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Abstract

The assessment of surface deformation is one of the important aspects for
understanding fault activity and disaster mitigation. Currently, near-fault deformation is
mainly calculated by in situ measurements, while regional coseismic surface
displacement relies on geodetic tools to estimate the overall surface deformation field.
However, fault activity can cause inelastic deformation tens of kilometers away from
the fault line. This is called off-fault deformation, a difficult surface change to be
detected by in situ measurements. Since the amount of off-fault deformation may affect
the assessment of earthquake hazard and potential, the quantification of off-fault
deformation of major earthquakes and the characteristics of the resulting deformation
have received increasing attention in recent years with the advancement of measurement

technology.

The Hualien earthquake occurred in eastern Taiwan in 2018 with a moment
magnitude of 6.4 and was one of the most important catastrophic earthquakes in Taiwan
in recent years. According to previous studies, the surface rupture was more
concentrated in the northern part of the Milun fault, while the southern part was
scattered into multiple ruptures after entering the urban area. And through GNSS,
synthetic aperture radar and optical satellite images, the surface displacement of the
region also tended to decrease from north to south, indicating that the Milun fault
should have obvious lateral changes of off-fault deformation. However, because the in
situ investigation is only limited to surface rupture, and satellite observation provides
far-field observation without precise observation in near-field, there is no quantitative

estimation of the lateral change of off-fault deformation. Therefore, in this study, the

1



structure from motion technique was used to generate high-resolution orthophotos from
pre- and post-earthquake aerial images of the 2018 Hualien earthquake, and the sub-
pixel correlation method was used to calculate the near-field displacements, together
with the far-field observations and surface rupture data from previous studies, to
calculate the proportional and lateral changes of the off-fault deformation. The results
show that the average N-S displacement difference between the upper and lower part of
the Milun fault is 1.56 m, and the average E-W displacement difference is 1.10 m. The
fault line can be accurately mapped along the position of the displacement drop, and the
fault line mapped in this study is slightly more to the east than previous studies. The
displacement field show a clear leftward rupture along the fault, with more concentrated
surface rupture and narrower deformation in the middle part of the fault, and a wider
(300 m) and more dispersed surface deformation zone in the southern part. In this study,
we also calculated the along-strike variation of off-fault deformation and found that the
percentage of off-fault deformation is relatively low in the middle section (~68%), but

tends to increase southward (~97%).

Keywords: Off-fault deformation, 2018 Hualien earthquake, Near-field rupture zone,

Structure from Motion, InNSAR
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Chapter 1 Introduction

1.1 Motivation

How Earth’s surface deforms during earthquakes is crucial for understanding
active structures and earthquake physics. As field investigations are generally limited to
the area along fault lines and surface ruptures, which have discernible offsets, geodetic
approaches can detect subtle deformation at a larger spatial scale. In addition to surface
ruptures, coseismic surface deformation has varied types including secondary faulting
and distributed deformation such as warping, distributed granular flow, and rotation that
occurs outside of the surface rupture. The distributed deformation may be significantly
large compared to the deformation along surface ruptures, leading to the research topic
of off-deformation. Instead of being close to surface ruptures, off-fault deformation
could be distributed within tens of kilometers away from the fault lines and sometimes
higher than half of the total deformation (e.g. Zinke et al., 2014). With accurate
assessments of off-fault deformation, ones can better estimate fault behaviors and

evaluate disaster mitigation by mapping geologically sensitive area.

With the development of geodetic approaches nowadays, geodetic observations
at the coseismic period have higher spatial resolution and spatial coverage, drawing
attention to the presence of off-fault deformation. In order to quantify off-fault
deformation, surface-displacement profiles derived from geodetic methods can help
constrain the amount of far-field, off-fault deformation (Zinke et al., 2014; Milliner et
al., 2015). The geodetic observations provide insights into the localization of fault slip

and inelastic strain (Barnhart et al., 2020). Since several geodetic techniques like GNSS,



InSAR, and offset tracking of remote sensing imagery are widely used to detect
coseismic deformation nowadays, it is important to understand how to combine
different geodetic data and further characterize comprehensive surface ruptures and off-

fault deformation.

