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Rupture Directivity Effect and Stress Heterogeneity of the 2013

Nantou Blind-Thrust Earthquakes, Taiwan

by Yi-Ying Wen, Hiroe Miyake, Yin-Tung Yen, Kojiro Irikura, and Kuo-En Ching

Abstract We investigated broadband evidence of the rupture directivity effect and
estimated stress drop for the 2013 Nantou blind-thrust earthquakes (the 0327 and 0602
crustal events) from three individual analyses using empirical Green’s functions: decon-
volution source time function analysis, source spectral ratio analysis, and broadband
waveform modeling of a strong-motion generation area. Although these two adjacent
events have similar focal mechanisms, the 0327 event shows only up-dip directivity to
the west, with an estimated stress drop of 9.0 MPa, and the 0602 event displays sig-
nificant rupture directivity to the southwest, with an estimated stress drop of 14.2 MPa.
The obvious variance in the rupture behavior and stress drop of these two nearby events,
which might be related to immature blind faulting, suggests that this region requires

additional study of the stress heterogeneity to better assess the seismic hazard.

Introduction

Two moderate-sized crustal earthquakes, which oc-
curred on 27 March 2013 (named the 0327 event, with
M;, 6.2) and 2 June 2013 (named the 0602 event, with
M, 6.5), struck the Nantou area in the central part of Taiwan
(Fig. la, Table 1). According to the reports of the Central
Geological Survey (2013a,b), these two events were both
motivated by east-dipping thrust movement of blind faults,
which are not related to the surrounding active faults such as
the Chelungpu and Tamaopu-Shuangtung faults. This is also
supported by the aftershock distribution (Fig. 1b,c). The geo-
detic fault inversion of Chuang et al. (2013) also suggested
east-dipping reverse-slip models for both events. The inver-
sion indicates the events occurred on a deep extension of a
mature shallow fault or a newly developed deep ramp fault,
with respect to a crustal-thickening model (Wu et al., 2004).
In addition, Central Geological Survey (2013a,b) revealed
that these two events caused some damage and casualties
due to the strong ground shaking in the northwest to west-
northwest region of the 0327 event and in the southwest to
west-southwest region of the 0602 event, respectively.

Almost 100 years ago, the Nantou area was also seriously
damaged by the 1916 Nantou earthquake sequence
(5.5 <My £6.8,Cheng et al., 1999), as shown in Figure 1b.
It was a coincidence that the 2013 Nantou earthquakes showed
some similarities to the 1916 Nantou earthquake sequence:
(1) there was an interval of tens of days between events,
(2) the events magnitudes were larger than five, and (3) the
events locations were very close. Furthermore, several events
with M, >6.0 occurred around this region after the 1999
M, 7.6 Chi-Chi earthquake. To estimate the potential seismic
hazard to the Nantou area, it is crucial to investigate the detailed
source characteristics of the 2013 Nantou earthquakes. In this

study, using small-event records as the empirical Green’s func-
tions (EGFs), we performed three individual types of source
analyses in the broadband period range, that is, we (1) derived
the directivity effect from relative source time functions using
regional broadband waveforms, (2) validated the rupture direc-
tivity from source spectral ratios, and (3) estimated the strong-
motion generation area (SMGA) and stress drop by fitting the
synthetics to the observed ground-motion records. These over-
all broadband analyses are quite effective for better understand-
ing the source characteristics, especially in the shorter-period
range, which is integral for seismic-hazard assessment.

