
Geomorphology 457 (2024) 109228

Available online 27 April 2024
0169-555X/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Digital topographic analysis and lineament interpretation south of the Lena 
Delta, North Siberia: Landscape expression of its tectonic activity 

Jakob S. Hamann a,b,*, Alisa V. Baranskaya c, Wolfram H. Geissler a, Boris V. Baranov d, Nikolay 
V. Tsukanov d 

a Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven 27570, Germany 
b Department of Earth Sciences, Physical Geography, Freie Universität Berlin, Berlin 12249, Germany 
c Faculty of Geography, Lomonosov Moscow State University, Moscow, Russia 
d Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia   

A R T I C L E  I N F O   

Keywords: 
Tectonic Geomorphology 
Lineament Identification 
Topographic Analysis 
Hypsometry 
Arctic Landscapes 

A B S T R A C T   

This study applies semi-automated techniques to analyze the landforms, morphostructure, and geology of the 
Kharaulakh and Chekanovsky sectors, south of the Lena Delta, northern Siberia. High-resolution data, including 
TanDEM-X 30 m spatial resolution Digital Elevation Models (DEM), 2 m spatial resolution ArcticDEM Digital 
Surface Models (DSM), and Sentinel-2 satellite imagery, serve as the basis for the analysis. Digital terrain clas
sification and identification of tectonic lineaments are performed using the Benthic Terrain Modeler (BTM) and 
Linear Extraction (LINE) algorithm, respectively. Additionally, a hypsometric analysis is conducted to assess 
areas of potential neotectonic activity. 873 lineaments are identified, primarily in NE-SW and E-W orientations. 
NW-SE lineaments perpendicular to the lithological and fold belt strikes in the Kharaulakh Ridge suggest in
heritance from original depositional settings or later compressional tectonics, now appearing as valleys and weak 
zones facilitating erosion and river incision. Longer N-S or NNW-SSE lineaments in the Kharaulakh Sector are 
associated with thrust sheets of the Verkhoyansk fold-and-thrust belt and Cenozoic graben structures linked to 
the formation of the Laptev Sea Rift System and ongoing regional deformation. The Chekanovsky Sector, marked 
by epiplatform blocks and hills, presents a dissected plateau with steep valleys. Here, high hypsometric integral 
values are attributed to compression and uplift near the southwestern boundary of the Laptev Sea Microplate.   

1. Introduction 

Geomorphological studies utilizing automated classification tech
niques with Digital Elevation Models (DEM) and satellite imagery, in
tegrated into geographical information systems (GIS) or remote sensing 
software, have significantly advanced our understanding of topographic 
evolution in recent years (e.g., Drăguţ and Blaschke, 2006; Piloyan and 
Konečný, 2017; Gioia et al., 2021). These methods provide a more 
efficient and objective approach, supplementing traditional geomor
phological methods reliant on extensive fieldwork, manual processing of 
topographic maps, and interpretation of aerial photographs. A 
comprehensive geomorphological analysis is essential for comprehend
ing landscape evolution, covering erosional, depositional, and tectonic 
processes (Huggett and Shuttleworth, 2022). This study focuses on lin
eaments, which are linear features in a landscape indicating underlying 
geological displacement zones, such as faults or fractures (O'Leary et al., 

1976). Major faults often exhibit a topographic expression due to surface 
displacement, differential erosion of juxtaposed rock units, and erosion 
of damaged rocks (Henderson et al., 1996). Mature fault zones typically 
consist of a central fault core and a surrounding damage zone (e.g., 
Vermilye and Scholz, 1998; Faulkner et al., 2011; Brandes and Tanner, 
2020), which are susceptible to erosion due to their weak material (e.g., 
Roy et al., 2016; Upton et al., 2018). Remote sensing technologies, such 
as aerial photographs, satellite imagery, and DEMs, thus allow to iden
tify faults and have been utilized in many lineament analysis studies (e. 
g., Jordan and Schott, 2005; Scheiber et al., 2015; Ahmadi and Pekkan, 
2021). Recent advances in image processing and pattern recognition 
through improved computer hardware and spatial-analysis methods 
have made automatic lineament extraction techniques possible (e.g., 
Masoud and Koike, 2011; Bonetto et al., 2015; Assatse et al., 2016; 
Elmahdy et al., 2019). 

This study aims to conduct terrain and lineament analyses utilizing 
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DEMs and Sentinel-2 satellite images with automated detection tools in 
GIS and remote sensing software for an area with Mesozoic, Cenozoic, 
and recent tectonic activity along the SW coastal region of the Laptev 
Sea, northern Siberia to reveal the main landscape expressions of its 
tectonic setting. Additionally, a hypsometric analysis is employed to 
infer potential neotectonic activity and interpret the dominant 
landscape-shaping processes and dynamics. The hypsometric analysis 
provides a valuable means of identifying and quantifying relationships 
between the topography, tectonic activity, and surface processes (e.g., 
Siddiqui and Soldati, 2014; Farhan et al., 2016; Andreani et al., 2014; 
Buczek and Górnik, 2020). 

The study area includes the Kharaulakh and Chekanovsky sectors 
(Fig. 1), influenced by continental rifting in the Laptev Sea, and conti
nental compressional tectonics of the Verkhoyansk fold-and-thrust belt. 
While previous studies in the Kharaulakh Sector have primarily focused 
on seismology, structural geology, and tectonics (e.g., Fujita et al., 2009; 
Imaeva et al., 2016, 2017, 2019; Imaev et al., 2018), there has been 
limited studies in the field of digital topography and lineament analyses 
of local structures (Grosse et al., 2007; Baranskaya, 2013; Parfenov and 
Kuzmin, 2001). The analysis of landforms and hypsometry offers in
sights into the dynamics of landscapes at a regional scale, highlighting 
primary exogenic and endogenic processes. Digital lineament analysis 
using GIS can offer an overview of potential tectonic features, which can 
be further validated through future geological and geophysical surveys 
for better understanding of the area's tectonic evolution in the past and 
present. 