In recent years, the 2018 Mw6.4 Hualien earthquake is one of the most
hazardous seismic event, causing several casualties and building collapse. The
characteristics of the movement of the Milun fault is important to understand the
tectonic at the northernmost Longitudinal Valley and the interaction between the Central
Range fault and Longitudinal Valley fault system (Shyu et al., 2016; Yen et al., 2019).
Geodetic observations show that the coseismic displacements of the Hualien earthquake
maximizes toward the northern end of the Milun fault and decreases to the south (Kuo
et al.,2019; Yen et al., 2019). Similarly, surface ruptures are localized toward the north
and become more distributed to the south (Huang et al., 2019; Lin et al., 2019). The
Hualien earthquake has long wavelength deformation could be induced by the buried
main rupture front beneath the surface, with inelastic off-fault deformation very close to
the surface (Kuo et al., 2019). With the basic understanding of the pattern of the
coseismic deformation, however, the amount of the along-strike variation of the off-
fault deformation is less constrained. Therefore, this research aims to combine varied
geodetic data to better estimate the along-strike variation of the off-fault deformation for

the Hualien earthquake.



1.2 Research purpose

In order to quantify the along-strike variation of the off-fault deformation for the
2018 Hualien earthquake, it requires comprehensive observations of coseismic
deformation at local and regional scales. While ground investigation (Huang et al.,
2019; Hsu et al., 2019; Lin et al., 2019) and satellite imagery and GNSS (Huang et al.,
2018; Kuo et al., 2019; Yen et al., 2019; Wu et al., 2019) have covered the on-fault and
far-field observations, respectively, the near-field observations in between, which is the
key to understand the amount of off-fault deformation, requires observations with fine
spatial coverage and resolution. Aerial images, which have higher spatial resolution
(~50 cm) than satellite images, should provide suitable observations for the near-field
deformation. Since GNSS, InSAR, and field investigation data are already accessible,
the goal of this research is to process aerial imagery before and after the 2018 Hualien
earthquake to complete full surface observations of the earthquake. With the constraints
from other data, the estimation of off-fault deformation show clear horizontal
deformation field across the Milun fault and provides an opportunity to quantitatively
evaluate the along-strike variation of the off-fault deformation and to explore the

controlling factors of the variation.



Chapter 2 Literature review

2.1 Hualien earthquake

The 2018/02/06 Mw 6.4 Hualien earthquake struck the nearshore Hualien at
23:50 local time with a shallow hypocenter depth of about 6.3 km, causing a high
seismic intensity of 7 in Hualien City. The earthquake generated surface ruptures along
the Milun fault and the northern most part of the Lingding Fault (CWB, 2018). This
earthquake was accompanied by one foreshock and many aftershocks with magnitude
larger than 5 (Fig. 1). The aftershock sequence showed a tendency of clustering over a
northeast-striking structure extending towards on-land with mostly normal faulting

mechanisms on a steep west-dipping nodal plane (Kuo-Chen et al., 2019).



Fig. 1. Focal mechanism and moment magnitudes of the 2018 Hualien
earthquake. The South China Sea (Eurasian plate) is subducting eastward beneath the
Philippine Sea plate along the Manila trench south of Taiwan, and the Philippine Sea
plate is subducting northward beneath the Eurasian plate. Crustal blocks east of both
faults move north relative to central Taiwan via left-lateral fault offset; the relative
motion becomes more eastward because of local clockwise rotation near the north end

of the Milun fault. (Yen et al., 2019)

The major surface ruptures could be categorized into synthetic and antithetic
Riedel shears interlinked by push-up moletracks or tensional fissures (Huang et al.,
2019; Lin et al., 2019). The strike of the principal displacement zone evolved from
northeast to northwest. Lee et al. (2019) suggested that the rupture started from the
west-dipping fault plane in the north and propagated to the south, triggering the slip on
the Milun Fault and then the Lingding Fault based on the results of joint source
inversion. Yang et al. (2018) proposed that the ruptures of the Milun Fault and an
unknown west-dipping fault were triggered by a west-dipping seismogenic fault from
the north with the faulting models using InSAR and GNSS results. A general
interpretation for the different results from different models is that the slip on the Milun
Fault was triggered from the seismogenic fault in the north and propagated towards the

south.



