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ABSTRACT
We focus herein on the location, characterization and the quantification of
the most active structural feature of Taiwan: the Longitudinal Valley Fault
that corresponds to the suture in between the Philippine and Eurasian
Plates. In order to determine and monitor its present inter-seismic
deformation, we focus on the Pingting Terraces area, situated in the South
Longitudinal Valley (Eastern Taiwan). We first determine the structural
geometry issued from both photo-interpretation deduced from new
unmanned aerial vehicle (UAV) high-resolution Digital Terrain Model data
that we acquired (34.78 km2 with 7.73 cm ground sampling distance),
combined with geological field work. In order to characterize and quantify
the present deformational patterns over the Pingting terraces, we used an
InSAR time series Interferometry algorithm (MT-InSAR) applied to nine L-
band SAR images from ALOS satellite acquired over the period
2007�2010. The unprecedented density of measurements (about 120
points per km2 for a total of 6,400 points) gives a continuous overview of
the inter-seismic shallow deformation. The structural geometry combined
with the mean velocity map (MT-InSAR) reveals two clear active faults
situated above the scarps of the Pingting terraces and responsible for up
to 7 and 20 mm/yr velocity offset along the radar line of sight. A temporal
analysis of the deformation is performed with one measurement at each
SAR acquisition date, giving major improvements in the characterization
and quantification of the Longitudinal Valley active Fault trace.

KEYWORDS
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1. Introduction

How to locate, characterize and quantify the active deformation of the southern Longitudinal Valley
Fault (LVF) in eastern Taiwan which is the most active tectonic feature of the Taiwan orogen
(Figure 1(a))? The Longitudinal Valley is the outcropping active tectonic suture in between the
ongoing collision of the continental Eurasian margin and the oceanic and volcanic Philippine Sea
plate (e.g. Ho 1986; Angelier et al. 1997; Malavieille et al. 2002). This narrow elongated valley,
N020�E trending and 120 km long, separates the mainly volcanic deposits of the Coastal Range
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(CoaR, below) to the east and the Metamorphic Central Range (MCenR, below) to the west
(Figure 1(b)). According to sparse GPS continuous measurements, about 30% of the 8.2 cm/yr
of the present plate convergence and shortening occurs across the Longitudinal Valley (Yu &
Kuo 2001) which reveal the importance of this active structural feature. In order to decipher
the outcropping geometry and the inter-seismic activity of the LVF, we focus herein in its
southern part, in between the Peinanshan (north of Taitung city) and the Tapo-Chihshang
area (Angelier et al. 1997; Lee et al. 2001, 2003; Shyu et al. 2008), where the two Pingting ter-
races are well preserved due to the eastern avulsion of the Hsinwulu river within the soft and
clayey Lichi M�elange (e.g. Barrier & Muller 1984; Chang et al. 2000; Huang et al. 2008; Chi
et al. 2014). This area represents a case geomorphic example in Taiwan of super-imposition of
active tectonics and river incision within the dark blue, soft and deep-offshore clayey and
blocky Lichi M�elange (Figure 1).

From a geological point of view several published geological maps had been settled since Hsu
(1956). The last one of the Central Geological Survey (Wang & Chen 1993) highlights the existing
lithologies and locally oblique lithologic structures boundaries to the new acquired detailed topogra-
phy. Therefore, the latter acquired during this study, leads us to up-date precisely geological

Figure 1. (left (a)) Tectonic setting of Taiwan. Taiwan results from the ongoing collision between the Eurasian and the Philippine
Sea Plates. The black arrow indicates the direction of convergence between these two plates with an estimated rate of about 8 cm
per year (Seno et al. 1993; Yu & Kuo 2001) (black dashed frame: location of (b)). (b) Active tectonic map of the south Longitudinal
Valley (Eastern Taiwan). The red lines show major active fault traces located in the Longitudinal Valley (Champenois et al. 2012):
the Longitudinal Valley Fault and the Luyeh Strand � black frame: location of (c). In background, shaded relief is extracted from
the Taiwan 40 m Digital Terrain Model. (c) Faults map of the Pingting Terraces. The red lines show fault map derived from persis-
tent scatterers SAR interferometry analysis (Champenois et al. 2012), while the yellow lines show active fault map derived from
geomorphological analysis (Shyu et al. 2008). Fault traces are surperimposed on the 40 m ground resolution shaded relief map.
((d) right figure) Known geology from the 1/100,000 scale geological map of the coastal range (Wang and Chen, 1993). One may
note the location and the basic inferred geometry of the three faults (Longitudinal Valley, Yungfeng, and Tuluanshan Faults). (1)
Fault, (2) inferred fault, (3) drainage network, (4) alluviums, (5) Lichi M�elange, (6) andesitic block within the Lichi M�elange, (7) Pali-
wan Formation Conglomerate facies, (8) Paliwan Formation, and (9) Fanshuliao formation.
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mapping as well as the structural geology. The different major geological units are the Lichi M�elange
(Lc) which is composed of dark blue colour offshore deep sea clays highly deformed and bearing big
blocks such as the andesitic one in the south of the studied area (V, Figure 1(d)). Two thrust faults
(Yung-Feng and Tuluanshan Faults) affect the Fanshuliao formation (Fs) that over-thrust the Lichi
M�elange that correspond to volcanic strata, and cinerites of the Luzon volcanic arc. The overlying
Paliwan facies begins with a characteristic conglomerate (Pls) then sandstones that both belong to
the alluvial deposits resulting from the erosion of the MCenR (Eurasian continental margin � Hsu
1956; Teng & Lo 1985).

