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W N e

Abstract: High-resolution topographic and stratigraphic datasets have been increasing applied in
active fault investigation and seismic hazard assessment. There is a need for the comprehensive
analysis of active faults on the basis of the correlating geomorphologic features and stratigraphic
data. The integration of TLS and GPR was adopted to characterize the 3D geometry of the fault on
the Maoyaba segment of Litang fault. The TLS was used to obtain the high-resolution topographic
data for establishing the 3D surficial model of the fault. The 2D 250 MHz and 500 MHz GPR profiles
were carried out to image the shallow geometry of the fault along four survey lines. In addition,
the 3D GPR survey was performed by ten 2D 500 MHz GPR profiles with 1 m spacing. From the
2D and 3D GPR results, a wedge-shaped deformation zone of the electromagnetic wave was clearly
found on the GPR profiles, and it was considered to be the main fault zone with a small graben
structure. Three faults were identified on the main fault zone, and fault F; and F3 were the boundary
faults, while the fault F, was the secondary fault. The subsurface geometry of the fault on the GPR
interpreted results is consistent with the geomorphologic features of the TLS-derived data, and it
indicates that the Maoyaba fault is a typical, normal fault. For reducing the environmental disruption
and economic losses, GPR was the most optimal method for detecting the subsurface structures of
active faults in the Litang fault with a non-destructive and cost-effective fashion. The 3D surface and
subsurface geometry of the fault was interpreted from the integrated data of TLS and GPR. The fusion
data also offers the chance for the subsurface structures of active faults on the GPR profiles to be
better understood with its corresponding superficial features. The study results demonstrate that the
integration of TLS and GPR has the capability to obtain the high-resolution micro geomorphology and
shallow geometry of active faults on the Maoyaba segment of the Litang fault, and it also provides a
future prospect for the integration of TLS and GPR, and is valuable for active fault investigation and
seismic hazard assessment, especially in the Qinghai-Tibet Plateau area.

Keywords: terrestrial laser scanner; ground penetrating radar; three-dimensional geometry; data
fusion; Maoyaba fault

1. Introduction

Geomorphic landforms and stratigraphic units commonly document the evidence of
faulting caused by surface rupturing earthquakes. The evidence of faulting at the surface
and shallow subsurface provides the useful information for constraining paleo-earthquake
events, determining the fault slip rates and evaluating the seismic hazard [1-7]. In general,
geomorphic evidence of faulting is identified and analyzed by the geomorphological
markers from high-resolution topographic data, such as surface ruptures, fault scarps,
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fluvial terraces and so on [8-13]. The evidence of faulting in the shallow subsurface is
correlated to the offsets of the stratigraphic units by trenching studies [14-17]. Thus, high-
resolution topographic and stratigraphic datasets are crucial for active fault investigation
and seismic hazard assessment.

Classical methods, such as the total station and RTK, were generally used to obtain
high-resolution topographic data in a time-consuming and expensive way. To circumvent
this, TLS has been typically adopted to acquire the high-resolution topographic data for
describing the subtle geomorphologic features of active faults [18-26]. In addition, the
subsurface structures of active faults were commonly revealed by trenching or borehole
rather than the visual or optical inspection. In order to reduce environmental disruption
and economic losses, the near-surface geophysics methods, including the electrical resis-
tivity imaging, GPR and microgravimetry, were chosen to depict the shallow geometry
in the vicinity of active faults [27-30]. In these methods, GPR was the most prominent
method for imaging the subsurface structures of active faults with a non-destructive and
cost-effective fashion [27,31-36]. Due to the electrical property contrasts in the different
geological structures, the radar images were difficult to interpret without GPR survey
experience, especially in complex geological environments. Therefore, it is valuable to
conduct the integration of TLS and GPR for the comprehensive interpretation and analysis
of active faults. 3D realistic surficial model and subsurface geometry of active faults can be
characterized by the integrated data of TLS and GPR. The fusion data also offers the chance
that the subsurface structures of active faults on the GPR profiles can be better understand-
ing with its corresponding superficial features. Consequently, the integration of TLS and
GPR has been widely applied in archaeology [37-45], building and road testing [46—49],
geological survey [50-59], glacier detection [60] and other fields.

In recent years, the integration of TLS and GPR has been gradually applied in active
faults investigation all over the world. Kayen. [50] used the TLS, GPR, and Spectral analysis
of Surface Wave (SASW) to characterize the surface ruptures and shallow structure of the
Denali fault. Spahic et al. [52] combined the TLS-derived data and GPR data to establish
the 3D model of the outcrop wall using Gocad software. Schneiderwind. [56] provided the
3-D visualization method of paleo-seismic trench stratigraphy and logging by combining
the T-LiDAR and GPR techniques. Bubek et al. [57] and Cowie. [58] integrated the TLS and
GPR method to constrain the location of the hanging wall and the footwall for improving
the vertical displacement of the normal fault. Although the integration of TLS and GPR
has been used to obtain the high-resolution topographic data and shallow geometry of
active faults in different geological environment all over the world, there were little the
integration of TLS and GPR surveys had been performed on the Litang fault, especially
in the Qinghai-Tibet Plateau area. Previous studies have different views on the motion
mode of the Maoyaba fault as the followings: (1) the sinistral strike-slip fault with the
thrust components [61]; (2) the normal fault with a vertical rate of 0.6 £ 0.1 mm/yr [62-65].
Furthermore, the Sichuan-Tibet railway will traverse the Maoyaba fault, so it is essential to
study the motion mode of the Maoyaba fault in terms of the high-resolution topographic
data and subsurface geometry. Owing to the severe natural environment in the southeastern
Tibetan Plateau, the traditional methods were time-consuming and expensive to obtain the
topographic data and shallow geometry of the Maoyaba fault.