2. Geological and geomorphological structure of the Kharaulakh 
and Chekanovsky sectors 

The Kharaulakh and Chekanovsky sectors, located along the Laptev 
Sea coastal region of the northern Siberian mainland, are strongly 
influenced by the region's continental climate, periglacial processes, and 
tectonics (Grosse et al., 2007; Schirrmeister et al., 2022; Parfenov et al., 
1995; Imaev et al., 2018). The Kharaulakh Sector comprises two main 
geological domains: the uplifted Kharaulakh Ridge and the subsiding 
coastal regions, including the Bykovsky Peninsula (Grosse et al., 2007). 
During the Last Glacial Maximum (LGM), around 26,000 to 19,000 years 
ago, when sea level was approximately 120 m lower than today (Fair
banks, 1989), the Bykovsky Peninsula formed part of a wider deposi
tional plain (Grosse et al., 2007). The northern Verkhoyansk Range, due 
to its strong continental climate, was not covered by any ice sheets 
during the LGM (Hubberten et al., 2004; Svendsen et al., 2004; Stauch 
and Lehmkuhl, 2010). Consequently, periglacial, fluvial, and tectonic 
processes played a crucial role in the Holocene landscape evolution. 

The Kharaulakh Sector is part of the Verkhoyansk fold-and-thrust 
belt, which itself belongs to a large Mesozoic to Cenozoic orogenic 
belt, spanning approximately 2000 km in length and 500 km in width 
(Parfenov et al., 1995). It is located along the eastern margin of the Si
berian platform and is the largest fold-and-thrust belt on Earth. The 
Chekanovsky Sector is not associated with the Verkhoyansk complex 
and forms part of the stable Siberian Craton. The Kharaulakh and Che
kanovsky sectors comprise several NE-SW orientated linear structures 
which were interpreted earlier as fractures of Mesozoic folding stages 

Fig. 1. Study area. (a) Location of the study area in northern Siberia (black box). (b) Study area including regional Cenozoic tectonic features, modified after Imaeva 
et al. (2016). (1) Rift troughs (letters in circles): Faddeyevsky (F), Belkovsky-Svyatonsky (B), Lyakhovsky (L), Ust'-Lena (U), Tastakh (T), Ust-Yana' (Y), Omoloi (O); 
(2) Laptev Sea Microplate boundary; (3) normal faults; (4) reverse faults and overthrusts; (5) strike-slip faults; (6) transform faults. The asterisk indicates the rotation 
pole of the Eurasian and North American plates (Imaeva and Kolodeznikova, 2017). The red dots represent all recorded earthquakes with a magnitude >2.5 from 
1973 to 2018 (sourced: U.S. Geological Service). (c) Hillshade map of the Kharaulakh and Chekanovsky sectors. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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(Imaeva et al., 2016, 2017). Ongoing erosion and fluvial processes 
resulted in the formation of numerous valleys, with the Khorogor Valley 
being the largest, influenced by two major striking faults along its 
boundaries (Grosse et al., 2007). The Kharaulakh Sector also contains 
broad depressions from Paleogene rifting phases (Imaeva et al., 2016) 
and smaller depressions mainly due to thermokarst (Grosse et al., 2007). 

The Kharaulakh and Chekanovsky sectors are part of a complex 
transition zone influenced by the Gakkel Ridge's oceanic spreading to 
the north, ongoing continental rifting in the adjacent Laptev Sea, and 
potential compressional/transpressional tectonics to the south/south
east (Avetisov, 2000; Grachev et al., 1970; Fujita et al., 2009; Imaev 
et al., 2018; Imaeva et al., 2020). Seismicity and deformation concen
trate along the mid-ocean ridge in the north and are widely spread 
across the Laptev Sea Shelf's horsts and grabens (Fig. 1) forming the 
Laptev Sea Microplate (LSM). The eastern LSM boundary corresponds to 
a seismically active zone extending from the Gakkel spreading ridge to 
the Buor-Khaya Bay and further south to the Kharaulakh Ridge. Earth
quakes along this boundary zone display extensional or transtensional 
focal mechanisms with fault planes parallel to the grabens on the Laptev 
Sea Shelf (Avetisov, 2000; Imaev et al., 2018; Imaeva et al., 2020). 

In the Kharaulakh Sector, the geodynamics significantly change due 
to its location at a triple junction near the rotation pole of the Eurasian 
and North American plates (Fig. 1). The crust's stress state varies, 
leading to normal faulting, strike-slip faulting, thrust faulting, and 
combinations (Imaev et al., 2018). The southwestern boundary of the 
LSM, spanning along the Laptev Sea's southwestern coast from the Tai
myr Peninsula to the Buor-Khaya Bay (Fig. 1), corresponds to a zone of 
increased seismic activity related to the Lena-Taimyr uplifts (Avetisov, 
2000). 

The sedimentary sequences in both studied sectors range from the 
late Proterozoic to recent times (Imaev et al., 2018), with the Khar
aulakh Sector being dominated by Permian sandstones, siltstones, and 
mudstones overlying a sequence of Carboniferous sedimentary rocks 
(Imaeva et al., 2019). In contrast, the Chekanovsky Sector consists 
mainly of Mesozoic sandstones (Bidzhiev, 1970; Gogina et al., 1971). 

3. Data 

This study employs Sentinel-2 satellite imagery, high-resolution 
ArcticDEM (2 m), and 30 m TanDEM-X DEM for geomorphological, 
lineament, and hypsometric analysis in the Kharaulakh and Chekanov
sky sectors. 

Sentinel-2 is a satellite imaging mission developed by the European 
Space Agency (ESA) as part of the Copernicus Earth Observation Pro
gram (Drusch et al., 2012). It offers spatial resolutions ranging from 10 
m to 60 m and 13 spectral bands, surpassing missions like Landsat. 

ArcticDEM (Porter et al., 2018), an initiative by the National Science 
Foundation and the Geospatial-Intelligence Agency, compiles high- 
resolution Digital Surface Models (DSM) capturing surface features, 
including natural and artificial structures like vegetation and buildings. 

