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A B S T R A C T   

To better characterize the vertical movements and the deformation behaviors across the plate suture of an arc- 
continent collision, we conducted annual repeated measurements on two precise leveling routes in a length of 34 
and 37 km, respectively, across the middle part of the Longitudinal Valley in eastern Taiwan in 2004–2018. The 
14-year-long results showed that the Longitudinal Valley fault (LVF) dominates the surface deformation: a) the 
middle LVF (Juisui fault) exhibited partially locked in the upper few kilometers, with a cumulative uplift rate of 
9–10 mm/yr in a distance of 4 km; b) the southern LVF (Chihshang fault) showed a creeping behavior with a 
vertical rate of 24–27 mm/yr. In addition, we are able to characterize other features, including 1) tilting upward 
to the west in the eastern Central Range, suggesting activity on the west-dipping Central Range fault; 2) the 
hanging wall of the LVF showed tilting downward behavior to the east; 3) the Chimei fault, a suspected active 
fault, revealed active slip on the sub-vertical fault plane, that caused a vertical rate of 8–9 mm/yr. Putting the 
results under global ITRF system, the whole Juisui route was moving downward, supporting the notion that NNW 
subduction of the Philippine Sea plate starts around the latitude of the middle of the Longitudinal Valley. Finally, 
the co-seismic vertical deformation of the 2013 ML6.4 Juisui earthquake was characterized by tilting upward to 
the west, consistent with stick–slip on the deeper part of a west-dipping interface of the forearc basement.   

1. Introduction 

Over the past 40 years since early 1980s, a variety of geodetic 
measurements have been carried out in order to investigate surface 
deformation around the Longitudinal Valley in eastern Taiwan, the on- 
land plate suture between the converging Philippine Sea plate and 
Eurasia. The measurements involved different techniques, such as pre
cise leveling (Lee and Yu, 1985; Yu and Lee, 1986; Liu and Yu, 1990; Yu 
et al., 1992; Yu and Chen, 1994; Lee et al., 2006; Chen et al., 2007; Chen 
et al., 2009; Chen et al., 2011; Chen et al., 2012; Murase et al., 2013), 
trilateration surveys (Lee and Yu, 1985; Yu and Lee, 1986; Liu and Yu, 
1990; Yu et al., 1992; Lee and Angelier, 1993; Lee et al., 2006), Global 
Positioning System (GPS) measurements (Yu and Kuo, 2001; Chen et al., 
2006; Lee et al., 2006; Chen et al., 2007; Chen et al., 2009; Chen et al., 
2012), and Interferometry Synthetic Aperture Radar (InSAR) analyses 
(Hsu and Bürgmann, 2006; Yen et al., 2011; Peyret et al., 2011). The 

fulfilled results indeed allowed not only better locating surface traces of 
the major active faults but also characterizing the associated surface 
deformation during interseismic periods as well as a few co-seismic 
events, often by the aide of further kinematic or dynamic modeling 
(Chen et al., 2009; Huang et al., 2012; 2014; Thomas et al., 2014; 
Avouac, 2015; Thomas et al., 2017). Fig. 1 shows the continuous GPS 
station velocities around the Longitudinal Valley in 1991–2018, 
revealing significant horizontal velocity changes of about 30 mm/yr, 
characterizing by thrusting with substantial left-lateral component, 
across the middle and southern part of the Longitudinal Valley Fault 
(LVF). The 150-km-long LVF is composed of several segments with their 
local names, from north to south, the Lingding fault, the Fenglin fault, 
the Juisui fault, the Chihshang fault, and the Lichi fault. On the other 
hand, the GPS velocities changed the moving direction and decreased 
significantly with a clockwise rotation from NW to NNE in the northern 
part of the Coastal Range. We can also notice several moderate to large 
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Fig. 1. GPS station velocities (1991–2018) under ITRF 
framework and major active faults around the Longitudi
nal Valley and the Coastal Range in eastern Taiwan. The 
GPS data show that the difference of GPS stations across 
the Longitudinal Valley fault is about 30 mm/yr. Historical 
large earthquakes located in the middle of the Longitudi
nal Valley are shown by red stars with focal mechanisms. 
In this study we conducted two leveling routes (Juisui and 
Yuli routes) across the middle part of the Longitudinal 
Valley. Red lines represent major active faults: (1) Juisui 
fault; (2) Chimei fault; (3) Yuli fault; (4) Chihshang fault; 
(5) Central Range fault. Green triangles: continuous GPS 
stations used for calibration into global ITRF coordinate 
system. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version 
of this article.)   
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Fig. 2. Detailed distribution of the benchmarks (a) and results of cumulative elevation change from annual repeated measurements in 2004–2018 (b) in Juisui 
leveling route. Geological maps: after Chen and Wang (1986) for the Coastal Range and the Longitudinal Valley; after Central Geological Survey (2000) for the 
Central Range. The Juisui leveling route is composed of 42 benchmarks in a length of 34 km. The reference point for calculating the elevation changes was set at the 
westernmost benchmark, GA35. The route run across three major mapped faults, from west to east, the Central Range fault, the Juisui fault (northern LVF), and the 
Chimei fault. Significant elevation changes occurred across the Juisui fault as well as the Chimei fault (see detailed descriptions in the main text). 
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historical earthquakes had occurred quite frequently around this on- 
land plate suture in the past decades. 

