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Abstract

We applied newly acquired high-resolution airborne LiDAR data to study a segment of the Hsincheng fault, a well-known active fault
near a large industrial park in northern Taiwan. The Hsincheng fault has received much attention and study in the past; but high spatial
resolution digital elevation models have not previously been applied to the study of the fault and its surrounding structures. We processed
the acquired LiDAR data and produced 1 m digital elevation models (DEMs) to investigate the active fault adjacent to the densely popu-
lated and important infrastructure in Taiwan. Using the LiDAR DEMs, aerial photographs and topographic maps, we show highly
detailed geomorphic characteristics around the study area of the Hsincheng fault. Three major characteristics of the study area are
deWned that include three very well preserved river terraces at varying levels, the fault/fold scarp of the Hsincheng fault, and meandering
river systems. Using the LiDAR DEMs, we were able to detect with precision several fault/fold scarps and very gentle NE-trending fold-
ing of the river terraces. In general, the LiDAR DEMs have provided unprecedented clarity of landforms for one segment of the Hsinch-
eng fault, which has helped the characterization of subtle but important geomorphic features.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Finding traces of active faults is often crucial for accu-
rate assessment of seismic hazards. It is challenging, how-
ever, to locate active faults in densely populated cities or
heavily forested regions such as on the island of Taiwan.
For example, the1999 Taiwan Chi–Chi earthquake fault
extended more than 80 km through urbanized parts of
western Taiwan (Lee et al., 2002; Ma et al., 1999). The
traces of the surface rupture indicated that previous fault or
fold scarps were reactivated in the 1999 event (Chen et al.,
2002; Rubin et al., 2001). This indicated the urgent need for
better characterization of active geomorphic features in
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Taiwan to mitigate damage in future earthquakes. Because
recent fault activity commonly involves subtle changes in
topography, high precision elevation data are necessary to
characterize recent faulting and folding, particularly in
regions of high sedimentation rate.

The advent of digital elevation models (DEMs) has dra-
matically facilitated geologic and geomorphic mapping.
For example, the Taiwan 40 by 40 m DEM with vertical
resolution ranging from one to a few meters has been used
intensively for characterizing the regional topography of
Taiwan in the past decade. This 40 m DEM, however, is far
from ideal for characterizing small scale strain provided in
only one or a few earthquakes because of its low spatial res-
olution. In addition, the vertical resolution of the 40 m
DEM cannot be used to deWne small elevation changes less
than one meter in height.
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In this study, we processed airborne LiDAR (Light
Detection and Ranging) data and derived high spatial and
vertical resolution DEMs. We used the LiDAR DEMs to
map a segment of the Hsincheng active fault in northern
Taiwan (Fig. 1). The purposes of the study are to compare
the acquired LiDAR DEM with the most commonly used
Taiwan 40 m DEM, to demonstrate the applicability of the
LiDAR-derived DEMs for detailed and precise landform
characterization, and to investigate and reWne the Hsinch-
eng active fault and its surroundings near the Hsinchu
industrial park. We emphasize that the LiDAR data have
proven to be useful for detecting minor elevation changes
of the study area, which is critical for evaluating and deter-
mining active structures of interest.

2. The Hsincheng active fault

The Hsincheng active fault is located near the Hsinchu
science park in northern Taiwan (Fig. 1). The Hsincheng
active fault was Wrst conWrmed by seismic proWling as a
low-angle thrust fault. In contrast, the nearby Hsinchu
thrust fault was revealed as a high-angle reverse fault
(Fig. 2) (Chen, 1974; Chiu, 1970; Tang and Hsu, 1970;
Yang et al., 1996). Our study area mapped only a small por-
tion of the Hsincheng active fault. The Hsincheng fault was
classiWed as an active fault based on the observations that
the fault truncated Holocene river terraces (Bonilla, 1975).
The Hsincheng active fault trends northeast, while the
Hsinchu thrust fault trends east–west. The two faults merge
at the Touchien river. Between the two faults is the Ching-
tsaohu anticline, a possible fault-bend fold (Namson, 1981).
In recent years a spectacular outcrop of the Hsincheng
active fault was exposed in the Touchien river due to ero-
sion. The outcrop revealed the Hsincheng fault is thrust
over recent river deposits, conWrming the young activity of
the fault. Trenching of the Hsincheng fault also indicated
young activity: the Plio-Pleistocene Cholan Formation is
thrust over alluvial deposits (Liu and Chen, 2003). In addi-
tion, trenching work also showed possible evidence of liq-
uefaction from disturbed sediments of modern age. The
phenomenon of liquefaction suggests seismic shaking
potentially an earthquake on the Hsincheng active fault in
the recent past.