TanDEM-X is an Earth observation satellite by the German Aerospace 
Center and Aerospace manufacturer EADS Astrium (now Airbus Defence 
and Space), compiling DEMs of Earth's land surface up to 12 m resolu
tion (Zink et al., 2014). This study utilizes the 30 m TanDEM-X variant, 
which offers smoother geoprocessing compared to the 12 m version. 

4. Methods 

4.1. Geomorphology 

The geomorphological classification integrates interpretations from 
satellite imagery, DEMs, geological data, and the results of a semi- 
automatic terrain classification by the Benthic Terrain Modeler (BTM), 
complemented by field observations. 

The BTM is an ArcGIS extension used to classify benthic terrain into 
geomorphological classes (Lundblad et al., 2006; Wright et al., 2012; 

Walbridge et al., 2018). It was developed by the National Oceanic and 
Atmospheric Administrations (NOAA) Coastal Services Center and the 
Environmental System Research Institute (ESRI). 

The BTM integrates geoprocessing spatial analysis tools to combine 
terrain parameters and produce a classified topographic map using 
digital elevation data as basis (Fig. 2). The core component of the BTM is 
the Bathymetric Position Index (BPI), which is a modification of the 
Topographic Position Index (TPI) by Weiss (2001). The TPI has found 
widespread use in the field of geomorphology (e.g., De Reu et al., 2013; 
Mokarram et al., 2015; Skentos, 2017; Muddarisna et al., 2020) since the 
creation of an ArcGIS extension by Jenness (2006). The BPI, like the TPI, 
measures the relative elevation of each pixel or grid cell in an elevation 
model compared to the average elevation of surrounding pixels within a 
specified neighborhood. This helps to identify topographic and bathy
metric features by highlighting areas that are significantly higher, lower, 
or at a similar level to their surroundings. One advantage of the BPI is its 
differentiation into Broad Scale BPI and Fine Scale BPI, which concen
trate on larger and smaller neighborhoods, respectively, to integrate 
features of different scale. Hence, the BTM algorithm is used for this 
study. 

The outputs for slope and the broad- and fine-scale standardized 
BPI's are defined together with the DEM through a classification dic
tionary, which classifies these numerical values into categories of terrain 
(Fig. 2). The Classification Dictionary assigns specific terrain features, 
such as valleys, ridges, flat plains, or slopes, based on predefined ranges 
of slope and BPI values. The result is a classified terrain raster where 
each pixel or grid cell is labeled with its terrain category. 

Two separate BTM analyses are performed in this study. The first 
analysis (referred to as M1) covers the entire research area, while the 
second analysis (M2) focuses on the central Kharaulakh Sector. M1 is 
composed of 22 TanDEM-X 30 m DEMs and M2 of four ArcticDEM DSMs, 
respectively. The input parameters for the BPI analysis differ between 
M1 and M2 due to differences in spatial resolution and scale. For M1, the 
broad-scale analysis is conducted with inner and outer radii of 3 and 10 
pixels, respectively, and 1 and 3 pixels for the fine scale analysis. For M2, 
inner and outer radii of 100 and 1000 pixels, respectively, are employed 
for broad-scale analysis, with 10 and 100 pixels used for the fine-scale 
analysis. The Classification Dictionary is modified after Erdey-Hey
dorn (2008) and Goes et al. (2019). Mountain tops and outcrops are 
defined by positive BPI values greater than one standard deviation (− 1/ 
+1 standard deviation corresponds to 100/+100 in Classification Dic
tionary) from the mean. Valleys and depressions are defined by areas 
with negative BPI values greater than one standard deviation from the 
mean in the negative direction. The degree of slope defines flat areas, 
gentle slopes, and steep slopes (Table 1). 

Water bodies and flat plains are merged due to their intermixing in 
low-lying coastal regions (Suppl. Fig. S1). Hence, to accurately represent 
water bodies, the high-resolution World Ocean Basemap of ArcGIS 10. 8 
is used as a reference grid. Furthermore, the elevation values in the 
ArcticDEM DSMs are corrected. A comparison between the elevation 
values of ArcticDEM DSMs and those from TanDEM-X 30 m DEMs and 
satellite imagery reveals that the ArcticDEM DSMs register elevation 
values 8 m (±1 m) lower than the actual elevation. This inaccurately 
portrays features like the Bykovsky Peninsula as partially submerged. 
Therefore, the ArcticDEM DSMs are adjusted by +8 m using ArcGIS's 
Raster Calculator. 

Landforms are then categorized manually based on their structural, 
tectonic, accumulative, or erosive characteristics, alongside their spatial 
context and morphological features identified in satellite imagery, 
geological data, field data, DEMs, and the results of the BTM terrain 
classification (Fig. 3). BTM-identified valleys of M1 add a distinct class 
defined solely by morphology. Additionally, flat plains defined by the 
BTM serve to delineate clear boundaries, distinguishing flat graben 
bottoms from other landforms. Gentle slopes are identified by the BTM 
algorithm; however, they are portrayed only where they visibly repre
sent sloped erosive and accumulative features (alluvial fans, pediment) 
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Fig. 2. Workflow of the BTM. A series of geoprocessing spatial analyses classifies the landscape into defined terrain categories.  

Table 1 
Classification Dictionary for the terrain classification of the BTM, modified after Erdey-Heydorn (2008) and Goes et al. (2019).  

Classification Broad Scale BPI Fine Scale BPI Slope Elevation 

Class Structures Lower Upper Lower Upper Lower Upper Lower Upper 

1 Flat Plains  − 100  100  − 100  100   1  0  
2 Depression  − 100  100   − 100     
3 Gentle Slopes  − 100  100  − 100  100  1  5   
4 Steep Slopes  − 100  100  − 100  100  5    
5 Flat Ridge Tops  100   − 100  100     
6 Rock Outcrop Highs  100   100  100     
7 Valleys   − 100       
8 Water  − 100  100  − 100  100    − 10 0  
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of adjacent structural landscapes. 
Fieldwork in the areas of Tiksi, Lake Sevastian, and Muostakh Island 

(see Fig. 1) was conducted in 2011 as part of the Lena-2011 expedition. 
The field studies involved geomorphological description of landscapes, 
geomorphological profiling, and observations of geological composi
tion, faults, and jointing. The collected data were utilized for the clas
sification of landforms in the Kharaulakh Sector. Additionally, 
photographs were taken in the years 2015 to 2019 to document the 
landscape surrounding potential and actual sites for the deployment of 
temporary seismological stations along the Lena River, in the Lena Delta 
and along the Buor Khaya coast. These photographs contributed to the 
topographic analysis of both the Kharaulakh and Chekanovsky sectors. 

