:' frontiers ‘ Frontiers in Remote Sensing

’ @ Check for updates

OPEN ACCESS

Sheng Nie,
Chinese Academy of Sciences (CAS), China

Krzysztof Karsznia,

Warsaw University of Technology, Poland

Lele Zhang,

China University of Geosciences Wuhan, China

Shuai Kang,
ks198905@163.com

24 January 2025
23 April 2025
26 May 2025

Kang S, Jiao Q, Ji L, Zeng Y and Chen C (2025)
Application of high-precision terrestrial light
detection and ranging to determine the
dislocation geomorphology of Yumen

Fault, China.

Front. Remote Sens. 6:1566077.

doi: 10.3389/frsen.2025.1566077

© 2025 Kang, Jiao, Ji, Zeng and Chen. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Remote Sensing

Original Research
26 May 2025
10.3389/frsen.2025.1566077

Application of high-precision
terrestrial light detection and
ranging to determine the
dislocation geomorphology of
Yumen Fault, China

Shuai Kang'*, Qisong Jiao?, Lingyun Ji*, Yaguang Zeng* and
Chen Chen?

The Second Monitoring and Application Center of China Earthquake Administration, Xi'an, China,
2National Institute of Natural Hazards, Ministry of Emergency Management of China, Beijing, China,
Dalian Earthquake Monitoring Center, China Earthquake Administration, Dalian, China

Ground-based three-dimensional (3D) light detection and ranging (LiDAR) is used
to collect high-density point clouds of terrain for high-precision topographic
survey, remove information on surface vegetation, and allow for the study of fault
rupture. Selected as the study area was the west side of the Yumen Fault in China,
characterized by a thrust nappe, and information on this typical fault landform.
Fundamental issues such as ground-based 3D LiDAR for field collection, data
processing, and 3D fault modeling were then analyzed. Finally, the high-precision
topography of the surface rupture in this area was obtained, revealing the typical
dextral strike—slip dislocation along the fault zone. In the process of data
processing, the iterative closet point (ICP) and the optimal point cloud density
were used to improve the high efficiency and precision of data processing. Finally,
based on point cloud data processing, a digital elevation model (DEM) with a
spatial resolution of 0.1 m was obtained for the study area to classify the
geomorphic unit, obtain information on the fault scarp and fault broken gully
terrain, and quantitatively study and analyze the horizontal dislocation of gully and
displacement distance of the fault scarp. This process revealed several seismic
events along the fault zone, accompanied by a typical dextral strike—slip
phenomenon.

LiDAR, point cloud, iterative closet point, point cloud density, Yumen Fault

1 Introduction

In recent years, there has been rapid advances in remote sensing technology, giving it
the ability to capture the geological structure at a macro level. This is why it is increasingly
applied in the quantitative study of active faults (He, 2011; Klinger et al., 2011; Bello et al.,
2022, Bello et al., 2021; Crosby et al., 2020). However, remote sensing satellite images are
affected by resolution, so they cannot meet the requirements of the minor geomorphologic
changes of active faults. The development of high-resolution topography technologies
allows for the rapid acquisition of high-precision topographic and geomorphic data (Jiang
et al, 2018; Bi et al., 2011; Wang et al,, 2018), such as light detection and ranging (LiDAR)
(Carter et al., 2007; Haddad et al., 2012; Baran et al., 2010; Chen et al., 2014; Liu et al., 2013;
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Ren et al.,, 2014; Jiang et al., 2017; Xu et al.,, 2022) and unmanned
aerial vehicles (UAV) (Jiao et al., 2016a; Uysal et al., 2015; Cirillo et al.,
2022). Tape measures, flatbed plotters, and total stations are the most
commonly used instruments in traditional topographic and
geomorphic survey, and these measurements can be performed on
a single point or within a small range at sub-meter accuracy. However,
these methods are limited by the need for manual operation and low
efficiency. The rapid development of measurement technology has led
to the gradual evolution of topographic and geomorphic
measurement technology from the traditional total station to the
present real time kinematic (RTK) (Cirillo et al., 2022); the efficiency
and precision of the three-dimensional (3D) LiDAR (Baran et al.,
2010; Jiang et al,, 2017; Xu et al., 2022), UAVs (Baran et al., 2010; Jiao
et al,, 2016a; Cirillo et al., 2022; Westoby et al.,, 2012; Johnson et al.,
2014), and other measuring methods have been improved
significantly. The LiDAR scanning system is a type of optical
remote sensing technology. In contrast with radio waves emitted
by traditional radar, the LiDAR scanning system collects the surface
information of the target according to the optical signal. LIDAR is a
remote sensing system for active detection; it transmits laser pulses to
the surface of the object to be measured and processes the optical
signal to determine the features of the object. It can record relevant
information during measurement in real time, such as the scanning
angle, distance, and point coordinates.