We herein propose to precise (1) the detailed structural geometry of the place by both using clas-
sical photo-interpretation of high-resolution Digital Terrain Model (DTM) acquired through
unmanned aerial vehicle (UAV) and validated by field studies, and (2) to determine the activity of
the LVF branches by adding information derived by the PALSAR � ALOS1 time series interferome-
try in between 2007 and 2010.

2. UAV’s high-resolution topographic data

2.1. Acquisition and methodology

A UAV, commonly known as a ‘drone’ is an aircraft without human pilot on board. The UAV used
in this study is a modified version of the already-available Skywalker X5 and X8 fixed-wing aircraft
reinforced by carbon fibre rods. The drone is launched by hand, flies and takes photos autono-
mously, then glides and/or parachutes back down to the ground by using a pre-programmed flight
plans organized by ground control system, and controlled by the ground control station and remote
controller. The autopilot system is composed and modified from the open source APM (Ardupilot
Mega 2.6 autopilot) firmware and open source software Mission Planner, transmitted by ground-air
XBee radio telemetry. In order to generate high-resolution digital terrain model (DTM) and mosaic
orthorectified images, a total of 6275 photos were gathered by Sony DSC-QX100 and Sony ILCE-
QX1 cameras mounted on X5 and X8, respectively. The total scan covered an area of 34.78 km2

with 7.73 cm ground sampling distance (GSD). The coverage of the adjacent photos is kept at least
for 80% overlap and 60% sidelap. The datasets generated in this study are the orthorectified mosaic
image and DTMs, with a grid spacing of 7.73 cm. To get these results, the raw images were processed
by Pix4Dmapper and Smart3Dcapture software mutually. In most of the scanned area, the number
of overlapping images computed for each pixel of the orthomosaic image is higher than 5 photos.
The generated point cloud is as high as 698 million points for the study area. Prior to the morpho-
tectonic analysis, the quality of the dataset needs to be evaluated. The techniques and the quality of
the digital surface models (DSMs) can be controlled within a maximum error smaller than 40 cm
(ΔZ) following our previous work where we compared such methodology with the ground levelling
profiles and airborne LiDAR data in Hualien county, Taiwan (Huang & Chang 2014). The same
methodology is used in this study to gather and produce the datasets.

The principle of the method used in this study is to analyse several photos of a static object taken
from different viewpoints, then detect pixels corresponding to a same physical points, automatically.
From many such correspondences, the orientation of photos is then calculated. Then the dense
point clouds and ortho-rectification is thus generated, correspondingly (Figure 2 � top left). Finally,
a ‘realistic photo-textured 3D model’ is a direct output. For instance, Figure 2(c) illustrates the
details of the eroded gullies situated on the westernmost massive mudstone (Lichi M�elange), which
plays as an example of the quality of the dataset generated of the study area.