Among these geodetic approaches, it appeared that precise leveling 
provided one of the highest accuracy data sets for detecting and char
acterizing the vertical deformation, especially for near fault movements. 
In this study, we focused on two middle segments of the LVF, the Juisui 
fault and the Chihshang fault, and conducted two leveling routes, the 
Juisui and Yuli routes, respectively (Fig. 1), with annually repeated 
campaigned surveys. According to the previous GPS and leveling 
studies, the middle part of the LVF around the town of Yuli showed a 
rapid vertical motion across the fault zone with an average rate of 24 
mm/yr in 1991–1999 (Yu and Kuo, 2001) and 30 mm/yr in 2008–2012 
(Murase et al., 2013). Meanwhile, we found that the previous bench
marks were not long and dense enough to overly understand and 
pinpoint the movement behaviors along multiple fault branches (or 
other subsidiary faults). On the other hand, in addition to the LVF there 
exist other possible active faults in the surrounding areas, such as the 
Central Range fault, the Yuli fault, and the Chimei fault, which were not 
well covered by the previous shorter leveling routes. As a result, we 
prolonged these two pre-existing leveling routes in order to across the 
above-mentioned active faults from eastern Central Range to the 
coastline of the Coastal Range (Fig. 1). We also densified benchmarks in 
the near-fault zones to clarify and better characterize the deformation 
behaviors in the study area around the middle part of the Longitudinal 
Valley. 

2. Benchmark implantation and data acquisition 

Since the early years of 2000 s, we began to conduct annual surveys 
along two east–west direction leveling routes (Juisui and Yuli routes, 
Fig. 1) in the areas of the middle Longitudinal Valley. We adopted the 
benchmarks which had been implanted by different organizations, 
including CGS (Central Geological Survey, Ministry of Economic Af
fairs), IES (Institute of Earth Sciences, Academia Sinica), and MOI 
(Ministry of Interior). These original two routes were designed to run 
across and be primarily perpendicular to the NNE-SSW trending LVF, as 
the main known active fault in the area. 

In 2004, we prolonged the Juisui route and started to conduct annual 
surveys. Later on, we implanted two near-fault dense arrays across the 
LVF (here the Juisui fault) and the Chimei fault in 2013, within the 
Juisui route. In 2009, we prolonged the Yuli leveling route, in order to 
extend eastward to across the entire Coastal Range. Furthermore, in 
2010 we densified benchmarks in the near-fault zone across the LVF 
(here the Chihshang fault) at a spacing of every 20–40 m. 

The field surveys of the leveling procedure followed the first-order 
class I geodetic leveling procedure (Schomaker and Berry, 1981), and 
adopted an even stricter requirement for double-run difference toler
ances in a single section. Furthermore, a number of stringent specifica
tions were applied to the levelling field work in order to ensure a high 
accuracy. In practice, the maximum permissible vertical difference in 
sight lengths between forward and backward sights was under 0.5 m per 
set-up; and the cumulative difference was limited to 1.5 m per section. 
The maximum length of sight was restricted to within 30 m in order to 
reduce the influence of atmospheric refraction. The minimum and 
maximum sight ground clearances (or staff readings) were 0.3 m and 
2.7 m, respectively. The difference in a section of one-way length K 
greater than 2.5 mm* K0.5 would be rejected, according to our field 
experiences under the particular atmospheric circumstance in Taiwan 
(Chen et al., 2012). Blunders were carefully checked during post- 
processing. Systematic errors, such as atmospheric refraction, rod cali
bration, thermal expansion, and collimation errors, etc., were carefully 
corrected. The cumulated error over a long distance s (a few tens of 
kilometers) is estimated to be about 1.0 mm* s0.5. 

3. Results of Juisui route 

3.1. General description 

The Juisui leveling route (Fig. 2) is composed of 42 benchmarks (not 
counting the dense benchmarks in two near-fault zones), which started 
from Hongyeh village in the eastern flank of the Central Range. It runs, 
from west to east, across the buried Central Range fault, the Juisui fault 
(a middle segment of LVF) and the Chimei fault to the eastern coastline 
with a 34 km leveling length. We conducted repeated annual surveys 
along this leveling route in 2004–2018. Furthermore, in order to better 
characterize the near fault surface deformation, we implanted two dense 
benchmarks arrays at the spacing of every 20–40 m for the Juisui fault 
and the Chimei fault in 2013. Bi-annual or annual repeated measure
ments were then conducted in 2013–2018. 