Many scholars and geoscientists have applied LIDAR technology
in the field of earth science (Zielke et al., 2010; Wechsler et al., 2009;
Zielke and Arrowsmith, 2012; Zhou et al., 2013; Johnson et al., 2014;
Zielke et al, 2015). Based on LiDAR technology, Harding and
Berghoff (2000) collected high-density point cloud data on the
geomorphology of the Seattle fault and carried out fine fault
mapping, from which they identified numerous new fault scarps
and provided a basis for the site selection of a subsequent
(2002) wused airborne LiDAR
technology to collect point cloud data along the surface rupture

exploratory trough. Hudnut

zone after the Hector Mine earthquake to obtain high-resolution
topographic profile information on this region, thus allowing for the
estimation of the coseismic displacement of the earthquake. Hilley
and Arrowsmith, (2008) used LiDAR to collect point cloud data on
the San Andreas fault and studied the relationship between the basin
relief and river steepness coefficient. Furthermore, they used LIDAR
data to carry out geomorphic and hydrological analysis, thus
identifying tectonic geomorphic evolution at different time
intervals. Begg and Mouslopoulou (2010) conducted airborne
LiDAR point cloud data collection on the Toupo rift zone in
New Zealand and identified 122 traces of active fault zones. Chen
et al. (2014) and Liu et al. (2013) carried out an airborne LiDAR
scanning survey on 127 km of the Haiyuan Fault and studied the
active faulting and topography, respectively. Jiao et al. (2016b) used
ground-based LiDAR to collect fine point cloud data at Bailu Middle
School after the Wenchuan earthquake and studied and analyzed the
buildings and terrain scarp area. Jiang et al. (2017) used ground-
based LiDAR and high-resolution images to study and analyze the
slip rate and recurrence interval on the Lenglongling fault.

In China, airborne and ground-based LiDAR are the most
common applications of LiDAR technology. Compared with
airborne LiDAR, ground-based LiDAR has the advantages of low
cost, convenient operation, and meets the needs of many
researchers. So, in this study, surface faulting in Xigou Ore on
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the western side of Yumen Fault Zone was selected for the
application of ground-based LiDAR measurement technology to
study active faults, and a comprehensive operation process of
LiDAR, including field measurement (instrument frame station,
site distribution) and data processing (point cloud filtering,
registration, compression, interpolation modeling) was
performed. The high-precision topographic and geomorphic data
obtained were used to analyze the typical geomorphic features of

Yumen Fault Zone for quantitative research and analysis.

2 Geological setting

Yumen Fault is an active fault that developed from the Qilian
Mountains in the southern boundary of the Jiuxi Basin. However, for
the northern margin of the Qinghai-Tibet Plateau, the Yumen Fault is
also the most nascent fold-and-thrust due to the influence of the
northward expansion mode of the Qinghai-Tibet Plateau (Chen
et al, 2008; Ran et al, 2013; Li et al, 2016). The Yumen Fault is
approximately 130-km long, with an overall WNW strike and
S-vergence. It features a thrust nappe and is composed of an east
and a west section. The Yumen Fault covers a unique tectonic position:
it is connected with the Altyn Fault on the west side and forms a
significant section of the northern Qilian Mountain Fault Zone
(Figure 1). Therefore, the Yumen Fault is affected by the northern
Qilian Mountain Thrust Fault and the Altyn Fault on the west side (Ran
et al, 2013; Li et al, 2016). The Yumen, Hanxia-Dahuanggou, and
Fodongmiao faults jointly form the nappe structural belt in the western
part of the northern margin of Qilian Mountain, and they are
distributed in the right row. The Yumen Fault is considered to have
been active during the Holocene and was responsible for the Yumen
earthquake in 2002 (Li et al,, 2016; Liu et al., 2024); some scholars and
geoscientists speculate that there were four paleoearthquakes in the
Yumen Fault (Li et al., 2016; Min et al., 2002). Xiang et al. (1990), Min et
al. (2002), and Li et al. (2016) assent consistens with the huge thrust
napper on Yumen Fault, but the existence and direction of horizontal
displacement are controversial. Some argue that the Yumen Fault has
thrust but lacks a horizontal strike-slip component (Xiang and Guo,
1990), while others believe it has a right-lateral horizontal displacement
in the early stage and an obvious left-lateral horizontal component in
the late stage (Li et al,, 2016; Min et al., 2002).