In this study, the integration of TLS and GPR method was chosen to detect and reveal
the 3D surface and subsurface geometry of the fault on the Maoyaba fault. After some
preliminary geomorphologic investigations, TLS was used to provide 3D realistic surficial
model of the fault, and the GPR survey with the 250 MHz and 500 MHz antenna was carried
out to image the shallow geometry of the fault along the four survey lines. Moreover, ten
2D 500 MHz GPR profiles with 1 m spacing were realized to establish 3D GPR data for a
better and reliable interpretation. The GPR data and the color point clouds were combined
into a single dataset for the detailed 3D virtual reconstructions of the fault. The main
objective of this study was to demonstrate the integration of TLS and GPR for delineating
the 3D geometry of the fault on the Maoyaba fault, and it was also to reveal the motion
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mode of the Maoyaba fault on the basis of the correlating geomorphologic features and
stratigraphic data.

2. Geological Setting

The Litang fault, situated in the southeast Tibetan Plateau with a low-relief, high-
elevation (~4000-4500 m above the sea level) surface, is an important active fault for
adjusting eastward extrusion of internal material in the Qinghai-Tibet Plateau (Figure 1a). It
is approximately 190 km length and about 25 km width that starts from the northwest mar-
gin of Xiao Maoyaba Basin on the source of Wuliang river, traverses through the Maoyaba
Basin, Litang Basin, Jiawa Basin, and terminates to the south of Dewu (Figure 1b) [61,65,66].
The Litang fault is a sinistral-lateral strike slip fault that mostly parallels to the left-lateral
Xianshuihe fault (XSHF in Figure 1a) in eastern Tibetan Plateau, then gradually turning
N-S. It has been highly active in the late Quaternary with several M > 7 historical earth-
quakes including the 1886 M 7.1 earthquake occurred in the Maoyaba basin and the 1948 M
7.3 Litang earthquake with the surface ruptures distributed along the Litang and Jiawa-
Dewu segments [64,67]. As a consequence, there are a series of hot springs, offset ridges,
offset streams and surface ruptures along the Litang fault. The Litang fault is composed of
four main segments, which are the Cuopu fault, the Maoyaba fault, the Litang fault and the
Jiawa-Dewu fault from northwest to southeast, respectively (Figure 1b).

The Maoyaba fault is located in the northwestern section of Litang fault and it extends
at least 55 km long with a nearly W-E striking (white rectangular box in Figure 1b). It
is the main boundary fault almost along the north flank of the Maoyaba basin and it
dominates the development of the Maoyaba basin. In fact, the Maoyaba basin consists of
two asymmetrical sub-basins; and the western one is smaller than the eastern (Figure 2). In
addition, the geomorphologic features are steep, with high mountains, and few rivers in the
northern flank of the Maoyaba basin, while the southern side is almost flat with long rivers.
The satellite image and field investigations also manifested that the active faults were
mainly distributed along the northern edge of the Maoyaba basin rather than the southern.
Previous studies have different views on the motion mode of the Maoyaba fault [61-67]. A
series of well-developed fluvioglacial fans and fluvioglacial terraces with different ages
were offset by the main fault. Many linear triangular facets and the fault scarps with the
height of ~10-20 m were distinctly found along the northern margin of the Maoyaba basin.
Moreover, a giant historical landslide (~0.64 x 108-0.94 x 108 m?) with an average sliding
velocity of approximately 53.25 m/s is located in the northeast margin of Maoyaba basin
(red polygon in Figure 2), which is known as the Luanshibao landslide [62,68,69]. The
maximum sliding distance of the Luanshibao landslide is 3.83 km with an elevation drop
of 820 m. Previous studies manifested that the Luanshibao landslide occurred at about
1980 £ 30a BP, and it may be caused by the ancient earthquake [70,71].The study site is
located in the northeast of Heni village (30.23°N, 99.86°E) with ~4100 m high-elevation
as showed in Figure 2, where about 60 km away from Litang city. From the Google Earth
image and the panoramic image of the study site in Figure 3, the fault scarp offset terrace
Ty and T, are visible along the northern margin fault of the Maoyaba basin. Furthermore,
the surface evidences of the main fault are clearly identified by the surface expression and
geomorphologic features, and they all indicate that the Maoyaba fault has been highly
active in the late Quaternary with the normal component. This study site provides a good
opportunity to evaluate the integration of TLS and GPR for depicting the 3D surface and
subsurface geometry of the fault on the Maoyaba fault.
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Figure 1. Geometric distribution of the Litang fault. (a) Index maps of the west of China. The black
arrows indicate the motion of the India plate relative to the Eurasian plane. The red rectangular
box shows the Litang fault in Figure 1b. The black lines show the main active faults in the Tibetan
plateau and the adjacent areas: LTF: Litang Fault; ATF: Altyn Tagh Fault; HYF: Haiyuan Fault;
KLF: Kunlunshan Fault; GYF: Ganzi-Yushu Fault; XSHF: Xianshuihe Fault; ANHF: Anninghe Fault;
ZMHF: Zemuhe Fault; XJF: Xiaojiang Fault; LMSF: Longmen Shan Fault; KKF: Karakoram Fault;
GCF: Gyaring Co fault; BCF: Beng Co Fault; MFT: Main Frontal Thrust. (b) The Litang fault on the
Landsat 7 satellite image. The Litang fault is a sinistral-lateral strike slip fault and it is composed of
the Cuopu fault, the Maoyaba fault, the Litang fault and the Jiawa-Dewu fault. The white rectangular
box represents the geometric distribution of the Maoyaba fault in Figure 2.
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Figure 2. Geometric distribution of the Maoyaba fault. The Maoyaba fault is the main boundary
fault almost along the north flank of the Maoyaba basin (red lines). The red dots show the historical
earthquakes. The rectangular box represents the survey site in Figure 3 and the red polygon indicates
the location of the Luanshibao landslide.
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Figure 3. Google Earth image and the panoramic image of the study site (the red rectangular box in
Figure 2). (a) Google Earth image of the study site. Red lines represent the identified faults at the
surface. White lines are the 2D 250 MHz and 500 MHz GPR survey lines. The yellow rectangular box
indicates the 3D GPR survey zone. (b) The panoramic image of the study site.
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3. Materials and Methods
3.1. TLS Data Acquisition and Processing