Data and Methodology

To retrieve the primary rupture characteristics of an
earthquake and to introduce minimal a priori assumptions
for the available seismic data, different approaches using
small-event records as EGFs have been well developed and
frequently applied to study the source properties of earth-
quakes (e.g., Irikura, 1986; Irikura and Kamae, 1994; Velasco
et al., 1994; Lay and Wallace, 1995). For the criteria of the
EGFs, a smaller event (typically 1-2 magnitude units smaller
than the mainshock) with a similar focal mechanism and close
hypocenter location relative to the mainshock is used (Velasco
et al., 1994; Lay and Wallace, 1995). Considering the similar
focal mechanisms and close locations of the two 2013 Nantou
earthquakes and the data quality of the smaller events, we se-
lected the 26 June 2011 M 5.0 event (Fig. 1a, Table 1) as an
EGF. The epicenters and fault-plane solutions of the two 2013
Nantou earthquakes and the EGF were determined by the
Central Weather Bureau (CWB) and the Broadband Array in
Taiwan for Seismology (BATS), respectively (Table 1). We
applied three approaches using various seismic waveform data,
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Figure 1.  (a) Epicenters (stars) and focal mechanisms for the 2013 Nantou earthquakes and the EGF event listed in Table 1 and the broadband
seismic stations (squares) that are utilized in the deconvolution analysis. (b) Free-field strong-motion stations used in the source spectral ratio analysis
and the EGF simulation. Magenta and purple dots denote the aftershocks of the 0327 and 0602 events within 15 days, recorded by CWB, respectively.
The gray stars show the epicenters of the 1916 Nantou earthquake sequence. (c) Cross section of aftershocks and focal mechanisms of the 2013
Nantou earthquakes. Faults A, B, and C represent the Taiwan main detachment (Carena et al., 2002), the shallow Chinshui detachment (Yue ez al.,
2005), and the Chelungpu fault, respectively. The active faults (thick gray lines) identified by Central Geological Survey of Taiwan are also shown.

including deconvolution analysis with the broadband seismic the mainshocks and the EGF event. For the original mainshock
data in the time domain, source spectral ratio analysis in the and the EGF P-wave seismograms, we removed the instrument
frequency domain, and broadband ground-motion simulation  response, integrated the records into displacement, and band-

with near-source ground-motion data in the time domain.  pass filtered the data from 0.1 to 2 Hz. We used the filtered
Three methods are described in detail in the following sections.  displacement waveforms to obtain the relative source time func-
tions through an iterative time-domain deconvolution procedure

Deconvolution Analysis to Estimate Source Time (Kikuchi and Kanamori, 1982) with a positivity constraint in
Functions the algorithm (Chu et al., 2009). The derived source time func-

. o . tions for the 0327 and 0602 events are shown in Figure 2.
Deconvolution analysis using EGF is a well-known tech-

nique and has been successfully applied to studies on source
process and rupture directivity effect (e.g., Velasco et al.,
1994; Ammon et al., 2005; Wen et al., 2012; Orefice et al.,
2013). Because both of the 2013 Nantou earthquakes caused
strong ground shaking in the central and western regions Miyake et al. (1999) proposed a source spectral ratio fit-
of Taiwan, our first step was to examine the directivity effect ~ ting approach by fitting the observed source spectral ratio be-
from the source time functions of these two events. We used ~ tween the mainshock and EGF event to that of a theoretical
broadband seismic data from 12 strong-motion stations source. Based on the omega-squared source model of Brune
(Fig. 1a) that were provided by BATS; the data have good azi- (1970, 1971), the theoretical source spectral ratio function can
muthal coverage and feature high-quality recordings of both ~ be represented as

Source Spectral Ratio Analysis to Investigate Rupture
Directivity
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Table 1
Earthquake Parameters for the 2013 Nantou Earthquakes and the EGF Event

2011/06/26 (EGF Event)

2013/03/27 (0327 Event) ~ 2013/06/02 (0602 Event)

Epicenter 121.00° E

23.85° N
Depth (km) 14.8
Fault plane (strike/dip/rake) 335/19/50
My 5.0

121.05° E 120.97° E
23.90° N 23.86° N
19.4 145

344/23/62 30/37/106

6.2 6.5

The epicenters and fault-plane solutions were determined by the Central Weather Bureau (CWB) and
Broadband Array in Taiwan for Seismology (BATS), respectively.

