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Abstract: Steep topographic reliefs and heavy vegetation severely limit visibility when
examining geological structures and surface deformations in the field or when detecting
these features with traditional approaches, such as aerial photography and satellite imagery.
However, a light detection and ranging (LiDAR)-derived digital elevation model (DEM),
which is directly related to the bare ground surface, is successfully employed to map
topographic signatures with an appropriate scale and accuracy and facilitates measurements
of fine topographic features. This study demonstrates the efficient use of
1-m-resolution LIDAR for tectonic geomorphology in forested areas and to identify a fault,
a deep-seated landslide, and the regional cleavage attitude in southern Taiwan. Integrated
approaches that use grayscale slope images, openness with a tint color slope visualization, the
three-dimensional (3D) perspective of a red relief image map, and a field investigation are
employed to identify the aforementioned features. In this study, the previously inferred
Meilongshan Fault is confirmed as a NE-SW-trending, eastern dipping thrust with at least a
750 m-wide deformation zone. The site where future paleoseismological studies should be
performed has been identified, and someone needs to work further on this site. Signatures of
deep-seated landslides, such as double ridges, trenches, main escarpments, and extension
cracks, are successfully differentiated in LIDAR DEM images through the use of different
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visualization techniques. Systematic parallel and continuous lineaments in the images are
interpreted as the regional cleavage attitude of cleavage, and a field investigation confirms this
interpretation.

Keywords: LiDAR-derived DEM; openness visualization; red relief image map (RRIM)

1. Introduction

Active faults and deep-seated landslides frequently occur in the mountainous regions of Taiwan,
which is located in a tectonically active environment and in a sub-tropic climatic zone. When studying
active faults and deep-seated landslides, tectonic-geomorphic mapping is an important method because
it provides valuable information for analyzing landscape evolution that is caused by tectonic activity and
surface geological processes. It is also a major tool for seismic hazard assessment and earthquake
geological studies. Valuable data can be obtained from the geomorphology of active faulting and
can be used to gather fault-specific information that would allow for determination of its recurrence
interval [1,2]. However, heavy vegetation covers present a major problem for tectonic-geomorphic
mapping because the dense vegetation obscures the visibility of the underlying landforms.

Many methods are available for detecting surface processes and the reactivations of faults with remote
sensing data [3-6]. Compared with traditional approaches, light detection and ranging (LIDAR) is a
relatively new remote sensing technique [7] that uses active laser transmitters and receivers to quickly
and accurately acquire elevation data [8]. LIDAR data are used to produce a digital elevation model
(DEM), which is directly related to the bare ground surface and provides useful information on fine
topographic features that cannot be detected under heavy vegetation and underbrush conditions [9-11]. The
technique allows a laser signal to penetrate the forest canopy and produce at least a meter-resolution image
of how the ground surface would appear if the forest were stripped away. Because of its high resolution
and precision, airborne LIDAR has led to a marked growth in terrain information and has facilitated the
detection of fine-scale tectonic-geomorphic features required for understanding geological surface
processes and the quantitative exploration of the characteristics of tectonic geomorphology [12-17]. This
technique has recently been used to map fault zones and deep-seated landslides with extraordinary detail
and aerial coverage [18-20]. Because LiDAR-derived DEMs offer a markedly higher spatial resolution
than present topographic maps and aerial photos, they allow us to map the locations of fault traces and
deep-seated landslides more accurately than was previously possible.

Zachariasen and his research team [21] used LiDAR-derived DEMs to compile an updated map of
active traces along a 38-km stretch of the northern San Andreas Fault in Mendocino and Sonoma
Counties. These researchers concluded that LIDAR data have been crucial in identifying lineaments that
may be fault traces or fault-related features. Topographic detail well beyond what is possible with aerial
imagery is available, and scarps, swales, linear valleys and other fault-related features with a distinct
topographic signature are evident in the imagery. Chan et al. [22] applied high-resolution airborne
LiDAR data to study a segment of the Hsincheng Fault in northern Taiwan. Their results indicated that
it was possible to detect landforms and subtle but important geomorphic features with high precision
and clarity. However, other studies reported that certain small tectonic breaks could not be identified
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with the 1- to 2-m-resolution DEM in areas with heavy vegetation and complicated topography [23].
The presence of dense vegetation and topographic complexities reduced the number of ground laser
strikes, thereby generating low-density ground data that failed to capture subtle geomorphic features.
Chigira et al. [24] analyzed LiDAR-derived high-resolution DEMs captured before and after Typhoon
Talas in 2011 and found that 10 large catastrophic landslides were preceded by gravitational slope
deformation. In the LiDAR-derived DEMs that was generated before the typhoon, small scarps can be
detected near their future crowns prior to the slide. Their study noted that LiDAR-derived DEMs provide
invaluable topographic information for determining the topographic precursors of deep-seated
catastrophic landslides.