4.2. Lineaments 

The LINE (Linear Extraction) algorithm in PCI Geomatics software is 
utilized to semi-automatically delineate linear features from Sentinel-2 
satellite imagery. LINE consists of three steps: edge detection, thresh
olding, and curve extraction. It utilizes the Canny Edge Detection al
gorithm for edge detection, followed by thresholding and curve 
extraction to generate vector segments representing the linear features. 
To supervise the lineament extraction, the LINE algorithm requires six 
input-parameters: Filter Radius (RADI), Edge Gradient Threshold 
(GTHR), Curve Length Threshold (LTHR), Line Fitting Error Threshold 
(FTHR), Angular Difference Threshold (ATHR), and Linking Distance 
Threshold (DTHR). The final polylines are saved as vector segments for 
further use in ArcGIS. 

Fig. 3. Workflow of the geomorphological classification. The arrow represents the comparison and mutual validation of all data sources.  

Table 2 
LINE parameters and respective values in pixels, meters, and degrees utilizing Sentinel-2 imagery (band-8).  

Abbreviation Caption Default value Chosen value Corresponding value in meters (or degrees) 

RADI Filter Radius  10  10 100 m 
GTHR Edge Gradient Threshold  100  50 500 m 
LTHR Curve Length Threshold  30  30 300 m 
FTHR Line Fitting Error Threshold  3  3 30 m 
ATHR Angular Difference Threshold  30  15 15◦

DTHR Linking Distance Threshold  20  20 200 m  
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Sentinel-2 satellite imagery's band-8 (near-infrared) with a spatial 
resolution of 10 m is utilized for the LINE analysis, as Javhar et al. 
(2019) identified it as the most effective band for automatic lineament 
extraction techniques. The input parameters (Table 2) are selected to 
achieve a balance between line segment density and length. 

A second analysis employs eleven ArcticDEM DSMs as input imagery. 
The parameters for this analysis are adjusted to accommodate the high 
spatial resolution of ArcticDEM DSMs, resulting in modified values 
(Table 3). 

After the LINE algorithm is applied to Sentinel-2 satellite imagery 
and ArcticDEM DSMs, the outcomes are analyzed together with visual 
interpretations of Sentinel-2 satellite imagery, TanDEM-X 30 m DEMs, 
previous geological studies, and a hydrology network analysis. Rose 
diagrams of the mapped lineaments are generated using Rock-Works17 
software (RockWare, n.d.). 

Topographic features like linear valleys, systematic offsets of rivers, 
straight rock boundaries, or continuous scarps are often indicative of 
underlying geological structures and are thus interpreted as lineaments. 
Sentinel-2 satellite imagery is particularly useful for visual interpreta
tion, as it provides the best exposure to differences in sedimentary 
bedding. TanDEM-X 30 m DEMs provide elevation data that expose 
morphological structures like valleys. The calibration of a hydrology 
network for the study area is performed through an ArcGIS hydrology 
spatial analysis based on TanDEM-X 30 m DEMs (Suppl. Fig. S2). Linear 
flow-paths can illustrate drainage patterns influenced by tectonic pro
cesses (e.g., Mallast et al., 2011; Psomiadis et al., 2020). This study's 
lineament interpretations are also cross-referenced with geological maps 
of the study area (Bidzhiev, 1970; Gogina et al., 1971; Bijiyev and 
Gorshkova, 1975; Gogina, 1975; Andreev et al., 1981). 

4.3. Hypsometry 

Hypsometry analyzes the elevation distribution within a study area 
and is quantified through the hypsometric integral (HI) and hypsometric 
curve (Strahler, 1952; Schumm, 1956). HI values are dimensionless, 
range from 0 to 1 and serve as indicators to describe the evolution of 
watersheds (e.g., Strahler, 1952; Ohmori, 1993; Willgoose and Hancock, 
1998; Pérez-Peña et al., 2009; Duan et al., 2022). The HI is defined as the 
area below the hypsometric curve and can be calculated using the 
following equation: 

HI = (mean elevation − min elevation)/(max elevation − min elevation)
(1) 

High HI values (HI >0.5) are indicative of young landscapes, sug
gesting areas of recent uplift, characterized by high erosion potential 
and significant relief with more pronounced geological formations (e.g., 
Siddiqui and Soldati, 2014; Farhan et al., 2016; Andreani et al., 2014). 
Conversely, low values (HI <0.3) are considered to represent more 
mature landscapes, indicative of tectonic stability or advanced erosion 
stages, with smoother terrains and few sharp topographical features (e. 
g., El Hamdouni et al., 2008; Mahmood and Gloaguen, 2012). However, 
low values can also be attributed to young depositional plains or other 
flat landscapes (e.g., Andreani et al., 2014). 

For the hypsometric analysis, the study area is divided into terrain 
segments to assess the geomorphic state of topographically distinct 

regions by calculating their respective HI values. This involves a series of 
hydrological analyses in ArcGIS utilizing TanDEM-X 30 m DEMs (Fig. 4). 
The hydrology network from the lineament classification serves as basis. 
Pour points are manually placed primarily at the bases of catchments or 
stream flows to widen uphill structural forms rather than lower- 
elevation depositional landforms. Subsequently, the Watershed func
tion is applied using the flow direction raster and pour points. The 
terrain segments are then merged based on similar catchment areas, 
topography, and drainage dynamics, reducing their number from 213 to 
105 for the study area. Each terrain segment is extracted as a DEM using 
the ArcGIS Extract by Mask function. The HI values are subsequently 
calculated, and hypsometric curves are visualized for each DEM using R 
software (R Core Team, 2021). 