2.2. Update geological mapping through photo-interpretation on the high-resolution
topographic data on the Pingting terraces

In order to update the mapping geology of the Pingting area, we used herein basic keys of photoin-
terpretation (e.g. Howard 1967; Deffontaines & Chorowicz 1991; Deffontaines et al. 1992;
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Deffontaines et al. 1993) by analysing the structures, and the textures of the DTM in order for
instance to highlight homogenous areas that characterize same lithologies. We focus also on the
drainage network geometry in order to get fault and folds, and drainage density and frequency to
get permeabilities, as well as topographic slopes that gives hardness/softness of rocks (e.g. Howard
1967; Deffontaines & Chorowicz 1991; Deffontaines et al. 1992; Deffontaines et al. 1993; Pubellier
et al. 1994). In order to more precisely locate the structural geometry of faults, particular attention
was carried on the stratigraphic dip and the topographic chevrons and flat irons that reveal geologi-
cal structures on the digital topography. We then are able to up-date and modify consequently geo-
logical mapping (Figure 2(b)) adding several items such as the well preserved paleo-surface (PS)

Figure 2. UAV Digital Terrain Model of the Pingting area. (a) Orthorectified photomosaic of the UAV Pingting area. (b) UAV trian-
gular irregular network (TIN) coloured hill-shaded hypsometry. (c) Snapshot of the UAV DTM zoom-in 3D model of the study area
where the eroded gully and strata are clearly identifiable from the image. The location of the scene is indicated by the black arrow
marker plotted on Figure 2(a).
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against active erosion, as well as the numerous faults splays that affect the topographic surface (e.g.
the Pingting Terrace Fault 1 � PTF1 � and Pinting Terrace Fault 2 � PTF2 � of the Pingting terra-
ces, see Figure 5). Some landslides crowns also were identified in the western part of the CoaR above
the Hsinwulu river, within the Lichi M�elange that needs to be taken into account for the resulting
structural geometry. Active vertical scarps without vegetation in the fields confirm the land-slidings.

Figure 3. UAV’s high-resolution DTM. (B) New structural and geological photo-interpretation from the high-resolution UAV DTM
combined with pre-existing published geological mapping. One may note the up-dating structural geometry of both Pingting ter-
races as well as the western side of the Coastal Range: (1) Fault, (2) inferred fault, (3) fold, (4) landslide, (5) drainage network, (6)
paleo surface, (7) alluvial deposit, (8) Lichi M�elange, (9) andesitic blocks within the Lichi M�elange, (10) Paliwan formation conglom-
erate facies, (11) Paliwan formation, and (12) Fanshuliao formation.
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Consequently, after this careful photo-interpretation geological and geomorphological mapping, the
two Pingting terraces appear to be offset on their westward limb by faults with vertical component
as the eastern terrace is uplifted relatively to the western one as already seen by previous authors
(Shyu et al. 2008; Champenois et al. 2012).

In order to characterize and quantify the present tectonic activity of the new geological scheme of the
Pingting area and their different units, we combine this approach with SAR interferometry (see below
and following interferometric works of both Fruneau et al. 2001 and Pathier et al. 2003).

3. Multi-temporal InSAR analysis and Pingting PALSAR application

3.1. InSAR methods: MTI-StaMPS method

Since early 1990s, conventional Differential Synthetic Aperture Radar Interferometry (DInSAR) is
usually employed to investigate surface deformation processes (e.g. Massonnet et al. 1994; Wright
et al. 2001), but some limitations appear such as atmospheric phase delay or temporal decorrelation
(Zebker & Villasenor 1992; Zebker et al. 1997). To address these limitations, two different
approaches were developed in the early 2000’s, both based on time series analysis, the Small Baseline
Insar (SBAS) (Berardino et al. 2002; Lanari et al. 2004) and the Persistent Scatterer InSAR (PSI)
(Ferretti et al. 2001; Hooper et al. 2007). Those techniques, relying on a set of interferograms built
from SAR data acquired at different times, allow to measure displacements on specific points at
each date of SAR acquisition and over long period time. SBAS is based on interferograms formed
with criteria of short time interval and small difference of perpendicular baseline (i.e. the component
of the satellite separation distance that is perpendicular to the look direction) while PSI is based on
interferograms formed with respect to one single image called ‘Master Image.’ Despite many advan-
ces in time series analysis, there are still limitations for measuring surface deformation processes
especially in vegetated natural landscape and agricultural area where the temporal change of the
ground can cause rapid signal decorrelation (e.g. Meng & Sandwell 2010). Moreover, corrections of
the atmospheric phase screen in the interferograms are one major limitation. Among the present
solutions to take it into consideration, there are global atmospheric models (e.g. Jolivet et al. 2011),
the combination of spatio-temporal filters of the interferometric phase (Hooper et al. 2007), princi-
pal components analysis, and use of total zenithal delay derived from GPS measurements. Nonethe-
less, one recent advance in time series propose to combine PSI and SBAS approaches (Hooper et al.
2012). Indeed, the two approaches can be considered as complementary because they have not been
developed for the same model of surface scattering. From there, it is possible to use them together to
improve the spatial density of measurements and, when pixels are selected with both approaches, to
improve the signal-to-noise ratio (Hooper et al. 2012).