To overcome the influence of heavy vegetation and topographic complexity, we can increase the
amount of obtained LiDAR ground return data by using a higher pulse-shot frequency, employing lower
flight altitudes and more frequent flight passes, or improving the DEM visualization. Openness
analysis with a slope image and Red Relief Image Maps (RRIMs) is a recently developed visualization
method [25,26] that allows the fine expression of topography without shading and serves as a highly
effective method for the detailed depiction of the slight tectonic—geomorphic features beneath
dense vegetation.

The purpose of this study is to explore effective LIDAR surveys and different visualization methods,
especially the 3D perspective with RRIMs for mapping small tectonic-geomorphic features in densely
vegetated, high-relief mountains. Due to the presence of a large topographic relief and heavy vegetation,
geological structures and deep-seated landslides in the slate and argillite belt of Taiwan are difficult to
investigate in the field or detect through traditional approaches. In addition, the regional cleavage attitude
in the slate and argillite (a weakly metamorphosed argillaceous rock) is difficult to accurately measure
because most of the slate in a slope is creeped by gravitational processes. In this study, we report an
experiment that exploited LiDAR-derived DEMs to illustrate how well the DEMs captured the
topographic signatures of cleavages, faults and deep-seated landslides in a slate belt near the Baolai area
in southern Taiwan.

2. Study Area

Taiwan is a tectonically active island along the boundary between the Eurasian plate and the
Philippine Sea plate [27]. Southwestern Taiwan is situated on a transition area from a foreland fold and
a thrust belt into an offshore subduction where the young Eurasian oceanic plate is subducted eastward
beneath the Philippine Sea plate at a rate of 82 mm/yr [28]. The study area is located at the Laolung
River watershed, which is regarded as an incipient collision domain [29].

The Laolung River is 137 km in length and drains a basin area of 1373 km?. The upstream area of the
Laolung River exhibits a typical valley topography and formed along a major thrust fault in southern
Taiwan, namely, the Laolung Fault. The selected study area is located upstream of the Laolung River
Basin around the Baolai hot spring area with an ambit of 60 km? (Figure 1). Several regions, which are
marked by yellow solid lines and stars in Figure 1, constitute the area that was selected for our detailed
survey that used aerial photos, field investigations and the LiDAR-derived DEMs. The exposed rocks in
the study area include the Miocene Changshan Formation, the Miocene Changchikeng Formation, and
Holocene—Pleistocene terrace and alluvium deposits (Figure 2). The Changshan Formation is divided
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into upper and lower members. The lower member of the Changshan Formation primarily consists of
slate, with occasional thin- to thick-bedded metamorphic sandstone. The upper member of the
Changshan Formation is composed predominantly of argillites with lenticular metamorphic sandstone.
Slumping structures are commonly observed in the upper and lower members of the Changshan
Formation. The Changchikeng Formation is a flush-type formation and is highly susceptible for
landslides. This formation primarily consists of alternating sandstone, siltstone, and shale. The sandstone
and siltstone are light to dark gray in color, exhibit a fine-grained texture and generally range in bed
thickness from tens of centimeters to two meters. The Pleistocene—Holocene terrace and alluvium
deposits are primarily composed of silts, sands, pebbles and conglomerates.
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Figure 1. Location of the study area. (a) Bathymetric and tectonic framework around
Taiwan. The black arrows with rates show the current movement of the Philippine Sea plate
relative to the Chinese continental margin based on GPS data [28]. The small red frame
shows the location of the study area. Geological divisions are marked by I: Coastal Plain, II:
Western foothills, I1l: Hsehshan Range, 1V: Central Range, and V: Coastal Range [27]. (b)
Orthoimage of the Formosat-2 satellite (2-m resolution/pixels), which shows severe
landslides that occurred during the 2009 Typhoon Morakot in the study area.
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The Laolung Fault is a major thrust with a left lateral motion component and is located between
sedimentary rock and metamorphic rock in southwestern Taiwan [30]. This fault is a northern extension
of the Chaochou Fault, which is a “concealed or inferred fault” but has been documented as being an
active fault [31,32]. In the selected study area, the Laolung Fault trends NE-SW and dips eastward, with
a dip angle within the range of 5065 < The faults are primarily underlain by terrace and fluvial deposits,
and only a few fault outcrops are exposed (Figure 2). The Meilongshan Fault is an inferred fault and is
roughly located along the boundary between the upper and lower Changshan Formation. This fault
merges into the Laolung Fault in the Laolung River near Shinfa. No field evidence regarding the
existence and the characteristics of the Meilongshan Fault has been previously documented. This fault
is primarily inferred from the attitude variations in bedding and cleavage and the lithological contrast
between the upper and lower members of the Changshan Formation [33].
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Figure 2. Geological map of the study area [34] draped over a relief shading that was
generated from a 40-m-resolution Digital Terrain Model. The Laolung Fault is labeled with
the number “1”, and the Meilongshan Fault is labeled with the number “2”.
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In the area of the Changshan Formation (Figure 1), the elevation ranges from 245 to 1897 m. The
slope distribution, excluding the plains, primarily falls within the range of 20=45< with a mean slope
of 28< The area has a typical sub-tropic climate with a mean annual rainfall of approximately
3500 mm. Precipitation primarily occurs from May to September. The weathered topsoil covers exhibit
varying thicknesses from tens of centimeters to several meters covering the bedrock geology.