3. Airborne laser scanning techniques

Lasers can measure distance with great precision; it is
common that the errors of distance measurement are less
than a few millimeters over distances about hundreds of
meters (Huising and Gomes Pereira, 1998). Although laser
Fig. 1. Geologic map of the Hsinchu area by the Central Geologic Survey, Taiwan (CGS, 1989). Study area is indicated by orange box. Two major active
faults were mapped in the region: the EW-trending Hsinchu fault and the NE-trending Hsincheng fault. Structural proWle line for interpreted geologic
proWle in Fig. 2 is indicated.
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technology has matured over several decades, the use of air-
borne laser scanning for mapping the ground surface was
hindered by the accuracy of the position of the aircraft
gathering the data. In the past decade, the introduction of
diVerential GPS has improved the accuracy of the scanning
platform. Airborne laser scanning now provides reliable
and suitable spatial data for research applications (Carter
and Shrestha, 2003; Haugerud et al., 2003; Wehr and Lohr,
1999; White and Wang, 2003).

The LiDAR data used for this study were provided by
the Agricultural and Forestry Aerial Survey Institute
(AFASI) in Taiwan. The LiDAR data of the Hsincheng
fault region were acquired by the Leica Company using the
LH ALS system during the spring of 2002. The Xight height
was 800 m; the Weld of view (FOV) for scanning was 35
degrees; the scan rate was 29.4 Hz; and the pulse repetition
rate was 38 KHz. The Leica Company is one of the leaders
in developing LiDAR technology for commercial applica-
tions. The acquired LiDAR XYZ data were further exam-
ined and compared by ground control points along
highways using real-time kinematics GPS. The results of
the comparison indicated that the vertical errors in the
LiDAR data were 10–15 cm (Shih and Peng, 2002). The
range of errors is suitable for high accuracy landform char-
acterization and is particularly helpful for detecting small
oVsets resulted from past earthquake surface ruptures
(Chan, 2005).

The raw LiDAR data was processed in several ways for
the purpose of better characterizing the landforms. The raw
LiDAR data commonly contain values of XYZ of a chosen
reference coordinate system and values of intensity of the
laser signal, whose wavelength is 904 nm and safe for
human eyes. We processed and rasterized the LiDAR XYZ
data with the method of inverse distance weighted interpo-
lation (Swan and Sandilands, 1995). This method provides
a fast algorithm for computing vast amounts of data and is
suitable for the purpose of processing the LiDAR data.
However, caution is necessary in applying the derived
DTM model. Areas with no real data points should be eval-
uated for interpolation errors before further use.

4. Comparison of 40 m DEM and LiDAR DEM

The commonly used 40 m DEM of Taiwan was gener-
ated by aerial triangulation using paired aerial photographs
taken nearly two decades ago by the Agricultural and For-
estry Aerial Survey Institute in Taiwan. The 40 m DEM
generally possesses a vertical resolution of one to a few
meters depending on terrain. Although the 40 m DEM is
useful for geomorphic applications over large areas, it is
unsuitable when detailed geomorphic analysis is required.
For example, the study of minor surface oVsets usually
requires very high spatial and vertical resolutions. In con-
trast, the LiDAR-derived 1 by 1 m DEM provides unprece-
dented resolution for determining the surface proWles and
relative elevations. In particular, the DEM derived from
only the last laser returns helps identify the ground under
vegetation and human construction.

The deWnition of a digital elevation model (DEM) may
change for diVerent applications. Here we use DEM as a
general term, which contains both a digital surface model
(DSM) and a digital terrain model (DTM). The DSM rep-
resents an elevation model that includes human construc-
tion and vegetation. The DTM represents an elevation
model that has vegetation and buildings digitally removed
and reXects the true ground surface. This appears to be use-
ful for LiDAR-derived DEMs because the Wrst returns and
the last returns generally correspond to the DSM and
DTM, respectively. In this study, we rasterized the Wrst
returns and last returns of the data points into DSM and
DTM.