2.2 Study area

2.2.1 Study area

The study area for this research is basically along the Milun Fault. The exact
frame for the study area is from 121.551E to 121.701E, and from 23.951N to 24.051N
(WGS 84). The frame is slightly wider than previous researches due to that we aims to

study off-fault deformation which could cross the areas from near field to far field.

2.2.2 Milun fault

The ruptures along Milun fault include a maximum left-lateral offset of ~77 cm,
at the northern tip of the Milun tableland (Huang et al., 2019). The mapped surface
ruptures generated significantly less surface displacement in the city, with an average
measurable left-lateral offset of ~15 cm across the damage zone along the southern half

of the Milun fault (Huang et al., 2019; Lin et al., 2019) (Fig. 2).



Fig. 2. Map of faults and surface ruptures. (a) The regional map of the study area. (c)
Schematic map of the 2018 fault trace and the surrounding structures. (Huang et al.,

2018)

The Milun Fault is considered as a Holocene active fault due to the reason that it
is the only earthquake fault with documented fault displacement of the 1951 Hualien-
Taitung earthquake sequence (Yang, 1953; Hsu, 1962; Bonilla, 1975, 1977; Cheng et
al., 1999; Shyu et al., 2005). The earthquake sequence includes three magnitude 7
events on the north end of the Longitudinal Valley on 22 October and two magnitude 6
earthquakes on 25 November. The exact locations of the 1951 fault ruptures are still
ambiguous due to the absence of coordinate records. With the photos only showing
massive toppling and collapse of houses rather than validated surface ruptures, it is

more questionable how the segments connected to each other. The possible solution is



that the proposed fault segments may only represent the envelope area of the damage

zone.

2.2.3 Surrounding geologic structures

Structures around the Milun Fault include the northeast-striking strike-slip faults
of the Minyi Fault (Lin and Hsiao, 1998; CGS, 2010; Yen et al., 2011) and the Nanbin
Fault (Lin and Hsiao, 1998); the northwest-striking normal faults of the Chihsingtan
Fault (Lin and Hsiao, 1998) and the East Minyi Fault (Lin and Hsiao, 1998; Chen et al.,
2014); the northwest-striking topographic high of the Beipu structure (Chen et al.,
2014); and to the southeast, the Lingding Fault which bounds the western side of the

Coastal Range (CGS, 2010).



Chapter 3 Data and methods

3.1 Data
3.1.1 Aerial images

Aerial image from Aerial Survey Office, Forestry Bureau, Council of
Agriculture were the data for generating orthoimages. The range of the photographs
started from August 23, 2016 to March 4, 2018, including the date of Hualien
earthquake. The flight strips in 2016 are 160823e_64, 160827b_63, 160827b_64,
160827b_65 and 160827b_66. As for in 2018, the flight strips are 180304b_64,

180304b_65 and 180304b_66 (Table 1).

Table 1. List of aerial photos used in this research with dates and numbers.



Aerial images in 2018 are partially covered by clouds, therefore the set along the
coastline wouldn’t be selected for further processing. The color has been automatically
adjusted twice by Photoshop before any process in Metashape. We have tested four sets
of aerial photos with different resolution, from 5000*5000 to 12000*12000, and for the

final result we have chosen 7680*13820 to process and present.

3.1.2 Coseismic displacements from GNSS and satellite data

Yen et al. (2019) estimated 3D surface displacements by using GNSS, InSAR,
and pixel offsets for intensity images. Yen et al. (2018) used GMTSAR software
(Sandwell et al., 2011) for InSAR processing, including respective removal of orbit
ramp and topographic phase by precise orbit from ESA and ALOS 15 m digital
elevation model. SNAPHU software was used for unwrapping interferograms to the
LOS displacement field (Chen and Zebker, 2002). Lin (2022) also proposed three
versions of 3D displacement fields were proposed and the best one among all was
Version 3 which was inverted from DInSAR and fusion of Pixel-offset Tracking (POT)
and Multiple Aperture Interferometry (MAI) based on spatial resolution, accuracy and
deformation patterns. Kuo et al. (2019) used optical satellite images to compute
horizontal displacements. This study used 3D surface displacements from Yen et al.
(2019) to constrain far-field deformation and use horizontal near-field displacements
from Kuo et al. (2019) to verify the surface displacements derived from aerial images

generated in this study.
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3.1.3 Surface rupture data

This study used surface rupture data from the mapping results of field
investigations (Huang et al., 2019 and Hsu et al., 2019) and UAV surveys (Lin et al.,
2019). UAV images provide detailed surface deformation along the fault line with much
higher resolution than satellite image. The resolution of our UAV photos can reach

higher than 10 cm, presenting a fine 3-D surface model with SfM technique.