3. Dataset and Methodology

Aerial photos and different visualizations of LIDAR-derived-DEMs, including slope maps, openness
with a tinted color slope map, and a 3D RRIM, are employed to identify subtle topographic signatures
in the slate area.

3.1. Airborne LiDAR-Derived DEM

A detailed LIDAR dataset that was commissioned by the Central Geological Survey [35] is available
for the study area. During the flight, both LIiDAR data and 25-cm-resolution aerial photos were obtained
using a Leica ALS60 laser scanner equipped with a digital camera; this laser scanner was installed on
an airplane that flew at an average altitude of 3000 m above ground level. The digital aerial photos
include elementary position information that was derived from the on-board IMU, which was ortho-rectified
with the LiDAR data from the same flight. The flying speed was approximately 100 knots, the maximum
field of view (FOV) was 40< and the pulse rate was 114.6 kHz. The survey average point density was
specified to be greater than 2 points/m? for the study areas and 1 point/m? for bare ground. LiDAR point
measurements were filtered into returns from vegetation and bare ground using the Terrascan™
software’s classification routines and algorithms. The vertical accuracy, which was evaluated by a direct
comparison between the LIDAR and ground DGPS elevation points, was estimated to be less than 0.3 m
in flat areas, which is an acceptable value for LIiDAR analyses in the field of geomorphology [36].

The processed airborne LIiDAR data were further interpolated to derive a grid of digital surface
models (DSMs) and DEMs with vegetation and buildings removed. The LiDAR bare ground data set
was used to generate a 1-m-resolution DEM using the natural neighbor interpolator, which has proven
to be useful for geomorphic analysis in previous studies [37].

To compare the visibility of images with different resolutions to detect subtle topographic signatures,
DEMs with different resolutions are shown in Figure 3. A 25-cm-resolution aerial photo that was
obtained on the same flight during which the LiDAR data were obtained is shown in Figure 3. In the
aerial photo, nearly no topographic signature, with the exception of landslide scars, can be identified
because of heavy vegetation. However, bare ground that was created by landslides provides an excellent
opportunity for field investigations of tectonic-geomorphic phenomena such as fault scarps, tilting
terraces, river channel offsets and abandoned channels. Figure 3b shows a 40-m-resolution DTM that was
generated through traditional photogrammetric techniques and corresponds to the most popular data that
have been used in topographic and geological analyses in Taiwan. Subtle topographic signatures cannot
be observed in the image because of its poor resolution. An image from a 5-m-resolution DTM, which was
also derived using photogrammetric techniques, is shown in Figure 3c. Large and significant tectonic-
geomorphic structures can be identified in the 5-m DTM, but subtle structures cannot be distinguished.
Figure 3d shows an image from a 1-m-resolution LiDAR-derived DEM that was used in this study.
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Compared to previous images, LIDAR-derived high-resolution DEMs provide detailed real bare earth
topography and can effectively detect subtle topographic signatures that cannot be recognized by simply
using aerial photographs or satellite images.
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Figure 3. An aerial photo and shaded relief maps derived from different-resolution DEMs
of a selected area that is marked in Figure 1. (a) Aerial orthophoto with a 25-cm-resolution; (b)
40-m DTM; (c) 5-m-resolution DEM; (d) 1-m-resolution LiDAR-derived DEMs alter
filtering buildings and vegetation. The illumination direction of the shaded relief map was
set with an azimuth of 315<and an inclination of 45<
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3.2. Openness Analysis