Mo 1+ (f/fe)?
mg 1 + (f/fcm)z’

in which M, /m corresponds to the seismic moment ratio be-
tween the mainshock and EGF event at the lowest frequency,
and f, and f, represent the corner frequencies of the main-
shock and the EGF event, respectively. Following Irikura
(1986), the scaling parameters N and C, which are the ratios
of the fault dimensions and stress drop between the mainshock
and the EGF event, respectively, can be derived from the con-
stant levels of the acceleration and displacement spectra of the
mainshock and EGF event using the formulas

SSRF(f) = (1)

U()/MOZM()/m():CNS, A()/QOZCN, (2)

Here, U and u indicate the flat levels of the displacement spec-
tra of the mainshock and the EGF event, respectively. Ag
and qa, are the flat levels of the acceleration spectra of the main-
shock and the EGF event, respectively. The fault area of main-
shock can be divided into N x N subfaults with sizes equivalent
to the rupture area of EGF event. Using the weighted least-
squares method of Miyake ez al. (1999, 2003), the above param-
eters can be estimated through fitting the observed source am-
plitude spectral ratio to the theoretical source spectral ratio
function. To observe the low-frequency spectral variations,
which are affected by the rupture directivity effect (Miyake et al.,
2001), data from four stations (open triangles in Fig. 1b) were
used to obtain the source spectral ratios for the mainshock to the
EGF event after canceling out the effects of propagation path and
site amplification. The period range is 0.2—-10 Hz, and the vector
summation of the three-component amplitude spectra was cal-
culated for a 30-s waveform duration, which included the entire
S waves. Then, the mean observed source spectral ratio was used
to derive the parameters N and C.

Empirical Green’s Function Simulation to Estimate
SMGA and Stress Drop

A heterogeneous slip model has been successfully de-
rived by deterministic waveform inversion up to ~1 Hz
based on near-source ground-motion data. However, the fre-
quency range of 0.5-2.0 Hz is important and interesting for
most earthquake engineering applications. The SMGA, which
reproduces the near-source strong ground motions in the fre-
quency range up to ~10 Hz, can be defined as the character-
istic area with a uniform and high slip velocity in the total

rupture area; this area occupied almost the same area of the
asperity (large slip region, which can usually be identified by
waveform inversion) (Miyake et al., 2001, 2003). In this study,
we used the EGF method developed by Irikura (1986) and
Irikura and Kamae (1994) to estimate the SMGA of the 0327
and 0602 events by simulating the acceleration, velocity, and
displacement waveforms in a frequency range of 0.2-10 Hz
for the stations surrounding the source area. We used free-field
strong-motion data maintained by CWB; 11 stations (Fig. 1b)
were selected based on the locations of the mainshocks and
the EGF event near the Central Range.

To avoid spectral shape distortion due to the rupture direc-
tivity effect, we chose four stations (open triangles in Fig. 1b)
for the source spectral ratio fitting procedure (as described in the
above section). We allowed the rupture velocity to be 0.7-0.95
times the S-wave velocity (Vs), based on the 3D velocity model
(Kuo-Chen et al., 2012). Because we used the same event as the
EGF for the two 2013 Nantou earthquakes, the rupture area and
the rise time of the EGF should be the same. After performing a
grid search to find the optimal waveform fit, we obtained the
parameters related to the SMGA, such as the initiation position
(rupture starting point), the size of the SMGA, the rupture veloc-
ity, and the rise time, as listed in Table 2. We also applied the
forward modeling to the other stations (blue solid triangles in
Fig. 1b) to validate the applicability of the SMGA model.

We further estimated the stress drop of the two Nantou
earthquakes from the SMGA and the seismic moment obtained
by the Global Centroid Moment Tensor (CMT) solution
(Madariaga, 1979; Boatwright, 1988; Miyake et al., 2003):

7 M,

" 16R2’ (3)
in which R is the equivalent radius for the total rupture area
S(S = nR?*). We estimated S and the characterized asperity
Sasp from the inversion model of Chuang et al. (2013) ac-
cording to the trimming criteria of Somerville et al. (1999).
r represents the equivalent radius for SMGA, or the character-
ized asperity (SMGA = 7% or Spygp = 777).