3.2 Methods

Our methods could be divided into two steps. The first step is to process aerial
photos and produce raw COSI-Corr displacement field. The next step is correcting our
COSI-Corr result with GNSS coseismic deformation data and estimating the variation

of off-fault deformation from north to south (Fig. 3).

Fig. 3. Flow chart of research process.

11



3.2.1 Aerial image processing

3.2.1.1 3D model and orthoimage from SfM

Structure from motion (SfM) is the process of estimating the 3-D structure of a
scene from a set of 2-D images. This research built the 3-D terrain model with
Metashape software. We loaded a series of aerial images into Metashape and aligned
them. 58 and 34 photos in 2016 and 2018 were successfully aligned. To provide these
images with coordinates, we have chosen two sets of ground control points before and

after the earthquakes.

Ground control points are chosen from the 2010 TWD97 orthoimage by the
National Land Surveying and Mapping Center. The set before the earthquake has 67
points, and the other has 56 points, covering the whole research area except for the
airport and other defense land (Fig. 4). The airport and the defense land have been

mosaicked by the government, therefore showing all black on our orthoimages.

The set of ground control points after the earthquake include another set of
ground control points measured right after the earthquake, which is called 2010A. Two
2010A control points were in the research area, which are HUAL and PEPU. With these
new control points, specifically measured for the ground change from the earthquake,
the results in COSI-Corr will have better accuracy. About half of the ground control
points were later chosen as check points, which were basically in the middle for
validation. The final precision by adjusting control and check points is 0.27 meter and

0.29 meter.
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Fig. 4. Ground control points before and after the 2018 Hualien earthquake. Red dots
are control points; blue dots are check points. (A) 2016 ground control points. (B) 2018
ground control points were limited to the city area due to the lack of aerial photos in the

mountains and along the coastline.

Dense clouds were built with 308,712,858 and 209,126,988 points in high
quality, disabled filtering. After the dense cloud were built, we built mesh and texture
with 94,527,466 and 64,846,647 faces in high quality for the final step, generating
orthoimages and DSM (Figs. 5 and 6). The size of orthoimage is 39326*51216 and
26812%48467 with pixel size of 29.5 and 27.3 cm. The errors are shown below in Table

2.
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Table 2. Control point errors and check point errors in 2016 and 2018. The control point
and check point errors were significantly bigger than those in 2016 due to the quality of
the original imagery from the Forestry Bureau. The 6500%6500 set also showed a

similar result.

Fig. 5. 2016 Orthoimage before the earthquake.
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Fig. 6. 2018 Orthoimage after the earthquake. Orthoimage in 2018 had lower coverage
of the mountain and coastline area due to high cloud coverage, non-ideal weather

condition and the lack of aerial images.

3.2.1.2 COSI-Corr by ENVI

COSI-Corr (Coregistration of Optically Sensed Images and Correlation) is a
software developed at the California Institute of Technology for the accurate
geometrical processing of optical satellite and aerial imagery. The software allows

precise co-registration of time-series of images and sub-pixel measurement of ground
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surface deformation. By comparing the two optical images before and after the
earthquake, we can see where each pixel (or window) was moved after the earthquake,
calculate its displacement value, and finally obtain the coseismic displacement field of

the whole area. This method was applied on the calculation of horizontal displacement.

However, if only pixels are used as the calculation unit, the calculated
displacement will be a multiple of the pixel size. To enhance the precision of
displacement, we need to obtain the pixel-to-pixel information around the location with
the strongest linear correlation by using spectral data and image interpolation. This way,
the distance of ground change can be calculated smaller than the size of the pixels. In
short, it can detect displacement with an accuracy of 1/10 to 1/20 times the image
resolution (Van Puymbroeck et al., 2000). The maximum offset (77 cm) is suitable for
aerial images with a resolution of 0.5 meter using sub-pixel correlation, where

displacement range of 2.5 to 5 centimeters can be detected.