3 Data acquisition and processing

Using high-resolution topographic remote sensing images and
high-precision topographic data, tectonic geomorphic dislocation
can be constrained, fault rupture history restored, and paleoseismic
events identified. Based on this, the distribution characteristics of
seismic displacement and the fault rupture mode can be defined, and
the recurrence cycle of strong earthquakes can be estimated.
Therefore, ground-based LiDAR was used in this study to
conduct high-density point clouds in a typical surface rupture
zone in the western section of Yumen Fault. The topography of
this area is relatively complex. To ensure that the collected point-
cloud data can adequately restore the actual field scenes without
unnecessary data loss, reasonable site layout was carried out through
remote sensing imagery and field investigation (Figure 2).
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Geological setting of the Yumen Fault (YMF). (A) Red line highlights YMF. Black lines show the distribution of the surrounding major faults: ATF, Altun
Tagh Fault; HSBYE, Heishanbeiyuan Fault; JTNSF, Jintananshan Fault; XMBF, Xinminbao Fault; BNF, Bainanshan Fault; JYGF, Jiayuguan Fault; HX-DHGF,
Hanxia—Dahuagngou Fault; FDM-HYZF, Fodongmiao—Hongyazi Fault; CMF, Changma Fault; SN-QLF, Sunan—Qilian Fault (faults are Deng et al.,, 2002).
Red dots along YMF indicate historical and instrumental earthquake. (B) Inset shows the location of Panel (A) in the northeastern Tibetan Plateau.

White rectangle shows the location of Panel (A) along YMF.

3.1 Point cloud collection

We used an RIEGL VZ-1000 laser scanner, a 3D laser scanning
system developed by RIEGL Company (Austria) and mainly used
for collecting 3D point cloud data at the dislocation of typical
landforms along faults. The system consists of a laser transmitter,
texture acquisition camera, and global positioning system (GPS)
antenna (Figure 3); technical parameters are shown in Table 1.

The ground-based LiDAR scanning survey was mainly divided
into acquisition and processing procedures (Figure 4). Data
acquisition where the reasonable development of the scanning
scheme and site layout is according to the actual field terrain is
paramount. Before data collection, the scanning parameters of each
station should be set according to the actual working requirements
(Figure 3A), such as scanning distance, camera exposure, device
storage, and GPS check. During data acquisition, the tripod should
be as stable as possible to reduce jitter, and attention should be given
to the heat dissipation and power supply of the instrument. The
second part is point-cloud processing analysis. The first stage of this
part is point cloud pretreatment—mainly filtering, registration, and
density—and the second stage is point cloud application analysis,
which mainly includes interpolation filling, 3D modeling,
application research, and analysis.
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3.2 Point cloud processing

3.2.1 Point cloud filter

LiDAR technology can remove surface vegetation information
via the filtering method. In the preprocessing stage, point cloud
filters non-terrain target information, such as houses, trees, and
telephone poles. Better topographic and surface information are
obtained through the filtering processing to reconstruct model.
Noise and errors are inevitable when ground-based LiDAR
collects point cloud data, and this information cannot be used
directly (Zheng, 2005). Thus, the filtering process improves the
accuracy of subsequent data processing and modeling.