In this study, the multi-temporal InSAR (MT-InSAR) algorithm developed by A. Hooper (2008) is
used. Both information of amplitude dispersion, derived from Ferretti et al. (2001), and phase stability
with time are used to determine which pixels can be considered as PS pixels or slowly-decorrelating
filtered phase (SDFP) pixels for SB approach. Then a 3-D phase unwrapping (Hooper et al. 2007)
is applied to the combined dataset and further processing for extracting the signal deformation are
applied. This algorithm differs from other because full resolution interferograms are used for SB
approach and no a priori model of deformation through time is used, but it assumes that deformation
and consequently the interferometric phase is spatially correlated. At the end of the MT-InSAR proc-
essing chain, a map giving for each pixel its mean velocity along the radar line of sight (over the whole
period) and a time series of displacements at each acquisition date are obtained.

3.2. Pingting PALSAR data

A set of nine PALSAR (Phase Array type L-band Synthetic Aperture Radar) data provided by the
ALOS satellite from the Japan Aerospace Exploration Agency (JAXA) acquired between January
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2007 and September 2010 is used in this study (Table 1). One major characteristic of the PALSAR
sensor is that it operates in L-band, with a wavelength (23.6 cm) five times longer than the wave-
length of usual C-band sensors commonly employed for Synthetic Aperture Radar Interferometry
(InSAR) studies. The heading angle (or azimuthal angle) is about 13� to the West and the mean inci-
dence angle is 38.7�. Recent studies have demonstrated the improvement of InSAR results quality
using L-band data over area with tropical and dense vegetation cover (e.g. Meng & Sandwell 2010;
Champenois et al. 2012) due to a higher penetrative capacity. PALSAR data used in this study are
from the ascending path 445 and cover the southern part of the Longitudinal Valley from Rueisuei
to Taitung (which is actually the most active), but in this paper we only focused on the Pingting
Terraces.

3.3. Spatial analysis of interseismic creep activity

Using the dataset described previously, eight interferograms for the PS method and 16 interfero-
grams for the SB method were formed (Figure 4), which gives coherent results despite the few num-
ber of resulting interferograms (see Hooper et al. 2007). It is clear that a reduced amount of dataset
reduces a bit the accuracy of our PS InSAR measurements. Dealing with the critical baseline parame-
ter (spatial component), we choose 1100 m, and we choose 930 days for the temporal baseline, these
two values seem reasonable for L-band data for such area of Taiwan. Concerning the differential
interferograms, the PS approach has also been developed to exploit interferograms with low coher-
ence. As in StaMPS, full interferograms are just used at the beginning of the process, one of its inter-
est is that even on interferograms that look noisy (clearly difficult to read) it is possible to extract
pixel information on surface displacements. We considered herein a 40 m DEM derived from optical
data for the generation of the DInSAR results, which is reasonable to remove the topographic com-
ponent in these ALOS interferograms. The chosen ‘Master Image’ for PS processing is the 17/12/
2007 SAR acquisition. At the end of both processes, applying the same selection threshold (0.4,
which is given as a reasonable value by Hooper et al. 2007) and the same per cent of pixels with ran-
dom phase accepted (10%), 3600 pixels were identified with the PS method, whereas with the SB
method 2800 pixels were identified. Finally, more than 6400 pixels were selected over this 53 square
kilometres rural area leading to a density of measurements of about 120 pixels/km2. This density
value is a significant improvement compared to the Peyret et al. (2011) study using ERS SAR
C-band data and the Champenois et al. (2012) study using only PS method with ALOS PALSAR
L-band data.

Results from the combined method are shown in Figure 5(a). The western part, corresponding to
the Longitudinal Valley, presents a higher pixel density compared to the eastern part mainly due to
the presence of dense vegetation and high topography. However, the spatial sampling of measure-
ments over the CoaR is enough to analyse the interseismic surface deformation for the 2007�2010
period over the Pingting Terraces. The reference area used in this study is a city located West to the

Table 1. Information of the PALSAR images from Path 445, Frame 440 of ALOS.