During our survey period, on Oct. 31, 2013, a moderate earthquake 
of ML 6.4 occurred with an epicenter near the foothill of Central Range 
about 10 km north of the Juisui leveling route with a focal depth of 
15–18 km (Fig. 1). Due to the earthquake, we conducted the additional 
leveling measurement 2–3 weeks after the main shock in Nov. 2013. By 
comparing with the precedent measurement 1–2 weeks before the 
earthquake, we found substantial vertical coseismic motion along the 
Juisui route, although no surface breaks being observed. We will 
describe more in detail later in the section of Discussion. 

Fig. 2b illustrates the cumulative vertical changes of each benchmark 
in Juisui route with respect to the westernmost site GA35. We compiled 
15 repeated annual measurements in a 14-year time span of 2004–2018. 
Please note that we removed the earthquake-induced surface vertical 
movements due to 2013 earthquake, in order to better illustrate the 
secular, interseismic surface vertical velocities. 

3.2. Activity on the Central Range fault? 

In Fig. 2b, we can find that slight but clear gradual westward uplift 
occurred in the eastern side of Central Range with a steadily rate of 
3.2–4.1 mm/yr, compared to the benchmarks in the Longitudinal Valley. 
There is a velocity gradient break around the mountain foot of the 
Central Range against the valley (between sites GA34 and GA33), where 
coincides with the expected surface projection of the Central Range fault 
(Fig. 2a). As a consequence, it implies continuous activity of the buried 
Central Range fault, albeit without evidence of surface creep, at least in 
this 14-year-long time span. Although the exact location of surface trace 
of the fault remains questionable, we attributed it to be approximately 
along the edge of hills near GA34. Different fault types for the Central 
Range fault have previously been proposed, as either a major thrust or 
normal fault, in the past decades, and still under debate (Biq, 1972; 
Crespi et al., 1996; Shyu et al., 2005; Chen et al., 2009). Here our 14- 

Table 1 
Relative velocities of Juishui leveling route from 2004 to 2018.  

Years\Stations GA35-GA34 GA29-GA22 GA14-GA10 

Vertical Velocity (mm/yr) 

2005–2004 − 3.1 7.9 − 3.1 
2006–2004 − 4.3 7.0 − 5.3 
2007–2004 − 3.9 8.0 − 5.4 
2008–2004 − 4.9 8.3 − 6.0 
2009–2004 − 3.9 8.7 − 5.9 
2010–2004 − 3.5 9.9 − 6.3 
2011–2004 − 3.5 9.9 − 6.3 
2012–2004 − 4.2 10.0 − 6.5 
2013 Oct.-2004 − 3.9 9.8 − 6.4 
2013 Nov.-2004 − 4.0 7.8 − 6.1 
2014–2004 − 3.7 8.7 − 6.3 
2015–2004 − 3.7 8.9 − 6.9 
2016–2004 − 2.8 8.6 − 6.6 
2017–2004 − 4.1 9.0 − 7.2 
2018–2004 − 3.5 9.3 − 7.4  
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year-long leveling results favor a thrust fault, coupled with a west- 
dipping fault plane (Fig. 2b, Table 1). In this case, our leveling results 
would suggest deeper slip on the fault with shallow lock, based on the 
tilting curve upward to the west in eastern Central Range (Fig. 2b), 
coupled with elastic dislocation theory (e.g., Thatcher and Rundle, 
1979; Vergne et al., 2001). More rigorous modeling work is still needed, 
however, beyond this study. 

Within the Longitudinal Valley, the vertical deformation was not 
substantial, however, a minor bulge occurred across the 3–5-km-wide 
valley (between benchmarks GA34 and GA29 in Fig. 2b). Tentatively, 
we interpret it to be associated with a west-dipping thrust that breaks up 
to the surface between GA32 and GA31. If so, whether this west-dipping 
thrust represents a branch of the Central Range fault remains to be 
determined. However, a western branch of the east-dipping LVF remains 

Fig. 3. Results of near-fault leveling observations across the Juisui fault. (a) Map of distribution of the densified benchmarks at a spacing of 30–40 m across the fault 
from GA29 to W036. (b) Results of elevation changes on the original benchmarks in 2013–2018. (c) Results of elevation changes on the densified benchmarks in 
2013–2018. The surface trace of the Juisui fault is located just east of GA28 and closely follows the geomorphic scarp until GA26. Note that some artifacts appeared in 
the profile curves might be attributed to the obliquity between the orientation of the profiles and the change of the fault trend. 
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possible to produce this fold bulge. Alternatively, groundwater effects 
might influence the elevation changes of the benchmarks in the alluvial 
deposits. 