A Faro Focus3D X330 scanners was used to provide the high-resolution 3D model
of the fault. This phase-shift scanner has the advantage of acquiring more density and
precision data than the pulse-based laser scanner. It has an effective range of 330 m at 90%
reflectivity and the resolution of the point clouds could reach 2 mm at a range of 25 m. The
point clouds datasets were gathered with a horizontal view of 360° and a vertical view of
100°, and time consumption of one scanning station was about 12 min. In addition, the
RGB information of point clouds was captured by an 8 M pix HDR camera into the scanner,
and it could offer the texture maps for the point clouds.

The general sequence of TLS data acquisition includes the planning of the scanning
stations, the location of the spherical reflector targets, scanning parameter settings and the
geodetic coordinates of ground control points (GCP). In order to avoid possible omissions
and ensure unabridged geomorphologic features of the fault, a total of 28 scanning stations
were carried out with a distance between 30 to 50 m. At least three spherical reflector
targets were placed into the overlap region of the adjacent scanning stations to combine all
the point clouds into the same coordinates system. The GPS static measurement method
was selected for gathering the geodetic coordinates of the GCPs with centimeter precision,
and the spherical reflector targets were regarded as the GCPs in this study. Finally, the
point clouds were transformed in a real word coordinate system by means of the geodetic
coordinates of the GCPs. This provides the chance that TLS data can be merged with GPR
data or other spatial data for comprehensive interpretation and analysis of active faults.

With the help of the spherical reflector targets, the point clouds were combined into a
single set of point clouds datasets using Faro Scene software. In order to clearly show the
surface model of point clouds datasets, filtering procedures were applied to eliminate the
noise points using the Geomagic Studio software, such as vegetation, rocks, vehicles and
people (Figure 4a). Generally, the most easily identifiable noise points (such as vehicles,
people and the power lines) were manually removed in Geomagic Studio software within a
3D viewer. Then, the maximum local slope filter was used to suppress the unwanted laser
returns, which were unable to be removed by the manual operation (Figure 4). After that,
the point clouds resampling algorithm was conducted to reduce the amount of the point
clouds datasets and retain the useful information.

Figure 4. The filter processing of the point clouds. (a) The raw point clouds. The point clouds were
filtered using the Geomagic Studio software. Red points are the noise points, such as vegetation,
rocks and vehicles and so on. (b) The filtering results of the point clouds.

