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ABSTRACT

Taiwan is located at the boundary between the Philippine Sea
plate and the passive continental margin of the Eurasian plate
and is one of the most seismically active regions in the world.
In an attempt to evaluate the seismogenic potential of active
faults in Taiwan, we separated the region into 34 blocks with
27 known active faults as their boundaries and employed a 3D
elastic block modeling method to invert the Global-Position-
ing-System-measured surface deformation for block rotations
and the fault coupling. Additional constraints from an up-
to-date dataset of geologic fault-slip rates were introduced to
reconcile the discrepancy between the geodetically and geologi-
cally determined long-term slip rates. Our results show that the
Hsinhua fault and the southern part of the Longitudinal Valley
fault may be weakly coupled near the surface and therefore
experience shallow creeping in the interseismic period. The
slip-deficit rates, which relate to how fast the elastic strain is
accumulated on faults, are relatively low (0.8-2.2 mm/yr) for
faults in northern Taiwan compared with up to 4 mm/yr in
the Western foothill of the central and southwestern Taiwan.
Evaluations of earthquake potential based on our new model-
ing results indicate that the frontal thrust and the westernmost
branch faults of central Taiwan and the northern Longitudinal
Valley fault of eastern Taiwan are capable of generating

M,, 6.0-7.3 carthquakes in the next few decades.

INTRODUCTION

Traditional efforts on evaluating seismic potential for metropoli-
tan areas or civil infrastructure systems usually assume that the
rates of hazardous earthquakes are related to fault-slip rates de-
termined from geologic and geomorphic evidence of measured
age (e.g, Petersen ez al., 2008). Extensive use of satellite geodesy
such as the Global Positioning System (GPS) has become a new
feature of earthquake probability analysis in the past few years,
for example, the Working Group on California Earthquake
Probabilities forecasts for the Uniform California Earthquake
Rupture Forecast, v.3 (UCERF3) model (Field e 4/, 2014).
Although geodetic measurements are potentially more spatially
comprehensive than geologic offset observations, they require a
modeling step to translate them into estimates of fault-slip rate.

Previous kinematic models using geodetic observations to
study interseismic behavior of active faults in Taiwan focus
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mostly on 2D analysis. Hu ez /. (2001) and Bos ez a/. (2003),
for example, used velocity gradient methods that regard a fault as
linear discontinuity on a plane surface, in which fault geometry
and slip distribution at depths were not taken into account. For
2D cross-section models that include lateral and depth variations
of fault parameters, Hsu ez a/. (2003) used an elastic dislocation
model to invert 1993-1999 GPS observations for dip angles
and interseismic slips of a décollement structure and three major
boundary faults in eastern (the Longitudinal fault) and western
(the Chelungpu and Chukou faults) Taiwan. Based on this
study, Johnson ez a/. (2005) proposed a mechanical model con-
sisting of faulting in an elastic lithosphere overlying a viscoelastic
asthenosphere to evaluate earthquake cycle effects such as the
long-term slip rates on faults and décollement. Ching, Hsich,
et al. (2011) also applied a 2D dislocation modeling method to
invert the vertical ground motion of Taiwan measured by GPS
and precise leveling from 2000 to 2008 for fault-slip and crustal
thickening rates across Taiwan.

Recent deployments of a dense geodetic network such as
Global Navigation Satellite Systems (GNSS) allow the use of ad-
vanced modeling techniques to evaluate interseismic behaviors
of active faults in a region as one fault system. The 3D elastic
block modeling, for example, has been widely applied to evaluate
fault-slip rates from geodetic data (e.g., McCaffrey, 2002, 2005;
Meade and Hager, 2005; Hammond ¢f 4, 2011). For the Tai-
wan region, some studies using 3D block modeling focused on
characterizing fault kinematics of specific areas, such as Rau ez 4.
(2008) for the northern Taiwan and Chen et 4/ (2014) for the
northern Longitudinal Valley in eastern Taiwan. Based on the
1995-2005 GPS data in Taiwan, Ching, Rau, ez 2/ (2011) set a
regional block model that includes 21 active faults as block
boundaries and estimated interseismic slip-rate deficits of these
faults. The results have drawn attention and debate on the dis-
crepancy between the geodetically estimated and geologically ob-
served fault-slip rates and the use of geodetic measurements on
evaluating earthquake potential of active faults in Taiwan (sim-
ilar discussions in the UCERF3 project of US. Geological Sur-
vey, see Field ez al, 2014).

In this study, we updated the 3D block model of Ching,
Rau, ez al. (2011) by including a detailed review of fault param-
eters and a newly published database of geologic long-term slip
rates of major active faults in Taiwan. Island-wide GPS observa-
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tions of 278 continuous and 831 survey-mode stations from
2002 to 2014 were inverted for the best-fit long-term, interseis-
mic, and slip-deficit rates on faults. Potential of large faulting
carthquakes were also evaluated based on these results.

TECTONIC AND GEOLOGIC SETTINGS

Taiwan is located at a complex plate boundary zone where the
Philippine Sea plate converges obliquely northwestward with
the Eurasian plate in the east and the South China Sea of the
Eurasian plate subducts westward underneath the Philippine
Sea plate in the southwest. The most important features of the
Taiwan orogeny and earthquake hypocenter distribution are
related to these two tectonic systems (e.g., Hsu, 1990; Wu ez al.,
2014; Kuo-Chen ez al, 2015; Fig. 1).