Image no. Year Month Day Baselinea (m) Timeb (days) Category of image

1 2007 01 29 ¡1504 0 Slave
2 2007 08 01 ¡277 184 Slave
3 2007 09 16 ¡430 230 Slave
4 2007 12 17 0 322 Master
5 2008 05 03 862 460 Slave
6 2009 08 06 ¡1572 920 Slave
7 2009 12 22 ¡638 1058 Slave
8 2010 02 06 ¡234 1104 Slave
9 2010 09 24 592 1334 Slave
a Perpendicular baseline component.
b Time difference relative to the master image.
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Pingting terraces and close to the profile BB'. The MT-InSAR results show localized deformations
that are consistent with shallow creep reaching the surface. At first glance, two blocks with relative
differential displacement can be distinguished: the westward one corresponding to the Longitudinal
Valley with mean LOS velocities close to 0, and the eastward one corresponding to the CoaR which
is rapidly uplifting and overthrusting with mean LOS velocities ranging from C10 mm/yr to
C35 mm/yr toward the satellite. Between these blocks, two active fault sections can be precisely
localized, characterized and quantified. They correspond to the Pingting Terraces Faults (PTF1 and
PTF2, see Figure 5(a) and 5(b)). Separated by only 250 m average, they are parallel to each other
and N020�E trending as the LVF orientation.

North of the study area (Latitude: 22.975�N), a first discontinuity in mean LOS velocities is local-
ized at the basal relief of the western side of the CoaR and can be associated with the LVF. Eastward,
another discontinuity in mean LOS velocities is localized inside the CoaR. Contrary to other places
of the southern Longitudinal Valley, the total deformation is there accommodated by two active

Figure 4. Baseline plot for (a) the persistent scatterer method and (b) the small baseline approach. The red dots represent PALSAR
images, while the blue lines indicate the interferograms that are formed. The perpendicular baseline corresponds to the compo-
nent of the satellite separation distance that is perpendicular to the look direction.
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structures: the LVF (PTF1 and PTF2) and a ‘continuous’ active deformation within the Lichi
M�elange that is deduced in this study based on the MT-InSAR our result especially the motion pro-
files (see Figure 5(b)).

To quantify and analyse creeping activity of faults, we choose to estimate the total LOS velocity
offsets (LOSVOs). To calculate the total LOSVO between both sides of the faults, the hangingwall
and the footwall are separated according to each fault traces and a regression (linear or polynomial
regression of order from 1 to 3) is performed on each side. By the way, the width of the profiles lines
used is 100 m (50 m on each side). Afterward, the LOS velocities are computed to the nearest fault
trace for both side and used to estimate the total LOSVO across the fault. The mean value of uncer-
tainty associated with all LOSVO values is about 3 mm/yr taking into account both sides of the faults
the standard deviation of uncertainties associated with each PS (StaMPS outputs) nearest of the
fault. Then we estimated the mean of these two values (one for the West side and one for the East
side of the fault).

Using the Profile AA’ (Figure 5(b)), LOSVO associated with the LVF and the new fault are,
respectively, 14 mm/yr and 16 mm/yr. Moreover, this profile gives significant information about the
depth of creep by simply analysing the surface deformation (clear discontinuity or distributed LOS
velocities on surface). For the LVF, it appears that the fault creeps up the surface because the defor-
mation occurs within 100�200 m while the one associated with the other fault is less localized over
more than 500 m. The fault located inside the CoaR is not precisely localized moving southward
and its trace is completely lost when approaching the Peinan River which presents a low density of
point of measurement. Regarding the LVF, it appears that the fault crosses the river until the Pingt-
ing Terraces and becomes the Pingting Terraces Fault 1 (PTF1).

Over the Pingting terraces, significant gradients of mean LOS velocity appear close to the two
major western basal reliefs of the terraces. In the Profile BB’ (Figure 5(b)), it arises that these

Figure 5. (a) Mean line-of-sight velocity map for the Pingting Terraces area from combined MT-InSAR method. The black lines rep-
resent update detailed fault traces obtained with the MTI results and grey dashed lines indicate the location of the three mean
LOS displacement profiles presented on the right. On the left top corner, two arrows indicate the flight direction of ALOS satellite
associated with ascending track, and look direction of radar (line of sight). Labels F1, F2 and F3 indicate marker of deformations
found during field investigations and shown in Figure 8. LVF: Longitudinal Valley Fault; PTF1: Pingting Terraces Fault 1; PTF2: Pingt-
ing Terraces Fault 2. (b) Mean line-of-sight velocity profiles. All profiles are perpendicular to the major active segments they cross.
Each profile is superimposed on the topographic profile from a 40 m Digital Terrain Model. Estimated LOS displacement rates of
each fault are indicated in grey.
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gradients are associated with the interseismic creep activity of the Pingting Terraces Faults 1 and 2
(PTF1 and PTF2) with, respectively, 7 mm/yr and 20 mm/yr of LOSVO. The poor density of points
west to the PTF1 does not allow interpreting the surface deformation whereas the surface deforma-
tion associated with the PTF2 is localized over more than 400 m. Eastward of the PTF2, a small off-
set in mean LOS velocities can be observed at the western foot of the CoaR. With a 5 mm/yr
LOSVO, this gap can be associated with another active tectonic structure branching at depth one of
the two Pingting Terraces Fault. However, without more information, it is difficult to map and study
in detail this hypothetical structure.