5. Results 

5.1. Geomorphology 

The BTM terrain classification for M1 (Fig. 5) identifies water as the 
dominant category, covering 27.3 % of the study area, followed by flat 
plains (23.8 %) and gentle slopes (17.6 %). Valleys (7.9 %), rock out
crops (4.2 %), flat ridge tops (3.4 %), steep slopes (3.6 %) and de
pressions (2.6 %) make up the rest of terrain categories. Notably, 9.6 % 
of the area is classified as ‘no data’; however, these areas are exclusively 
located over water bodies, thus not affecting the terrain analysis. 

For M2 (Fig. 6), gentle slopes are the most dominant class, ac
counting for 28.1 % of the study area, followed by flat plains (20.9 %) 
and water (18.6 %). Percentages for valleys (9.9 %), flat ridge tops (5.5 
%), rock outcrops (3.6 %), and depressions (2.5 %) are similar to those in 
M1. However, M2 has a greater proportion of steep slopes (8.3 %), 
which is attributed to the higher resolution of the analysis. Like M1, ‘no 
data’ areas in M2 (2.6 %) are over water. 

The geomorphological analysis (Fig. 7) reveals landscapes of struc
tural origin, where topography reflects geological structures, and land
scapes of tectonic origin shaped by movements of the Earth's crust, 
alongside accumulative topography. Within the Chekanovsky Sector, 
epiplatform block mountains and hills of the Siberian Craton (class 1 and 
2, Fig. 7) dominate, characterized by low mountains with elevations up 
to 500 m. The contact zone between the Siberian Craton and the Ver
khoyansk fold-and-thrust belt is evident on both coasts of the Lena River 
valley, expressed as gentle slopes descending towards the river (class 3, 
Fig. 7). Most of the Kharaulakh Sector lies within the Verkhoyansk fold- 
and-thrust belt. The highest part, the Tuora-Sis Ridge with mountains 
reaching elevations up to 900 m (class 4 in Fig. 7), comprises fold and 
block mountains and ridges, where the topography reflects folding, 
alongside blocks displaced along younger faults. Further east, closer to 
the Buor-Khaya Bay, low (400–500 m) fold and residual mountains are 
located (classes 4, 5, and 6, Fig. 7), characterized by shapes and struc
tures mainly inherited from folds formed during the folding of the 
Verkhoyansk system. These mountains flank the Naiba Rift (classified 
separately as class 7 and eastern part of class 6 in Fig. 7) as their 
topography has evolved under the influence of the rift-related uplift. All 
these mountains are dissected by grabens and rifts. While the bottoms of 
such grabens are flat (classes 8 and 9, Fig. 7), they have a rocky base
ment and are rarely covered by Quaternary sediments. Accumulative 

Table 3 
LINE parameters and respective values in pixels, meters, and degrees utilizing ArcticDEM DSMs.  

Abbreviation Caption Default value Chosen value Corresponding value in meters (or degrees) 

RADI Filter Radius  10  10 100 m 
GTHR Edge Gradient Threshold  100  200 400 m 
LTHR Curve Length Threshold  30  100 200 m 
FTHR Line Fitting Error Threshold  3  20 40 m 
ATHR Angular Difference Threshold  30  60 60◦

DTHR Linking Distance Threshold  20  50 100 m  
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topography in the area comprises fragments of the Edoma plains shaped 
by permafrost processes (Bykovsky Peninsula, Muostakh Island, frag
ment of an Edoma plain along the coast of the Buor-Khaya Bay, class 10, 
Fig. 7), while fluvial topography is represented by the Lena Delta, its 
floodplain and extensive terraces, and deltas of small rivers (class 11, 
Fig. 7). 

5.2. Lineaments 

A total of 873 lineaments are manually extracted, with lengths 
ranging from 1.5 km (set as minimum length) to 63.2 km (Fig. 8). Most 
lineaments are between 1.5 km and 9.7 km in length. A rose diagram is 
used to record the frequency of lineament orientations, which show a 
general NE-SW (040◦–080◦) striking direction (Fig. 8). Subsidiary line
ament orientations are E-W (080◦–100◦), NNE-SSW (020◦–040◦), and 
NNW-SSE (160◦–180◦). The lowest density of lineaments is observed in 
the Chekanovsky Sector. 

Lineaments extracted automatically by the LINE algorithm are 

shown in Figs. S3 and S4 of the Supplementary Material. The results 
based on the ArcticDEM DSMs (Suppl. Fig. S3) reveal a large quantity of 
relatively small and dense lineaments with a general NE-SW orientation. 
In contrast, lineaments derived from Sentinel-2 satellite imagery using 
the LINE algorithm (Suppl. Fig. S4) are fewer in quantity, larger in 
length, and more homogenously distributed. The lineaments extracted 
by LINE are dominantly NE-SW or N-S oriented. 

5.3. Hypsometry 

The HI values for the terrain segments in both the Kharaulakh and 
Chekanovsky sectors range from 0.07 to 0.68. These values are catego
rized into eight separate classes (Fig. 9). The hypsometric curves of all 
terrain segments are grouped into four plots corresponding to the sub- 
sectors: northern, southern, and central Kharaulakh sub-sectors, and 
the Chekanovsky Sector (i.e., western sub-sector), for easier comparison. 

Areas of low HI values (0.07 to 0.30) are observed particularly in the 
central Kharaulakh sub-sector along the Buor-Khaya coast and in the 

Fig. 4. Workflow of the hypsometric analysis. Hydrological analyses are used to delineate terrain segments from the study area, and their hypsometric integral values 
are subsequently analyzed in R (R Core Team, 2021). 
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Kengdei Depression. Moderate HI values (0.30 to 0.45) are predomi
nantly located in the southern Kharaulakh sub-sector, but also in the 
central northern Kharaulakh sub-sector. High HI values (0.45 to 0.68) 
are dominant in the Chekanovsky Sector, i.e., western sub-sector. The 
hypsometric curve plots help to illustrate the hypsometric differences 
among the four sub-sectors. Hypsometric curves of terrain segments for 
the central Kharaulakh sub-sector are mostly concave, while hypso
metric curves in the southern and northern sub-sectors are S-shaped, and 
in the western sub-sector they are mostly convex (Fig. 9). 