As a result of the above regional tectonics, Taiwan is gen-
erally divided into five major physiographic provinces trended
nearly north-northeast, which include, from west to east, the
western Coastal plain, the Western foothills, the Hsuehshan
Range, the Central Range, and the Coastal Range (Fig. 2a).
Other than these, the triangular Ilan Plain between the Hseuh-
shan Range and the Central Range in northeastern Taiwan
is considered to be the western extremity of the north—south
opening Okinawa trough, and the Longitudinal Valley between
the Central Range and the Coastal Range in eastern Taiwan
is a suture zone of the Eurasian and the Philippine Sea plates
(e.g. Angelier ez al., 2000). The Pingtung Plain between the
Western foothills and the Central Range in southern Taiwan is
filled with unconsolidated sediments of the late Pleistocene
and the Holocene and was proposed as a major shortening and
thus transformed into a fold-and-trust belt of the Western
foothills (Hu et 4L, 2007).

The Central Geological Survey (CGS) of Ministry of Eco-
nomic Affairs in Taiwan published the newest version of active
fault maps in 2012 that includes 33 faults with field evidence of
late-Pleistocene (< 0.1 Ma) surface rupture (Fig. 1). Most of
these fault scarps are associated with the boundaries among the
aforementioned physiographic provinces (Fig. 2a), and some
are the evidence of devastating historic earthquakes in Taiwan
(Fig. 1). For example, the 1867 My 7.0 Keelung earthquake
may rupture the offshore segment of the Shanchiao fault (fault
number 1; Tsai, 1986); the 1906 M 7.1 Meishan earthquake
ruptured the Meishan fault (fault number 14; e.g, Chen,
Kuo, ez al., 2008); the 1935 M 7.0 Hsinchu-Taichung earth-
quake sequence ruptured the Shihtan (fault number 5) and
Tuntzuchiao faults (fault number 9; e.g., Lin e al, 2013); the
1946 M 6.3 Hsinhua earthquake ruptured the Hsinhua fault
(fault number 19; Bonilla, 1975); the 1948 M 7.0 Changhua
carthquake ruptured the Changhua (fault number 10) and
Tachia-Tiehchanshan faults (faults number 7 and number §;
Tsai, 1986); the largest 1951 M7 7.0 Longitudinal Valley earth-
quake sequence ruptured the Milung and Yuli segments of
the Longitudinal Valley fault (fault number 26; e.g, Hsu,
1962); and the 1999 M| 7.3 Chi-Chi earthquake ruptured the
Chelungpu (fault number 11) and Tamaopu-Shuangtung faults
(fault number 12).
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A Figure 1. Surface traces of late-Pleistocene active faults (bold
black lines, published by the Central Geological Survey in 2012) and
the 2005-2015 background seismicity (M, >3) of Taiwan (gray
dots, from the earthquake catalog of the Central Weather Bureau).
Black stars mark the epicenters of scarp-forming historic earth-
quakes in Taiwan. (Inset) EP, Eurasian plate; PSP, Philippine Sea
plate; OT, Okinawa trough; and SCS, South China Sea plate. The
color version of this figure is available only in the electronic edition.

Benefited by the dense coverage of GPS stations around
Taiwan, this study aims to evaluate the carthquake potential of
major active faults by employing a 3D block modeling method
that treats these faults as block boundaries. More details on fault
configurations and their long-term seismic behavior will be ad-

dressed in the Elastic Block Modeling of Taiwan section.
GPS MEASUREMENTS AND DATA PROCESSING

The Taiwan continuous GPS network, mainly operated by the
CGS, the Central Weather Bureau (Shin ez 4/, 2011), the Min-
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A Figure 2. (a) Horizontal velocities from the 20062014 continuous (gray arrows) and 2002-2014 survey-mode (black arrows) Global
Positioning System (GPS) measurements. Error ellipses represent the 95% confidence interval of velocity uncertainties. All velocities are
relative to stable Chinese continental margin. Gray-shaded areas represent major tectonic elements of Taiwan: A, Western foothills; B, Hsue-
shan Range; C, Central Range and Hengchun Peninsula; D, Longitudinal Valley; E, Coastal Range; F, western Coastal plains; G, Pingtung Plain;
and H, llan Plain (Shyu et al, 2016). (b) Residual velocities of block modeling with the error ellipses shown in (a). Thick and thin gray lines show
faulted and free block boundaries, respectively. The color version of this figure is available only in the electronic edition.

istry of Interior, and the Institute of Earth Sciences, Academia
Sinica, includes 278 stations with relatively sparse distribution
in the mountain area (Fig. 2a). To increase the space coverage
of this network, ~831 survey-mode GPS sites have been repeat-
edly occupied by CGS in Taiwan since 1995. Every session for
each GPS campaign survey was occupied at least 6 hrs.