Before put into COSI-Corr, the orthoimages before and after the earthquake
need to have the exact same frame size and pixel size. Therefore, we resampled the two

gray images with the new pixel size of 0.3 meter in Nearest way (Fig. 7).
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Fig. 7. Resampled and clipped gray images in 2016 (A) and 2018 (B).

In order to remove noise or extreme values to make the result smoother, we do a
Fourier Transform on the images in a moving window (Van Puymbroeck et al., 2000).
The size of the window would affect the sharpness of the data; the larger the window,
the smoother the result. Then, we had to decide how many pixels we need to do one
window Fourier transformation. The interval size would determine its resolution; the
larger the interval, the worse the resolution. In addition, the window size should be

bigger than the interval, so that some pixels wouldn’t be left out of the calculation (Fig.

17



8). Finally, the results are compared for correlation and the position with the strongest

linear correlation is the relative displacement of that point.

Fig. 8. Fourier Transform in a moving window. The window size is 8x8 pixels with 2

pixels interval.

The correlation masking threshold can help us to exclude the points with low
correlation during the comparison. When there are house collapses, landslides, or cloud
cover in the images, these points will not correspond and the correlation is very low and
should be excluded (Dominguez et al., 2003). The threshold for this research is set as

0.9, which is the optimal value based on the result we tested on the 921 earthquake.

Different combinations of parameters would produce different results. Although
a larger moving window can help us to exclude extreme values, excessive smoothing
could lost some specific points. Therefore, we must different sets of parameters to find
the most suitable combination. Table 3. Shows all the parameter combination we have
tested. According to our experience, the COSI-Corr results are usually the best when the

window size X and Y is four times larger than the step X and Y. The best parameters we
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have tried for a clear COSI-Corr result are 128*128 pixels for window size and 32

pixels for step.

Table 3. Parameter combinations for COSI-Corr. The window size should be bigger than
the step (interval), so that some pixels wouldn’t be left out of the calculation. The red
zone excluded the parameter combinations that are not ideal to use from the table. X

means the combination we have tested; V means the optimal pair.

The horizontal displacement in E-W direction is insignificant, which is
consistent with previous researches from Huang et al. (2019), Kuo et al. (2019) and Yen
et al. (2019). The initial result from COSI-Corr showed maximum 140 centimeters of
N-S left-lateral offset between two walls, which is a little bigger then the result from

Huang et al. (2019), indicating left-lateral offset of ~77 cm at the northern tip of the

Milun tableland (Fig. 9).
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Fig. 9. Initial COSI-Corr results. To make our COSI-Corr results visible, we adjusted
the ENVI color tables to rainbow-black and set the interactive stretching between -1 to
1. Red indicates pixels moving north and east; blue indicates pixels moving south and
west; green means no movement on that pixel. (A) COSI-Corr pixel offset with
128*128 pixels window size snd 32 pixels step in N-S direction. (B) COSI-Corr pixel

offset with 128*128 pixels window size snd 32 pixels step in E-W direction.
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3.2.1.3 GNSS correction

Since COSI-Corr only interpreted the pattern of movement and might contain
systematic error, we need to constrain it with GNSS data. For GNSS correction, we
calculated the difference between GNSS and image displacement, averaged over a
radius of 250 m from the GNSS point, and performed Inverse Distance Weighting

(IDW) interpolation to obtain a GNSS difference surface (Fig. 10).

Fig. 10. Averaged pixel shift values within 250 m radius of the GPS point. The actual
GNSS location might not be exactly at the center of a pixel or at a junction, and the

search range is the principal point of each pixel that is covered within a 250 m radius.
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The Continuous GPS (cGPS) and campaign GPS data were from Yen et al.
(2019) (Table 4). cGPS data were gathered by the CWB, Central Geological Survey,
Institute of Earth Sciences of Sinica Academia, Industrial Technology Research
Institute, and ETEC, and provided by the ETEC. Coseismic deformation from cGPS is
the difference between the 7-day average before earthquake and 5-day average after the
earthquake for most of the cGPS sites. For the sites affected by the 4 February 2018
earthquake, coseismic deformation was the position differences between two days
before the 6 February main event and seven days after the earthquake. Campaign GPS
data were the difference between May 2017 and February 2018. Before conducting any
interpolation, we removed the extreme values of offset, which should be smaller than 1
meter in any direction. Finally, we fit the displacement field to the GPS difference

surface to calculate the final calibrated displacement field.
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Table 4. List of Global Positioning System (GPS) coseismic deformation data used in

this research.