3.3. The Juisui fault (LVF) 

Not surprisingly, the most dramatic vertical changes for the entire 
leveling route occurred across the Juisui fault (Fig. 2b), one of the seg
ments of the LVF. The cumulative vertical change was up to 135–140 
mm across the Juisui fault between GA29 and GA22 in 14 years of 
2004–2018, that is an average vertical rate of approximately 10 mm/yr. 
This is a curve of gradual increase, characterizing the cumulative ver
tical change in a distance of about 4 km across the fault (~1 km in 
footwall and ~ 3 km in hanging wall). Based on elastic dislocation 
theory (e.g., Thatcher and Rundle, 1979; Vergne et al., 2001), the 
gradually uplift in the hanging wall of a thrust during the interseismic 
period implies a locked or partially locked segment of the Juisui fault at 

the shallow few kilometers with continuous slip on the deeper part of the 
fault. Considering an east-dipping thrust, it would yield anticlinal 
folding or tilting in the hanging wall of the fault. 

On the surface, the geomorphic expression associated with the Juisui 
fault is substantially manifested: a topographic break closely follows the 
foot of the Coastal Range. In more detail, the surface trace of the Juisui 
fault appears to be between two benchmarks: GA28 and GA27 (Fig. 3b). 
In 2013, we implanted a dense array of additional benchmarks at a 
spacing of 35–45 m between GA29 and W036 of a total number of 150 
benchmarks and 5.1 km in length (Fig. 3). Our 5-year annual repeated 
surveys of the near-fault dense array in 2013–2018 (Fig. 3c) indicate a 
major fault strand is located just a few meters east of GA28; and the 
surface trace bends and mainly is sub-parallel to the densified leveling 
route from GA28 to GA26. We also noticed a few interesting small 
bumps around GA29 and GA27 that deserves to be further investigated 
in the future, although we tend to consider it to be local human con
struction effects. 

Fig. 4. Results of near-fault dense leveling array across the 
Chimei fault along the Juisui route. (a) Map of distribution of 
the densified benchmarks at a spacing of 30–40 m across the 
fault from GA15 to JA12. (b) Results of elevation changes on 
the original benchmarks in 2013–2018. (c) Results of elevation 
changes on the densified benchmarks in 2013–2018, indicate 
that uplift and subsidence are relative to GA15 station motion, 
used as a zero reference. Note that one needs to be careful on 
interpreting some stations due to their relative distance to the 
fault and the obliquity of the orientation of the profile to the 
fault trend; e.g., S121 is located much closer to the fault 
compared to its neighbor benchmarks. See more details in 
main text.   
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3.4. The Chimei fault 

In the hanging wall of the Juisui fault within the Coastal Range, from 
benchmark GA22 toward the east (Fig. 2b), there was no significant 
vertical movement until the route encounters the Chimei fault where a 

sudden vertical offset occurred and coupled with a pair of drop and jump 
(from S121 to GA14 in Fig. 2b), then deep drop across the fault (from 
GA14 to GA13). We also implanted and conducted a dense array of 
leveling near the Chimei fault from GA15 to JA12 in 2013–2018 (Fig. 4). 
In Fig. 4, we can observe a slight uplift at a rate up to 3–4 mm/yr 

Fig. 5. Results of the Yuli leveling route. (a) 
Map of distribution of the benchmarks along 
the Yuli route. (b) Elevation profile of the 
Yuli route. (c) Results of cumulative eleva
tion changes from annual repeated mea
surements in 2009–2018. Geological maps: 
after Chen and Wang (1986) for the Coastal 
Range and the Longitudinal Valley; after 
Central Geological Survey (2000) for the 
Central Range. Three major geological faults, 
crossing the leveling route, have been map
ped: from west to east, the Central Range 
fault, the Yuli fault, and the Chihshang fault 
(the southern LVF). We can observe a sharp 
elevation change at a rate of 24–27 mm/yr 
across the LVF with almost symmetric tilting 
on both sides of the fault. Within the valley, 
it shows a bulge in Fig. 5c. See more expla
nations in the main text.   
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occurred in Takangkou turbidite formation (also called Paliwan for
mation) on the NW side at a distance of about 1 km to the fault (from 
GA18 or GA17 to GA14 in Fig. 4). Note that the benchmark S121 is 
located relatively close to the fault (see Fig. 4a), compared to its 
neighboring ones (GA19 and GA18). Then dramatic subsidence occurred 
on the SE side as the route passing the Chimei fault from turbidite into 
andesite, at a rate of 8–9 mm/yr (Fig. 4c). 

At first glance, it is not straightforward for interpreting the leveling 
data in terms of slip behavior of the Chimei fault. Geological deforma
tion structures around the Chimei fault indicate that significant 
contraction and lateral shearing had been occurred in accompany with 
the faulting during geological time, such as intensive folding and strong 
shearing and foliation in the turbidite sequence layers on the NW side 

(Kuo, 2014; Chu, 2016) and abundant brittle fractures, such as 
numerous sets of slickenside, in the andesitic rocks on the SE side. 
Published regional 1:100,000 geological map (Chen and Wang, 1996) 
interpreted the Tuluanshan andesitic Formation thrusted over the Pal
iwan turbitite sequence along the Chimei fault. However, field obser
vations from the slip kinematics data showed prevailed left-lateral 
oblique faulting on a nearly vertical major fault plane (Lee et al., per
sonal communication). Keeping the geological information in mind, the 
leveling measurements across the Chimei fault indeed show that the 
Paliwan turbidite sequence is going up (with half-syncline folding) with 
respect to the Tuluanshan andesitic formation. Taking a sub-vertical 
fault plane into account, our leveling data also indicate a surface verti
cal creeping rate around 8–9 mm/yr along the Chimei fault. Our leveling 
measurements did not provide any direct data for horizontal displace
ment, however, data from GPS stations indicate a dominant left-lateral 
horizontal movement across the fault at the rate of 4–5 mm/yr (un
published data). 