The survey-mode and continuous GPS data from 2002 to
2014 were processed session by session with the Bernese software
v.5.0 (see Data and Resources) to obtain the daily station coor-
dinates. The precise ephemerides provided by International
GNSS Service (IGS) were used during the processing. The

coordinates and velocities of four global IGS fiducial stations
(TSKB, GUAM, TID2, and WUHN) on the international ter-
restrial reference frame ITRF2008 (Altamimi ez 4/, 2011) were
adopted to calculate the coordinates of all GPS stations in
Taiwan. The results present uncertainties of 3—4 mm and 10-
40 mm for the horizontal and vertical coordinates, respectively.
The station TSKB was removed from the list of constrained IGS
stations after the 2011 Tohoku-Oki earthquake to avoid the ef-
fect from the coseismic offset and postseismic transients. Further
examinations were also made to ensure that the daily network
solutions were stable after the removal of TSKB.
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The average horizontal velocity of each station was esti-
mated by least-squares fits of the north—south and east-west co-
ordinate time series, assuming the positions consisting of a linear
trend with time. To obtain proper standard deviations of veloc-
ity estimates, we scaled the formal uncertainties by an amount of
k = (mis/2)?, in which mis is the misfit between the original
and linearly fitted time series (Ching, Rau, ez al, 2011). We
found that the £-values are as large as 10 for the GPS data used
in this study. Because of the long time span of our GPS obser-
vations (2002-2014), however, the scaled velocity standard de-
viations are mostly less than 2 and 0.5 mm/yr for survey-mode
and continuous stations, respectively (Fig. 2a), which may still be
underestimated (see discussions in the beginning of the Results
and Discussions section).

Figure 2a shows the GPS horizontal velocity field in a refer-
ence frame of stable Chinese continental margin. The directions
of the velocity vectors clearly show a fan-shaped pattern spanned
from north to south. Notable velocity gradients across the western
foothills in western Taiwan and the Coastal Range and Longi-
tudinal Valley in eastern Taiwan imply localized high rates of
strain accumulation, which would be interpreted by interscismic
coupling of faults as shown in the following block models.

ELASTIC BLOCK MODELING OF TAIWAN

A block model is constructed by dividing the crust into numer-
ous closed, fault-bounded blocks. We employ a well-documented
block modeling method called DEFNODE (TDEFNODE for
the upgraded version) that was first described in McCaffrey
(2002) with a few elaborations in McCaffrey (2005). In this
method, the observed GPS ground motion is assumed to be the
sum of a long-term velocity field and a transient, interseismic
perturbation to the field caused by backslip on boundary faults.
The long-term velocity is modeled by rigid-body motion of
blocks, which is mathematically identical to methods of estimat-
ing rotations of the large tectonic plates on the Earth’s surface
where the Eular pole location and angular velocity need to be
resolved. An elastic dislocation model of a homogeneous half-
space (Okada, 1985) is used to calculate the velocity field induced
by backslips on boundary faults, and this deformation accounts
for the elastic strain across faults owing to interseismic coupling
or locking (e.g,, Savage, 1983).

In addition to block rotations and fault coupling, DEF-
NODE solves for the nonrecoverable (permanent) part of short-
term strain rate within a block that would likely occur by slip or
localized strain on internal faults. This internal strain field is
intended to represent more distributed deformation from active
structures, such as blind faults or active folds, at scales smaller
than that can be reasonably represented by blocks.

Tectonic Block Setting

Our block configuration mostly follows that used in Ching,
Rau, ez al. (2011), where blocks are separated by faulted or free
boundaries that represent active faults or main tectonic features
in Taiwan. For each faulted boundary, a coupling coefficient
¢ with a value between 0 and 1 is assigned to account for the

degree of interseismic locking, or backslip. The value of ¢ = 1
corresponds to a totally locked fault patch above the locking
depth (column 4 in Table 1), and ¢ = 0 means free slipping.
Free boundaries, on the other hand, are assumed to slip freely
according to the relative motion of the adjacent blocks.

To include a few active faults that are in the 2012 CGS fault
map of Taiwan but were not analyzed in Ching, Rau, ez al.
(2011), we added seven more blocks (HSIN, ESHC, SYSG,
TAST, CYMT, HSS1, and HECH; Fig. 3) and adjusted block
configurations to accommodate their boundaries. A total of
34 blocks were constructed in this study (Fig. 3), where 27 active
faults from the CGS fault map are sct to be faulted boundaries
(Table 1). We combined six CGS faults along the east side of the
Longitudinal Valley as one Longitudinal Valley fault (fault num-
ber 26 in Fig. 1), with the dip angle varied along the fault strike
(Ching, Rau, ez 4., 2011). The Chimei fault between the PHSP
and NCOR blocks, also in the CGS fault map, is considered to
be a free boundary in this study due to limited information on
its subsurface geometry.

During our modeling, the EURA block west of Taiwan is
set as the reference block by fixing its motion to zero. Prelimi-
nary locations of Euler poles and angular velocities of all blocks
are first calculated by inverting horizontal GPS velocities with-
out considering the effects of fault coupling and internal strain.
The results are used as a priori parameters of block rotation in
the second step of inversion where final pole locations and an-
gular velocities, the fault coupling, and block internal strain
rates are jointly estimated.

Geologic Constraints on Long-Term Slip Rate

For any two adjacent blocks, relative motions on the boundary
can be calculated according to their poles and angular veloc-
ities. For faulted boundaries, this relative motion is interpreted
as the steady-state fault-slip rate implied by geodetic data (here
GPS only) and hereafter called geodetic long-term slip rates.
Geologic evidence, such as outcrop mapping, paleoseismic
trenching, and vertical offset of fluvial or marine terrace, can
otherwise provide average slip rates through a much longer
time period of hundreds to millions years. For the use of the
Taiwan Earthquake Model, Shyu ¢z /. (2016) compiled a geo-
logic database of 38 seismogenic structures in Taiwan with up-
to-date geologic slip rates of active faults based on geomorphic
and field investigations. As shown in the column “Geologic
fault-slip rate” of Table 1, some of these rates deviate notably
from the geodetically determined long-term slip rates, mostly
with smaller values than the geodetic (Fig. 4a).