We note in examining the DSM and DTM, data points
should be identiWed as either real or extrapolated. The situ-
ation becomes serious with the DTM because some areas
may lack measured points, particularly where dense vegeta-
tion and buildings exist. This is examined by plotting all
Fig. 2. Geologic cross section interpreted from seismic proWle acquired by the Chinese Petroleum Company (Yang et al., 1996). The surface area of the
Hsincheng fault examined in the LiDAR DEMs is shown.
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data points of last returns onto georeferenced airphotos.
We believe that, while analyzing landforms, particular cau-
tion should be applied to artifacts that arise from the inter-
polations at high resolution. Typically, the artifacts can be
easily spotted in the DTM.

We compared the spatial resolution of the 40 m DEM
with the LiDAR-derived 1 m DEMs within an area of
500 m2 within the study area. The comparison area was
chosen because of high variability of the terrain which may
help deWne the improved resolution of the LiDAR DEM.
Within the comparison area are meandering rivers, terraces,
and rice paddies (Fig. 3A). The 40 m DEM shows a 12.5 by
12.5 grid which fails to illustrate the terrain features
(Fig. 3B). In contrast, the 1 m LiDAR DSM shows detailed
surWcial features including trees (Fig. 3C) and the 1 m
LiDAR DTM captures the variability of the ground which
is essential for detailed surface and geologic mapping
(Fig. 3D).

5. LiDAR images and geomorphic mapping

The application of LiDAR data has improved the qual-
ity and eYciency of the characterization of active land-
forms in the Hsincheng active fault region. The existing 1/
5000 aerial photograph-based topographic map shows
detailed surface cultural features and vegetation of the
region (Fig. 4). The topographic map, however, does not
provide useful information for diVerentiating low-relief
changes, which are essential for detecting recent tectonic
activity. In contrast, detailed topographic features may be
derived from the LiDAR DSM and DTM (Figs. 5 and 6).

Fig. 5 shows a color-coded shaded-relief image of the
LiDAR DSM of the study area. The image was interpo-
lated into a 1 by 1 m grid using the Wrst return points. The
image shows details of human construction and tropical
forest canopy that contain important height information.
Three locations of Weld photographs are marked on the
LiDAR DSM in order to compare the LiDAR image of the
actual size (Fig. 7). When in the Weld tectonic landforms
were readily deWned with the addition of the LiDAR DSM
image. To examine potential recent tectonic activity of the
Hsincheng fault, however, we created bare ground digital
elevation models with virtual removal of buildings and
trees using the Terrascan module on the Microstation soft-
ware. Similar concept of virtual removal, i.e., virtual defor-
estation, has been developed and used on the Toe Jam Hill
fault on Bainbridge Island near Seattle, Washington
(Haugerud and Harding, 2001; Nelson et al., 2002).

Fig. 6 shows a color-coded shaded-relief LiDAR DTM
image of the study area. The image was interpolated into a
Fig. 3. Comparisons of 40 m DTM and 1 m LiDAR DSM and DTM for a 500 m2 site within the study area. (A) OrthorectiWed aerial photographs (B) 40 m
DTM with color-coded elevation (C) 1 m LiDAR DSM shown as color-coded shaded-relief image. Notice the presence of vegetation. (D) 1 m LiDAR
DTM shown as color-coded shaded-relief image. Notice the eVect of removal of vegetation.
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1 by 1 m grid using the last return points. The LiDAR
DTM image shows the ground topography, which is most
useful for the characterization of landforms and active
structures. In this study, we used a black and white shaded-
relief image of the 1 by 1 m DTM as the base map for geo-
morphic and structural mapping. The LiDAR DTM does
not, however, preclude the use of paired aerial photographs
for stereo viewing and characterizing land features. Indeed,
paired aerial photographs and LiDAR DTM were comple-
mentary to this study.
Fig. 4. OrthorectiWed aerial photographs of the study area provided by AFASI of Taiwan.
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Several terrain proWles were extracted and plotted from
the LiDAR DTM (Fig. 8). Three creek proWles (Creeks I, II,
and III in Fig. 6) show variation of creek slope at high reso-
lution extracted from the LiDAR DTM (Fig. 8). Creek I
runs across the structural trends of the region and mean-
ders for a distance of about 5 km. The elevation of the creek
Fig. 5. LiDAR 1 by 1 m digital surface model (DSM) of the study area. The LiDAR Wrst return data points were interpolated by the inverse distance
weighted method. The interpolated grid data are presented as a color-coded shaded-relief image. Black dot with arrow represents the position and direc-
tion of Weld photos shown in Fig. 7.
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drops from about 120–75 m. Because of the high precision
(10–15 cm) of the LiDAR elevation data, we were able to
pinpoint two knick points around elevation 95 and 115 m.
Two other creeks (Creeks II and III) are relatively short
and they do not cross major fault lineaments in the region.
If we disregard the high frequency feature of the creek pro-
Fig. 6. LiDAR 1 by 1 m digital terrain model (DTM) of the study area for characterization of the bare ground. The LiDAR last return data points were
interpolated by the inverse distance weighted method. The interpolated grid data are presented as a color-coded shaded-relief image. Black lines are loca-
tions of the proWles in Fig. 8.