In the southern part of the study area, the mean LOS velocity map reflects a more complex tec-
tonic setting. Indeed, the PTF1 trace is slowly disappearing inside the Peinan River mainly due to
the weak density of point of measurement as mentioned before, whereas the PTF2 seems to pass
through the CoaR (over more than 3 km) and joins more southerly the Longitudinal Valley. The
Profile CC’ (Figure 5(b)) shows a substantial offset in LOS velocities across the PTF2 of about
30 mm/yr. However, fault trace cannot be correctly localized with no point of measurement over
more than 800 m around the fault.

3.4. Spatial and temporal analysis of LVF interseismic creep activity during 2007�2010

The MT-InSAR method permits a temporal analysis thanks to a time series of measurement with
one value of deformation for each SAR data used in the process. The first aim of a temporal analysis
is to investigate the linear and the non-linear components of the interseismic creep activity. Figure 6
(a) presents the time series of LOS displacement over the Pingting Terraces with respect to the older
SAR acquisition (29/01/2007). The deformation appears to be linear with time and only the 22/12/
2009 seems to present a problem with lower values of displacement overall the study area. This
problem could be due to the presence of an atmospheric artefact that has not been correctly
removed during the MT-InSAR processing. In order to remove atmospheric artefact, we used the
spatio-temporal filters developed and available in StaMPS. These have been parametrized with the
following values: spatial grid size of 300 m and temporal grid size of 730 days.

In order to examine the temporal variation of shallow creeping activity of the PTF1 and PTF2, the
Profile BB’ is used to estimate cumulate LOS Displacement Offset with time (Figure 6(b)). As the LOS
Displacement Offset is estimated on a short distance (hundreds of metres), this parameter is less sensi-
tive to atmospheric perturbations which show typical variations at large wavelength. Both faults pres-
ent a linear temporal deformation with slight variations, which are within the error bars. The total
LOS displacement across the Pingting Terraces occurs with a mean rate of about 26.6 mm/yr.

3.5. InSAR deformation mapping and field investigations

Two previous studies established a local structural map of the terraces based on geomorphological
analysis (Shyu et al. 2008, Figure 1(c)) and on PS InSAR analysis (Champenois et al. 2012, Figure 1
(c)). However, some fault traces were still unclear, especially the northern part of the terraces with a
probable connection to the LVF. The high density of point of measurement obtained with the MT-
InSAR method allows updating more accurately shallow creeping sections of the faults. The result-
ing fault traces are shown in Figure 5(a) and can be compared to the map of Shyu et al. (2008,
Figure 1(c)). Some disparities appear north and south of the terraces and can result from positioning
error when only geomorphological approach is used over area subject to erosion or recent fluvial
deposits (Chen et al. 2007).

To validate the MT-InSAR update faults map, two field trips have been conducted in the study
area to locate evidences of surface deformation near the Pingting Terraces Faults and the LVF. Three
evidences are presented in Figure 7 and can be easily localized in Figure 5(a). North of the Pingting
Terraces, clear evidence of tectonic activity is localized on the Paohua Bridge which crosses the
Hsinwulu river perpendicularly to the LVF (Figure 7, F1). About 200 m from its eastern ends, this

GEOMATICS, NATURAL HAZARDS AND RISK 129



bridge is affected by the vertical component activity of the LVF where the eastern part is uplifting
compared to the western part which appear to be stable in the InSAR monitoring 2007�2010 period
of time. Southward, guided by the MT-InSAR map, two evidences were found close to the PTF2.
Marker of deformation F2 (Figure 7) illustrates the thrust component of fault slip across a concrete
dike over its entire height. Furthermore, evidence F3 occurs on a channel close to the Profile BB’
where the estimated LOSVO is about 20 mm/yr. In this place, the eastern part is thrusting and offset
the drainage channel.