3.2. GPR Data Acquisition and Processing

The GPR survey was performed to characterize the detailed subsurface geometry
of the fault using a RAMAC system of MALA Geosciences (Figure 5). Data acquisition
parameters were listed in Table 1. In this study, the 250 MHz and 500 MHz shielded antenna
were chosen to optimize the sufficient penetration and proper spatial resolution [72]. The
250 MHz GPR antenna was employed to provide a general view of subsurface geometry of
the fault along the four survey lines (white lines 1, 2, 3, 4 in Figure 3a), and the deformation
zones on the GPR profiles were preliminarily distinguished by the distinctly variation
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of radar reflection waves. For revealing a better lateral and vertical resolution of the
subsurface geometry, the deformation zones on the 250 MHz GPR profiles were scanned
again by the 500 MHz GPR antenna. In view of the 250 MHz and 500 MHz GPR results,
the 3D GPR investigation was carried out for depicting more detailed shallow geometry
of the fault with a central frequency of 500 MHz (the yellow rectangular box in Figure 3a).
A total of 10 parallel 2D 500 MHz GPR profiles were collected in the same direction with
1 m spacing.
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Figure 5. The integrated system of GPR and the differential GPS. (a) The GPS base station. The
GPS base station is often placed on a tripod, where located in the study site with a high elevation.
(b) The integrated system of GPR and DGPS. The GPS antenna of the mobile station is situated on the
middle-position of the GPR antenna. When the GPR antenna is pulled on the surface, the GPR data
and the geographical coordinates are simultaneously obtained with the help of the pulse signals of
the survey wheel.

Table 1. Data acquisition parameters of the different GPR antennas.

Antenna Frequency (MHz) 500 250
Antenna Distance (m) 0.18 0.31
Trace interval (m) 0.05 0.1
Samples 488 470
Sampling frequency (MHz) 6633 2341
Stacking times (times) 8 8
Time window (ns) 80 200
Detection depth (m) 3~4 7~10
Vertical resolution (m) about 0.05 about 0.1
Wheel calibration 526 526

In this work, the 250 MHz and 500 MHz profiles were conducted using a calibrated
odometer fixed on the survey wheel. In order to determine the precise location of the
subsurface structures, the integrated system of GPR and differential GPS (DGPS) was used
to obtain the GPR data with geographical information (Figure 5). When the GPR antenna
was pulled on the surface, the pulse signals of the survey wheel were applied to trigger
the GPR control unit and the GPS signal receiver, respectively. Meanwhile, the GPR data
and the geographical coordinates were simultaneously achieved by the GPR and the GPS
signal receiver.

In general, there were many undesired signals or unwanted noises in the raw GPR
data. In order to enhance the visual quality of the GPR signals and improve the data
interpretation, different filters were essential to reduce the unwanted noises on the GPR raw
data. In this study, the ReflexW 7.2 software was applied to process and interpret the GPR
data. The general sequence was a relative standard procedure as shown in Figure 6. After
optimizing and eliminating the invalid trace data in GPR raw data (Figure 6a), continuous or
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very low frequency components were decreased by the subtract-DC-shift filter (Figure 6b).
The time zero correction was applied to refine the air/ground wavelength’s first time by
the maximum amplitude peak of the trace, and the zero timing of 5.4 ns was performed
in Figure 6¢. Due to the electromagnetic energy will be weaken as the depth increases,
the automatic gain control (AGC) was conducted to amplify the GPR signals using a
mathematical function (Figure 6d). The signal reverberation and the horizontal reflections
were suppressed by the background removal filter in Figure 6e. The band pass filter was
used to remove the noise signals in GPR profile (Figure 6f), and the cut-off frequency of
150-450 MHz and 250-650 MHz were chosen to process the 250 MHz and 500 MHz GPR
profiles. The running average filter was employed to suppress the background noises
on the radar image and remove the antenna ringing signals (Figure 6g). The average
electromagnetic wave velocity of ~0.08 m/ns was calculated using the time-to-depth
conversation by the known depth. Finally, the topographic correction was conducted
to compensate the two-way travel times in the vertical direction of the GPR data by the
high-resolution topographic data (Figure 6h), which was recorded by the integrated GPR
and DGPS system.

Distance(m) Distance(m)
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Figure 6. The processing workflow of GPR data. (a) The raw GPR data. (b) subtract-DC-shift,
(c) time-zero correction, (d) automatic gain control, (e) background removal, (f) band-pass filter,
(g) running average filter, (h) topographic correction.
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3.3. Data Integration Method of TLS and GPR

The TLS collects the dense point clouds with Cartesian coordinates (X, y, z) and texture
maps to show the high resolution topographic data of active faults. The point clouds
includes x, y, z coordinates of the scanning scene, the point attributes (such as the intensity
value of the reflected laser beam) and the RGB images captured by the camera. GPR has
been used to delineate the subsurface materials or buried-object on a gray or color 2D radar
gram, which is composed of the continuous single channel reflection waves with the same
trace interval. The subsurface materials or buried-object on the GPR image were identified
by the variation in the pattern and relative amplitude of the electromagnetic waves.