High-resolution LIDAR DEMs are generally examined on a shaded relief map and/or a slope map [23].
The shaded relief map is widely used because it resembles what we see in the real world. However, it
has the significant disadvantage that the appearance of the image completely changes depending on the
direction of incident illumination. The slope map is independent of the illumination but is quite different
from our visual perception and cannot distinguish convexity and concavity. However, high-resolution three-
dimensional topographic data potentially holds useful information that cannot be expressed by an
ordinal visualization method. In contrast to traditional sunshine shadow images, an openness analysis of
a LiDAR image can remove the effects of luminance during image interpretation. An openness technique
expressing the degree of dominance or enclosure of a location on an irregular surface was developed by
Yokoyama et al. [38], and this technique calculates an angular measure of the relationship between
surface relief and horizontal distance [39,40]. It uses the horizontal surface distance and elevation-related
angle to compute the slope information of an irregular terrain surface at different positions, and the
results can be used to identify the topographic features of the area. This method calculates the zenith and
nadir angles at equally spaced locations in eight azimuth directions from the line of sight of the terrain
(Figure 4a). The openness analysis yields the maximum and minimum values for eight different azimuth

directions from point A (Azimuth direction D = 0< 45< 90< 135< 180< 225< 270< and 3159 at a
radius of L, and the slope values g, and 98, for the different azimuth angles are then calculated. In

addition, using Equations (1) and (2), the zenith angle (, £, ) and nadir angle (0, ) can be calculated.
p P =90°— 4, ¢H)]
oV =90°— 56, (2)

Finally, the average angle for each direction is calculated using Equations (3) and (4) to obtain
positive (d, ) and negative (¥, ) openness values, which represent ridges and valleys in the topography,
respectively (Figure 4b,c). The openness parameter is designated “positive” or “negative” in the sense
that has been used to express terrain-slope curvature [41]. A positive openness is convex-upward and refers to
a calculation using zenith angles, whereas negative openness is concave-upward and refers to an
evaluation with nadir angles [38]. The conceptual model of the openness analysis is represented by an |
value, which is calculated using Equation (5). Figure 4d shows an openness map that more accurately
and simultaneously represents topographic ridges and valleys compared with Figure 4b,c. The openness
technique efficiently eliminates incident light direction dependency, such as in shaded relief images.
Convex topography is represented by a high positive openness value, whereas concave topography is
characterized by a low positive openness value. (Figure4b).

D =( @ + 5P +..ct 5D, )/8 3)
W, =(W + ¥+t a5V, )/8 (4)
(@) (5)
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Figure 4. Openness techniques and images obtained. (a) Concept diagram showing to the
calculation of the parameters (modified from [26,38]). An example selected from the area
shown in Figure 1 to illustrate the characteristics of (b) positive openness, (c) negative
openness, and (d) openness images. The openness value was computed from 1-m-resoultion
LiDAR-derived DEMs.

The results of the openness analysis highlight positions with strong angular variations in their terrain
features, such as crests, ridges, gullies and valleys. In addition, this method overcomes the shortcomings
of sunshine shadows, which are caused by variations in the light source direction during mapping.
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3.3. RRIM and 3D Visualization

RRIM is a new 3D LiDAR visualization approach that was proposed by Chiba et al. [25,26]. An
RRIM is a multi-layered illumination-free image that can be used to simultaneously visualize
topographic slopes, concavities and convexities. The basic concept of an RRIM is to multiply three
landform element layers: topographic slopes, positive openness and negative openness. An RRIM is
generated using an overlay of a red-colored slope map on the I-value map. The color red is used to
describe the slope angle because it has been empirically demonstrated to provide the richest tone for
human eyes. This overlay highlights the 3D topography on a single image, where the I-value performs
an illumination role and the saturation of red describes the steepness of the topography. The results that
are obtained from an RRIM with 3D visualization and a geographic information system (GIS) are merged
with a new topographic parameter. In addition to enabling illumination-independent 3D visualization,
RRIMs are sensitive to subtle topographic changes. Figure 4a shows how RRIMs can be tuned to express
various scales of topography in detail by adjusting the zenith and nadir angles along the compass
directions within the radial limit (L). These advantages can maximize the visibility of subtle tectonic-
geomorphic structures in high-resolution LiDAR-derived DEMSs.

4. Results

Three areas, which are marked with yellow stars in Figure 1, were selected for a detailed investigation
that used aerial photos and LiDAR-derived DEMs. In addition, field investigations were performed to
confirm the results of the image interpretations.

4.1. Interpretation of Fault Zone

The Meilongshan Fault is a NE-SW-trending fault that extends for approximately 15 km [33] and is
roughly located along the boundary between the upper and lower Changshan Formation (Figure 2). The
Meilongshan Fault is a concealed fault and is primarily inferred from the lithological contrast and
variations in bedding and cleavage attitude. No specific outcrop has been documented to characterize
this fault. In this study, a specific area (Figures 1 and 5) near Meilun Mountain that covers 0.85 km? was
selected for a detailed investigation of the tectonic geomorphic features and to illustrate the existence
and characteristics of the Meilongshan Fault.