The generally larger geodetic rates shown in Figure 4a may
imply that active faults in the Taiwan area have been more seis-
mically active at present than the long-term average (Dolan
et al., 2007), or that near-fault postseismic transients induced
by recent large earthquakes still play a role on the present sut-
face deformation (e.g., Liu ez al., 2015), such as the 1935 Hsin-
chu-Taichung earthquake on the Sanyi fault (number 6), the
1946 Hsinhua earthquake on the Hsinhua fault (number 19), and
the 1999 Chi-Chi earthquake on the Chelungpu (number 11) and
Tamaopu-Shuangtung (number 12) faults (Fig. 1).
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Table 1
Fault Parameters, Slip Rates, and Potential Earthquake Magnitudes
Geodetic
Long-Term
Fault Rate Fault-
Number Geologic with Slip- M,, for

(Fig. 1) and Dip Locking Fault Fault-Slip  Geologic  Deficit The Most the
Related Angle Depth Length Rate Constraints Rate Recent Event Next

Literature*  Fault Name (e)f (km)* (km) (mm/yr) (mmyyr) (mm/yr) (yr B.P.}*¥ 50 Yrs!

11[1] Shanchiao 60-85 (65) 9-15 (12.5) 427 1.85 + 0.76 1.2+ 04 1.1 + 04 149°-8500 [40] 6.3-7.4
2 [2] Hukou 28-60 (50) 6-7.5 (9) 573 1.16 + 0.84 16 + 05 0.8 + 0.5 (580-3600) 6.8-7.3
3[3] Hsinchu 40-65 (50) 8-12 (10) 33.7 0.70+0.46 28 £ 0.8 22 +08  (690-3380) 6.7-7.2
4 [4][5] Hsincheng 30-50 (40) 6-14 (10) 39.1 1.80 = 1.20 16 + 0.5 1.3+ 05 ~300 6.8
5 [6] Shihtan 30-55 (50) 7.7-10 (8) 43.1 1.86 + 1.24 22 +05 1.5+ 05 81b 6.3
6 [7][8] Sanyi 20-45 (30) 4.5-9 (8) 224 1.86 = 1.23 6.7 £ 0.8 42 + 08  (470-2320) 6.8-7.3
7191, 8 9] Tachia, 9-45 (25) 8 34.1 NA 06 + 05 04 +05 168° 5.9
Tiehchanshan
9 [11] Tuntzuchiao 80-85 (80)  6-10 (10) 224 1.00 + 0.68 1.9 +£08 1.2 £ 0.8 81° 6.4
10 [12] Changhua 13-45 (25)  6-7.5 (10) 452 3.40 + 2.26 38+04 05+04 168° 6.4
11 [13][14] Chelungpu 20-40 (25—  4-15 (10) ns5 6.94 10.4 + 0.6 23 +06 17¢ 6.4
35)
12 [15][9] Tamaopu- 35-55 (45)  6-12 (12) n7i 2.00 + 1.34 26 + 0.6 1.4 + 0.6 17° 6.2
Shuangtung
13 [17] Chiuchiungkeng 20-36 (30) 3.5-7.5(7) 343 7.20 + 4.80 6.8 + 0.7 1.5+ 0.7 (110-560) 6.6-7.0
14 [18] Meishan 75 10-16 (12.5) 61.6 2.51 1.8 + 0.5 05+ 05 110° 6.2
15 [21] Tachienshan 40-72 (45)  5-12 (10) 213 NA 11.8 + 0.8 49 + 038 17¢ 6.4
16 [[20]], 17 Muchiliao, Liuchia 1045 (40) 4-17 (6) 259 575+ 1.35 7.1+ 05 38 +05 (170-280) 6.2-6.4
21
18 [21] Chukou 30-60 (40) 10 455 NA 74 £ 08 40+ 08 ~38,000 -
19 [23][24] Hsinhua 17-70 (80) 3.5-18 (15) 16.0 2.65 + 1.85 09 +03 09 +03 70f 6.0
20 [25][26] Houchiali 65-76 (65) 4 12.3 1.07 55+03 1.7 £ 03 1549 5.7
21 [27][28] Zuochen 60-80 (70) 812 (10) 10.7 NA 11605 3905 Late
Pleistocene
22 [29][30] Hsiaogangshan 45-70 (45) 1011 (10) 1.9 3.30 £ 2.20 26.1 + 0.4 8.8 +04 (130-640) 5.9-6.4
23 [31][32] Chishan 50-65 (58)  8-12 (13) 34.2 1.10 + 0.36 2304 1.8 £ 04 7189 = 160 1.3
24 [33][34] Chaochou 50-80 (60) 15-20 (17.5) 111.8 1.76 + 1.17 33+05 11+ 05  (490-2420) 1.2-1.1
25 [35][36] Hengchun 45-70 (57.5) 14-18 (16) 15.7 6.15 £ 0.29 58 20 54 £20  4310-4450 1.3
26 [37][38] Longitudinal Valley 20-75 10-30 (20) 153.6 11.35 £ 5.75 114 +£1.0 03+10 65" 6.9
(40-75)
27 [39] Luyeh 65 20 17.7 6.34 £ 0.17 15.7 + 0.7 6.7 + 0.7 1890-2110 1.3

NA, not applicable.

