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a b s t r a c t
The Longitudinal Valley in eastern Taiwan is generally considered as the suture of the collision between the
Philippine Sea and the Eurasian plates, and has attracted numerous geologic and seismologic studies. In the northernmost part of the valley, however, constraints on how structures develop as the suture turns into the Ryukyu
subduction system offshore are still very limited. Therefore, we analyzed relocated seismicity distributions and
focal mechanisms of earthquake sequences, together with tectonic geomorphic investigations to further understand the seismotectonic characteristics of this area. In our seismologic observations, we found two previously
unidentiﬁed reverse faults in the northernmost part of the Longitudinal Valley suture. One is an E–W striking,
south-dipping reverse fault near the Liwu River fan delta, and the other is a N–S striking, east-dipping reverse
fault near the eastern Central Range front. Both these structures connect with a detachment at ~10 km deep,
and may connect with each other to form a curved structural system. The Meilun fault, a well-known active structure that ruptured in a M7.3 earthquake in October 1951, is not seismically active in the past two decades, and may
just be part of a secondary branch of the major structural system. In the northernmost part of the Longitudinal
Valley suture, we propose that as the Coastal Range bedrocks subduct northward beneath the Eurasian plate
with the Philippine Sea plate, the shallow sediments of the Longitudinal Valley, being a buoyant block, do not
subduct, but overthrust northward and westward instead.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The island of Taiwan is located at the collisional boundary between
the Philippine Sea and the Eurasian plates (e.g., Teng 1987, 1990;
Shyu et al. 2005a, and references therein; Fig. 1). In eastern Taiwan,
the Longitudinal Valley between the Central Range and the Coastal
Range is generally considered as the suture of the collision (e.g., York
1976; Teng 1990; Lee et al. 1998, 2001; Shyu et al. 2005b, 2008,
2011). The Ryukyu subduction system, on the other hand, extends
southwestward from offshore eastern Taiwan, and intersects with the
northernmost Longitudinal Valley suture. As a result, the area of the
northernmost Longitudinal Valley is characterized by frequent earthquakes and complex geologic structures (e.g., Bonilla 1975, 1977;
Shyu et al. 2005b).
At the northern end of the Longitudinal Valley suture, a small
uplifted tableland, the Meilun Tableland, is present (Fig. 2). This distinctive topographic feature is bounded in its west by the Meilun fault, a
well-known active fault in eastern Taiwan (e.g., Central Geological
Survey 2010). Rupture of this fault produced a M7.3 earthquake in
October 1951 (Hsu 1955, 1962). However, due to the relatively short
(~ 100 years) written history of eastern Taiwan, no other fault is
⁎ Corresponding author. Tel.: +886 2 33669401; fax: +886 2 23636095.
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known to have ruptured historically in the northernmost Longitudinal
Valley. Furthermore, there is very little information about tectonic geomorphic features other than the Meilun Tableland. As a result, how the
Longitudinal Valley suture terminates to the north and how it relates
with the Ryukyu subduction system remain poorly understood.
In order to further understand this structural transition area, we analyzed the seismologic characteristics of the northernmost Longitudinal
Valley with new earthquake data. We then combined the seismologic
observations with detailed tectonic geomorphic investigations to identify the general seismotectonic characteristics of this area. Such information enabled us to propose a model for the structural evolution of
the vanishing suture at the northernmost Longitudinal Valley.

2. Geologic settings of the northernmost Longitudinal Valley
Taiwan, located at the convergent plate boundary between the
Philippine Sea plate and the Eurasian plate, is the product of the ongoing
collision between the Eurasian continental margin and the Luzon volcanic island arc, part of the Philippine Sea plate (e.g., Teng 1987, 1990;
Shyu et al. 2005a, and references therein). The Coastal Range in eastern
Taiwan is the collided and attached part of the Luzon volcanic arc. West
of the range is the Longitudinal Valley, a linear valley that is generally
considered as the suture between the continental basement and the
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Fig. 1. Tectonic settings of Taiwan and surrounding areas, modiﬁed from Shyu et al. (2005a). The dark blue box is the study area. Solid black lines are major structures of Taiwan, and dashed
black lines are boundaries of tectonic geomorphic units. The Longitudinal Valley suture is shown in red. K-K′ and L-L′ are two long seismicity proﬁles shown in Figs. 5 and 7. The short lines
perpendicular to the proﬁle traces represent the projection width of each proﬁle. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