A 25-cm-resolution aerial photo that was captured while the LIDAR-DEM data were captured in 2010
shows that the study area is covered by heavy vegetation (Figure 5a). A landslide that was induced by
Typhoon Morakot in 2009 stripped off some vegetation, thus providing excellent exposures for a detailed
field investigation. Although covered by heavy vegetation, a general NE-SW-trending lineament that
passes through the central part of the study area can be observed, particularly compared with Figure 5b.
The study area is interpreted to be covered by colluvium deposits based on certain boulders that were
observed in the slope image of the LiDAR data (Figure 5b). Five E-W-trending gullies that flow parallel
to the slope direction can be identified in the slope image. However, only the middle gully can be
observed in the aerial photo (Figure 5a). In addition, two NE-SW-trending linear scarps can be observed
in the image. Because argillite is the predominant exposed lithology in the study area, linear scarps that
were caused by the differential erosion of the lithology are excluded. The lower scarp has been modified
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by landslides and thus does not look very straight. However, the higher scarp is relatively straight,
indicating that a landslide likely did not form the croissant-shaped scarp. In addition, a field investigation
confirmed that at least a 750-m-wide deformation zone developed, which implies that the scarp is of
tectonic origin. A 35-m and 28-m vertical topographic relief is measured from the DEM along the slope
direction for the upper and lower fault scarps, respectively.

Significant changes in the flowing path of the gullies when they pass the upper linear scarp are also
observed in the slope map. We detected several gullies (gullies 1, 3 and 5) that exhibit approximately
40 m of left lateral offset, which conforms to the fault slip measurement. In addition, several croissant-shaped
scarps that represent the crown scarps of active landslides can be observed in the lower part of the image.
Figure 5¢ shows a map that combines a slope map that is tinted in red-green and the openness metric in
gray. In this map, red represents areas with a large slope gradient, and green represents areas with small
slope gradients. Compared to the slope image (Figure 5b), areas with steep slopes, which are shown in
red and include steep slopes next to gullies, landslide scarps, and fault scarps, can be more easily
identified in Figure 5c. In contrast to gullies 1, 3, and 5, which were identified in the slope image, five
gullies that were derived from a hydrology analysis with Arc GIS are obtained in Figure 5c. Two newly
identified gullies, 2 and 4, exhibit a subtle valley geometry without significant down cutting of the slope.
Gullies 2 and 4 also exhibit changes in their flow path when passing through the linear fault scarps. This
observation highlights that the geomorphic and surface process conditions in this area are sufficiently
dynamic and morphologically susceptible to new gully formation. A 3D perspective of the RRIM image
provides a virtual reality of the study area (Figure 5d) and allows the imagery to be displayed with
different orientations and inclinations. Compared to previous images, fault scarps and gullies can be
more clearly observed in the 3D perspective. The attitude of the fault plane at approximately N20E/70E
can be calculated from the DEM. In addition, the third fault scarp, which is located near the foothill of
the slope, can be identified, although parts of it have been eroded by landslides.

A field investigation along the gullies was performed to verify the results of our interpretations. In
the field investigation, argillites with thin bed metamorphosed sandstones are the dominant exposed
lithologies. The fault zone, which primarily consists of a series of thrusts with fault gouge and breccia,
extends at least a 750-m-wide deformation zone (Figure 5e) from the lowest fault scarp to the point
approximately 50 m beyond the highest scarp. Four fault gouge and/or fault breccia zones are recognized
with the 750-m deformation zone. The thickness of each gouge and/or fault breccia zone from west to
east is 6.9-m, 7.3-m, 24.2-m and 38.6-m. The rocks near these fault gouge zones are highly fractured.
Field measurements of fault slip in these zones are consistent, showing thrusting with a minor component
of left lateral motion. Photos of two fault outcrops that are located near the lowest and highest scarps are
shown in Figure 5f. The outcrop near the lowest fault scarp exhibits several eastern dipping thrusts,
which can be observed as a dark gray band in the photograph shown on the left-hand side of Figure 5f.
The outcrop near the upper fault scarp is located at the boundary of 24.2-m-thick fault gouge and/or fault
breccia zone. Highly fractured metamorphic sandstone resting on thick fault breccia are depicted in the
photograph on the right-hand side of Figure 5f. Fault slip data measured at outcrops were also plotted
using Schmidt’s (equal area) lower hemisphere projection. The results indicate that most of faults are
west vergent, high-angle, and reverse faults with a minor component of left lateral movement.
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Figure 5. Aerial and field photographs and LIiDAR imagers of a selected area in Figure 1.
These images illustrate the characteristics of faults in outcrops. (a) Color aerial orthophoto
that illustrates that most of the tectonic geomorphic features are obscured by dense forest
cover. (b) Bare earth LIDAR slope imagery that shows NE-SW-trending linear low-relief
fault scarps (marked with dashed red lines) on the colluvium deposits. Salient points (marked
with black circles) in the slope imagery are interpreted as boulders on the slope. The white
dashed lines are marked to illustrate the offset of gullies 1, 3 and 5. (c) Openness with a tint
slope map that enhances the locations of linear fault scarps. The color bar represents the
degree of the slope angle. (d) A 3D perspective of the RRIM map shows three linear fault
scarps that are located within a 750-m-wide fault zone. The traces of the fault scarps, which
are identified by subtle tectonic-geomorphic features, are indicated by yellow arrows. (e)
Results of the traverse geological mapping along the gully in Figure 5d. (f) Field photographs
showing fault outcrops that are located along the upper (right photo) and lower (left photo)
boundaries. Fault slip data that were measured at each outcrop are also illustrated by using
Schmidt’s (equal area) lower hemisphere projection. Fault planes are drawn as large circles,
arrows indicate the slip of the hanging wall in the direction of the arrowhead, and head styles
express the degree of confidence of the slip-sense determination.