This study employed neighborhood statistical analysis based on
each point to determine irregular shape and high-density features of
topographic cloud data. This method calculates the average distance
of its neighbor domain to obtain the Gaussian distribution using the
mean and standard deviation (Jiao, 2015). Points with average
distances exceeding the standard range are regarded as noise
points and are thus removed. Considering the local point cloud
data of the Yumen Fault as an example, 2,696,180 laser points were
input. After numerous tests, when the adjacent points participating
in the statistics were set as 50 and the noise point threshold was set as
1, the number of point cloud result points was 2,552,017 and noise
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FIGURE 3

Ground-based LiDAR scanning setting and field work diagram. (A) Ground-based LiDAR scanning setting. (B) Field work diagram.

points was 144,163. As shown in Figure 5, the point cloud adequately
preserves the terrain information and allows for the effective
elimination of the noise points, indicating that the parameter
settings are reasonable.

3.2.2 Point cloud registration

Point cloud registration aims to comprehensively obtain
topographic and geomorphic surface information on the study
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area, translating and rotating the point cloud information
measured by multiple angles and sites to achieve coordinate
unification and comprehensively obtain data. During data
should be
determined to ensure sufficient overlapping areas between

collection, the perspective range of each site
adjacent sites for point cloud registration between sites. As

shown in Figure 6, the same scanner scans object P in the
research area at different positions A and B. Position A records
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TABLE 1 Technical specifications of the RIEGL VZ-1000.

Technical index Specifications

Scanning mode Pulse type

Scanning distance 1,400 m (90% reflectance)

Scanning accuracy (Single time) 5 mm @ 100 m

Laser wavelength Near infrared (1550 nm)

Maximum scanning speed 300,000 points/s

Scanning angle 100° (vertical) x 360° (horizontal)

the 3D coordinate information O1 (X, Y, Z;) at P, while position B
records the 3D coordinate information O2 (X,, Y,, Z,) at P.
Scanning information is obtained at two different positions. Point
cloud data obtained in these different coordinate systems is

10.3389/frsen.2025.1566077

converted to the same coordinate system in the subsequent data
registration.

Due to the complex topography and abundant vegetation on
both sides of the Fault scarp in the study area, multiple scanning
stations were implemented in the collection process to ensure
higher data accuracy and reduce data vulnerabilities. In data
processing, this study improved computational efficiency by
using the ICP algorithm based on grid splicing proposed by
Jiao (2015). Taking Scan01 and Scan02, the search distance
between point clouds is firstly set as 5 m, duration as 6 s, with
the residual result of 0.0562; its residual distribution histogram is
shown in Figure 7A. Secondly, after several iterations of
registration, the final setting distance was 0.5 m, the duration
1 s, and the residual 0.0188; its residual distribution histogram is
shown in Figure 7B, and the time, error, and residual of the first
and last iteration registration are shown in Table 2. When the
standard deviation is below 0.005 m, it is regarded as a complete

FIGURE 4
Flow chart of ground-based LiDAR working.

(R) IR
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Removal of noise point cloud data. (A) Original data; red dots represent the distribution of noise points generated by the jump boundary and the
atmosphere; (B) deleted noise point cloud data; (C) ground point cloud data after noise removal.

Frontiers in Remote Sensing

frontiersin.org


https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2025.1566077

Kang et al. 10.3389/frsen.2025.1566077

Position A Position B

FIGURE 6
Scanning of the same point by different sites.
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FIGURE 7
Histogram of residual distribution for multiple iteration registration. (A) The first histogram of residual distribution. (B) The final hisrogram of residual
disrtribution.

TABLE 2 Iteration registration errors and residuals.

Iteration numbers Iteration time (s) Ax ARolt Apitch Ayaw Error(m)
1 6 0.001 -0.012 -0.016 0.000 0.004 -0.007 0.0562
2 1 -0.001 0.012 0.016 0.000 -0.004 0.007 0.0188
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FIGURE 8
Effect diagram of point cloud registration.

match, and the registration accuracy of adjacent stations is the
highest. The final multi-station sub-point cloud data registration
is shown in Figure 8.

3.2.3 Point cloud density

Ground-based LiDAR scans with small spacing result in more
point clouds to capture detailed elevation data of topography
surfaces. Furthermore, the high elevation capacity information in
point cloud data increases the computational load during DEM
creation (Song and Feng, 2008; Buckley et al., 2008). To improve
DEM accuracy, point cloud data can be compressed, simplified, and
made redundant using appropriate methods. This reduces the data
needed to approximate the original terrain model, shortening the
reconstruction time and reducing resource waste.