However, the number of GNSS stations is far from enough and they were
unevenly distributed. The GNSS correction field is strongly affected by the algorithm

we chose, shown in Fig. 11.

Fig. 11. Map of GNSS locations.
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3.2.1.4 3D displacements by comparing 3D models

Since the SfM technique can generate 3D models before and after the
earthquake, this study compared the 3D models to estimate vertical displacements as
well. We subtracted the DSM before the earthquake from the one after the earthquake

and got the vertical changes from this event.

3.2.2 Comparison with other geodetic data

One way to evaluate our displacement field is to compare our result with other
geodetic data. We used the Pleiades COSI-Corr result from Kuo et al. (2019) to compare
sub-pixel correlation results. We divided the correction process into two steps. To
minimize the effect from extreme values and noises, we first resample both results into
bigger pixels, 500*500 meters. Then we calculated the difference between them and
interpolated the difference into original resolution, 9.6%9.6 meters. Step 2 is to subtract
the displacement difference field from our original COSI-Corr displacement field,
shown in Fig.12. In addition, we also compared the result with InSAR-derived

coseismic displacements from Lin (2022).
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Fig. 12. Flow chart of COSI-Corr correction with the result from Kuo et al. (2019).

3.2.3 Estimation of off-fault deformation

This research calculated the percentage of the off-fault deformation with the by
fitting many displacement profiles to quantify the along-strike variations of the off-fault
deformation following the methods of Zinke et al. (2014) and Milliner et al. (2015).
Once the amount of percentage of the off-fault deformation for each profile along the

strike is computed, the along-strike variation was visualized by a variation map.
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Chapter 4 Results

4.1 Displacement field
4.1.1 N-S displacement field

The N-S displacement field shows a clear pattern of left-lateral strike-slip fault.
The hanging wall moved 95 centimeters to the north; the foot wall moved 45
centimeters to the south. Close to Ji'an Township there was also northward movement,
which we speculate that this is because adjacency. As for the airport, according to field
investigation, there were fault scarps all the way to Chihsingtan Beach. We suggest if
the aerial image of the airport were available, the offset in the airport should be

consistent with the foot wall (Fig. 13).

26



Fig. 13. COSI-Corr displacement field in N-S direction. The hanging wall moved

90-100 centimeters to the north; the foot wall moved 40-50 centimeters to the south.
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4.1.2 E-W displacement field

The E-W displacement field shows the hanging wall moved toward the east by
one meter, but only the side close the sea, suggesting that the hanging wall rotated
during the earthquake. The foot wall also moved by 30 cm to the west. The E-W
direction displacement field indicates great amount of off-fault deformation. It is clear
in the field that the main deformation is not on the fault line, especially in the southern
part. The furthest deformation is more than 1 kilometer away from the fault line (Fig.

14).

28



Fig. 14. COSI-Corr displacement field in E-W direction.
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4.1.3 Vertical displacement field

The DSM subtraction before and after the 2018 earthquake revealed the vertical
change, which was close to zero. The reason could come from the original aerial photos
not having enough transverse and longitudinal overlap. Without enough overlap, the we
had less angles to make the models three-dimensional. Therefore, the result is basically
2-D and presents no vertical difference. This outcome could also come from the lack of
5-meter DEM in Hualien area. We used the 20-meter DEM instead and added the
elevation from the 2010A version of ground control points from National Land
Surveying and Mapping Center. Due to low DEM resolution and uneven GNSS
distribution, the overall altitude was not well constructed. All in all, the deformation in
this earthquake is basically horizontal. No vertical displacement is a result that matches

reality (Fig. 15).
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Fig. 15. DSM subtraction before and after the earthquake. Light pink area means there

is no difference between the two DSMs.
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4.1.4 GNSS-corrected displacement field

Surface displacement in GNSS corrected COSI-Corr shows the same pattern of
movement in both directions. We found the best correction method is the one with
Kriging interpolation, based on how well it merged with the COSI-Corr displacement

field from Pleiades images. Green dots are GNSS stations from Yen (2019).