Data integration workflow of TLS and GPR was described in Figure 7. First, the raw
point clouds and the GPR data were both processed in the light of the data processing
procedure illustrated in Sections 3.1 and 3.2. With the help of the spherical reflector targets,
the point clouds of the scanning stations were combined into a single set of point clouds
datasets using the Faro Scene software. The filtering and re-sampled procedures were also
used to reduce the amount of the point clouds datasets and retain the useful information by
the Geomagic Studio software. To show the realistic geomorphologic features of the fault,
the color point clouds were generated by the processed point clouds and the panoramic
images. These color point clouds were transformed as the xyz feature in the geodetic
coordinate system by means of the geodetic coordinates of the GCPs. Second, the GPR data
and the geographical coordinates were simultaneously achieved by the pulse signals of the
survey wheel on the GPR equipment, and the geographical information of GPR data was
determined by the post-processed differential correction using a based station data or a
reference station data. Furthermore, the time synchronization algorithm was proposed for
data integration of GPR and DGPS, and each trace on the GPR profile had a well spatial
correlation with the geographical coordinates of the GPS signal receiver. In view of the
mathematical model of electromagnetic wave, the time depth conversion was implemented
to each trace on the GPR profiles. Then the GPR data was converted into the point clouds
datasets with xyz feature in the geodetic coordinate system, which was the same as the
TLS point clouds. At last, once the TLS data and GPR data were geo-referenced in the
same geodetic coordinate system, the subsurface data (GPR) should be integrated with the
surface data (TLS) for comprehensive interpretation and analysis of the fault.

TLS GPS GPR
; GPS Static 2D GPR images
3D point clouds vl DGPS &
Registration, filtration GPS baseline PosF—pr0c5§sed GPR data processed
: differential
resample solution - precedure
correction
RGB
information
3D color point Coordinates Coordinates GPR data
clouds of GCPs of GPR
|C00rdinatc1ransf0rmatinn| LTimc—dcpth conversion |
Point clouds Point clouds
(x,y,2) (x,, 2)

Point clouds 2D GPR data Point clouds 3D GPR data

Figure 7. Data integration method of TLS and GPR.
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4. Results
4.1. Terrestrial Laser Scanning

The 3D color point clouds of the fault were shown in Figure 8a. Due to the limitation
of vertical view, the blank areas indicate the location of the TLS scanning stations. It was
difficult to identify the geomorphologic features of the fault on the point clouds. Compared
with the point clouds, the digital elevation model (DEM) could provide the chance to
qualitative and quantitative analysis for the morphologic features of the fault. In this study,
the DEM was created by the filtered point clouds using the Delaunay triangulation in
Geomagic Studio software (Figure 8b). The terrace T1 and T, with nearly the W-E trending
were apparently shown on the DEM. Moreover, the footwall and hanging wall of the fault
and the surface ruptures were also clearly observed in Figure 8b. For the sake of showing
more detailed geomorphologic features, an overlain map of the surface slope map and the
topographic contours map with the contour intervals of 0.5 m were performed in ArcGIS
software as shown in Figure 8c. There was a remarkable change in slope angle and the
contour intervals across the fault, which is a good indication for the location of active faults.
On the overlain map, the red areas were the exposed fault plane with the slope value of
~2243°. The hanging wall and footwall (the blue area) were both rather flat terrain with
the lower slope (within 5°). In addition, the western portion of the fault plane was well
preserved between the hanging wall and footwall. While the eastern portion might be
affected by a human activities and there was a lower slope in the middle of the fault plane.
The 3D surface model was established by the point clouds using the Golden Software Surfer
16 as shown in Figure 8d. A lower elevation area in the hanging wall, paralleling to active
faults, was revealed on the 3D surface model (white polygon in Figure 8d). This implied
that the hanging wall had been locally affected by later sedimentation.

Footv{aLl-";

- -
- Hanging wall
e (¢ -
“Me(\\p\“

—

surt

Elevation/m

Figure 8. TLS results. (a) The 3D color point clouds. (b) DEM. The fault offset terrace T1 and T2 with
nearly the W-E trending are apparently described on the DEM. (c) The overlain map of the surface
slope map and the topographic contours map. Red areas indicate the exposed fault plane with the
slope values of ~22-43°, the blue areas show the flat terrain with the lower slope. Red lines represent
active faults and black lines are the topographic contours. (d) 3D surface model of the fault. The
white polygon represents the lower elevation area in the hanging wall.
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4.2. Ground Penetrating Radar
4.2.1. 2D GPR Data

The topographic data of the GPR survey line (white line 1 in Figure 3a) was shown in
Figure 9a, and there was an obvious topographic change at the horizontal distance of ~52 m.
The maximum depth of ~7 m and 3 m were present on the processed 250 MHz and 500 MHz
GPR profiles with SW-NE trending (Figure 9b,c). At the horizontal distance of ~52 m, the
significantly variation in the waveform of the electromagnetic wave was observed on the
250 MHz and 500 MHz GPR images, especially in the 500 MHz GPR data. Compared with
the high amplitude radar reflections, the reflection pattern of electromagnetic wave was
dominantly by the low-amplitude radar reflections at a horizontal distance of ~52 m. The
range of the low amplitude reflections area was visible from the surface to the bottom of the
GPR image with a SE dipping. As a result, the interface of high amplitude radar reflections
and low amplitude radar reflections at distance of ~52 m was supposed to be the fault F;
with a SE dipping, and it exhibited well consistency with the abrupt topographic changes
on the surface as shown in Figure 9a,d (surface ruptures in the Figure 8b,c).