In this study, point cloud data were successively compressed
according to the compression grade (100%, 75%, 50%, 20%, and
10%) raw data. The point cloud data set was compressed via GIS
spatial statistical analysis, and the corresponding DEM generated by
the interpolation of point cloud data set was compressed by each
density level. Two common DEM accuracy indexes—mean error
(ME) and standard deviation (SD) —were selected for evaluation
(Jiao, 2015; Li et al.,, 2011; Hodgson et al., 2003). To compare the
accuracy levels of the DEM for different density levels, the DEM
elevation value of 100% point-cloud density assumed the true value
Z, and the DEM high value of other density levels assumed the
predicted value, z. The error expressed as S = Z-z. n was set as the
corresponding number of elevation points, then the mean error,
standard deviation, and root mean square error were calculated thus:

Mean Error (ME)
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—where ¢ is the error and i is the number of points.

As the DEMs for all density levels were generated with the same
resolution, they have a common number of grids, and their grid
units correspond. Therefore, the DEM files of each density raster are
first converted to point element files; the number of points is the
same as the number of rasters, and the point element attribute is the
elevation value of the center of its corresponding raster cell. To
determine the error statistics, 10,000 points were randomly selected
from the DEM of each density level. Figures 9A-E shows that the
number of elevation points gradually decreases as the point cloud
density level decreases and point clouds become increasingly sparse.
Meanwhile, for DEM corresponding to each density, it is difficult to
determine the difference in its information content by only human
observation (Figures 9A-E). This necessitates statistical analysis of
the relevant parameters of DEM generated by each density level
(Table 3) to quantitatively and intuitively show the differences
between different cloud compressed density data sets and their
corresponding DEM. As the point cloud compression density
decreases, the total number of point clouds at each level
gradually decreases from the original 779,452 to 77,945. At the
same time, with the same horizontal resolution, the number of
points contained in unit grid cells also gradually decreased under the
premise of the same total number of DEM grids. Within the 100%-
20% range, the mean elevation and standard deviation decrease as
density decreases, although the amplitude is small. To achieve
efficient and rapid acquisition of topographic and geomorphic
model results, the calculation cost is reduced, and to ensure
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FIGURE 9
Point cloud data of different densities and corresponding DEM.

Point cloud density: (A) 100%; (B) 75%; (C) 50%; (D) 20%; (E) 10%,
corresponding to the DEM for (a—e), respectively.
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modeling accuracy, the optimal point cloud compression density
was determined to be 20% based on the research and analysis of the
optimal point cloud density of micro-topographic DEM.

4 Point cloud data analysis and
application

4.1 Point cloud data interpolation modeling

In topographic and geomorphic application by ground-based
LiDAR, instrument jitter, complex terrain, occluders, and other
uncertain factors may cause data loss during the acquisition
process (black area in Figure 8), thus affecting the integrity of
terrain model establishment. A reasonable spatial interpolation
algorithm can ensure the application research of point cloud data
in the subsequent period. Spatial interpolation technology is
fundamental to the determination of discrete points or surfaces
in the form of known data. To determine the correlation function
algorithm, its approximation to the real space distribution must be
optimized, and the space of other function characteristic values of
unknown points or partitions must be calculated according to the
algorithm, as setting a continuous surface can show the surface
information more intuitively.

By comparing the application of different interpolation methods of
point cloud data in the topographic landform, the triangulated irregular
network (TIN) can adequately fill the omissions of point cloud data and
can accurately represent its elevation attribute information according to
the real terrain changes (Kang et al, 2020; Yao et al, 2014). The
principle of TIN is as follows. Triangle construction is carried out to
form a grid range that can cover the entire region; the triangles
constructed cannot intersect, and the faces of the network nodes
covered by each triangle are regarded as known information. All
points in the constructed triangle are limited by the surface of the
triangle (Figure 10). Therefore, TIN was adopted to fill the point cloud
data in this study; the results are shown in Figure 11.