4.1.4.1 GNSS-correction with IDW interpolation

COSI-Corr displacement corrected with IDW interpolation is mainly consistent
with the trend we saw in Pleiades COSI-Corr, except for the slight northward movement

in Ji'an Township (Figs. 16 and 17).
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Fig. 16. COSI-Corr GNSS-corrected displacement field with IDW in N-S direction.
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Fig. 17. COSI-Corr GNSS-corrected displacement field with IDW in E-W direction.
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4.1.4.2 GNSS-correction with Kriging interpolation

Displacement field with Kriging interpolation is the one most consistent with the
COSI-Corr displacement field from Pleiades images. The pixel offset is extremely

similar to the one of Pleiades imagery but with better resolution in both directions (Figs.

18 and 19).
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Fig. 18. COSI-Corr GNSS-corrected displacement field with Kriging in N-S direction.
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Fig. 19. COSI-Corr GNSS-corrected displacement field with Kriging in E-W direction.
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4.1.4.3 COSI-Corr-corrected displacement field

Displacement field corrected with Pleiades COSI-Corr is probably the worst
among all corrections. The offset of the hanging wall is strongly enhanced, and the
incorrect offset trend on Ji’an Township is even more significant in N-S direction. As
for in E-W direction, the offset on both blocks turned patchy and was inconsistent with

field investigation (Figs. 20 and 21).
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Fig. 20. COSI-Corr corrected displacement field in N-S direction.
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Fig. 21. COSI-Corr corrected displacement field in E-W direction.
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4.2 Along-strike variation

4.2.1 Along strike profiles

We placed 19 profiles along the field-investigated fault line by Shyu et al. (2020)
in the N-S direction COSI-Corr result and observed two patterns separately from the
middle and the southern part. The length of the profiles is 600 meters, and the distance
between them is 200 meters. In the middle part, the offset difference is very clear,
reaching 0.85 meter maximum. From profile 8, the offset difference decreases but still

has upward trend to the east (Fig. 22).

We drew another fault line based on the displacement field and profile results in
green. The fault line drawn based on N-S displacement field is shifted to the east by 41

to 206 meters from the fault line by Shyu et al. (2020).
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Fig. 22. Nineteen along strike profiles. The red line is the fault line by Shyu et al.
(2020). Profiles are 200 meters apart from each other, and their centers are marked with
red dots. The green line is the fault line based on N-S displacement field, marked with

green dots on the profiles.
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However, as we placed the detailed field investigation by Huang et al. (2019),
we noticed that the surface ruptures actually fitted better with our fault line from
correlation displacement field, especially in the middle section (Fig. 23). We then
calculated the percentage of off-fault deformation along the fault by subtracting the on-
fault displacement from the total displacement, and found that the off-fault percentage

in the middle section was relatively low but increasing toward the south (Fig. 24).

Fig. 23. Map of damage and ruptures investigated by Huang et al. (2019).
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Fig. 24 Along-strike off-fault deformation. (A) On-fault and off-fault deformation. (B)

Percentage of off-fault deformation.

More, we compared our profiles with profiles with displacement fields of
Pleiades’ COSI-Corr and InSAR (Fig. 25). The profiles were longer (1000 m) this time

due to the density of pixels in InSAR.
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Fig. 25. Profiles of (A) aerial images COSI-Corr, (B) Pleiades COSI-Corr and (C)

InSAR from north to south. (D) Overlapping of aerial images COSI-Corr Pleiades

COSI-Corr profiles.
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4.2.2 Results from InSAR

We compared our displacement field with the results from InSAR displacement
by Lin (2022). Lin corrected his displacement field of with DInSAR+MAI+POT
correction (Figs. 26 and 27). We subtracted the Lin’s InSAR result from our COSI-Corr
and found no systematic error in the city, where the ruptures locate (Fig. 28). The
coastline had lower pixel offset value, which we believe came from the high cloud
coverage of original aerial photos. The maximum displacement between two walls in N-
S direction is 80 centimeters, which is significantly lower than our maximum 140
centimeters displacement. InSAR coseismic displacement field provides ground
changes in the airport and the cloud-covered coast, and therefore makes us better

understand the relative motion of two tectonic plates.
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Fig. 26. Corrected displacement field of DInNSAR+MAI+POT in N-S direction.

