
The structural origins of the three lake depressions differ: Uureg Lake formed as a ramp basin, Achit Lake as a remnant low basin, and Tolbo Lake as a half-ramp basin. These basin types reflect distinct tectonic controls, including thrust faulting, strike-slip motion, and tilted thrust faulting. Lake depressions in MAM regions, formed by neotectonic processes related to the Indian - Eurasian plate collision, are bounded by major faults and exhibit active uplift and subsidence, making them prominent tectonic features of the landscape.
The tectonic and surface features observed in the depressions of lakes suggest that their origins are relatively similar, having formed under the same tectonic conditions of Mongolia, as well as the directional and transitional patterns of neotectonic movement.
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