*Boxed numbers [1] refers to Teng et al. (2001); [2], Suppe and Namson (1979); [3], Chen et al. (2004); [4], Namson (1984); [5], Shyu
et al. (2005); [6], Lin (2005); [7], Lin et al. (1989); [8], Hung and Wiltschko (1993); [9], Yue et al. (2005); [11], Huang and Yeh (1992);
[12], Chen (1978); [13], Wang et al. (2002); [14], Johnson and Segall (2004); [15], Chiu (1972); [17], Lin et al. (2007); [18], Chen, Kuo,
et al. (2008); [20], Hu and Sheen (1989); [21], Hung et al. (1999); [23], Sun (1964); [24], Bonilla (1975); [25], Lacombe et al. (1999); [26],
Huang et al. (2009); [27], Wang (1976); [28], Huang et al. (2011); [29], Sun (1964); [30], Liu et al. (1997); [31], Liu et al. (1997); [32],
Chiang et al. (2004); [33], Chiang (1971); [34], Wu et al. (2014); [35], Vita-Finzi and Lin (2005); [36], Cheng et al. (2012); [37], Lee et al.
(2001); [38], Chen et al. (2007); [39], Cheng et al. (2007); [40], Huang et al. (2007).

"Numbers in the parenthesis are used for our modeling. Faults beneath the locking depths are assumed to slip freely.

*Numbers in the parenthesis are the recurrence intervals listed in table 1 of Shyu et al. (2016).

SSuperscript letters “a” refers to the 1867 M, 7.0 Keelung earthquake; b, The 1935 M, 7.0 Hsinchu-Taichung earthquake; c, The
1848 Changhua earthquake; d, The 1999 M, 7.3 Chi-Chi earthquake; e, The 1906 M, 7.1 Meishan earthquake; f, The 1946 M, 6.3
Hsinhua earthquake; g, The 1862 Tainan earthquake; and h, The 1951 Longitudinal Valley earthquake sequence.

IM,, for faults with the last rupture time longer than 10,000 yrs were not calculated.
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A Figure 3. Angular velocities (gray fans) and Euler pole loca-
tions (four-letter-character names in the inset) of blocks. The el-
lipses represent uncertainties of pole positions. Three poles
(PHSP, PINT, and RYUK) outside the region of the inset are shown
with their coordinates. Black lines are block boundaries, where
the faulted boundaries are defined along known active faults
(thick black lines). White circles represent fault nodes at the sur-
face (see the last paragraph of the Elastic Block Modeling of Tai-
wan section for detailed descriptions).

Significantly high geodetic rates of >30 mm/yr on the
Longitudinal Valley (number 26) and Hengchun (number 25)
faults can otherwise be biased by ill-posed inversion owing to
uneven distribution of GPS stations within blocks, as indicated
by large systematic velocity residuals in these areas (Fig. 2b). To
reconcile this situation, geologic data can serve as plausible con-
straints on estimating geodetic fault-slip rates, although the
assumption of consistent long and short-term fault behaviors
should be kept in mind and require further justifications. Zeng
and Shen (2014) inverted GPS observations for slip rates on
major faults in California and suggested that slip rates derived
from geodetic observations correlate well with the geologic slip
rates when the geologic rate constraints were introduced. Mo-
tivated by this study, we applied geologic slip rates in Table 1 to
constrain the long-term motion of 23 boundary faults during
our inversion (geologic slip rates of four active faults in Table 1
were not provided by Shyu ez al., 2016). The long-term fault-
slip directions were also constrained by the preferred fault types

(normal, reverse, or strike slip) listed in table 1 of Shyu
et al. (2016).

With the above geologic constraints, GPS horizontal
velocities in Figure 2a were inverted for the block rotation rates
(Fig. 3), or the fault long-term slip rates (Fig. 6a), block internal
strain rates (Fig. 5), and fault coupling coefficients ¢ (Fig. 6b).
To do this, we specified surface nodes at evident changes of
fault geometry (Fig. 3), and each fault patch between adjacent
nodes was treated as a rectangle dislocation for the modeling.
Two more subsurface nodes were also placed along fault dip
beneath each surface node (Fig. 6), with the deepest one at the
locking depth (Table 1) and forced to be uncoupled (¢ = 0).
DEFNODE solves for the long-term slip rate and coupling co-
efficient at each node (McCaffrey, 2002), and linear interpo-
lations of the node values represent the distribution of these
rates and coefficients on fault planes (Fig. 6).

RESULTS AND DISCUSSIONS

The reduced y? of data (horizontal velocities) misfits, defined
by McCaffrey (2002), is increased from 75.9 to 166.0 with the
inclusion of geologic constraints. In addition to the previously
described large velocity residuals in eastern, southern, and
southwestern Taiwan (Fig. 2b), underestimated standard devi-
ations of GPS velocities derived in the GPS Measurements and
Data Processing section can contribute to these high y* values.
Various studies showed that including additional uncertainties
such as time-correlated noises would increase the errors of con-
tinuous GPS velocity by a factor of 2-5 depending on the ob-
servation period (e.g, Mao et al, 1999; Hammond ez 4l.,
2011). Considering an uncertainty scaling factor of 5, the re-
duced y* would drop to a more realistic but still rather large
value of ~6.6 (with a degree of freedom 2048) that could be the

cause of some large misfits discussed as follows.