Fig. 27. Corrected displacement field of DInSAR+MAI+POT in E-W direction. (Lin,

2022)
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Fig. 28. COSI-Corr and InSAR subtraction in N-S direction. Blue pixels are places
where COSI-Corr pixel offset is smaller than the offset value from InSAR, the red ones

are the opposite.
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Chapter 5 Discussion

5.1 Fine and detailed coseismic displacement field

With the high-resolution aerial images, we defined a clear fault line consistent
with the detailed field investigation by Huang et al. (2019) and Lin et al. (2019). The
displacements across the hanging and foot walls is also defined, and it allows us to
better understand the relative movement of the two blocks. We found our displacement
field had similar trends and values from overlapping with Pleiades’ profile with higher
resolution. Our COSI-Corr resolution is finer by 3 times than the one of Pleiades
imagery COSI-Corr and by more than 30 times of the one of InSAR. It is also shown in

the profiles, helping us to capture precise, complicated movement in the near field.
5.2 Along-strike variation off-fault deformation

The width difference between the field investigation and optical correlation
displacements may indicate a large component of off-fault deformation. Off-fault
deformation occurred along the middle and southern part of the Milun fault. As for the
northern-middle section, there is no obvious deformation far way from the fault line.
Field observation showed that the measurable cumulative left-lateral offset across the
rupture zone is generally less than 30 cm (except for the maximum 77 cm offset in the
northern section). However, our image correlation results indicate a higher left-lateral
displacement of 91-156 cm, which is generally well localized in the north, and relatively
distributed in the south (over a zone of 300 m around the main rupture). The percentage

of off-fault deformation, relatively low (~68%) in the middle section but increasing
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toward the south (~97%), also indicates the same pattern. We suggest that more than

~68% of the deformation may have occurred off-fault during the 2018 earthquake.

The 68-97% off-fault deformation estimated in the Hualien earthquake is larger

than the ~46% and ~39% off-fault deformation reported during the 1992 Landers and

1999 Hector Mine earthquakes (Milliner et al., 2015), and the 2013 Balochistan

earthquake (Zinke et al., 2014).

5.3 Explanation for off-fault variation

This large percentage of off-fault deformation may indicate the Milun fault is
structurally immature and unable to localize deformation onto a structurally simple fault
in Meilun River’s alluvial fan. According to Milliner et al. (2015), this could come from
the less consolidated geologic units (e.g., young alluvial sediments), like those in the
southern section of Milun fault. This geological condition may result from high
precipitation and sedimentation rates in east Taiwan. Unlike interior Southern California
and western Balochistan, Taiwan has the climate that leads to the development of
thicker and weaker water-rich sediments at the surface, which may decrease slip
localization (Kuo et al., 2019). Along the southern part of the Milun fault, electric
resistivity analysis across the area that later ruptured in 2018 suggested that at least the
top ~120 m of sediment is composed of young alluvium deposits (Chien, 2015). These
weaker alluvial deposits are less capable of localizing coseismic deformation (e.g.,
Zinke et al., 2014) and consequently may result in a higher ratio of off-fault

deformation.
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5.4 Exact fault trace

The fault line drawn based on N-S displacement field is shifted to the east by 41
to 206 meters compared to the originally-mapped fault line by Shyu et al. (2020). The
maximum width of the fault line zone is 315 meters and the minimum is less than 10

meters in N-S direction.

5.5 Conclusion

We successfully applied high-resolution aerial images to study the 3D
deformation field produced by the 2018 Hualien earthquake. The results reveal a
spectacular left-lateral rupture along the Milun fault, with almost no vertical motion.
The deformation pattern suggests the northern to middle section of the Milun fault
formed a narrow and localized zone of surface deformation, which becomes much wider

and more distributed along the southern half of the fault.

Comparison of field survey data with our near-field image correlation results
indicates 68-97% of the deformation may have occurred off-fault, especially along the
southern half of the Milun fault where the zone of distributed deformation can be as
wide as 300 m. The zone of off-fault deformation could be explained by the physical

properties of the soft, young alluvial sediments overlying the Milun fault.
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