The SW-NE trending profiles were performed to image the shallow geometry of the
fault along the survey line 2 (Figure 10a,b). Between the horizontal distances of ~20 to 54 m,
a wedge-shaped distortion and deformation zone was found on the processed 250 MHz
and 500 MHz GPR profiles, especially in the 250 MHz GPR image. However, the reflection
patterns of electromagnetic waves were different in the anomalous area. The middle
portion of the anomalous area (~34 m) was characterized by the low-amplitude radar
reflections, while the high amplitude reflections were exhibited at the two flanks of the
deformation zone. At a distance of ~20-34 m, the deformation zone of electromagnetic
waves was mainly dominated by high amplitude continuous horizontal reflections with
relative regular waveforms, which associated to the homogeneous material in shallow
subsurface. On the contrary, the right portion of the deformation zone (~34-54 m) was
characterized by strong irregular or chaotic reflections attributed to the heterogeneous
material. Therefore, the pronounced variations in the waveform and amplitude of the radar
reflections were inferred as the fault plane at the GPR sections as shown in Figure 10a,b.
The fault F; and F3 were considered as the boundary fault, which was responsible for the
development of the fault zone, whereas the F, was the secondary fault in the fault zone.

On the 250 MHz and 500 MHz GPR images along the measuring line 3 (Figure 3a),
there were two obvious abnormal areas of electromagnetic waves at the horizontal distance
of 0 to ~30 m and ~30 to 70 m (Figure 10c,d). At a distance of 0~30 m, the upmost part of
0 to ~1 m in depth was relative moderate amplitude reflections, while the high-amplitude
continuous reflections related to the homogeneous material were displayed at the depth of
~1 to 2 m (white dash-dotted lines in Figure 10c,d). At a distance of ~30-70 m, a fault zone
was observed by the remarkable changes of radar reflections on the 250 MHz and 500 MHz
profiles, and the junctions of the high-amplitude and low-amplitude reflections at a distance
of ~32m, ~45 m and ~70 m were regarded as the fault plane, especially in the 250 MHz GPR
image. In addition, the fault zone on the GPR data (Figure 10c,d) show a good consistency
with the deformation zone on the 250 MHz and 500 MHz profile in Figure 10a,b, including
the shallow geometry of the fault zone, the locations and the dipping of the fault plane.
The GPR interpreted results were also proved by the GPR images along the survey line 4.
The 250 MHz and 500 MHz GPR profiles (Figure 10e,f) were well aligned with the GPR
data in Figure 10a—d (the fault F; and F3). Due to the width of the fault zones lessening in
survey line 4, the width of the fault zone on the surface was only ~15 m (Figure 10e,f) and
it was narrower than the width of the deformation zone in Figures 8a,b and 10c,d.
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Figure 10. The 250 MHz and 500 MHz GPR interpreted images. (a,b) show the 250 MHz and 500 MHz
interpreted GPR results in the survey line 2. (c,d) show the 250 MHz and 500 MHz GPR images in
the survey line 3 and (e,f) are the processed 250 MHz and 500 MHz GPR images in the survey line 4.

In view of the GPR results along the four survey lines, the wedge-shaped area between
fault F; and F3 was inferred as the main fault zone, and the maximum width on the
surface could reach up to ~40 m. Moreover, the deformation zone on the GPR profiles
was interpreted as a small graben structure by the geometry structure and the reflection
pattern of electromagnetic waves, where a lower elevation area existed in the hanging wall
of the fault (Figure 8d). Three faults were identified on the main fault zone as shown in
Figure 10a—f. The fault F; and F; were a boundary fault and the fault F, was the secondary
fault in the fault zone. The fault F; was supposed to be the main fault with a SE dipping
and the fault F, and were both tended to NE dipping. To sum up, the detailed shallow
geometry of the fault at the depth of 0 to ~7 m were revealed by the 250 MHz and 500 MHz
GPR profiles. The wedge-shaped deformation zone on the GPR data was deduced as a
small garden structure and it indicated that the Maoyaba fault was a typical normal fault.

4.2.2. 3D GPR Data

The 3D GPR image was obtained by ten parallel 2D 500 MHz profiles, as shown in
Figure 11 (the yellow rectangular box in Figure 3a). The 2D 500 MHz GPR profiles with
the same trace interval of 1 m spacing were converted to the point clouds and displayed
on the Bentley Pointools Software 1.5 (Figure 11a). The 3D GPR image was established by
point clouds as shown in Figure 11b. In order to enhance the radar reflections contrasts,
the GPR data was exhibited by the maximum amplitude values with a color map scale.
As a consequence, the blue color on the GPR data indicated the deformation zone with
the high-amplitude radar reflections, while the green color represented the low-amplitude
radar reflections corresponding to the undesired or unwanted areas. Fault F; and F, were
unambiguously distinguished at the boundaries of the high-amplitude radar reflections
and low-amplitude radar reflections on the 3D GPR image (Figure 11). The interpreted
results of the 3D GPR image were well aligned with the 2D GPR profiles in Figure 10a—d.
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Furthermore, the geomorphologic features of active faults on the surface were also further
revealed by the 3D GPR data, such as the location of the fault plane, the striking, and
dipping of the fault. Unfortunately, it is important to mention that fault F3 was not found
on the 3D GPR image because of the limitation of the 3D GPR measuring lines. As a whole,
the 3D GPR image had the chance to provide more detailed and realistic information for
delineating the shallow geometry of the fault than the 2D GPR profile, and it played a
vital role in identifying the subsurface structure of active faults on the GPR image. From
the 3D GPR data, the wedge-shaped deformation zone between the fault F; and F, was
clearly observed by the pronounced variations in the waveform and amplitude of the radar
reflections. Furthermore, the characteristics of fault F; and F, were also directly confirmed
on the 3D GPR data, such as the location of the fault plane, strikes, and dipping. Fault F;
was regarded as the main fault with a SE dipping of the nearly 90°, while fault F, was the
secondary fault in the fault zone with a NE dipping.