4.2 Geomorphic fault measurement
and analysis

The study area is located in the western area of Xigou Ore in the
western section of the Yumen Fault, an uninhabited area of the Gobi
Desert, where the multi-stage alluvial fan front is influenced by the
Yumen Fault. High-resolution remote sensing enabled a satellite to
identify a surface rupture zone with linear characteristics, rupturing
all the alluvial fans along several gullies, except for the latest gully. A
number of gullies have been broken by the fault, forming an obvious
dextral curve (Figure 2).

4.2.1 Horizontal dislocation measurement
and analysis

Professional software (RISCAN-PRO and ArcGIS, for example)
was utilized to process point cloud data and read topographic data,
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TABLE 3 DEM parameters generated by each density level.

10.3389/frsen.2025.1566077

Percentage of original Point cloud count  Unit number of grid cells Mean Standard
data (%) (unit) (unit) elevation (m) deviation (m)
100 779,452 3.10 2,186.955 0.1
75 584,589 233 2,186.957 0.1
50 389,726 1.55 2,186.962 0.1
20 155,890 0.62 2,186.865 0.1
10 77,945 031 2,185.269 03
@
®
- @ o @ Triangulation Additional elevation
® o0 PY
@
®

Irregular distribution point data

FIGURE 10
Interpolation diagram of the triangulation irregular network (TIN).
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FIGURE 11
Interpolation effect picture of TIN.

resulting in high-precision topographic and geomorphic maps.
High-density point cloud data were used to create a geometric
high-definition 3D model of surface rupture in the Xigou Ore
local regions of the Yumen Fault. We used high-density point
cloud data to create a 0.1 m high-resolution DEM and a

Frontiers in Remote Sensing

geomorphic shadow map, which were then used to build a
topographic map with a contour distance of 0.5 m (Figure 12).
The topographic map was utilized as the basis map to analyze the
region’s structural topography and geomorphology (Figure 13).
Other work was done in addition to measuring the fault
geomorphic displacement.

and field
investigation results showed that the surface rupture zone at the

The high-resolution remote sensing images
west side of Xigou Ore has obvious dextral strike-slip displacement
in several gullies caused by earthquakes (Figure 13). As shown in
Figure 13, the normal strike of gully B and gully C should be along
gully B’ and gully C’, respectively. However, the earthquake caused
obvious dextral dislocation at the fault trace, forming new gullies B”
and C”. Gullies B’ and C' are ancient and abandoned owing to the
occurrence of the earthquake, but gully C' has been well preserved
because of long-term rain erosion. Considering gully B as an
example, the LaDiCaoz tool is a displacement measurement tool
developed by Zielke and Arrowsmith (2012) based on Matlab and is
used to measure gully displacement (Figure 14). As shown in
Figure 14A, through horizontal or vertical stretching, when the
mismatching value is lowest, the overlap degree of the red line and
blue line is highest. Therefore, the most reasonable recovery position
of the slope of the dislocation terrain was obtained. By the vertical or
horizontal stretching and moving of gully B”, the dislocation
topographic profile on both sides of the fault obtained the
optimal recovery position. The optimal horizontal displacement
of gully B” is 8.7 m (Figure 14B). According to the geological
marker in Figure 13, the distance between markers bl and b1’ is
9.1 m, and the distance between markers b2 and b2’ is 8.3 m. The
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FIGURE 13
Geomorphical fault interpretation analysis diagram (contour interval 0.5 m).

error range of this gully is approximately 0.4 m, so, the horizontal 0.3 m, 4.8 £ 0.5 m, 5.0 = 0.3 m, 2.3 £ 04 m, and 13.9 £+ 0.1 m,
dislocation of gully B is 8.7 + 0.4 m (Figure 14C). Therefore, the  respectively. The displacements of gullies A, B, C, and G are large
displacements of gullies A, C, D, E, F,and Gare 7.4 £ 0.2 m, 153+  and presumably caused by multiple seismic events, while the
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Measurement map of gully dislocation recovery of the Yumen Fault. (A) Mountain shadow map of gully B; light-colored line is the fault location, red
and blue lines are the topographic profiles of gully B, and yellow line is the trend of gully B on both sides of the fault. (B) Original topographic profile (top),
restored gully topographic profile (middle), nd displacement mismatch distribution (bottom). (C) Mountain shadow map after dislocation recovery of

gully B.

displacements of gullies D, E, and F were small and presumably
caused by a single seismic event.