collided volcanic arc (e.g., York 1976; Teng 1990; Lee et al. 1998, 2001;
Shyu et al. 2005b, 2008, 2011; Fig. 1).
As an active collisional plate boundary, the Coastal Range and the
Longitudinal Valley is characterized by high rates of deformation and
uplift. For example, many lines of evidence suggest that almost the entire Coastal Range is undergoing rapid uplift. These include the results
of recent geodetic measurements (e.g., Ching et al. 2011), the presence
of widespread river terraces (e.g., Shyu et al. 2006a), and the existence
of multiple steps of marine terraces along the coast east of the Coastal
Range (e.g., Liew et al. 1990; Hsieh et al. 2004; Yamaguchi and Ota
2004). The deformation and uplift of the range is likely produced by activities of the Longitudinal Valley fault, which is one of the most active
structures of Taiwan and crops out along the western edge of the Coastal
Range (e.g., Angelier et al. 1997; Shyu et al. 2005b, 2006a, 2007). Holocene slip rate of the fault can be as high as more than 20 mm/year
(e.g., Shyu et al. 2006a; Champenois et al. 2012).
The Coastal Range does not extend to the northern end of the Longitudinal Valley, however. Instead, the northernmost part of the valley is
bounded in its east by the Meilun Tableland, an uplifted ﬂuvial/marine
terrace with the highest point at ~ 100 m above sea level (Fig. 2). It is
generally believed that the uplift of the tableland is due to the activity
of the Meilun fault, which crops out along the western edge of the tableland and ruptured in October 1951 (e.g., Hsu 1962). This M7.3 event is
the only historical earthquake involving surface ruptures in this area.
According to historical documents, co-seismic vertical offsets across

the rupture were up to ~ 1.2 m, and left-lateral offsets were up to
~2 m (e.g., Hsu 1955; Bonilla 1975, 1977). Recent geodetic observations,
nonetheless, show that no signiﬁcant strain is accumulating across the
fault (e.g., Yen et al. 2011; Chen et al. 2014).
3. Methods
In this study, we analyzed the distribution of relocated earthquake
data to identify the structural patterns of the northernmost Longitudinal
Valley. We then combined focal mechanisms of different earthquake sequences occurred in the area to further understand the types of structures identiﬁed. Our data source is the earthquake catalogue collected
by the Central Weather Bureau Seismic Network (CWBSN; Shin 1992,
1993) of Taiwan from January 1991 to December 2010. Considering
the relatively sparse station coverage in eastern Taiwan, we used all
events that have arrivals recorded by more than four stations. In total,
56,281 events were selected.
We adapted the 3-D location with station correction (3DCOR; Wu
et al. 2003, 2008a) as the method to relocate the earthquakes. This
method uses the 3-D velocity model of Taiwan (Wu, Y.-M. et al., 2007,
2009). Other than CWBSN, data from Taiwan Strong-Motion Instrumentation Program (TSMIP) stations, Taiwan Integrated Geodynamics
Research (TAIGER) stations, and Japan Meteorological Agency (JMA)
stations are also utilized in the earthquake relocation processes in
order to improve the station coverage (Fig. 3).
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The focal mechanisms of selected earthquakes were determined by a
genetic algorithm produced by Wu et al. (2008b). As shown in previous
studies (e.g., Kobayashi and Nakanishi 1994; Wu et al. 2008b; Lee et al.
2015), using a genetic algorithm to determine focal mechanism by polarities of P-ﬁrst motion requires less amount of calculations compared
to using grid search methods, and can provide good quality focal mechanism information for the Taiwan area.
In order to obtain more information of the possible active structures
identiﬁed by seismologic data, we conducted tectonic geomorphic mappings of topographic features using a 40-m resolution digital elevation
model (DEM) of the area, augmented by higher resolution air photos
and satellite images available from the Google Earth platform. We
then performed detailed ﬁeld investigations and surveys with realtime kinematic (RTK) GPS to look for topographic expressions of the
structures mapped.
4. Earthquake distribution and focal mechanisms
4.1. Earthquake relocation results

Fig. 2. Geography and mapped major active faults in the study area. The Meilun Tableland
and the Liwu River fan delta are two major geographic features investigated in this study.
The fault bounding the western edge of the Meilun Tableland is the Meilun fault.

