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ABSTRACT

We use analog seismograms to invert seventeen new centroid moment
tensor solutions for shallow earthquakes in the vicinity of Taiwan during
the period 1963-1975, with the exact same algorithm used to produce the
Harvard catalog for modern events recorded on digital seismographs. The
average rate of moment release featured by the 17 events is double that of
the modern seismicity of the study area, as expressed in the Harvard catalog,
and if the 1999 Chi-chi earthquake and its aftershoeks are discarded. Sig-
nificant deviations in geometry are found between some of our solutions
and focal mechanisms previously obtained for the same events by a variety
of authors. Our study provides a more complete dataset of focal solutions
in Taiwan for future analysis of the regional tectonic strain release.

(key words: Harvard CMT catalog, Taiwan earthquakes, WWSSN)

1. INTRODUCTION

In this study, we systematically invert Centroid Moment Tensors (CMT) for a series of 17
shallow Taiwan earthquakes (0-70 km) from 1963 to 1975. The primary purpose of this study
is to extend the time span of the Harvard CMT catalog in order to achieve a more complete
dataset for the study of this highly active region. The CMT algorithm, implemented by the
seismology research group at Harvard University, has created the most consistent and com-
plete dataset of focal solutions available for use in seismological research. We recall that the
term “centroid” refers to the simultaneous inversion of source location, origin time and focal
geometry. We refer to Dziewonski et al. (1981) for a detailed description of the original
algorithm, and to Dziewonski and Woodhouse (1983) and Woodhouse and Dziewonski (1984)
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for later refinements of its methodology, such as the incorporation of mantle surface waves
and the use of a laterally heterogeneous Earth model.

Any catalog can only be as good as it is complete. In this respect, the Harvard catalog,
which begins in 1977 with the advent of reliable data from digital seismic networks, may
suffer from its relative youth, as compared with the typical duration of earthquake cycles. The
latter are both poorly known and highly variable from one region to the next, but most esti-
mates would suggest that the CMT dataset is indeed undersampled in time. This is probably
best illustrated on a worldwide scale by the mere fact that the largest earthquake in the catalog,
the 2001 Peruvian event, remains dwarfed by at least four earthquakes from the 1960-1975
time window (including the 1960 Chilean earthquake, which featured a moment at least 50
times larger), and by three more from the previous decade (Okal 1992). This potential limita-
tion motivated the efforts of Huang et al. (1994, 1997), Chen et al. (2001) and Chen (2002),
who expanded the worldwide dataset of CMT solutions for deep and intermediate-depth earth-
quakes backward in time, using analog seismological data. The present study follows the same
philosophy and procedures and expands the regional dataset of shallow earthquakes (0-70 km)
in the vicinity of Taiwan over the lifetime of the WWSSN (1963-1975). We do not consider
the year 1976 which was investigated separately by Ekstrém and Nettles (1997); their study
did not produce any new solutions in our study area.

2. DATASET AND METHODOLOGY

We targeted for inversion all events occurring in 1963-1975, within the region limited by
21°N, 26°N, 119°E and 123°E, with a reported depth no greater than 70 ki, and at least one
reported magnitude (most often m,) 2 5.8. Our experience has shown that events below that
threshold generally cannot be inverted reliably from analog records. These criteria produced
26 target earthquakes. Visual inspections of WWSSN records revealed no clear signals for 8
events, which were discarded. For the remaining 18 events, records from an average of 6
stations well distributed in azimuth were printed, and a processing window consisting of gen-
eralized body waves (P group, S group, and mantle reverberations such as PS, SS, etc.) was
isolated, lasting from 2 mn before the P arrival to 2 mn after the arrival of Love waves. Three-
component records were hand-digitized and equalized to a common sampling interval of 1 s,
identical to that used on long-period channels of present-day digital networks. The inversion
then proceeded along the exact same algorithm implemented for routine processing of modern
events at Harvard University, including the criteria for assessing the quality of a solution and
its eventual acceptance into, or rejection from, the CMT database. Only one event was dis-
carded (on 23 Septemnber 1972), leaving a total of 17 new solutions.

Tables 1 and 2 and Fig. 1 present our dataset in the familiar format of the quarterly reports
of the Harvard group. The solutions are regrouped in map form on Fig. 2. The left part of Table
1 displays source parameters of the centroid moment tensor solution. The perturbations &,
OAg> 8¢y and Oh, are deviations with respect to the NEIC source parameters. In the case of a
few smaller earthquakes, we had to keep the epicenter or the centroid depth (or both) con-
strained during the inversion to obtain a stable solution; the relevant parameters ( 4, ¢ and/or




63

Chen et al.