4.2. Interpretation of Regional Cleavage Attitude

Structural fabrics, such as cleavage in slate, are often difficult to perceive in forested metamorphic
terrain because of vegetation, sediment cover, low topographic relief, and the overprinting of structural
lineaments. However, these structural elements can be observed using airborne LIDAR DEMs [42].
Although not all lineaments that are identified in LIDAR DEMSs can be correlated to mapped structures,
our analysis demonstrates that LIDAR data provide valuable information that can be used to accurately
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determine the regional cleavage attitude in a slate terrain. Several N-S-trending lineaments and
landslides are observed. The slope image (Figure 6b) shows an area located in the central part of the
image that exhibits parallel, planar, triangular faces, which are interpreted as the sheeting texture that
formed from the cleavage of slate. These triangular faces likely formed from weathered debris material
sliding along cleavage, resulting in the thick slabs shown in Figure 6b compared with the penetrative
cleavage. Figure 6¢ shows a slope map that is tinted in red-green and overlain by the openness metric
shown in Figure 6b, which is illustrated in gray. Symmetric erosion gullies that are distributed along the
northern and southern flanks of the main ridge can be easily discerned in Figure 6¢. Dark red lineaments
in the image also clearly define several yellow-green triangular faces. These triangular faces represent
planar geological structures and are interpreted as cleavage in slate (Figure 6¢). A 3D perspective of the
RRIM image is shown in Figure 6d. Compared to previous images, the triangular faces that were formed
by cleavage can be more clearly observed in the 3D perspective. The regional cleavage attitude measured
from the DEM is N-S/75W.
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Figure 6. Aerial and field photos and LiDAR-derived imageries of a selected area in
Figure 1, which illustrate the cleavage characteristics. (a) Color aerial orthophoto that shows
several landslides and N-S-trending lineaments. (b) Triangle faces that represent cleavage
that is bounded by N-S-trending lineaments can be identified in the slope image.
(c) The N-S-trending ridges and triangle faces are enhanced in the openness with a tint color
slope image. The «color bar represents the degree of the slope angle.
(d) Cleavage-formed ridges and triangle faces are clearly observed in the 3D perspective of
the RRIM map. (e) The outcrop shows the buckling of cleavage in slate. (f) A schematic
sketch that illustrates how the triangle face reflects the cleavage. The field measurements of
the cleavage attitudes are plotted by lower-hemisphere equal-area projection. The large
circles are cleavage planes, and the pole represents the lineation attitude.



Remote Sens. 2015, 7 15458

The field investigation confirmed that the triangular faces that were observed in the LIiDAR image
are cleavages in slates. However, the field measurements of the cleavage attitudes fall over a wide range
(Figure 6e). The strike of the cleavage is from N30 E to N20<W, dipping to the west with a dip angle of
30=80< The variation in the cleavage attitude that was measured in the field is primarily caused by the
creeping of gravitation. The image of the outcrop in Figure 6e shows the buckling of slate and illustrates
why the cleavage attitude that was measured in the field exhibits large variability. In the slate terrain,
creeping from gravitation is sufficiently common such that the attitude at the outcrops typically cannot
properly represent the regional cleavage attitude. However, the triangular faces that were identified in
the LiIDAR images exhibit consistent orientation and extend several hundreds of meters. Therefore, the
attitude that was measured by the LIDAR DEM accurately represents the regional cleavage attitude in
the study area (Figure 6f).