4. Discussions

4.1. The Pingting shallow interseismic deformation

It is of prime importance to superimpose both surface displacements deduced from InSAR and
the geological framework on the Pingting area. That reveals the structurally active places such

Figure 6. (a) Time series of line-of-sight displacement over the Pingting Terraces area from combined MT-InSAR method. The black
lines represent update detailed fault traces obtained with the MTI results and the white dashed line shows the profile used for the
(b) temporal evolution of line-of-sight displacement across the Pingting Terraces Faults. The red lines are linear regression associ-
ated with the Pingting Terraces Faults and the blue line is linear regression for the sum of the two Pingting faults.

130 B. DEFFONTAINES ET AL.



as the relative subsidence or surrection areas as well as active faults and folding during the
2007�2010 time period that have a differential displacement toward the line of sight.

One may note that the LVF zone is composed of two branches from north to south that are both
interseismically active and have a differential structural behaviour. Figure 8 reveals the interseismic
displacement where one may notice west of the LVF the relative subsidence of the Longitudinal Val-
ley (toward the CoaR), that acts as the drag fold linked to the thrusting activity. Eastward of the
LVF, the maximum uplifting rate relatively to the LOS is situated within the Lichi M�elange
highlighting the ductile behaviour of the Lichi M�elange toward the present compression. The uplift
axis turns slightly southward to the SE within the Fanshuliao volcanic Formation (Fc) of the Luzon
volcanic arc (see heavy green line of Figure 8).

From the InSAR map of LOS displacement (Figure 5(a)), we may characterize differently the two
splays that branches close to the surface PTF1 and PTF2 on the Pingting terraces as well as the dif-
ferential displacement due to the geometry at depth. PTF1 appears to be a flatter thrust and may
correspond to a front shortcut thrusting fault, than the deeper dipping PTF2, east of which active
folding occurs (Figure 9).

Therefore, a local partitioning is evidenced herein close to the surface. During the 2007�2010
interseismic time period, PTF1 is an active creeping thrust contrasting with PTF2 that acts as the
thrust base of an active anticline. Due to the northern and southern geometry, we infer that both
connect at depth in only one major fault 50� dipping and corresponding to the LVF (see Hu et al.
2007).

4.2. The Longitudinal Valley Fault and the coastal range geological and geodynamic
regional implications

The interseismic tectonic evolution of the CoaR shows a dissymmetric tilting, higher surrection to
the west contrasting to a lower one to the east (Barrier & Muller 1984; Angelier et al. 1997) by its
overthrusting above the Longitudinal Valley (Figure 10). One may notice that the maximum inter-
seismic deformation deduced from InSAR results occur on the eastern part of the Longitudinal Val-
ley, close to the CoaR. There the Hsinwulu/Peinantahsi rivers flow within the maximum subsiding
area. The maximum displacement occur within the Lichi M�elange in between the LVF that is char-
acterized in the Pingting area by two splays (PTF1 acting as an interseismic active west vergent
thrust and PTF2 acting as the thrust below an active folding structure). The displacement develops
and increases further east within the Lichi M�elange and may correspond to ejection of the lichi mel-
anges beneath the CoaR series. The latter is so highly deformed and appear to be locally tightly
folded within the fault zones (dip close to 80�).

Figure 7. Field evidences of tectonic activity over the Longitudinal Valley Fault (LVF) and the Pingting Terraces Fault 1 (PTF1) (see
location in Figure 5(a)). F1 � the Paohua Bridge: the bridge is deformed by the activity of the Longitudinal Valley Fault (Fault); its
eastern part is uplifting contrary to its western one which appears stable toward the LOS. F2 � Pingting concrete dike: the defor-
mation in this place reveals a clear thrust component of the PTF2 fault displacement, scale 10 m. F3 � Pingting channel: the PTF2
thrust fault cross obliquely a river channel and destructed it, scale 5 m. A small compressive pop-up bounded by two reverse faults
is seen in the lateral concrete dikes, scale 3 m.
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Within the CoaR few different deformations occur as it is just passively transported with a slight
tilt to the east (see East Figure 10). Furthermore, from this InSAR result, the Tuluanshan and the
Yung-Feng thrust faults, do not present characteristic displacements toward the LOS during the
2007�2010 time period and with this wavelength. Of course these faults may be blocked and needs
a longer time period, a longer wavelength to precise their possible interseismic displacements.

Figure 8. Resulting active interseismic structures deduced from the up-date geological mapping (with INSAR dots Figure 5(a)), of
the Pingting area. Note the heavy red lines which act as active tectonic thrust faults west verging and heavy green line that corre-
spond to the maximum uplift area and in heavy dashed green line the maximum relative subsidence of the place. Low right corner:
Mean LOS velocity derived form InSAR (scale bar purple �10 mm/y; red � 40 mm/y).