Ao

Results

Figure 2a,b shows the retrieved relative source time
functions of the 0327 and 0602 events, respectively. The sta-
tions on the west side (e.g., KMNB and PHUB) yielded the
largest amplitudes of the source time function for both events.
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Figure 2.  The observed peak ground velocity distribution determined from free-field strong-motion stations (circles), relative source time
functions (black lines), and average source time function (gray shadow) of the (a) 0327 and (b) 0602 events, respectively. Stars show epi-
centers of the mainshocks, and squares represent broadband seismic stations. The inset shows the schematic of the slip direction (black
vector) and the rupture starting point (star) on the strong-motion generation area (SMGA).

The up-dip rupture directivity along the fault plane toward the ~  that the main feature of the rupture directivity is related to up-
west is consistent with the faulting mechanism inverted by the  dip slip direction but not the strike direction. For the 0602
geodetic data (Chuang et al., 2013). For the 0327 event, except ~ event, the amplitudes of the relative source time functions for
for stations KMNB and PHUB, the relative source time func- the stations to the southwest (e.g., PHUB and TPUB) are
tions of other stations show similar amplitudes, suggesting obviously higher than those for the stations located to the
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northeast (e.g., NACB and CHGB). It indicates the directivity
effect with rupture propagating to the southwest for the 0602

. event. The rupture patterns of the two 2013 Nantou earth-
5 quakes are consistent with the coseismic slip models derived
g; pEi by Chuang et al. (2013). In addition, the observed peak ground
& velocity distributions, as shown in Figure 2a,b, seems to sup-
< port the results of the deconvolution analysis, which suggests
£ the high peak ground velocity was concentrated near the west
Elox region of the epicenter during the faulting of the 0327 event but
<| © < g P g g
5 - displayed a trend to the southwest for the 0602 event.
“ Usually, measurements at stations located in the direc-
y
% tion of forward rupture exhibit high corner frequency (e.g.,
i P g q yeg
Z|& Boore and Joyner, 1978) and steep source spectral deca
RE y P P Yy
o= N . .
2= & < (e.g., Miyake et al., 2001) compared with the omega-squared
21 ¢ source spectral model (Brune, 1970). Conversely, measure-
E|é P y
‘2 < ments at stations located in the direction of backward rupture
S|~ show lower corner frequency and gentle spectral decay. As
S |2 oo shown in Figure 3a,b, TCUO71 for the 0327 event and
o | S| S8 TCUO071 and CHY074 for the 0602 event exhibit both higher
s |0 — g
5 2 corner frequencies and steeper source spectral decay, indicat-
(20 . ing that the stations are located in the direction of forward
s[5 =X rupture. In contrast, HWAO33 for the 0327 event and
1217 TCU088 and HWA033 for the 0602 event show lower corner
2| frequency and gentle spectral decay, suggesting that those
z|e § i stations are located in the direction of backward rupture.
3 These observed phenomena are coincident with the rupture
9\ g g . directions inferred by the analyses of the source time func-
% 8|2 = a T; tions. In addition, Wang et al. (2010) noted that most events
Q = =
ERe|” g = of My 4.4-5.5 have a corner frequency of 3-7 Hz when
g |- g N obtained using P-wave spectra and 2-5 Hz when obtained
< | E 5SS = = using S-wave spectra, which is consistent with the corner fre-
g |= g z § quency of the EGF event in our case.
£ |- S § 2 For the strong ground motion simulation using the EGF
= ) s .
g Elag |2 5 z method, Figure 3c,d shows the average observed source spec-
= |~ % é E tral ratios and the fitting source spectral ratio functions for
% o = é" <! both events, and comparisons of the observed and synthetic
= . .
=& g < 2 waveforms at four stations using source spectral ratio fitting
212z |2= ~ 3 are shown in Figure 4 (comparisons of those in other stations
SlE|"T e o3 s . -
alél=< |22 g .= for validation of the forward modeling are shown in Fig. 5).
= O ~ pon . .
S| & B —£Z Most features of the observed velocity and displacement re-
2 3 83 ‘
2|z © 2 s SEC cords could be well reproduced. As mentioned above, because
= < B
QE) S § E = %“ R we use the same event as the EGF, there must be a trade-off for
Elo § f % :é £ 8 5 g éu é determining the optimum parameters of both events. Addition-
A ‘i 'z 5§ g& 5 = ally, inaccuracy of both the focal mechanism and attenuation
= = . . . . .
=leow |23 Eo % & S LE) § effect might introduce errors into the amplitudes of synthetic
e 2 % % £ g E @ 2 g waveforms. Differences in the radiation patterns between the
HEERE: SEg £ EE z k< mainshock and EGF for both the 0327 and 0602 events are
D = ! @ ‘5o . .
g ,f =<8 g %ﬁ %" Ec2d 2 also an important factor. Such differences would lead to a
= |2 4,682 8258= . I . .
=R g ER Eg S « slight overestimation of the synthetic amplitudes for some sta-
- B s 2888 s tions (e.g., TCU088, HWAO058, and HWAO033). Der et al.
7] o 2 D = . . .
§ § g 2 ;5 EEL ST (1991) noted the quality of waveform fitting varies strongly
no |£823 2 g é’ % £ with frequency, becoming worse with increasing frequency.
S8 |PEAFEF; EF Indeed, the cross-correlation coefficients of the synthetic and