4.3. Interpretation of Deep-Seated Landslides

Deep-seated gravitational slope deformations (DSGSDs) are generally linked to high relief mountain
environments and are voluminous, short-traveling and slow-moving failures [43-47]. DSGSDs
occasionally transform into fast moving and catastrophic, long run-out rockslides, which might pose a
significant hazard to areas that are situated large distances from source zones. Conventional DSGSD
mapping focuses on the evident morpho-structural features that accompany mass slope movement [48,49],
such as the main escarpment, crown scarps, trenches, double ridges and deformed foothill deposits.
These landslide signatures are also the major indicators that are used for field investigations and aerial
photo interpretations. Chigira et al. [24] illustrated that some large, catastrophic landslides that were
induced by Typhoon Talas in 2011 were preceded by deep-seated gravitational slope deformation. The
series of deep-seated landslides identified from the LIDAR DEM are documented in the eastern part of
the study area [50] (see Figure 1). A specific study area (Figures 1 and 7) was selected to illustrate the
usefulness of employing LiDAR-derived-DEM and related visualization techniques to detect these deep-
seated landslides scars.

Various shallow landslides can be observed in the aerial photos in Figure 7a. In addition, several
nearby crown scarps that are roughly parallel to the main ridge of the catchment can be identified, and
the boundary of the deep-seated landslide can be approximately determined. In the slope image that was
generated using the LIDAR data (Figure 7b), several N-S-trending, NE-SW-trending, and
N-W-trending linear features distributed near the ridge are more clearly shown compared with the aerial
photo. The N-S-trending linear features are relatively straight, and their orientations are consistent with
the regional cleavage orientation. Thus, these features are interpreted as scarps that formed by slipping
along cleavage planes. The E-W- and NE-SW-trending linear features are composed of several small
croissant -shaped scarps and are interpreted as crown scarps that formed by slipping along the slope direction.

The shallow landslide area that is represented by an area with a rugged surface in the slope image is
substantially larger than that observed in the aerial photo. Various croissant-shaped crown scarps are
also observed in the upper portion of the slope. In the image that combines the slope map, which is tinted
in red-green and the openness metric in gray (Figure 7c), linear crown scarps that are located near the
ridge and croissant-shaped scarps that are located in the middle of the slope can be easily identified based
on the distribution of dark red lines. Trenches that are located between small ridges, which are areas
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indicated in green, are also easily observed. A 3D perspective of the RRIM image provides a virtual
reality of this study area (Figure 7d). Compared to the previously mentioned images, small ridges that
are represented by red lines and are parallel to the main ridge of the catchment can be easily identified.
Typical double ridges and trenches can be identified in the topographic profile in Figure 7d.
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Figure 7. Aerial and field photos and LIDAR images of a selected area in Figure 1. These
images illustrate the characteristics of a deep-seated landslide. (a) A color aerial image that
shows a selected deep-seated landslide in the marked area in Figure 1. (b) Crown scarps of
the deep-seated landslide are easily observed in the LIDAR image. (c) Crown scarps of the
deep-seated landslide are enhanced in the openness with a tint-colored slope image. The
color bar represents the degree of the slope angle. (d) A 3D perspective of the RRIM map
that shows the topographic characteristics of the deep-seated landslide. The yellow arrows
indicate the locations of crown scarps. The topographic profile exhibits trenches and double
ridge topography. (e) Two images that were obtained at the locations shown in (d). (f) A
crown scarp with a displacement of approximately 50 cm is shown in the upper photograph.
The lower photo exhibits a crown scarp with a displacement of more than 100 cm. Buckling
of the argillite is also seen in the lower photograph.

The field investigation confirmed the interpretations of the aforementioned photographs. Shallow
landslides are easily recognized in the field. These mainly occurred in the lower part of the hill slope.
The field measurement of the cleavage attitude mainly falls within the range of N-N20E/70<=-80<W,
which is close to the N-S-trending linear scarps identified (Figure 7b,c). In the A-A’ topographic profile
cutting perpendicular to the NE-SW-trending scarps, as shown in Figure 7d, typical double ridges and
trenches can be identified. In addition, most of the scarps identified in LIDAR images can be recognized
if they are accessible. A crown scarp with a displacement of approximately 50 cm is shown in the upper
image in Figure 7e. Furthermore, the buckling of argillite, which is one of the dominant deformation
mechanisms in gravitational deformation, is also observed at a crown scarp.
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5. Discussion

Bare earth airborne LIDAR imagery have revolutionized geomorphic and fault mapping in dense
forest areas, where it may otherwise be extremely difficult or impossible to reinterpret landforms using
traditional approaches [51,52]. Several different applications of LIDAR have been demonstrated in the
study of active faults, such as tracing and mapping active faults [18], tectonic-geomorphic analysis, the
extraction of the detailed geometry and kinematics of fault zones [53], the extraction of throw-rates along
postglacial scarps [54], and mapping the deformation processes [55]. Additionally, LIDAR DEM has
also been successfully applied for the detection and characterization of deep-seated landslides [43].