6. Discussion 

Assessment of morphometric landscape parameters, alongside line
ament analysis, reveals a correlation between modern topography and 
both geological structures and neotectonic activity. Since for this study, 
only lineaments exceeding 1.5 km in length are considered, widespread 
periglacial features are not relevant and excluded from the discussion. 
Additionally, since the Kharaulakh and Chekanovsky sectors were not 
covered by an ice sheet since the Late Saalian glaciation (Hubberten 
et al., 2004; Svendsen et al., 2004; Stauch and Lehmkuhl, 2010), no 

Fig. 5. Terrain classification of M1, utilizing 22 TanDEM-X 30 m DEMs. Cenozoic depressions: (A) Kengdei, (B) Khorogor, (C) Kunga, (D) Kharaulakh, (E) Naiba. The 
upper arrow indicates a long linear valley that appears to align with associated faults of the Olenek Sector of the highly active Lena-Anabar Segment. The lower arrow 
marks the location of a prominent valley that runs in a northwest-southeast direction and seems to delineate the boundary between the Cretaceous Chekanovsky 
Ridge to the east and the Jurassic sedimentary cover of the Siberian Craton to the west. 
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morphologically prominent moraines are present. Therefore, we assume 
that the selected and analyzed lineaments (Fig. 8) are structural. The 
patterns of their distribution, imposed on information about geology, 
tectonics, and seismicity of the area, contribute to the understanding of 
the stress field during the formation of these lineaments, the potential 
stages of landscape formation, and the origin of distinct topography 
classes identified during the geomorphological analysis. 

The hypsometric integral (HI) and its spatial distribution (Fig. 9) 
offer insights into possible directions of vertical crustal movements or 
the relationship between geological composition and modern topog
raphy, complemented by information on elevations (Suppl. Fig. S5), 
geology (Fig. 8), and geomorphology (Fig. 7). Although the interpreta
tion of HI is not straight-forward and might need additional data or 
analysis, high values generally indicate potentially unstable areas un
dergoing active uplift and are relatively young. Conversely, low values 
are often associated with landscapes that are older, more eroded, and 
possibly less influenced by tectonic activity (e.g., El Hamdouni et al., 
2008). Together with the results of the BTM terrain classification, HI 
values help reveal patterns of regional neotectonic activity or geological 
control of the topography. 

The Chekanovsky Sector west of the Lena River, primarily composed 

of Mesozoic sandstones, constitutes part of the stable Siberian Craton 
and has not undergone Mesozoic folding (Borisova and Gercheva, 2016; 
Prokopiev et al., 2001). The sector is characterized by epiplatform block 
mountains and hills (Fig. 10 a, geomorphological classes 1 and 2, see 
Fig. 7), adjacent to the contact zone with the Verkhoyansk fold-and- 
thrust-belt. These low mountains up to 400–500 m a.s.l. were formed 
by block movements along faults and erosion in the valleys set along 
fractures and faults. The BTM terrain classification describes this area as 
a flat to gently sloped plateau, dissected by steep valleys (Fig. 5). To
wards the west, the elevation drops by ~200-meters along the erosional 
escarpment of the Chekanovsky Ridge, potentially representing the 
ancient Lena River valley during glacial periods, a hypothesis also pro
posed by previous research from Puminov (1960). The epiplatform hills 
and mountains are separated from the eastward lying structures of the 
Verkhoyansk fold-and-thrust belt by the contact area with the Siberian 
Craton, topographically characterized by gentle slopes (Fig. 10 b, 
geomorphological class 3, see Fig. 7) at the pediment of the mountains 
descending towards the Lena River. 

The central Chekanovsky Sector is characterized by prominent NE- 
SW trending lineaments, (Fig. 8). In the northern Chekanovsky Sector, 
lineaments follow predominantly NNW-SSE and NW-SE directions, 

Fig. 6. Terrain classification of M2, utilizing 4 ArcticDEM DSMs. Background: Hillshade map.  
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Fig. 7. Geomorphological map of the study area. Landforms are categorized based on their origin; gentle slopes and valleys are separately selected based on 
morphology only. (a–h) Locations of photographs in Fig. 10. 
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resembling features that could be interpreted as the eastern prolonga
tion of the Lena-Anabar structural suture (see Fig. 1). Most lineaments 
align with fluvially incised valleys, displaying a meandering form 
(Fig. 10 a). This suggests that there are relatively few inherited fractures 
and faults within the Cretaceous platform sandstones that could focus 
erosion and incision of valleys. The valley networks in the western 
Chekanovsky Sector exhibit a dendritic pattern, indicating flat-lying 
rocks or sediments with few structural weaknesses, which is proved by 
geological data (Fig. 8). Carved by westward-flowing rivers and creeks, 

the valleys are indicative of a retrogressive erosion process. A promi
nent, continuous valley extending from the Olenek River in a northwest 
to southeast direction along the Chekanovsky Ridge (Fig. 5) seems to 
delineate the erosional escarpment, exposing the Jurassic sedimentary 
cover. Younger contributary valleys along the Lena River display deeper 
incisions and are predominantly oriented eastward (Suppl. Fig. S2). 
Notably, no river terraces are observed along their slopes (Fig. 10 a), 
implying that incision/uplift in this area likely occurred continuously 
rather than in distinct stages until recent times. This suggests, in our 

Fig. 8. Lineaments and geology of the Kharaulakh and Chekanovsky sectors. The rose diagrams show the orientation of the lineaments for each sub-sector (top) and 
the entire study area. The geological classification is modified after Borisova and Gercheva, 2016. 
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view, a very recent and ongoing uplift or westward tilting of the Che
kanovsky Ridge. 