observed waveforms for the acceleration records, which are
dominated by high frequencies, are much smaller than those
for the velocity and displacement records (Figs. 4 and 5).
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Source spectral ratios of the mainshock to the EGF event for the (a) 0327 and (b) 0602 events, and average observed source

spectral ratios (thick gray lines) and fitting source spectral ratio function (black lines) for the (c) 0327 and (d) 0602 events, respectively. The
values of the parameters determined from the source spectral ratio fitting are listed.

Considering the specific area of large slip and the overall
slip area, static stress drops were evaluated using the relation
among stress drop, seismic moment, and the equivalent radius
of slip area. The estimated stress drops in the SMGA (Aosyga)
obtained from the near-field broadband seismic data were 9.0
and 14.2 MPa for the 0327 and 0602 events, respectively.
Conversely, the estimated stress drops for the characterized
asperity (Aoagp) derived by the geodetic data were 0.5 and
1.9 MPa for the 0327 and 0602 events, respectively.

Discussion and Conclusions

Our results of deconvolution analyses agree with the ob-
served peak ground velocity data, which indicate that the
0602 event shows a clear rupture directivity effect pointing
to the southwest but that the 0327 event only shows the up-
dip direction of rupture directivity to the west (Fig. 2a,b).
Miyake et al. (2001) noted that the rupture starting point in
the source modeling for estimating SMGA is sensitive to the
rupture directivity effect corresponding to the seismograms
recorded by seismic stations at various azimuths. Because these

two 2013 Nantou earthquakes were moderate-sized events, we
assume that the slip direction is consistent on the fault plane
during faulting. Using the focal mechanism determined by
BATS (Table 1), Figure 2a,b shows a schematic of the slip di-
rection and the rupture starting point on the SMGA for the two
2013 Nantou earthquakes. The starting points of the two 2013
Nantou earthquakes are located on the bottom of the SMGAs,
which corresponds to the up-dip rupture for both events. For
the 0327 event, the starting point is located on the south end
of the SMGA, with a slip vector to the west; this is consistent
with the minimal directivity mentioned by Aagaard et al
(2004). Therefore, only the up-dip direction of rupture direc-
tivity could be observed from the deconvolution analyses. Con-
versely, the propagation direction is more consistent with the
slip direction during the faulting of the 0602 event, which sat-
isfies the requirement of a stronger rupture directivity effect
(Aagaard et al., 2004). Usually, a large event with long and
unilateral rupture would result in an obvious rupture directivity
effect. However, the 2013 Nantou earthquakes, which were
moderate-sized blind-fault events with reverse slip, resulted
in noticeable rupture directivity effects and strong ground shak-
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ing. Is this a special case or a general source property of the
Nantou area? More cases and further investigations are needed.