Figure 11. 3D GPR image. (a) show the 2D GPR profiles with the same trace interval of 1 m spacing.
(b) indicates the 3D GPR image of the fault.

4.3. Data Visualization of Point Clouds and GPR Data

In view of the data integration method of TLS and GPR in Section 3.3, the GPR data
(2D and 3D data) and the color point clouds were merged into a single dataset in Bentley
Pointools Software 1.5 as displayed in Figure 12. Figure 12a,b show the data visualization
of point clouds and 2D /3D GPR profiles. On the Figure 12b, the surface ruptures (white
arrows) and fault F; (red dotted line) were clearly observed on the fused data of point
clouds and 2D GPR profiles, including the striking and the dipping of the fault. In addition,
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the topographic changes in the point clouds showed a good correlation with the location
of the fault F; on the GPR profile. To better interpret and understand the GPR data, the
3D surface and subsurface geometry of the fault were established by the integrated data
of TLS and GPR as shown in Figure 12a,c. As a result, the integrated data of TLS and
GPR rendered more the realistic surface and subsurface geometry of active faults, which
not only allows discerning the fault traces at the surface (red dotted line in Figure 12a)
and its strikes, but also obtain the range of the deformation zone and the location of fault
dislocation. In addition, this hybrid data could offer the opportunity that the subsurface
structures of the fault can be better understanding with its corresponding superficial data.

Figure 12. Data visualization of point clouds and GPR profiles. (a,b) show data visualization of point
clouds and 2D and 3D GPR profiles. (c) show data visualization of point clouds and 3D GPR profiles.
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5. Discussion
5.1. The Integrated of TLS and GPR Method

Compared to single TLS or GPR method, the integration of TLS and GPR has the
capability of detecting and identifying geomorphologic features and shallow geometry of
active faults as the following: (1) the geomorphologic features and shallow geometry of
active faults are simultaneously obtained by a non-destructive and cost-effective fashion;
(2) multi-scale and multi-perspective spatial data are provided by the integration of TLS
and GPR for imaging and analyzing the geomorphologic features and subsurface structures
of active faults; (3) the 3D geometry of active faults can be established by the integrated
data of TLS and GPR, and it also provides the chance that the shallow structures of the
fault can be better understanding with its corresponding superficial data [50,52,56-58].

The TLS method has the capability of gaining the high-resolution topographic data
and providing the detailed 3D virtual reconstructions of active faults. The fault offset T,
and T, landscape with nearly the W-E trending and other geomorphic evidences of the
faulting were apparently revealed on the TLS-derived data. A relative lower elevation area,
paralleling to the fault, was well revealed on the TLS results and it implied that the hanging
wall had been locally affected by later sedimentation (Figure 8d). In order to further verify
the TLS results, the GPR system with the central frequencies of 250 MHz and 500 MHz
were implemented to image the shallow geometry of active faults along the four survey
lines (Figure 3a). The subsurface structures of the fault at the depth of ~7 m could be clearly
shown on the 250 MHz and 500 MHz GPR processed profiles. In addition, a prominent
abnormal zone of the electromagnetic waves was distinctly observed on the 250 MHz and
500 MHz GPR sections, especially in the survey lines 2 to 4 (Figure 10a—f). The radar
reflections of the deformation zone were characterized by the remarkable variation in the
waveform of the electromagnetic wave. On the GPR profiles in the survey lines 2 and 3
(Figure 10a—d), the width of the abnormal area could up to ~40 m at the surface and ~7m at
the depth. However, the width of the fault zone on the surface was ~15 m in the survey
lines 4, and it was narrower than the width of the deformation zone in Figure 10a—cf. In
view of the GPR results, the wedge-shaped anomalous area between fault F; and F3 was
inferred as the main fault zone and the maximum width on the surface could up to ~40 m
(Figure 10a,c). Three faults were identified on the main fault zone as shown in Figure 10a—f.
The fault F; and F3 were the boundary fault and the fault F, was the secondary fault in the
fault zone. The GPR interpreted results associated to the subsurface geometry of fault was
consistent with the geomorphologic features of the TLS-derived data. The wedge-shaped
deformation zone on the GPR data was deduced as a small garden structure and it indicated
that the Maoyaba fault was a typical normal fault.