Geodetic and Geologic Long-Term Slip Rates
Figure 3 shows the modeled Euler poles and angular velocities.
For each block, the relative position between its pole and cent-
roid may correspond to a specific type of tectonic motion
under the reference frame of a stable Chinese continental mar-
gin (with block EURA fixed). Blocks with uniform GPS veloc-
ity field, for example, would have poles at long distances and
thus experience quasi-rigid translation. Regional tectonics such
as arc—continent collision in eastern Taiwan (PHSP and
NCOR), crustal extrusion in southwestern Taiwan (PINT;
Ching et al., 2007), and east—west contraction in central Tai-
wan (EKSH and SHSS) fit in this category. In contrast, blocks
with their poles and centroids close to each other show notable
rotation, such as HSIN, WNOR, and YMSD in northwestern
Taiwan and NCEN, NHSS, and HSSH in northeastern Tai-
wan, which may be the cause of northwest oblique collision of
the Philippine Sea plate (e.g., Rau ez 4/, 2008).

Relative motions of two adjacent blocks represent the long-
term geodetic slip rates of the associated boundary faults, and the
column “Geodetic long-term rate with geologic constraints” in

Table 1 lists the results. Figure 4 shows notable reduction of high
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geodetic rates on fault numbers 25 and 26 and more consistent
geodetic and geologic slip rates after the inclusion of geologic
constraints, although significant discrepancy (larger than a factor
of 2) between the two rates on the Hsinchu (number 3), Sanyi
(number 6), Hsinhua (number 19), Hsiaogangshan (number
22), and Luyeh (number 27) faults still remain (Table 1) and
will be discussed in the following paragraphs.

Figure 3 shows that the surface trace of the Hsinchu (num-
ber 3) fault emerges only at the east part of the corresponding
block boundary, and Figure 6a indicates that geodetic slip
rates of the cast boundary nodes are <2 mm/yr, smaller than
that of the west nodes (4-5 mm/yr) but comparable to the
measured geologic rate of 0.7 mm/yr. Shyu ez al. (2016) also
reported that the Hsinchu frontal structure, a seismogenic struc-
ture west of the Hsinchu fault near the coastline, has a geologic
slip rate of ~2.80 mm/yr, higher than the Hsinchu fault.

Although the east—west crustal shortening in western Tai-
wan has mostly been accommodated by west-dipping reverse
faults (e.g., Hsu ez al., 2003), the Sanyi (number 6) fault may
act as a transition structure between the east-dipping Shihtan
fault (number 5) to the north and the west-dipping Chelungpu
fault (number 11) to the south and therefore has experienced
low-surface offsets. To avoid modeling complexity, however,
our study set a free boundary between the CHMO and MIAO
blocks (Fig. 3) and thus overlooked the interaction between the
Sanyi and Shihtan faults, despite a short fault scarp trended
northwest—southeast north of the Sanyi fault shown on the
CGS active fault map (Fig. 1). This model simplification may
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cause a discrepancy between the geologically observed and geo-
detically modeled slip rates of the Sanyi fault.

Shyu ez al. (2016) pointed out that although most of the
geologic slip rates were determined by vertical offsets, horizontal
offsets of strike-slip structures such as the Hsinhua (number 19)
fault are difficult to observe and may need further detailed in-
vestigations. Moreover, Chen ez al. (2011) reported uplift rates
of 0.8—4.5 mm/yr for the upthrown side of the Hsinhua faul,
and the lower-bound value is similar to our modeled geodetic
rate of 0.9 mm/yr.

A notable decrease of horizontal motion as large as
i20 mm/yr was revealed across, and nearly normal, to the Hsiao-
gangshan (number 22) reverse fault (Fig. 6a, inset). Although this
velocity gradient is unlikely to be accommodated by the small slip
rate of 3.3 &= 2.2 mm/yr measured geologically (Table 1), a 2D
kinematic fault model of Ching ¢z 4. (2016) based on GPS and
leveling data showed a slip rate of ~24 mm/yr on the Hsiao-
gangshan fault, similar to our modeled rate of ~26 mm/yr
(Table 1). Ching ez al. (2016) proposed that the fault is acting
as a buried creeping structure, where the growth of subsurface
mud diapirs may be responsible for the high ground motion
observed near the fault. This rapid inelastic crustal deformation
also plays an important role on the adjacent Chishan fault
(number 23), as suggested by Ching ez /. (2016), which may
be the cause of large systematic velocity residuals near this fault
in southwestern Taiwan (Fig. 2b).