Yen and Ma (2011) investigated the source-scaling re-
lationships of the effective fault dimensions to the seismic
moment for earthquakes in Taiwan and found that most of
the events had a stress drop of 1-10 MPa. Although the esti-
mated stress drop of the 0602 event is approximately 1.5-4
times the value of the 0327 event, these values seem to be
acceptable for these two crustal events. Miyake ef al. (2001,
2003) suggested the SMGA occupied almost the same area of

the characterized asperity of the waveform inversion model,
and this area is about 22% of the total fault rupture area.
Although we used the trimming criteria of Somerville ez al.
(1999) to estimate total fault rupture area and the characterized
asperity from the inversion model of Chuang et al. (2013),
the trimmed total rupture area is the same as the assumed
fault-plane area of Chuang er al. (2013). This made the
estimated SMGA only 1%—2% of the trimmed total rupture
area for both events. On the other hand, using the empirical
scaling law of Yen and Ma (2011) with the seismic moment
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Figure 5. Comparison of observed (black lines) and synthetic (gray lines) waveforms at the strong-motion stations used for forward
ground-motion simulations of the (a) 0327 and (b) 0602 events, with the number indicating (1) above: the maximum amplitudes of the
observed records and (2) below: the cross-correlation coefficient of the synthetic and observed data.

obtained by the Global CMT solution to calculate the effective ~  the estimated SMGA is about 10% of the effective rupture area
rupture area, we get the effective rupture area of 101 and  for both events. Following the work of Miyake er al. (2003),
231 km? for the 0327 and 0602 events, respectively. Then, we compared the scaling relationship for the seismic moment
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The scaling relationship for seismic moment versus (a) the SMGA and (b) the rise time from Miyake et al. (2003). Squares

indicate our results for the two 2013 Nantou earthquakes superimposed on the figures.

versus the SMGA and the rise time (Fig. 6a,b). The rise time of
both events agrees well with the scaling relationship; however,
the SMGA seems to be smaller compared with the scale for
both events. The large trimmed total rupture area (S) and char-
acterized asperities (Sasp) and small estimated stress drops
(Aoagp) might indicate that the long-period geodetic data
can only reveal a limited resolution of the source properties.
Another possible interpretation is that the estimated stress drop
for the SMGA and the characterized asperities may correspond
to dynamic and static stress drops, respectively. The slip model
derived from higher resolution data, such as seismic waveform
data, is needed for further investigation and analysis.

Manighetti et al. (2007) showed that the earthquake
stress drop strongly relates to the structural maturity of the
ruptured fault, and Radiguet et al. (2009) concluded that both
an immature fault and a blind fault would enhance the strong
ground motions. Chuang et al. (2013) suggested the two
2013 Nantou earthquakes nucleated on essentially the same
ramp fault, which might be a newly developed deep subsur-
face structure and has no direct relation with any faults at the
surface. These two events, which occurred within such a
short distance, show large differences in their rupture proper-
ties and stress drop; this indicates the possibility of striking
stress heterogeneity on this ramp fault. However, exploring
such a mechanism of variability would require additional data
and is beyond the scope of this study. Yen and Ma (2011)
pointed out that the significant high stress-drop events yield
locally high peak ground acceleration. Other recent studies
also noted the importance of variability of stress drop and ap-
parent stress (e.g., Baltay er al., 2011; Oth, 2013). Therefore,
more study is required to better investigate both the nature of
localized high peak ground acceleration and seismic hazard
associated with future earthquakes around this area.

The results show that from combining the deconvolution
analysis and strong ground motion simulation, the 0327 event
only shows the up-dip direction of rupture directivity; how-
ever, the significant directivity effect of the 0602 event, with

the rupture propagating to the southwest, is identified. Except
for the rupture behavior, the obvious differences in the stress
drop of these two nearby events highlight the stress hetero-
geneity and potential of seismic hazard in this region. Our
study shows the integrated analysis using EGF methods pro-
vides more comprehensive information to better understand
earthquake source properties and the potential impact to
seismic-hazard assessment. Because seismicity is extremely
active in Taiwan, it is important to analyze more cases, espe-
cially for the moderate-sized events originating from the
buried faults, for the mitigation of any future seismic hazards.

Data and Resources

All data used in this paper came from published sources
listed in the references, and all figures were generated using the
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