Based on the data integration method of TLS and GPR, the GPR data and the color
point clouds were combined into a single dataset for depicting the 3D surface and subsur-
face geometry of active faults. The study results demonstrate that the integration of TLS
and GPR is suitable for delineating the 3D surface and subsurface geometry of the fault
on the Maoyaba fault. Nevertheless, the integration of TLS and GPR was initially used
to delineate the geomorphologic features and the subsurface geometry of the fault on the
Maoyaba fault in this work. The application of the integration of TLS and GPR was still
needed to further study in different geological environment. In particular, it is worth to
pay a great attention to study the integration of GPR data and other spatial data for active
faults investigation, such as the high-resolution remote sensing image, unmanned aerial
vehicle, airborne LiDAR and so on.

5.2. The Maoyaba Fault

The remarkable geomorphic features of the late Quaternary in the Litang fault are
numerous tectonic basins with NW, nearly EW and NNW striking, such as the Litang
basin, Maoyaba basin and Jiawa basin. As the largest basin along the Litang fault, the
Maoyaba basin is approximate diamond shape with nearly E-W striking, and it dominated
by the Maoyaba fault. Zhou et.al. [73] suggested that the blocks between the Batang fault
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(a right-lateral strike-slip fault) and the Litang fault (a sinistral-lateral strike slip fault)
slipped to south by the principal compressive stress with nearly EW directing, causing a
nearly EW trending normal fault in the blocks, such as the Maoyaba fault. Based on the
geomorphic features and morphology and tectonic of the basin, Ma et al. [62] illustrated
that the Maoyaba basin is the rifted-basin, which is controlled by normal faults with nearly
E-W striking, and the basin was formed from the nearly N-S trending extension and tension
stress. The GPS data and focal mechanism analysis also confirmed that there was obvious
tensional movement in the Litang-Batang area [71,74-76]. We concluded that the Maoyaba
basin is a rifted-basin, which controlled by normal faults with nearly E-W striking. It is not
a compressional fault basin as some researchers previously thought [61].

The Maoyaba fault, located in the northwestern section of the Litang fault, is the
main boundary fault of the Maoyaba basin and it dominates the development of the
Maoyaba basin. Satellite image and field investigations demonstrate that active faults
are hander to follow on the south flank of the Maoyaba basin, and it indicates that the
master fault is represented by the active fault along the northern edge of the Maoyaba
basin. Numerous triangular facets are particularly impressive on the northern edge of
the basin, which hints the normal component of the Maoyaba fault. In addition, the
well-developed fault scarps cutting late Quaternary geomorphic features are well visible
on the alluvial fans at the northern edge of the Maoyaba basin, and the steams or gullies
flowing through the fault seem a plume spread at the base of the scarp [60,62-64,76].
This typical geomorphology show a well consistency with the normal motion of the
Maoyaba fault, as well as the graben, horst and well-developed alluvio-glacial fans
attest to the normal motion of the fault and its recent normal faulting activity. Owing
to the severe natural environment on the Maoyaba fault, the traditional methods were
time consuming and expensive to record the topographic data and shallow geometry of
active faults. The integration of TLS and GPR was chosen to detect and reveal the 3D
surface and subsurface geometry of the fault on the Maoyaba fault. Our study results
show that the Maoyaba fault is characterized by normal fault activity in terms of tectonic
geomorphology and shallow structure, so it should be a typical active normal fault,
rather than a sinistral strike-slip fault with thrust components.

6. Conclusions

In this study, the integration of TLS and GPR was used to image the 3D surface
and subsurface geometry of the Maoyaba fault, and also to reveal its motion mode. The
conclusions associated to the study were described as the following:

(1) The fault offset T; and T, landscape with nearly the W-E trending and other geomor-
phic evidences of faulting were revealed by the TLS-derived data. A relative lower
elevation area, paralleling to the fault, was revealed on the TLS results and it implied
that the hanging wall had been locally affected by later sedimentation.

(2) On the 250 MHz and 500 MHz GPR profiles along the survey lines 2 to 4, a wedge-
shaped zone of the electromagnetic wave was observed and it was considered as
the main fault zone with a small graben structure, which the maximum width at the
surface could up to ~40 m.

(38) The characteristics of the fault F; and F, were directly confirmed on the 3D GPR
data, such as the location of the fault plane, the strikes and dipping. The fault F; was
regarded as the main fault with a SE dipping of the nearly 90°, while the fault F, was
the secondary fault in the fault zone with a NE dipping.

(4) The 3D surface and subsurface geometry of the fault were established by the integrated
data of TLS and GPR. This hybrid data rendered more the realistic surface and
subsurface geometry of active faults, which not only allows discerning the fault traces
at the surface and its strikes, but also obtain the range of the deformation zone and
the location of fault dislocation.

(5) The study results demonstrate that integration of the TLS and GPR is suitable for
delineating the 3D surface and subsurface geometry of the fault on the Maoyaba fault.
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In future research, the integration of TLS and GPR will be widely used for active fault
investigation and seismic hazard assessment in different geological environments,
especially in the Qinghai-Tibet Plateau area.
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