The results of our earthquake relocation are shown in Fig. 4. In the
map view, the seismicity after relocation became clearly closer to each
other compared with that before relocation. After the application of
3DCOR earthquake relocation, the RMS of travel time residuals decreased from 0.20 to 0.15 s. The location errors at horizontal (ERH)
and depth (ERZ) directions also decreased from 0.44 to 0.40 km, and
from 0.59 to 0.41 km, respectively.
In order to identify any possible subsurface structures in the study
area, we made several seismicity cross-sections. Along a long E–W striking seismicity proﬁle across the Central Range and the Meilun Tableland
(Fig. 5), two previously identiﬁed seismicity clusters beneath this region
are present (Kuochen et al. 2004). The cluster at about 20 km deep is
likely produced by the seismic activity of the Central Range fault beneath the Central Range (#2 in Fig. 5; Kuochen et al. 2004), and the cluster at about 30–40 km deep beneath the coastline and the Meilun
Tableland is likely related with the Longitudinal Valley fault (#1 in

Fig. 3. Distribution of seismic stations used in this study. We have utilized stations from the CWBSN, TSMIP, TAIGER, and JMA networks. The red box shows the area in which earthquake
events were selected. The blue box shows the area in which data from seismic stations were used. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Distribution of seismicity (A) before and (B) after our relocation. The seismicity after relocation became clearly closer to each other compared with that before relocation.

Fig. 5; Kuochen et al. 2004). Other than these two clusters, many earthquakes occurred at about 10 km deep below the Meilun Tableland, and a
linear seismicity cluster extends to the surface west of the tableland (#3
in Fig. 5). We infer that this seismicity cluster represents a structure that
crops out near the eastern Central Range front. This structure would be
different from the Longitudinal Valley fault, since the seismicity clusters
are clearly separated at different depths. Moreover, the shallow cluster
is only present in the northern Longitudinal Valley, whereas events in
the deeper cluster can be traced all the way to the southern part of
the valley, as pointed out by Wu, Y.-M. et al. (2009).
In order to further understand the geometry of the seismicity cluster
below the Meilun Tableland, we drew a series of E–W seismicity crosssections in the northernmost Longitudinal Valley (Fig. 6). In these proﬁles, a clear east-dipping structure is illuminated by the seismicity,
and the structure appears to extend to the surface near the eastern Central Range front. This structure is also different from the Meilun fault,
since the location where this structure crops out at the surface would
be more than 5 km west of the Meilun fault (red line and red arrows
in Fig. 6), much more than the relocation error in the horizontal direction. No seismicity is present directly below the Meilun fault, and this
suggests that the Meilun fault is not seismically active during the past
20 years.
Several features are visible along a long N–S striking seismicity
proﬁle that extends from the northern Central Range to the middle
part of the Coastal Range (Fig. 7). Firstly, the Wadati–Benioff zone of

the Ryukyu subduction system is located at about 40 km deep at the
southern end of the proﬁle, and gets to about 100 km deep at the northern end of the proﬁle (green dashed line in Fig. 7; Wu, Y.-M. et al., 2009).
At about 20 km deep in the southern part of the proﬁle, clear seismic activity of the Longitudinal Valley fault is present, as previously identiﬁed
by Wu, Y.-M. et al. (2009) and Shyu et al. (2011). These seismic activities
can extend to our study area to the seismicity cluster at about 35–40 km
deep (yellow dashed line in Fig. 7). The seismicity appears to become
deeper from south to north, in a similar pattern as the Wadati–Benioff
zone between the Philippine Sea plate and the Eurasian plate. This indicates that the northern Coastal Range may be subducting northward
beneath the Eurasian plate together with the Philippine Sea plate, as
proposed in several previous studies (F. T. Wu et al., 2009; Huang
et al. 2012).
The seismicity at about 10 km deep below the Meilun Tableland,
however, shows a different geometry. After a gentle northward deepening trend that is similar to the two seismicity groups mentioned above,
this cluster appears to extend to the surface in a listric pattern near the
Liwu River fan delta, north of the Meilun Tableland (red dashed box in
Fig. 7). We propose that this cluster represents an E–W striking structure that dips to the south and crops out near the Liwu River fan delta.
We made two additional N–S seismicity proﬁles that focus on the northernmost Longitudinal Valley (Fig. 8). Along the proﬁle across the northern Coastal Range, the Meilun Tableland, and the Liwu River fan delta,
the seismicity cluster identiﬁed above (#1) appears to separate from
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other seismicity (#2) further to the north, and illuminates a structure
that crops out near the Liwu River fan delta. Similar pattern is also
visible along the proﬁle further offshore.