3.5. Summary of the Juisui route 

In summary for the Juisui leveling route, it appears that the most 
substantial surface vertical deformation corresponded to the activity on 
three previously mapped geological faults, including the Central Range 
fault, the Juisui fault and the Chimei fault, although the Central Range 
fault was widely considered a blind fault. We tentatively infer that 1) the 

Table 2 
Relative velocities of Yuli leveling route from 2009 to 2018.  

Years\Stations 1197–0713 0713–0307 0307–8134 

Vertical Velocity (mm/yr) 

2010–2009 − 7.1 24.0 − 12.2 
2011–2009 − 8.6 26.6 − 13.1 
2012–2009 − 8.1 26.6 − 12.7 
2013–2009 − 10.0 25.8 − 13.4 
2014–2009 − 8.9 25.8 − 12.2 
2015–2009 − 10.1 26.1 − 11.7 
2018–2009 − 10.9 25.5 − 12.6  

Fig. 6. Results of near-fault dense leveling 
array across the LVF along the Yuli route. (a) 
Map of the densified benchmarks at a 
spacing of 30–50 m across the fault from T01 
to T26 in a distance of 1.2 km. (b) Results of 
cumulative elevation changes from annual 
repeated measurements in 2010–2018. The 
elevation change occurred in a very narrow 
zone between T09 and T10, with a vertical 
creeping rate of 27–29 mm/yr. Note that the 
dots in the dense array (Fig. 6a) do not 
represent the exact locations of the survey 
points.   
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W-dipping Central Range fault reveals slip at depth that induced tilting 
upward to the west and/or folding at the shallow level in the eastern 
flank of the range, 2) across the Juisui fault it shows gradual uplift with a 
cumulative vertical rate of approximately 10 mm/yr in a distance of 
about 4 km, suggesting a partially locked behavior at the upper few 
kilometers, and 3) across the Chimei fault it exhibits uplift on the NW 
side (turbidite sequence) and subsidence on the SE side (massive 
andesite), with deformation accommodated by a sharp surface vertical 
creep of 8–9 mm/yr along the nearly vertical fault and a half-synclinal 
folding in a distance of about 1 km on the NW side turbidite. 

4. Results of Yuli route 

The Yuli leveling route starts from benchmark 1197 near the Nan’an 
waterfall in eastern Central Range and it goes across the Longitudinal 
Valley and the entire Coastal Range with a total length of 37 km (Fig. 5). 
In this section, we present results of repeated annual measurements for a 
9-year time span in 2009–2018 (Fig. 5c, Table 2). 

4.1. The Chihshang fault (LVF) 

Fig. 5 illustrates the leveling results of the Yuli route. The cumulative 
elevation changes (Fig. 5c) showed a typical curve of creeping thrust 
faulting. It is characterized by 1) a gradual subsidence toward the 
Chihshang fault (a southern segment of LVF) in the footwall (western 
side) with a subsidence rate of 7–10 mm/yr, 2) a sharp vertical offset 
with a rather steady rate of 24–27 mm/yr across the fault zone, and 3) a 
gradual decrease of uplift in the hanging wall (eastern side) with a 
decreasing rate of 11–13 mm/yr. 

We zoom into the near fault zone around the Chihshang fault. Similar 
as we did for the Juisui route, we implanted dense leveling array with 
benchmarks at every 30–50 m, in order to evaluate the near fault vertical 
movements in more details. We implanted new benchmarks on the 
concrete pavement of an abandoned railroad bridge (now became a 
bicycle tourist route), which straddles across the Chihshang fault. This is 
a relatively short leveling route of about 1 km long with 26 benchmarks 
(T01-T26) (Fig. 6). Nine repeated leveling measurements on a nearly 
annual basis have been conducted from 2010 to 2018. The results 
indicated that the Chihshang fault indeed exhibited rapid near-surface 
creeping, with a peak uplift rate of 27–29 mm/yr near the fault tip 
(between T09-T11, T10 was lost in 2011–2012, Fig. 6b). Observing the 
sharply tilting curves in the hanging wall, we also are wondering local 
block rotations and/or brittle behaviors might occur on the concrete 
bridge around the immediate hanging wall of the fault. 