These assumptions align with the highest HI values in the study area 
(ranging from 0.40 to 0.68, see Fig. 9) in the Chekanovsky Sector. This 
may be partly attributed to the homogeneous, untectonized structure of 
the Cretaceous platform sandstones. However, recent uplift and poten
tial tilting might have a larger influence on the HI values. Situated 
within the southwestern boundary of the LSM (Fig. 1), the Chekanovsky 
Sector likely experiences compression conditions, resulting from 
extensional rifting processes confined to the eastern LSM boundary 
(Avetisov, 2000; Imaev et al., 2018; Imaeva et al., 2020). Geological and 
geophysical research supports this, showing increased uplift of the 
western Lena Delta (Bolshiyanov et al., 2019). According to Sim et al. 
(2018) and Imaeva et al. (2018, 2019), the Chekanovsky Sector exhibits 
increased neotectonic activity, although more intense activity is 
assumed in the Kharaulakh Sector. 

The topography of the Kharaulakh Sector, comprising the eastern 
part of the study area, features several parallel NNW-SSE trending low 
ridges (Tuora-Sis Ridge, Kharaulakh Ridge, Primorsky Ridge, Naiba 
Ridge, see Figs. 1 and 7). These low ridges, characterized by sharp crests 
and sometimes steep slopes (Fig. 10 c), inherit the folded structure of the 
Verkhoyansk fold-and-thrust belt from the Mesozoic era. The difference 
in their topography results from both different neotectonic activity and 
differences in rock resistance, influenced by bedding, geological 
composition, and jointing of the rocks exposed in each ridge. Generally, 
within the Kharaulakh Sector, the individual defined geomorphological 
classes predominantly align with the strike of the fold-and-thrust belt, 
suggesting, at least in part, lithological or fold-belt-related tectonic 
control. The same applies for longer lineaments of the N-S or NNW-SSW 
directions imposing the general orientation of the Verkhoyansk fold 
system. Shorter lineaments (<10 km) are numerous and have a preferred 
ENE-WSW to NE-SW orientation (Fig. 8). This orientation is 

perpendicular to the strike of the lithological units and the strike of the 
fold belt, which strongly indicates their inheritance from their original 
depositional setting and/or the later compressional tectonics during the 
formation of the Verkhoyansk fold-and-thrust belt. At present, many of 
these WSW-ENE to SW-NE orientated lineaments are closely related to 
valleys and ridges, as can be seen in the BTM terrain classification for the 
Kharaulakh Sector (Figs. 5 and 6), indicating that these inherited 
structures serve as weak zones, facilitating easier erosion and incision by 
creeks and rivers. A few extended lineaments or chains of lineaments are 
also oriented NE-SW, perpendicular to the fold belts strike, like those 
observed along the Korogor Valley between the northern and southern 
Kharaulakh sub-sectors (Fig. 8). These are likely derived from inherited 
fractures or fault zones but most likely have experienced neotectonic 
reactivation, as indicated by increased seismicity along these structures 
(Imaev et al., 2000; Fujita et al., 1990a; Grosse et al., 2007). 

Long N-S and NNE-SSW oriented valleys and lineaments in the 
southern Kharaulakh sub-sector are associated with a system of N-S 
strike-slip faults that extend for approximately 200 km from the Kunga 
Graben in the north to the southern foothills of the Kharaulakh Ridge 
(Imaev et al., 2018; Imaeva et al., 2019). However, many of these N-S or 
NNW-SSE oriented lineaments coincide with the strike of graben struc
tures formed during the early Cenozoic (Imaeva et al., 2016). The same 
pattern applies to grabens with flat rocky basement or a very thin 
Quaternary sediment cover (Fig. 10 f), classified by the BTM as mainly 
flat plains, and partly gentle slope areas (Figs. 5 and 6). These structures, 
although partly inherited from the older Mezozoic folds and faults, were 
re-activated or formed in the Cenozoic to recent times after the opening 
of the Arctic Ocean and the spreading on the Gakkel Ridge (Chapman 
and Solomon, 1976; Grachev, 1973; Fujita et al., 1990b), which lead to 
extension on the Laptev Shelf continental margin and formation of the 
Laptev Sea rift system (Drachev, 2000; Drachev et al., 2003). The coasts 
of the Buor-Khaya Bay situated on the flanks of one of the rifts of the 

Fig. 9. Hypsometric integral (HI) values for each of the 105 terrain segments with the respective hypsometric curves for the four sub-sectors.  
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Laptev Sea rift system (Franke et al., 2001), were also subject to that 
ongoing regional deformation. In particular, the faults bounding the 
Kharaulakh and Naiba grabens (Fig. 5) form a northeastern and sub
latitudinal system, aligning well with fault systems of the Ust' Lena Rift 
(Fig. 1) on the Laptev Sea shelf (Sekretov, 2002; Imaeva et al., 2016). 
The association of graben and lineament formation with the extensional 
rift setting is further supported by data on modern earthquakes, with 
predominantly strike-slip and extension mechanisms occurring along 
this seismic zone (Imaev et al., 2000). 

The HI values in the Kharaulakh Sector exhibit considerable vari
ability, suggesting that the trends of vertical crustal movements may 
have differed during the Cenozoic to recent times, and that lithological 
variations here also significantly influence topographical differentia
tion. Areas of accumulative topography, such as the Lena Delta (Fig. 10 
g) and young depositional Edoma plains like the Bykovski Peninsula 
(Fig. 10 h), as well as the catchment areas along the northern and eastern 

coasts, are typified by flat to gently sloped terrain. These areas act as 
depositional sites for sediments eroded from the Kharaulakh and Pri
morsky ridges, leading to low HI values, indicative of relative neo
tectonic subsidence. Low HI values (<0.3) were previously documented 
for the depressions related to the Eger Rift, Central Europe, by Andreani 
et al. (2014), whereas the uplifted rift shoulders and nearby plateaus 
show HI values of 0.5 to 0.7. Specifically, the central Kharaulakh sub- 
sector exhibits low HI values (~0.15 to 0.30) along the Buor-Khaya 
coast. This region experiences increased seismic activity (generally 
magnitude <3.9) and high neotectonic activity (Imaeva et al., 2019). 
This suggests that the low observed HI values along the coasts, as well as 
near the Cenozoic Kengdei, Kunga, and Sogo grabens, may be an 
expression of the Cenozoic and modern extension and subsidence. It is 
likely that the extension in the western grabens has already ceased, 
while it continues along the coast of Buor-Khaya Bay, as indicated by 
seismic activity (Avetisov, 2000; Imaev et al., 2018; Imaeva et al., 2020). 