The rate inconsistency of the Luyeh fault may be inter-
preted in two ways. First, the proximity of this fault to the
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Longitudinal Valley fault (< 10 km) and the narrow aperture
of GPS stations across this part of the Longitudinal Valley
(Fig. 1) may result in poor resolution on resolving fault-slip
rates, as can be seen from the large misfits of GPS velocities in
the southernmost Longitudinal Valley (Fig. 2b). Moreover, the
association of the Luyeh fault to the 1951 M 6.0 Taitung
carthquake (e.g, Chen, Toda, ez al., 2008) implies that near-
field postseismic transients may still remain in the regional de-
formation, causing larger geodetic slip rate than the long-term
average (e.g., Liu ez al, 2015). Similarly, rate inconsistency
on the Chelungpu (number 11) and Sanyi (number 6) faults
(Fig. 4b) may also relate to the 1999 Chi-Chi and 1935
Hsinchu-Taichung earthquakes, respectively (Fig. 1).

Evaluation of Earthquake Potential of Active Faults

Figure 5 shows the modeled internal strain rate of each block.
This strain field is similar to that produced by Ching, Rau, ez 4/.
(2011) without geologic constraints, where the maximum princi-
pal axes were found to be consistent with regional tectonic stress
directions. For example, the clockwise rotation of crustal shorten-
ing from the fold-and-thrust regime of central Taiwan (e.g, SHSS

and TAST) to the waning collision zone of northwestern Taiwan
(e.g, HSSH and TAOC) was proposed by Lacombe ez 4/ (2003)
and Rau ez 4/ (2008), and the northwest—southeast extension of
the Ilan Plain (ILAN) at the westernmost tip of the north-south
opening Okinawa trough was also revealed by previous GPS stud-
ies (e.g, Bos ez al., 2003; Rau ¢z 4l., 2008). Moreover, the extension
of the northern (NCEN) and southern (SCEN) Central Range
may be related to the gravitational collapse of the uppermost
crust following the increase of elevation and crustal thickness
(e.g., Crespi ez al., 1996; Wu et al., 2014), or positive buoyancy
during the ongoing arc—continent collision (e.g., Lin, 2000).

The multiplication of the geodetic long-term slip rate and
coupling coefficient gives the fault-slip-deficit rate (Fig. 6¢) that
represents the amount of the expected fault slip not taken up by
steady creep, and the interseismic fault-slip rates (Fig. 6d) are the
differences between the long-term and slip-deficit rates and should
be associated with the present near-fault deformation. These results
suggest that most active faults in Taiwan have experienced inter-
seismic locking at shallow depths of about 0-5 km, with the ex-
ception of the Hsinhua (number 19) and southern Longitudinal
Valley (number 26) faults where recent aseismic surface creeping
has been identified (e.g., Bonilla, 1975; Lee e al, 2001). Although
faults with low-coupling coefficients usually infer low slip-deficit
rates, one should bear in mind that shallow creeping faults may still
be locked at depths and therefore have the potential to produce
large earthquakes such as the 2003 A/, 6.8 Chengkung earthquake
of the southern Longitudinal Valley fault (e.g, Hsu, Yu, and
Chen, 2009) and the Parkfield segment of the San Andreas fault
in California (e.g, Murray ez al,, 2001).

The slip-deficit rate from geodetic observations can be used
to quantify how fast the seismic energy is accumulated on faults
(e.g, Ward, 1998). To do this, we first assume the scalar moment
rate of a double-couple mechanism as M = pdV 4, in which u
is the shear modulus (here 30 GPa), A is the fault rupture area
defined by the multiplication of fault length (Fig. 6a) with lock-
ing depth (Table 1), and 74 is the average of slip-deficit rates of
all nodes on a fault plane (Table 1). For each fault, this equation
provides the annual accumulation rate of seismic moment, so the
total moment 7 years after the last faulting event can be ob-
tained by M, = M x T. With M, being released during the
next rupture, the moment magnitude M, of the corresponding
carthquake can be calculated by the scaling law M, =3
(log My —9.1) (Hanks and Kanamori, 1979).

In the interest of seismic-hazard analysis and management
of civil infrastructure systems, we evaluated potential carthquake
magnitudes for the next 50 yrs as an example (the last column of
Table 1). For active faults with incomplete or uncertain paleo-
seismic dating records, we simply applied the recurrence intervals
proposed by Shyu ez al. (2016) as the end-member estimates of
the elapsed time 7" (values with parenthesis in the second to last
column of Table 1). We did not estimate potential M, for the
Chukou (number 18) and Zuochen (number 21) faults because
none of the above information is available.

The results show that frontal and branch thrust faults in
western Taiwan with historic ruptures in the past 200 yrs are

capable of generating M,, 6.0-6.8 carthquakes in the next
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50 yrs. Despite the occurrence of the M|, 7.6 Chi-Chi carth-
quake in less than 20 yrs, branch faults such as the Chelungpu
(number 11) and its southern trend Tachienshan (number 15)
still show relatively high slip-deficit rates (2-5 mm/yr), mainly
because the horizontal ground motion decreases rapidly from
east to west across these faults (Fig. 2a). In southern Taiwan,
both the Chishan (number 23) and Hengchun (number 25)
faults pose high M, ~ 7.3 primarily owing to their long
elapsed time (>4000 yrs), although large velocity misfits in
southernmost Taiwan (Fig. 2b) suggest that the high slip-deficit
rate of 5.4 £ 2.0 mm/yr on the Hengchun fault may need fur-
ther examinations.