It is worth noting that the rapid creep at the shallow level on the 
Chihshang fault has been previously documented around the southern 
part of the Chihshang fault, near the town of Chihshang, about 20–30 km 
south of the Yuli leveling route (e.g., Angelier et al., 1997; Lee et al., 
2003; Chang et al., 2009; Thomas et al., 2017). Surface creep has led to 
growth of fractures on numerous human constructions along the Chih
shang fault, in particular in its southern part (Angelier et al., 1997; Lee 
et al., 2003; 2006). Our leveling results indicate that the surface rapid 
creep occurs not only in the southern part but also in the norther part, 
probably throughout the entire Chihshang fault. 

Back to a broader regional scale, as mentioned above we can find the 
apparent tilting pattern on hanging-wall sides of the Chihshang fault 
(Fig. 5c). Across the entire Coastal Range of 15–20 km wide, our leveling 
results showed eastward tilting with a gradual subsidence rate up to 

Fig. 7. (a) Vertical coseismic displacements profile 
along the Juisui route associated with the 2013 ML 6.4 
Juisui earthquake. (b) Geological cross section 
(modified from Malavieille et al., 2002) with the 
interpreted location of the main shock of the 2013 
Juisui earthquake. CRF: Central Range fault; LVF: 
Longitudinal Valley fault; CF: Chimei fault. We 
compared the surveys before (3–10 days before) and 
after (18–23 days after) the Juisui earthquake to 
obtain the coseismic movements. The curve shows a 
tilting behavior upward to the west with the east
ernmost benchmarks stayed unmoved, implying a 
blind deep slip on a west-dipping structure under
neath the leveling route. See main text for detailed 
explanations.   
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11–13 mm/yr in the years of 2009–2018. On top of this tilting down
ward to the east, we can also observe a pair of anticline and synclinal 
folding, between 0307 and T107, in the hanging wall of the Chihshang 
fault in a distance of about 5 km, indicating internal deformation within 
the Coastal Range. 

4.2. The Central Range fault and the Yuli fault 

Near the western edge of the Longitudinal Valley, the cumulative 
elevation changes showed a bulge shaped curve (Fig. 5c), which cut 
across by an east-titling curve on the eastern flank of the Central Range. 
The intersection of the two types of curves is located roughly on the 
surface projection of the Central Range fault and the surface ruptures of 
the 1951 M7.1 earthquake, which has previously named the Yuli fault by 
Hsu (1962), after his filed survey following the 1951 earthquake. Our 
results imply possible slight thrust slip on the presumably east-dipping 

Yuli fault. On the other hand, the steady east-tilting trend of vertical 
movement in the eastern flank of the Central Range is consistent with 
slip on the west-dipping Central Range fault (Fig. 5), which might 
juxtapose with the Yuli fault near the foot of the Central Range. How
ever, it requires further work to clarify. 

5. Discussions 

5.1. The 2013 M = 6.4 Juisui earthquake 

As mentioned above, the 2013 ML 6.4 Juisui earthquake occurred in 
the vicinity of the Juisui leveling route (see location in Fig. 1), a few days 
after we just finished our annual survey. We promptly conducted an 
‘emergency’ survey two weeks after the earthquake. By comparing the 
surveys before (3–10 days before) and after (18–23 days after) the 2013 
Juisui earthquake we obtain the ‘coseismic’ vertical displacements. 

Fig. 8. Time series data illustrating the estimates of the secular velocities at two continuous GPS stations, KNKO (a) and YUL1 (b). Several moderate to large 
earthquakes produced coseismic vertical movements during the observation period in 2002–2012. We thus removed these coseismic effects to obtain vertical secular 
velocities under global ITRF coordinate system. 
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Fig. 9. Vertical secular velocity field for the two leveling routes in the middle of the Longitudinal Valley and the Coastal Range. The velocities were calibrated into 
global ITRF coordinate system by incorporating the two nearby continuous GPS stations, KNKO and YUL1, with the long-term time-series data. Note that the error 
circles represent the standard errors of the average annual velocities calculated from leveling data. Unlike obvious uplift in the hanging wall of the southern LVF in 
the Yuli route, the entire Juisui route is experiencing subsidence although thrust slip occurred on the LVF and the Chimei fault. This supports that the northern 
Coastal Range and the underlying Philippine Sea plate is undergoing subduction at the latitude of the Juisui route. See detailed descriptions in main text. 
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Meanwhile, there exit 5 GPS continuously operating reference stations 
(CORS), HYRS, JMRS, JSUI, CMRS and KNKO, close to the Juisui 
leveling route (from GPSLAB of Academia Sinica, http://gps.earth. 
sinica.edu.tw/). We thus used continuous GPS vertical displacements 
to constrain the leveling measurements and incorporated the results into 
the same global reference frame (Fig. 7). 

In Fig. 7, we can observe the curve of the calibrated vertical coseis
mic displacements exhibits a general pattern of tilting upward to the 
west. Whereas the easternmost benchmarks showing little movement, 
there was gradually increase of uplift toward the west, with the 
maximum value of 20 mm occurred in the westernmost benchmark of 
the leveling route. It is worth noting that the misfits were small between 
the leveling and GPS results. Based on the leveling measurements, it 

does not show any obvious evidence of coseismic slip on the three major 
faults (i.e., the Central Range, Juisui and Chimei faults) in the area. 
Instead, it is consistent with the proposed geological interpretation that 
the 2013 Juisui earthquake resulted from rupturing on a deeper west- 
dipping structure (Chuang et al., 2014; Lee et al., 2014), potentially 
the subduction plate interface (Fig. 7b), which did not directly connect 
to the surface mapped geological faults. 