by the activity of the northern Longitudinal Valley fault. No event occurred shallower than 10 km. This is consistent with our hypothesis
that the Longitudinal Valley fault system and the structures at 10 km
deep beneath the Meilun Tableland are two different systems.
The earthquake sequence related with a ML 4.4 event on 30 April
2005 beneath the Meilun Tableland reveals much more information
about the structure (Fig. 9B). This sequence has about 400 events. Similar to the #3 seismicity cluster in Fig. 5, most of the earthquakes of this
sequence occurred at depths about 10 km, with shallower events illuminating the east-dipping structure that may crop out near the eastern
Central Range front. The focal mechanisms of earthquakes in the sequence, however, are quite complex. We therefore made two seismicity
proﬁles of this sequence, one perpendicular and one parallel to the
trend of the Longitudinal Valley. Along the one perpendicular to the
trend of the valley, we found that the events that occurred on the proposed east-dipping structure were mostly reverse faulting event.
Along the proﬁle parallel to the trend of the valley, we observed that
the seismicity cluster at about 10 km deep appears to form a detachment, with the materials below moving northward. Some previous
models (e.g., Chen et al. 2014) propose that Central Range rocks form
the basement of the entire Longitudinal Valley. However, we suggest
that the valley should be underlain by Coastal Range materials at least
in its eastern part, since the Central Range fault would constitute a
major boundary between Central Range rocks and the Longitudinal Valley sediments (e.g., Kuochen et al. 2004; Shyu et al. 2006b; Lee et al.
2014). Therefore, the deeper materials beneath the 10-km-deep detachment are likely the Coastal Range materials that appear to be subducting
northward. If so, this detachment would represent the boundary between the subducting Coastal Range materials and the shallow Longitudinal Valley sediments that are too buoyant to subduct.
Few larger earthquakes occurred in the northern part of the study
area. The largest one was a ML 4.3 event that occurred on 28 September
2010 (Fig. 9C). In this earthquake sequence there were only about 40 aftershocks, and most of them were quite small, thus we were unable to
obtain many focal mechanisms of the events. Nonetheless, from the distribution of the aftershocks, it is quite clear that the events illuminated a
south-dipping structure that may crop out north of the Liwu River fan
delta. The focal mechanisms are mostly reverse faulting, with minor
right-lateral motion.

4.2. Earthquake sequences and focal mechanisms

5. Geomorphic evidence for the proposed structures

From the observations of the seismicity distribution of the northernmost Longitudinal Valley area, we found that besides the known Longitudinal Valley fault and the Meilun fault, there may be two more
previously unidentiﬁed structures in the area. One appears to be an
east-dipping structure that may crop out near the eastern Central
Range front; the other appears to be an E–W striking, south-dipping
structure that may crop out near the Liwu River fan delta. In order to further understand these two proposed structures, we sought for earthquake sequences that occurred near these areas to obtain more
seismologic information. We applied the method of spatiotemporal
double-link cluster analysis to identify earthquake sequences in the catalogue. This method is similar to the single-link cluster analysis proposed by Davis and Frohlich (1991), and with temporal and spatial
linking parameters of 3 days and 5 km, respectively. These parameters
were usually used for declustering the CWBSN catalogue (e.g., Wu and
Chiao 2006; Wu and Chen 2007) or identifying aftershocks in an earthquake sequence (e.g., Wu and Chiao 2006; Lee et al. 2015).
Three earthquake sequences were found in this study. Due to the
small magnitudes of the mainshocks, all three sequences lasted only
a few days. The ﬁrst one is related with a ML 4.7 event occurred on
19 December 2009, beneath the northern part of the Coastal Range,
and consists of ~ 150 events. In this sequence, most of the events occurred at depths between 20 and 40 km, with mostly reverse faulting
focal mechanisms (Fig. 9A). Therefore, this sequence is likely produced

In our seismologic observations, two previously unidentiﬁed structures were proposed in the study area. Both structures appear to connect with the detachment identiﬁed by the seismic cluster at about
10 km deep, as discussed above. An E–W striking, south-dipping reverse
fault may crop our near the Liwu River fan delta, and the other is a N–S
striking, east-dipping reverse fault that may crop out near the eastern
Central Range front. Since the study area is mostly overlain by recent
ﬂuvial sediments, it is not easy to observe tectonic geomorphic features
related with these two proposed structures. Therefore, we decided to
focus on the two locations where the faults may crop out and conduct
detailed ﬁeld surveys, in the hope to ﬁnd potential surface expression
of the structures.

Fig. 5. A long E–W seismicity proﬁle across the study area. The #2 seismicity cluster at
about 20 km deep is likely produced by the seismic activity of the Central Range fault
beneath the Central Range, and the #1 cluster at about 30–40 km deep is likely related
with the Longitudinal Valley fault. Other than these two clusters, many earthquakes
(cluster #3) occurred at about 10 km deep below the Meilun Tableland. The location of
the proﬁle is shown in Fig. 1.