This study uses LIDAR-derived DEMs and effectively combines data using different visualization
approaches to characterize subtle tectonic-geomorphologic signatures in dense forest areas. The results
of the study show that fault scarps, crown scarps of deep-seated landslides, and subtle ridges that are
formed by cleavages can be discerned in grayscale slope images, which are useful for identifying scarps
that are steeper than the surrounding slopes. In the openness with a tinted slope image, positive openness
values indicate the aforementioned features, and negative values indicate canyons, valleys, and gullies.
Therefore, the fault scarps and gullies in the study area were accurately represented using the openness
technique. In addition, the crown escarpment of deep-seated landslides and subtle ridges that represent
the cleavages of slate in the study area can also be observed in the openness image. A 3D perspective of
the RRIM allows us to investigate images that are rotated to different orientations and inclinations. If
the fault movement is minor or is rapidly eliminated or modified by erosion, then subtle tectonic
geomorphic signatures are also difficult to identify in a plane view. Therefore, a 3D perspective image
is the best visualization approach for interpreting geological structures.

In this study, we successfully applied airborne LIDAR surveying techniques to illustrate how to
analyze and visualize areas in which active faults are difficult to traced due to dense vegetation cover
and high erosion rates. The Meilongshan Fault, which was previously categorized as an inferred fault,
was effectively defined in the investigated area using different LIDAR visualization images. The fault
on the surface is distributed over a 750-m-wide deformation zone and exhibits three distinct,
NE-trending scarps. A series of NE-SW-trending thrusts with fault gouges and breccia within the fault
zone can be identified in the field. The faulting that produced the newly revealed scarp most likely
occurred in association with a left-lateral strike-slip. Although none of the existing dating information
confirms that the fault is active, clear fault scarps are preserved in the area with violent surface geological
processes, indicating that the last fault motion likely occurred recently. Another important observation
from the LIDAR images is the gullies that were investigated using the openness metric in the slope
image. Gullies that flow through the fault zone change their paths, which also implies that the
Meilongshan Fault is an active fault.

Active structures provide various advantages in multiple aspects of seismic hazard mitigation for the
long-term forecasting of surface deformation during significant earthquakes and for obtaining important
information on deep fault structures at depth [56,57]. Using LiDAR data and the proposed visualization
approaches, this study illustrates how fault traces can be identified and how the outcrop locations of a
significant and unknown thrust in a high-vegetation area with a high erosion rate can be defined. Because
it is more difficult to study thrust faults and identify their traces [58], the approaches used in this study
can be applied to other compression tectonic terrains to aid the mapping of geological structures such as
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thrusts and cleavage. Because fault scarps are easily identified in 1-m resolution LIDAR DEMs,
quantitative deformation data can be extracted in a further study through the construction of topographic
profiles measured perpendicular to the trace of the scarp if it offsets sediments of known age [59].
Furthermore, LIiDAR surveying techniques can also effectively assist future paleoseismological studies
and trenching because the fault plane/zone can now be located with accuracy, even in a densely forested
environment.

6. Conclusions

High-resolution LiDAR-derived DEMs provide detailed tectonic geomorphic signatures in bare
ground. In this study, we successfully used 1-m-resolution LIiDAR data and applied various visualization
approaches, including slope images, openness visualizations, RRIMs, and 3D perspective images, to
illustrate how to analyze and visualize an area in which active faults, cleavages, and deep-seated landslides
are difficult to identify due to dense vegetation and high erosion rates. An inferred fault, the Meilongshan
Fault, whose characteristics were previously undocumented, was identified as a NE-SW-trending,
eastern-dipping high-angle thrust with a 750-m-wide fault zone. Different visualization approaches were
compared using three examples to illustrate the advantages and disadvantages of each approach. To
interpret deep-seated landslides and geological structures, such as cleavages of slate and faults, slope
images with openness analysis can be used to identify ridges, fault scarps, and crown scarps, therefore
providing a substantial benefit to the identification of such phenomena. The best opportunity for
observation was provided by 3D perspective images with RRIMs because the images could be viewed
at any orientation and inclination. However, the interpreted results, even if obtained using a I-m-
resolution DEM, must still be confirmed by field observations.
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