5.2. Reconstruction of the vertical velocity field 

To reconstruct the vertical velocity field in the broader regional 
scale, we incorporated nearby two continuous GPS stations, KNKO 
(close to Juisui route) and YUL1 (close to Yuli route), from the network 
of Taiwan-CORS as the reference stations. So that the leveling results for 
each benchmark can transform into International Terrestrial Reference 
Frame (ITRF). These two continuous GPS stations have been in opera
tion and provided high-quality observations for more than 15 years since 
2002 (Fig. 8) and were estimated for their positioning under the same 
coordinate system. The vertical velocity of stations in Taiwan-CORS 
were acquired from the archive database in GPSLAB of Academia Sin
ica. For both stations KNKO and YUL1, the vertical velocities were 
estimated to be an identical value of − 8.1 mm/yr in 2002–2020 (Fig. 8). 

We thus obtained the vertical secular velocity field for the two 
leveling routes in the middle of the Longitudinal Valley and the Coastal 
Range (Fig. 9, Table 3). It is interesting and surprising to find that a large 
portion of the benchmarks shows continuous subsidence, except those in 
the closer hanging wall of the LVF along the Yuli route. The overall 
subsidence trend for the two routes during the interseismic periods leads 
to a few implications. First, at the present day for the long-term time 
scale across a few earthquake cycles, the study area including the 
eastern Central Range, Longitudinal Valley and Coastal Range is mostly 
subsiding at varied rates from − 2 to − 15 mm/yr. The exception is the 
hanging wall of the southern LVF (the Chihshang fault) in the Yuli route, 
where exhibited continuous, rapid uplift. Second, no uplift occurred in 
the hanging wall of the northern LVF (the Juisui fault) in the Juisui 
route, although a significant vertical change at a rapid rate of 10 mm/yr 
across the fault. 

Together, it allows us to argue that the overall tectonic context 
changes from collision in the south (at the level of Yuli route) to sub
duction (at the level of Juisui route) in the north (Fig. 10). This inter
pretation is consistent with the seismology-derived plate architecture 
between the Luzon arc system and Eurasian continental margin (Wu 
et al., 2009), which proposed the Philippine Sea plate began its NNW- 
NW subduction near the latitude of Juisui. 

6. Conclusions 

In this study we presented the results of 9–14 years annual repeated 
leveling measurements along two E-W trending routes in the middle 
section of the Longitudinal Valley, the on-land suture of arc-continent 
collision in eastern Taiwan. We obtained the following conclusions.  

(1) In the Juisui route, the leveling results of 2004–2018 indicate 
that the Central Range fault, the Juisui fault and the Chimei fault 
were the main responsible for the surface vertical deformation. 
Continuous tilting upward to the west in the Central Range sug
gests active slip on the deeper part of the W-dipping Central 
Range fault that might be coupled with regional folding at the 
shallow level in the eastern flank of the Central Range. A signif
icant but gradual vertical change at the cumulative rate of 10 
mm/yr across the Juisui fault (a segment of LVF) occurred in a 
width of about 4 km, suggesting the E-dipping thrust fault is 
active but locked at the upper few kilometers. Across the Chimei 
fault, a drastic upward pop-up of the turbidite sequence against 
the volcanic andesitic rocks occurred at a vertical rate of 8 mm/yr 
along the sub-vertical Chimei fault. 

Table 3 
Secular velocities of the Juisui and Yuli leveling routes under ITRF. Juishui 
route.  

Stations Velocity 
(mm/yr) 

Locations Stations Velocity 
(mm/yr) 

Locations 

GA35 
W031 
W032 
U028 
W033 
W034 
GA34 
GA33 
GA32 
GA31 
GA30 
GA29 
GA28 

− 7.0 ± 0.0 
− 6.6 ± 0.1 
− 7.3 ± 0.3 
− 8.1 ± 0.2 
− 8.2 ± 0.4 
− 9.2 ± 0.3 
− 10.6 ± 0.4 
− 9.8 ± 0.5 
− 9.6 ± 0.4 
− 11.5 ± 0.6 
− 11.1 ± 0.6 
− 11.7 ± 0.6 
− 11.2 ± 0.5 