4.2.2 Vertical dislocation measurement
and analysis

The Yumen Fault features a thrust nappe, and many fault scarps
are formed along the surface rupture zone, which can be regarded as
the vertical distance of fault activity. To reflect the movement
characteristics of the fault thrust nappe, this study used high-
density point cloud data to generate high-precision DEM and
performed topographic profile analysis with the same distance
along the direction across the surface rupture. As shown in
Figure 15, fault scarps are obvious, and each profile has a certain
scarp height. The four scarps are 7.5 m, 8.5 m, 6.5 m, and 7.5 m high.
Based on exploration and dating in this area, the surface rupture in
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Xigou Ore was inferred to have been formed by earthquake
induction during the Holocene and to have undergone four
paleoseismic events (Li et al., 2016). Therefore, the average height
of the steep ridge formed in the four paleoseismic events in this area
can be inferred to be approximately 6.9 + 1.6 m, and the average
height of the steep ridge caused by each seismic event approximately
1.7 + 0.4 m.

5 Conclusion

In this study, ground-based LIDAR measurement technology
was used to collect the high-precision point cloud data of a
typical fault steeper on the west side of Xigou Ore in the western
section of the Yumen Fault. The high-precision point cloud data

frontiersin.org


https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2025.1566077

Kang et al.

10.3389/frsen.2025.1566077

Elevation(m)
2062 2082 2102 2117
Profile 1 Profile 2

2100 ——~ N N
- \ p | 2100 B ¥ t
E ™~
£ 2095 : —
o \Scarp height 7.5 m \\T\S b o
E 2090 = 2090 \\Qrp eight 8.5 m
o
ke \——\ PO \

2080 2080 ~

0 50 100 150 200 0 50 100 150 200 250 300
Profile 3 Profile 4

2105~ N- 2105 >~ N
~ 2100 — 2 2100 \\ 4
= a
i s \\Scarp height 6.5 m 2090 Y Searpheighism
= 2085
2085 ==
2 \ 2080 o

2080 2075

2075 \ ) ~

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Distance(m) Distance(m)

FIGURE 15
Vertical displacement profile of the Yumen Fault.

in the study area were obtained through data preprocessing such

as point cloud filtering, registration, and density selection.

Furthermore, 3D analysis of the fault steeper was carried out

using TIN and other processing techniques. The quantitative

information on fault scarps can be measured in any azimuth, and

the micro-geomorphic morphology of fault scarps on the west
side of Xigou Mine in the western section of the Yumen Fault can

be obtained. The following are the main conclusions of

this study.
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(1) ICP is relatively suitable for ground-based LiDAR multi-
station sub-point cloud data registration and exhibits high
levels of efficiency and precision.

)

The optimal point cloud density of microtopographic DEM

was studied and analyzed, and the optimal point cloud

compression density was selected as 20% to allow for quick
terrain modeling with high precision.

A3)

Based on point cloud data processing, a spatial resolution of

0.1 m DEM was applied to classify the geomorphic unit,

frontiersin.org


https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2025.1566077

Kang et al.

identify the fault scarp and broken gully terrain information,
and quantitatively study and analyze the horizontal gully
of the fault
scarp. Surface rupturing earthquakes are inferred to have
occurred in the Yumen Fault during the Holocene,

dislocation and displacement distance

accompanied by typical dextral strike-slip and vertical uplift.

LiDAR data were applied in the study of the Yumen Fault, thus
overcoming the limitations of general remote sensing data in the fine
study of microgeomorphology, given its limited precision.
Furthermore, this study enriched the quantitative analysis
methods of structural geomorphology and improved the key
of ground-based LiDAR data processing,
recognition, and the
application of active structures. The high-density point cloud
data collected in the western section of the Yumen Fault can

technologies

information extraction oriented to

provide new data supporting subsequent research on fine
mapping,  geometric fault
Furthermore, it creates conditions for subsequent comparison of

roughness, and complexity.

geological and fault strain accumulation rates.
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