5.1. Deformations of the Liwu River fan delta
The Liwu River fan delta, located at the Liwu River mouth, can be
separated into three levels of terraces by their elevations (Fig. 10A). According to previous investigations, these three levels of terraces were
produced by large-scale paleo-ﬂood events, likely related with breakage
of large landslide dams in the upper stream of the Liwu River (Liu 1989).
If we assume that the terraces were formed by such events, they would
be the remnant of three fans that should be radially symmetrical from
the river outlet. To test this, we surveyed the surface of the three terraces in the ﬁeld using RTK-GPS. The survey was done along a proﬁle
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Fig. 6. A series of short E–W seismicity proﬁles across the northernmost Longitudinal Valley. The short lines perpendicular to the proﬁle traces represent the projection width of each
proﬁle. A clear east-dipping structure is illuminated by the seismicity, especially along proﬁles C-F, and the structure appears to extend to the surface near the eastern Central Range
front. This structure is different from the Meilun fault (shown as the red line in map view and red arrows in proﬁles), since the location it crops out at the surface would be more than
5 km west of the Meilun fault. No seismicity is present directly below the Meilun fault. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

line that is parallel to the mountain front trend and perpendicular to the
middle axis of the fan, made by extending the Liwu River course outward (light gray bar in Fig. 10A). We then attempted to use simple cosine functions to ﬁt the topographic proﬁle (Fig. 10B). To our surprise,
the highest level of the fan delta terraces is not symmetrical on both
sides of the middle axis (light gray bar in Fig. 10B), with its southern
part higher than its northern part.
This phenomenon may have resulted from many different reasons. A
different choice of the middle axis of the fan delta, for example, would
explain the apparent asymmetry. But if we try to make the two parts

of the terrace symmetrical, the middle axis would need to locate farther
south, away from the outlet of the river and its current riverbed (dark
gray bar in Fig. 10A and B). Alternatively, coastal erosion and longshore
transport of sediments may have moved the materials of the fan delta.
We did, in fact, observe some coastal erosion at the northern part of
the proﬁle, where the foot of the fan has been cut to form a sea cliff
(Fig. 10B). This, however, would indicate that the area of the terrace's
northern part was larger than it is now, and would make moving the
middle axis farther south more inappropriate. Therefore, we suggest
that the asymmetry of the Liwu River fan delta terrace may represent
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Fig. 7. A long N–S seismicity proﬁle across the study area. The green dashed line shows the Wadati–Benioff zone between the Philippine Sea plate and the Eurasian plate, from about 40 km
deep at the southern end of the proﬁle to about 100 km deep at the northern end of the proﬁle. The yellow dashed line shows the seismic activity of the Longitudinal Valley fault, at about
20 km deep in the southern part of the proﬁle and extending to our study area to the seismicity cluster at about 35–40 km deep. The seismicity cluster at about 10 km deep below the
Meilun Tableland shows a different geometry, extending to the north at similar depth then to the surface in a listric pattern near the Liwu River fan delta north of the Meilun
Tableland (in the red dashed box). The location of the proﬁle is shown in Fig. 1. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

a northward tilting deformation. One may argue that this deformation
may have been produced by the subsidence of the northern Longitudinal Valley related to the Ryukyu subduction. However, such deformation would have a very large spatial scale, probably many tens
of kilometers in length as shown by the distribution of seismicity in

Fig. 7. The apparent deformation of the Liwu River fan delta, nonetheless, occurs within only a few kilometers in length. Therefore, we suggest that the northward tilting is produced by long-term deformation
of a south-dipping blind reverse fault, as proposed in our seismicity
observations.

Fig. 8. Two short N–S seismicity proﬁles across the northernmost Longitudinal Valley. The projection widths of the proﬁles are shown as the short lines perpendicular to the proﬁle traces.
Along the G-G′ proﬁle, the seismicity cluster beneath the Meilun Tableland appears to separate from other seismicity further to the north, and illuminates a structure that crops out near the
Liwu River fan delta. Similar pattern is also visible along the H-H′ proﬁle further offshore.
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It is noteworthy that such phenomenon is only visible on the
highest fan terrace, although the data points are much fewer for
the lower terraces (Fig. 10B). Although there is currently no age

constraint on these terraces, the highest terrace is likely older than
the lower terraces judging from their occurrences. We therefore
suspect that due to the older age of the highest terrace, only this