Central 
Range 
Fault      

Longitude 
Valley      

GA27 
GA26 
W035 
GA25 
GA24 
W036 
GA23 
GA22 
W038 
W039 
GA21 
GA20 
GA19 
W041 
S121 
GA18 
GA17 
GA16 
GA15 
GA14 

− 9.8 ± 0.5 
− 7.7 ± 0.5 
− 5.2 ± 0.5 
− 6.2 ± 0.4 
− 2.2 ± 0.7 
− 4.2 ± 0.7 
− 3.6 ± 0.6 
− 1.3 ± 0.6 
− 1.7 ± 0.6 
− 0.8 ± 0.5 
− 4.2 ± 0.5 
− 1.8 ± 0.7 
− 1.3 ± 0.9 
− 2.7 ± 0.0 
− 0.5 ± 0.4 
− 1.6 ± 0.5 
− 2.0 ± 0.4 
− 0.9 ± 0.4 
− 1.8 ± 0.2 
0.0 ± 0.3 

Juishui 
fault    

W044 
GA13 
GA12 
GA08 
GA11 
GA09 
GA10 
GA07 
GA06 
A036 
A037 
GA05 

− 4.5 ± 0.7 
− 5.2 ± 0.6 
− 7.5 ± 0.8 
− 9.1 ± 0.6 
− 6.1 ± 0.7 
− 6.8 ± 0.6 
− 7.1 ± 0.6 
− 6.7 ± 0.8 
− 6.6 ± 0.8 
− 7.6 ± 0.7 
− 7.2 ± 0.9 
− 7.7 ± 0.7 

Chimei 
fault  

Stations Velocity 
(mm/yr) 

Locations Stations Velocity 
(mm/yr) 

Locations 

I197 
I196 
TT04 
TT05 
I195 
TT06 
TT07 
I001 
I193 
I192 
I191 
I190 
T118 
I189 
9147 
0713  

− 9.0±0.0 
− 7.5±0.4 
− 9.8±0.3 
− 10.0±0.3 
− 9.0±0.3 
− 9.0±0.5 
− 9.7±0.5 
− 10.9±0.4 
− 14.0±0.7 
− 12.1±0.8 
− 13.2±0.8 
− 13.7±1.4 
− 14.9±1.3 
− 15.7±1.1 
− 16.2±1.2 
− 16.8±1.2  

Central 
Range 
fault       

Yuli fault 

O307 
7O9 
T101 
9148 
T102 
T104 
T107 
T105 
T106 
T108 
T109 
T110 
T113 
T111 
T112 
T114 
T115 
T116 
T117 
A051 
8134 

2.3±1.1 
5.3±1.7 
7.2±2.1 
3.5±1.2 
6.3±1.6 
4.9±1.9 
5.9±2.9 
3.5±2.0 
4.0±2.2 
2.1±3.1 
1.1±2.8 
− 0.1±2.7 
− 1.6±2.0 
− 0.6±2.5 
− 3.0±2.3 
− 3.3±2.2 
− 7.9±1.4 
− 7.6±1.0 
− 4.9±1.4 
− 4.8±1.0 
− 4.8±1.0 

Chihshang 
fault  
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Fig. 10. Architecture of the plate configuration around the convergence between the Luzon arc of the Philippine Sea plate and the Eurasian continental margin. (a) 3- 
D perspective view of the northern subduction of the Philippine Sea plate in the northeastern Taiwan (after Chen et al., 2014). (b) and (c) E-W geological cross 
sections in the study area: Juisui profile for the Juisui leveling and Yuli profile for the Yuli leveling (modified from Malavieille et al., 2002). CRF: Central Range fault; 
LVF: Longitudinal Valley fault; CF: Chimei fault. It appears that the southern part of the LVF (the Yuli profile) is dominated by thrusting with uplift of the Coastal 
Range, which changes to strike-slip faulting with subsidence/subduction of the Coastal Range in the northern part of the LVF. The Juisui profile is located about the 
transition area in between. 
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(2) In the Yuli route, the leveling measurements of 2009–2018 also 
showed blind deep slip along a W-dipping fault. The Chihshang 
fault (a segment of the LVF) revealed a creeping behavior without 
locking in the upper few kilometers at a rapid surface vertical rate 
of 24–27 mm/yr, more than two times faster than that in the 
Juisui route. On the other hand, the gradual decrease of vertical 
changes occurred in the hanging wall of the Chihshang fault with 
a pair of long-wave anticline and syncline indicate active defor
mation in the close hanging wall of the fault.  

(3) By referencing the results of the Juisui and Yuli routes into global 
ITRF coordinate system, we find that the middle and southern 
Longitudinal Valley and Coastal Range is experiencing arc- 
continental collision with dominated thrusting on the LVF. By 
contrast, we interpret that the overall tectonic context changed to 
subduction-driven tectonics toward the north, which started 
around the latitude of the Juisui route, that was revealed by the 
overall negative vertical velocity on the surface level.  

(4) Our measurements, which were conducted a week before and 
2–3 weeks after the 2013 M6.4 Juisui earthquake, showed a co- 
seismic tilting upward to the west along the Juisui route, from 
little or no motion near the eastern coastline to the maximum 
uplift of 20 mm in the Central Range. The results are in agreement 
with the interpretation of blind slip on the interface of forearc 
basement of the Luzon arc system in the Philippine Sea plate. 
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