310 Y.-C. Chan et al. / Journal of Asian Earth Sciences 31 (2007) 303–316
Wles, the two creek proWles indicate relatively constant slope
with local slight warping of unknown signiWcance (Fig. 8).

Terrain proWles also were made across several locations
of the Hsincheng fault (Fig. 8 Fault ProWle I–V). We
labeled fault scarps, fault branches, or fold scarps on the
proWle diagrams taking into consideration the overall ter-
rain. The amount of oVset of the river terraces due to the
Hsincheng fault apparently increases from northeast to
southwest. In addition, we made three terrain proWles to
illustrate the gentle folding of the terrace where the campus
of the Industrial Technology Research Institute is located
(Fig. 8 Fold ProWle I–III). Fold proWle II particularly dem-
onstrates the power the LiDAR DTM by depicting the
geometry of the very gentle folding of the terrace.

Fig. 7. Field photographs demonstrating the advantage of LiDAR for
building and tree removal. See Fig. 5 for photograph locations. (A) Recent
river terrace along creek I, (B) slope of road which represents the south-
east limb of a gently folded terrace, and (C) a segment of the Hsincheng
fault that oVsets a high terrace. The height of the fault scarp is about 50–
60 m.
We mapped geomorphic and structural features of the
Hsincheng fault region using paired aerial photographs,
LiDAR DSM and DTM, and Weld checking. Because of the
high resolution of the LiDAR data, we mapped the geo-
morphic features with relative conWdence and eYciency in
comparison to only traditional methods. The Wnal results of
geomorphic and structural mapping (Fig. 9) show detailed
features of river terraces, terrace slope, fault and fold
scarps, anticlines and monoclines, and even minor diVuse
terrace risers within well-deWned terraces.

When signiWcant changes are made by anthropogenic
modiWcation of low-relief topography, however, subtle
fault traces may not be easily observed. For example, land-
forms in the western part of the study area were extensively
modiWed by terracing for development of rice paddies and
buildings. Thus, the modiWed topography no longer accu-
rately records active tectonic features. In such cases, other
methods of investigation must be applied, such as seismic
or excavation surveys. We used the location of an exca-
vated outcrop of the Hsincheng fault in the western portion
of the study area (Liu and Chen, 2003) to extend the
Hsincheng fault deWned by LiDAR topography from the
eastern study area (Fig. 9).

6. Discussion

Recently acquired LiDAR data were applied to the map-
ping and characterization of active faults and landforms in
the Taiwan region for the Wrst time (Chan et al., 2003;
Huang et al., 2003). High-quality LiDAR DTMs are
required for better investigation of active structures in Tai-
wan for several reasons. First, Holocene tectonic strain is
commonly recorded through minor deformation of Xood-
plains and river terraces. These geomorphic lowlands are
best studied using a LiDAR DTM, which provides high
vertical resolution of 10–15 cm in our study. Second, the
LiDAR technology can record both the treetop return
points and the bare ground return points. By removing the
treetop return points and interpolating only the bare
ground return points, a digital terrain model with vegeta-
tion virtually removed can be achieved (Haugerud and
Harding, 2001; Nelson et al., 2002). Third, the Taiwan
region is very densely vegetated, making DTMs a powerful
tool for quantitative geomorphic analysis. Perhaps more
importantly, our work shows that it is possible to digitally
remove buildings, which has important implications for
assessing subtle strain in densely urbanized cities.

Although the Hsincheng active fault has previously been
recognized through geologic mapping and aerial photo-
graph interpretation (Chen, 1974; Shih et al., 1985; Tang
and Hsu, 1970), detailed geomorphic features of the region
are most clearly demonstrated by the LiDAR DTM pre-
sented here. For example, the knick points of the Creek I
proWle correspond well with the mapped extension of the
Hsincheng fault and subsidiary faults (Fig. 9). We interpret
the knick point at elevation 95 m as the location of the
Hsincheng fault. The location is consistent with a nearby



Y.-C. Chan et al. / Journal of Asian Earth Sciences 31 (2007) 303–316 311
Fig. 8. Terrain proWles of selected features from the LiDAR DTM showing terrace proWles, creek proWles, and fold proWles of the study region. Vertical
exaggeration is variable for each proWle. The proWle lines were selected so that the lines walk through the least artifacts of the LiDAR DTM. Particular
features of the proWles are indicated within the proWle diagrams.
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morphological scarp. We also interpret the knick point at
elevation 115 m as a potential subsidiary fault branch in the
region. The fault branch extends northeast and possibly
displaces the oldest terrace of the study area (Terrace A).