Fig. 9. Three selected earthquake sequences occurred in our study area. (A) The earthquake sequence related with a ML 4.7 event on 19 December 2009 (shown by the yellow star) beneath
the northern part of the Coastal Range. In this sequence, most of the events occurred at depths between 20 and 40 km, with mostly reverse faulting focal mechanisms. (B) The earthquake
sequence related with a ML 4.4 event on 30 April 2005 (shown by the yellow star) beneath the Meilun Tableland. Most of the earthquakes of this sequence occurred at a depth about 10 km,
with shallower events illuminating the east-dipping structure that may crop out near the eastern Central Range front. The focal mechanisms of earthquakes in the sequence are quite
complex. (C) The earthquake sequence related with a ML 4.3 event on 28 September 2010 (shown by the yellow star) beneath the Liwu River fan delta. The earthquakes illuminated a
south-dipping structure that may crop out north of the Liwu River fan delta, and the focal mechanisms are mostly reverse faulting with minor right-lateral motion. The width of each
proﬁle is 10 km. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 9 (continued).

Fig. 10. Results of our tectonic geomorphic mapping and survey in the Liwu River fan delta area. (A) The Liwu River fan delta can be separated into three levels of terraces by their
elevations. We surveyed the surface of the three terraces in the ﬁeld using RTK-GPS along the A-A′ proﬁle line that is parallel to the mountain front trend and perpendicular to the
middle axis of the fan, made by extending the Liwu River course outward (shown by the light gray bar). (B) We attempted to use simple cosine functions to ﬁt the topographic proﬁle.
The highest level of the fan delta terraces appears not symmetrical on both sides of the middle axis (light gray bar), with its southern part higher than its northern part. If we try to
make the two parts of the terrace symmetrical, the middle axis would need to locate farther south (dark gray bar), away from the outlet of the river and its current riverbed.
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Earth images, we found that this part of the Central Range is covered
by numerous landslides and their deposits, which are the sediment
sources of the many recent alluvial fans covering the low-lying part
of this area (Fig. 11A). Due to the widespread landslides, it is quite
difﬁcult to ﬁnd bedrock outcrops in this area. We did, however,
ﬁnd a broken ridge line that appears to be east-side up on the eastern
ﬂank of the Central Range, approximately at the location where the
inferred east-dipping fault would crop out (Fig. 11B). The existence
of such a broken ridge line, with an apparent east-side upward
movement, is quite peculiar and may be related to the proposed
structure. We also attempted to measure the bedding attitudes of
the bedrock at the limited outcrops, but the data do not show any
consistent trend (Fig. 11A). Therefore, even if the broken ridge line
indeed represents the location of the inferred fault, we are unable
to extend its location to the north or south based on surface
observations.

Fig. 11. Results of our tectonic geomorphic mapping and ﬁeld investigation at the eastern
ﬂank of the Central Range. (A) This area is covered by many landslides and their deposits,
which are the sediment sources of the many recent alluvial fans. (B) A peculiar west-facing
scarp cutting across a ridge on the eastern ﬂank of the Central Range is present
approximately at the location where the inferred east-dipping fault would crop out
(shown by the gray dashed line in (a)). The photo was taken at the yellow star in (a).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

terrace could accumulate enough deformation to show the asymmetrical pattern.
5.2. Bedrock patterns in the eastern Central Range ﬂank
For the proposed east-dipping structure near the eastern Central
Range front, related topographic features are even harder to ﬁnd.
After mapping this area using a 40-m resolution DEM and Google