132 B. DEFFONTAINES ET AL.



Furthermore active oblique or horizontal displacement toward the LOS may also occur that will be
difficult to decipher from this InSAR result. It should be interesting to date precisely the remnants
of the CoaR Paleo Surfaces (PS: item 6 of Figure 3) revealed by the photo-interpretation of the so
precise DTM in order to reconstruct the longer term of the neotectonic deformation.

From the geomorphic point of view, the Hsinwulu river flows southward generally guided by
both the active syncline (drag fold of the LVF) and along the LVF. In the Pingting terraces vicinity it
flows within the ‘anticline deformation’ within the soft clayey Lichi m�elange (Lc) revealing this
superimposition of drainage to tectonic activities which has been possible due mainly by the softness
of the highly deformed Lichi M�elange, a good example for differential erosion applied to active
tectonics.

One may notice that our active tectonic interseismic analyses and interpretations (active folds
and faults) is done in the Pingting area (herein) without taking into account the possible co- and
post- seismic effects, such as those due to the (Mw 6.8) Chengkung earthquake (2003 � which epi-
centre is situated at around 20km to the NE), that had definitely affected the area (see Hu et al.
2007). Effectively, as regard to the seismological catalogue provided by the Taiwanese Central
Weather Bureau (CWB), no shallow earthquake with significant magnitude occurred during the

Figure 9. 3D schematic structural view of the Pingting terraces deduced from both detailed photo-interpretation and update geo-
logical mapping as well as InSAR displacement along the LOS.

Figure 10. 3D schematic view of the Pingting terraces and the western Coastal Range. The red lines represent the Pingting terra-
ces faults with the line-of-sight displacement rates estimated in this study. The red arrow on the right top corner indicates the
direction of convergence between the Philippine Sea Plate and the Eurasian Plate with an estimated rate of about 82 mm per year
(Seno et al. 1993).
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studied period of this paper. Unfortunately, there is an only one continuous GPS station to monitor
the Pingting terraces (ERPN, Hu et al. 2007), it shows coherent and convergent results even if the so
small amount of stations makes it difficult to compare those to our InSAR results (Champenois
et al. 2012). The Longitudinal Valley appears to be stable and not displaced comparing to the general
surrection of the CoaR.

5. Conclusions

Over the Pingting Terraces, the use of both high-resolution topographic data combined with previ-
ous geological maps, allow us mapping more precisely the structural geometry of the major suture
of the Eurasian/Philippine sea plate collision within the Longitudinal Valley. Furthermore InSAR
time series interferometry in between 2007 and 2010 helps to characterize and quantify the interseis-
mic present displacements. Therefore, the LVF, in the Pingting terraces vicinity, is not accommo-
dated by only one structure as it is the case northward in the Yuli or Fuli area (see Champenois
et al. 2012) but by two fault splays that connect at depth due to their field geometry. On the InSAR
deformation cross-sections perpendicular to the LVF, it appears clearly that the western branch
(PTF1) corresponds to an outcropping flatter thrust fault west verging without folding component,
and is interpreted as a shortcut of the thrusting propagation of the active deformation. Whereas the
eastern branch (PTF2) seems to be locked at the surface and corresponds to a thrust below an active
fold west verging with a much higher rate (x3). Therefore, we interpret the PTF2 eastern splay as
deeper than the western one (PTF1). PTF2 may be the surface trace of the buried LVF. So tectonic
partitioning prevail in that area of the Longitudinal Valley. It is difficult to estimate the lateral
strike-slip displacement without a local GPS network but due to its geometry it is inferred much less
important than the vertical thrusting component. The whole active deformation appears to focus on
the Lichi M�elange which act as a ductile mobile layer to the compression that concentrate the verti-
cal uplift due to the vertical extrusion and ejection of the material. The CoaR generally is passively
transported and slightly tilted as it is transported and overthrust above the Longitudinal Valley.
Moreover, we reveals remnants of paleo-surface within the CoaR that should be interesting to date
precisely (see PS: item 6 of Figure 3) revealed by the photo-interpretation of the so precise DTM in
order to reconstruct the longer term of the neotectonic deformation. We then are able to quantify
locally with good confidence the inter-seismic deformation of the LVF that have also major implica-
tions on the present CoaR geometry. It is of high importance to monitor theses active tectonics dis-
placements in order to prevent and to better understand the future LVF Earthquakes. We therefore
are able to propose a structural geometry and a quantification of the inter-seismic active displace-
ments of the LVF and the western part of the CoaR close to the Pingting terraces.
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