Fig. 10. Photographs from the field to illustrate selected geomorphological classes. Locations are marked on Fig. 7. Geomorphological classes: (a) Epiplatform block 
mountains, valley fragment; (b) Gentle slopes of the platform contact zone descending to the Lena River (seen at the foothills of the fold and block mountains in the 
background); (c) Fold mountains, valley fragment; (d) Fold and residual mountains, Lake Sevastian; (e) Rift flank mountains (in the background); (f) Flat graben 
bottoms with rocky basement; (g) Edoma accumulative plain, Bykovsky Peninsula; (h) Floodplain terrace, Lena Delta. 

J.S. Hamann et al.                                                                                                                                                                                                                              



Geomorphology 457 (2024) 109228

14

Nonetheless, variations in the HI values in the Kharaulakh Sector also 
derive from differing geological influences on topographical formation. 
The Primorsky Ridge bordering Lake Sevastian and the Buor-Khaya Bay 
features low elevations (<400 m above sea level) with sharp edges 
formed along lineaments presumably of tectonic origin, as well as low HI 
values (0.15–0.25). The carboniferous siltstones composing Primorsky 
Ridge were displaced by the Sevast'yanov overthrust (Imaev et al., 
2018), and exhibit heavy cleavage and high potential for erosion (Fig. 10 
d), contributing to the region's lower relief and HI values. 

The folded rift flank mountains bordering the Naiba Rift (class 7 and 
southern part of class 6, Fig. 7) exhibit higher elevations than the Pri
morsky Ridge (up to 700 m), along with average HI values (0.30–0.40). 
This could be attributed to the greater rock resistance compared to the 
Primorsky Ridge. It is probable that this area underwent extension 
during the neotectonic period, along with block rift movements, 
resulting in the subsidence of the central rift part accompanied by 
relative uplift of the mountains on its flanks. In contrast, the northern 
Kharaulakh Ridge features medium to high HI values (0.30 to 0.50) 
especially towards the west (Fig. 9), owing to the deeply incised NE-SW 
and E-W oriented linear valleys leading into the Kengdei Graben with 
elevation differences of ~200 m. These elevated HI values might indi
cate ongoing uplift and neotectonic activity in the northern Kharaulakh 
Ridge, as already indicated by Imaeva et al. (2018), potentially with a 
reactivation of thrust faults of the Late Mesozoic Verkhoyansk fold-and- 
thrust belt resulting from compressional conditions. Elevated HI values 
were previously interpreted as signs of young uplift and neotectonic 
activity in the Eger Rift region (Andreani et al., 2014) and the Tatra 
Mountains (Buczek and Górnik, 2020). 

The southern parts of the Kharaulakh and Tuora-Sis ridges, charac
terized by faulted block ridges and folding (Fig. 7) inherited from the 
Verkhoyansk orogeny (Borisova and Gercheva, 2016; Prokopiev et al., 
2001), are situated at present within a region of compression southward 
of the rotation pole at the Eurasian and North American plate boundary 
(Fig. 1). Medium to high HI values (~0.30 to 0.50) are observed here, 
with the deepest incisions (~300 to 800 m) and largest elevation dif
ferences of the study area. Seismicity catalogues (e.g., Fujita et al., 2009; 
Imaeva et al., 2018, 2019, 2020) show the strongest recorded earth
quakes (Ms 6.1–7.0) in close vicinity. Imaeva et al. (2018) reported a 
general uplift tendency of 0–8 mm/yr for this area. Moreover, Imaeva 
et al. (2019) proposed an increased geodynamic activity of neotectonic 
structures. That would agree with our interpretation, that the elevated 
HI values in the study area are, at least in part, related to neotectonic 
activity and uplift. 

7. Conclusions 

The analysis of morphostructural, geological, and geomorphological 
characteristics of the Kharaulakh and Chekanovsky sectors, reveals the 
interplay between extensional and compressional features at the junc
tion of the Laptev Sea Rift System, Verkhoyansk fold-and-thrust belt, and 
the stable Siberian Craton. Employing the Benthic Terrain Modeler en
ables a semi-automatic terrain classification, facilitating the categori
zation of landforms based on their structural, tectonic, accumulative, or 
erosive characteristics, as well as their spatial distribution and 
morphological features. Lineament analysis identified 873 features 
across the Kharaulakh and Chekanovsky sectors. 

The highest hypsometric integral values in the region were revealed 
for the Chekanovsky Sector, situated within the stable Siberian Craton. 
Its topography is characterized by epiplatform low block mountains 
significantly dissected by faults. These high HI values derive from 
compressional conditions induced by rifting processes along the eastern 
Laptev Sea Microplate boundary. 

The Kharaulakh Sector, situated within the Verkhoyansk fold-and- 
thrust belt, exhibits topographical variations influenced by lithology, 
geological, and tectonic factors, as well as neotectonic movements. 
Variations in rock resistance contribute to differingl erosion rates, 

resulting in relatively low topography and hypsometric indices in areas 
composed by highly cleavages Carboniferous siltstones and sandstones, 
such as Primorsky Ridge. The NNW-SSE orientation of long lineaments, 
imposing the structures of the Verkhoyansk fold-and-thrust belt, sug
gests that the topography aligns with the folding and faulting processes 
of the Mesozoic era. However, this inherited structure has experienced 
reactivation during the neotectonic period, likely influenced by exten
sion and rift formation on the Laptev Sea shelf, leading to renewed ac
tivity along N-S and NE-SW faults, manifested as lineaments. This 
influence has caused recent extension and both upward and downward 
block movements in coastal areas of the Buor-Khaya Bay (Naiba Ridge, 
Primorsky Ridge), while ridges further to the west (Tuora-Sis Ridge) 
experience higher compression and more active uplift. This neotectonic 
activation has also contributed to the formation of grabens dissecting the 
fold and block mountains. 
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