Fig. 12. Bedrock outcrop along the northern edge of the Meilun Tableland and the bedding
attitude measurement results. (A) Along the northern edge of the Meilun Tableland,
continuous outcrops of the underlying bedrocks are present due to coastal erosion.
Interbedded gravels and sands are clearly visible in the outcrops (shown by the white
dashed lines). The photo was taken at the yellow star in (B). (B) Our bedding attitude
measurements revealed that the bedrock layers are E–W striking and dip to the south.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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6. Discussion
6.1. The Meilun fault and the Meilun Tableland
Since the Meilun fault ruptured in the October 1951 earthquake, the
fault has long been identiﬁed as one of the major active faults in eastern
Taiwan (e.g., Central Geological Survey 2010). Up to ~ 1.2 m of coseismic vertical offsets and up to ~2 m of sinistral offsets were reported
in historical documents during the 1951 event (e.g., Hsu 1955; Bonilla
1975, 1977). The onland length of the fault, however, is less than
10 km. This length appears to be too short considering the earthquake
had a magnitude of 7.3 (Hsu 1962). Therefore, some suggest that the
fault should extend further offshore to the north (e.g., Shyu et al.
2005b).
Since we did not observe any seismic activity on the Meilun fault in
our relocated seismicity, we began to wonder the role the fault plays in
the study area. Because the Meilun faults bound the western edge of the
Meilun Tableland, if the formation of the tableland is in fact due to the
movement along the fault, such a long-term accumulated deformation
would suggest that the fault is the major structure of the area, albeit
its recent seismic quiescence. Therefore, we investigated the tableland
in the ﬁeld to see if its long-term deformation is produced by the Meilun
fault.
The Meilun Tableland is located in the suburb of the Hualien City and
has been densely developed. Thus it was not easy to observe the sediment layers underlying the tableland surface. However, along the
northern edge of the tableland, continuous outcrops of the underlying
bedrocks are present due to coastal erosion (Fig. 12A). There, we
found that the bedrock layers are E–W striking and dip to the south
(Fig. 12B). Such deformation patterns are unlikely to have produced
the left-lateral and reverse motion on the NE–SW striking Meilun fault
at the western edge of the tableland. Therefore, we propose that there
is an E–W striking reverse fault north of Meilun Tableland offshore,
whose activity produced the uplift and deformation of the tableland.
Judging from its geometrical pattern, this fault may connect with the
Meilun fault somewhere offshore, and may not necessarily be the
same fault as the E–W striking reverse fault we observed in the seismicity distribution near the Liwu River fan delta. If so, this E–W striking reverse fault was not seismically active in the past two decades, just like
the Meilun fault. These two E–W striking structures, however, are likely
related, possibly connected by the same detachment at ~10 km deep.
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The curved reverse fault system may therefore be the actual major
structural system at the northernmost Longitudinal Valley. Such a system would be able to absorb the northwestward convergence between
the Coastal Range and the Central Range, and has been proposed by
sandbox models of the northernmost Longitudinal Valley (e.g., Lu and
Malavieille 1994). We tested this hypothesis by comparing our seismologic observations with tomographic results of eastern Taiwan (Wu
et al. 2007; Fig. 14). The results show that the structural system we proposed, from the detachment at ~10 km deep to the south-dipping reverse fault near the Liwu River fan delta, is approximately coincident
with a boundary between low Vp and high Vp/Vs materials above and
high Vp and low Vp/Vs materials below. Therefore, we suggest that
the detachment forms the boundary between the shallow Longitudinal
Valley sediments and the deeper Coastal Range bedrocks.
Based on these observations and interpretations, we propose a structural development model for the study area (Fig. 15). In the northernmost part of the Longitudinal Valley suture, as the Coastal Range rocks
subduct northward beneath the Eurasian plate together with the
Philippine Sea plate, the shallow sediments of the Longitudinal Valley
become a buoyant block and do not subduct. As a result, a detachment
forms between the sediments and the bedrocks, and the shallow Longitudinal Valley sediments overthrust northward and westward instead,
forming the curved reverse fault system. This system consists of the
two previously unidentiﬁed reverse faults, and is different from the Longitudinal Valley fault system that is much deeper. Although the N–S
striking reverse fault identiﬁed in this study appears to break the

6.2. Proposed structural model for the northernmost Longitudinal Valley
suture
Our analysis of relocated seismic data and ﬁeld investigations suggests that there are two previously unidentiﬁed reverse faults in the
northernmost part of the Longitudinal Valley suture. These two structures are the E–W striking, south-dipping reverse fault near the Liwu
River fan delta, and the N–S striking, east-dipping reverse fault near
the eastern Central Range front. Both faults appear to connect to a detachment beneath the northernmost Longitudinal Valley at a depth of
about 10 km. Thus we believe that these two faults may connect with
each other at the surface, forming a curved reverse fault system as
shown in Fig. 13. We suggest that this structural system is different
from the Longitudinal Valley fault system, since seismicity distributions
of the two systems are clearly separated. The Meilun fault, a well-known
active structure in this area, does not seem to be active seismically in the
past two decades, neither the long-term deformation of the Meilun Tableland produced by the activity of the fault. Instead, there may be another E–W striking reverse fault offshore north of the Meilun
Tableland that is responsible for the uplift and formation of the tableland. As we discussed above, this structure may connect with the
Meilun fault. In such case, we hypothesize that both structures branch
out from the detachment at 10 km deep.