The characterization of the Hsincheng active fault seems
straightforward for Fault ProWle I and II (Fig. 8). Certainly,
some knowledge of modiWed features such as roads and rice
paddies are necessary before interpretations are made from
the proWles. The Hsincheng active fault is mapped on the
basis of slope changes in proWles, interpreted as fault scarps.
Examination of the proWles suggests that the Hsincheng
fault is more complex in the southwest portion of the study
area than in the northeast. The LiDAR DTM (Fig. 6) and
the three terrain proWles (Fig. 8 Fault ProWle III, IV, and
V), are consistent with an EW-trending branch of the thrust
fault that also oVsets the ground surface. The possibility
that this is a Xuvial terrace riser can not be ruled out with-
out subsurface investigation.
Fig. 8 (continued)
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The above observations suggest that the Hsincheng and
subsidiary faults are tectonically active. The rapid erosion
rates of Taiwan likely would have smoothed the river pro-
Wle of Creek I if the area has been stable. The presence of
the gently folded terrace (Terrace B) also indicates the
youthfulness of the structure. In contrast, Creek II and III
proWles passed through two terraces without evidence of
any fault traces. The creek proWles do not show obvious
change of slope because the creeks lay between two faults.
The observations are consistent with a regional pop-up
structure interpretation (Fig. 10).
Geomorphic mapping of the Hsincheng active fault area
identiWed several structural features. A back-thrust appears
to be present between two gentle anticlines, although
whether the back-thrust has emerged to the surface remains
unclear. Along the Hsincheng fault scarp, several minor but
obvious EW-trending scarps are also present. The orienta-
tions of these scarps are quite diVerent from the Xow direc-
tion of the Touchien river. We thus interpret these scarps to
be subsidiary fault or fold scarps instead of terrace risers.
Subsequently, the area of the Hsincheng fault shows two
fault trends – the dominant system trends NNE, and the
Fig. 8 (continued)
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Fig. 9. Results of geomorphic and structural mapping of the Hsincheng fault region using paired aerial photographs, LiDAR DSM, and LiDAR DTM.
See text for Section 6.
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minor one trends EW. The mixed structural systems may
result from interaction with the adjacent EW-trending Hsin-
chu thrust fault system (Yang et al., 1996; Chiu, 1970). The
Hsincheng fault also may show apparent left-lateral move-
ment as the oVset of the terrace risers suggest. Judging from
the non-perpendicular alignment of the terrace risers to the
Hsincheng fault, it is kinematically possible to have such
apparent left-lateral movement with a pure thrust fault.

During the course of making the LiDAR DEMs, we
found it helpful to plot data points in conjunction with the
derived LiDAR DEMs. This helps in the recognition of
extrapolated areas of low data points and facilitates the
interpretation of landforms. In general the LiDAR DSM
has better quality than the LiDAR DTM because the sur-
face data points are more complete and more homoge-
neously distributed than the ground data points. Thus we
used the LiDAR DSM as a complementary tool to the
LiDAR DTM, although the DTM is more suitable for
landform characterization.

7. Conclusions

Airborne LiDAR data are important and practical for
detailed analyses of structural and geomorphic features. On
the basis of Weld observations and LiDAR DEM analyses,
we presented a high spatial resolution structural and geo-
morphic map of the Hsincheng active fault region in Tai-
wan. We conclude that the widely used 40 m DEM of
Taiwan may be of limited usage for analyzing subtle geo-
morphic features of small areas. Second, the LiDAR DSM,
and especially the LiDAR DTM, appears to be powerful
additions for the accurate and eYcient analysis of active
fold-thrust belts to traditional aerial photography methods.
Third, the study area has many subsidiary structures that
may be associated with the development of the Hsincheng
fault, such as, a gently folded terrace and a regional pop-up
structure. Fourth, the Hsincheng fault appears to be a
major earthquake threat for the industrial park because
detailed surface mapping and evidence suggest it has been
recently active.
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