The Costal Range and Longitudinal Valley of eastern Tai-
wan have been proposed to absorb the largest crustal contrac-
tion across the island (e.g., Bos e 4/, 2003; Hsu, Yu, Simons,
et al., 2009). The low slip-deficit rate of 0.3 mm/yr averaged
over the >100—km Longitudinal Valley fault (Table 1) is
mainly due to the shallow creeping of the southern segment,
whereas the northern portion of the fault presents high faule
coupling (Fig. 6b). More geologic and geophysical observations
are being gathered to establish a segmented block model for
this important active structure.

The above calculations and analysis are for active faults
officially published by the CGS of Taiwan in 2012, whereas
other potential seismogenic structures such as the Lishan faul,
the boundary of blocks HSSH and NCEN (e.g., Kuo-Chen
et al., 2015), and the Central Range structure (fault), the boun-
dary of blocks LVFD and CENT at the southern Longitudinal
Valley (e.g., Shyu ez al., 2016), were not evaluated due to the
lack of geologic information such as subsurface geometry or
rupture evidence in the past 10,000 yrs.

We also recognize that one of the advantages of using geo-
detic data for seismic potential study is that we can quantitatively
evaluate the accumulation rate of total strain over an area (e.g.,
Fig. 5), therefore implications from geodetically determined in-
ternal strain rates should be properly introduced for a more com-
prehensive hazard analysis. Although this study mainly focuses
on the carthquake potential of active faults, some attentions
on block internal strain are addressed here to avoid insufficient
and misleading information in our hazard evaluation.

Our modeled internal strain rates in Figure 5, for example,
may be mainly attributed to elastic strain accumulation and
inelastic deformation, where the former would be related to
moment release of future earthquakes within blocks (e.g., Ward,
1998). Some recent large Taiwan earthquakes, including the
devastating 2016 M,, 6.4 Meinong ecarthquake in southern
Taiwan (Fig. 5), were found to occur on blind faults that have
yet been identified by geologic evidence (e.g., Hsu ez al., 2011;
Chuang ez al., 2013; Chiang ez al., 2015; Huang ez al., 2016).
These observations suggest that including only main active
(boundary) faults may cover only a fraction of the possible seis-
mic hazard in the future.

Although the elastic part of internal strain should be bal-
anced with a long-term average of seismic moment release, in-
clastic deformation of active folding or fault creeping has been
considered as the primary tectonic effect in areas with high in-

ternal strain rates, for example, the block KHSC in southwestern
Taiwan with an internal strain rate of ~107¢ (Fig. 5; e.g, Ching
et al., 2016). Therefore, how to partition the geodetically mea-
sured total strain budget into the elastic and inelastic processes
also becomes an important issue for characterizing local tectonic
deformation to prevent overestimation of seismic potential.

CONCLUSION

We divided Taiwan into 34 blocks, with 27 CGS-published
active faults as block boundaries, and inverted the 2002-2014
GPS-observed horizontal velocities for fault long-term slip rates
and the coupling coefficients. Parameters of fault geometry
were updated based on a comprehensive review of related lit-
erature listed in Table 1, and many seismically potential active
faults not used in previous studies were introduced to our
model such as the Tamaopu-Shuangtung, Chukou, Hengchun,
and Luyeh faults. A new database of geological fault-slip rates was
applied to constrain the estimation of geodetic slip rates, and the
results show notable reduction of the geodetic rates compared to
those without including geologic data (e.g., Ching, Rau, e 4/,
2011). Although the assumption of consistent long-term and
short-term fault behaviors is still worth debate, comparing geo-
detic slip rates with and without geologic constraints can shed
some light on the current stage of fault within an earthquake
cycle. Our analysis also suggests that postseismic transient effects
from historic large carthquakes on some faults may cause the
deviation of present fault motion from the long-term average.
Weak coupling is revealed on the southern part of the Longi-
tudinal Valley fault, in contrast to its northern part where inter-
seismic locking is presented. Slip-deficit rates are relatively high
on faults in the western foothills of the central and southwestern
Taiwan, where large crustal shortening has been observed across
these faults. Our estimates indicate that the frontal thrust and the
westernmost branch faults in central Taiwan and the northern
Longitudinal Valley fault of eastern Taiwan are capable of gen-
erating M, 6.0-7.3 earthquakes in the next few decades. Here,
we recommend the incorporation of these results as logic-tree
components of future probabilistic seismic-hazard analyses.

DATA AND RESOURCES

Continuous Global Positioning System (GPS) data are provided
by the Central Geological Survey (CGS), the Central Weather
Bureau (CWB), the Ministry of Interior (MOI), and the Institute
of Earth Sciences, Academia Sinica (IESAS) of Taiwan, and
the campaign GPS data are from CGS. The earthquake catalog
used in this study is from CWB (http://www.cwb.gov.tw/V7/
earthquake/rtd_eq.htm, last accessed September 2016), and the
carthquake focal mechanism data are from the Broadband Array
in Taiwan for Seismology (BATS; http://bats.earth.sinica.edu.
tw, last accessed September 2016). The GPS data processing soft-
ware Bernese v.5.0 was developed by the Astronomical Institute
of the University of Bern (AIUB), and the computer programs
DEFNODE/TDEFNODE developed by Rob McCaffrey
can be found at the website http://web.pdx.edu/~mccaf/www/
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defnode/ (last accessed September 2016). Some figures were gen-
erated using the Generic Mapping Tools (GMT; http://gmt.
soest.hawaii.edu, last accessed September 2016). B4
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