Fig. 13. Proposed connection of the two reverse faults identiﬁed in this study. The two
faults identiﬁed in this study (shown by solid black lines) may connect with each other
at the surface, forming a curved reverse fault system.
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Fig. 14. Tomographic results in eastern Taiwan, showing that the detachment at ~10 km deep beneath the Meilun Tableland identiﬁed in this study forms the boundary between low Vp
and high Vp/Vs materials above and high Vp and low Vp/Vs materials below. The tomographic data were obtained from Wu et al. (2007), and the cross-section line is following line L-L′
shown in Fig. 1.

westernmost Central Range, we suggest that this fault forms the boundary between the Central Range metamorphic rocks and the shallow sediments of the Longitudinal Valley. Due to the irregular shape of the
eastern Central Range mountain front, this fault would occasionally
cut through a small piece of the easternmost Central Range. A similar
phenomenon has also been identiﬁed near the southernmost part of
the Longitudinal Valley (Shyu et al. 2008). The Meilun fault and another
E–W striking reverse fault offshore north of the Meilun Tableland,
which was active in producing the October 1951 earthquake, would
therefore be a secondary branching system of this major system.
On the basis of decadal geodetic observations such as GPS and InSAR
analyses, it has been proposed that the crustal block of the Hualien area,
including the Meilun Tableland, is moving northeastward (e.g., Yen et al.
2011; Chen et al. 2014). This movement has been interpreted to relate
to tectonic escape of the northernmost Longitudinal Valley (Chen et al.
2014). Such observations would be consistent with the proposed structural model based on our seismological and geomorphic analyses
(Fig. 15). In our model, however, the northward motion of the northernmost Longitudinal Valley block is related to the northward subduction
of the Philippine Sea plate, and the buoyancy of the shallow Longitudinal Valley sediment makes it eventually detached from the downgoing
plate, creating the detachment below the Meilun Tableland area at
about 10 km deep. Our model provides a better interpretation for the
apparent long-term deformation patterns of the gravel beds underlying
the Meilun Tableland, whereas a tectonic escape model would be

difﬁcult to interpret such deformation patterns. Furthermore, little surface deformation of the Meilun fault was observed in the geodetic analyses (Yen et al. 2011; Chen et al. 2014), consistent with our proposition
that the fault may be a secondary branching system of the major structural system in the area.
7. Conclusions
In order to understand the structural development at the northernmost Longitudinal Valley suture, we analyzed relocated seismicity distributions and focal mechanisms of selected earthquake sequences, as
well as conducted ﬁeld surveys to search for surface expressions of potential structures. In our seismologic observations, we found two previously unidentiﬁed reverse faults that are illuminated by seismicity in
the study area. These two structures are: (1) an E–W striking, southdipping reverse fault near the Liwu River fan delta; and (2) a N–S striking, east-dipping reverse fault near the eastern Central Range front. Both
these structures connect with a detachment at ~10 km deep, and may
connect with each other to form a curved structural system. This
structural system would be different from the Longitudinal Valley
fault system, since the latter is likely much deeper according to our seismological analysis.
We did not see any seismic activity of the Meilun fault in the past
two decades. Furthermore, the long-term deformation of the Meilun Tableland does not seem to be produced by the activity of the Meilun fault.
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Fig. 15. Proposed structural development model for the northernmost Longitudinal Valley suture in eastern Taiwan. As the Coastal Range bedrocks subduct northward beneath the Eurasian plate with the Philippine Sea plate, a detachment forms between the sediments and the bedrocks, and the shallow Longitudinal Valley sediments overthrust northward and westward instead, forming the curved reverse fault system. This system consists of the two previously unidentiﬁed reverse faults. The Meilun fault and another E–W striking reverse fault
offshore north of the Meilun Tableland is likely a secondary branching system of this major system. 1: Proposed Longitudinal Valley fault seismic activity illuminated by the seismicity
cluster #1 shown in Fig. 5; 2: proposed Central Range fault seismic activity illuminated by the seismicity cluster #2 shown in Fig. 5.

Instead, another E–W striking reverse fault offshore north of the Meilun
Tableland may be responsible for the uplift and deformation of the tableland. This fault would connect with the Meilun fault, forming a secondary branching system of the major structural system of the area.
In our proposed structural development model for the northernmost
Longitudinal Valley suture, as the Coastal Range bedrocks subduct
northward beneath the Eurasian plate together with the Philippine
Sea plate, the shallow Longitudinal Valley sediments form a buoyant
block and do not subduct. Therefore, a detachment develops between
the shallow sediments and the Coastal Range bedrocks, and the sediments overthrust northward and westward instead.
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