S1O0FCas- TEOF 100 0T o SUOFEL'E- JANIER RS PUOTEP I £t L1
€00 F ¥ 0- S0 FZ00 30aF 610 H'0 ¥ 6870 YO F I CO0FaT ot 91
8007 80 STOFLTO- BEOF6ET B0 F B0 IT0FEP D 8007 180 [r4 CI
GUOFELT YO ¥ 19°0- 0L0%F ¥T'T 400 ¥ 000 roFoLe oFoFoLD T 1
Y0 FTLT- LTI BEOFENT OOFLTO- 600 F 01T 800F €T or £t
SCF L0 610 T 86'0 o T a0'¢ 600 T 6t} BOGTESP T LEGT 050 ¥4 g1
cOF0R'0- CI0T 650 oY g0 L0°0 ¥ 690~ OO T PLO SO0 F S0 [ X4 T
L0 FOLT MHFELo SiI'DF9r0- RODF IRT- LOCFOPE SO0FEEe 9z 01
PIOT P60 O FEGD PE0F 0D~ STOFBIE- PIOT It FIOF 65T 52 6
oraF 160~ 600 T 680 600 T EL0 oroT i EFOFE%0 a0 F 6kl oz 8
SToFaLo TTOF P0G STO¥ LT LI'0¥ 657z SI0FTHT £E0F 80 £z L
ST EI0- YTOX010 PTOF LS QLD F 9L 0ZG6FSE] PIDT I [ ¥4 g
UDF P50 UG ¥ 050 RIDT 991 LEDFBIT ZIBTEL} AN UERS 4] e g
SO0FTL) DO T 6% HWOF LL0 SO0FE50 0T 850 EO0FET D 9z 4
JUOTLED DT 600 61O F pED SO0 F 06T 600 F €00 LOFegT- SE £
PO ¥ 68T 001 Fsoa- SLOF6FT- 90T €L'9- HT0F96T QTOF LLY £T z
61 0F 60 E0FOLT 50 F 09y 0TOF T 0T 596 LT FE9'E 9z 1
“r ' B oy ..: K WDt -
IOSUI] WEHUOIA] J0 SIUSLIAR] BNwIF ON
SUOTSIaAUL, A UT P3UIE)qO SIOSUS) JUSWIONW SY) JO SJUSWo|H 7 [quy,
TLY- 68 L9 11 28 L€ )EpZ6E 9 I0%- €L Z% ov'E- |107 § soc 2 |LE (661 0S FEIZ 1€°0- oY T 06221 lE00 b0 FeLTT Ot €0FCIE T 91|66 ¢ £ L
PLI £8 LET (S ¥ LEE(I'T{E82 T 860 |72 28 Tzo-izel 8 o'l 9T (0% 14 L xeal BFET |6 EDF96L IE L | 5i6) € £T| 91
60T LL S8 [ISE €T 667 {01 |09 62 €9'1- 1807 81 cpe- (81 56 811 ¢ |9 91z 19°1T1 LEEZ LV O0FPOr Tv 81| Zest T 6 | €1
8T 18 26 {P1  AE 6T |0°€ |PCE 0T OR'Z- {992 L€ ¥60- |96 14 £1¢ €T |€C {9 % F¥6l {00 L0°FIZIYY (170 GO TEETT | TO1 COTCPE IS 61 TL6] & Tz | ¥
PIT 69 Z6 J€F 1€ T1ZTSE V01 12 106 |€07 22 Lzo- {Sf 65 995 9T | ¥LIECYE 00 FOT (080 SO TSTIZE [610- eoFThEr {£€ EOFCVPL (5 6 | TL6l ¢ ¥ £t
€0 08 ZL ILZL 1 06T [S'€ |691 S€ L9C-{PL L OFD |PEE vS L2 ST | VE ISR VE R LY |00 SO F6ETEl {BID- SO FTECL |OF COFPLY 6% O1) ¢i6l v [AREA
CE B8 L€ 1BLI 8C 8% (1 ]901 12 61'T- {ZbE RS $10- |30 pT SO1 LT 1901y~ 00 TO6T fAN 44 OCTT (€L ODFL0E B T [T46Y 1 ce|rr
LT 68 6EE |6L1 EL 6VC (ST |EIT 11 697 IEPE €L LED IS0T €1 6T 9T |99 €T OF TTUT ISO0- b0 T 10°ELE OUG- €O'FOPEZ |68 €0FC65 OF © 12061 ¢ y o
0B S5 ST 1081 LL WIZIRZTZIT 6 ZLT-}17 8 ooe- |15z 9 817 ST |TE | %0 L't FL6! 1h00- SO TZEIZE |00 11'TFeeTZ L FOFLPL 8C L 1061 11 Hlis
§¢ €9 V91 |BED £F OF (€T |87 IT B€T- |18 OF TT0 |07 45 SUE[ 9T [£9 |E91- LT FL95 st P | 9T EOT6PT 65 O [ L9067 01 Sz
EST 24 6V |OT 9 8¥1 (6T (00T S ZLT- 1661 8BS IED-[L 1€ £0F ST |TE (0T TLFOIS (P10 00 FOETIT 620 80°F¥6EL |0€ IOFECL T2 P1) 9961 € £ |2
sp1 €9 68 {0F 6 OpRIOZ|b6 € BCT [£8F ®y 80 T TP 9LZf ¢z 16¢ ooy L6°TTE GRET IR LOFTOP ¢ @ | 9961 € fZ19
Pt 9L TP JLT 96 TP (92 {C6 £ 092 [E0T ZS 650 JOCL §E ST LT [9EHOD 1S THip L9271 PZVT [ VEL COFEEE I Q1] 9968 ¢ A8 R
SPE 18 SOL{ET 95 SOZ [Z°F {191 41 OV'1- |SLZ #¢ aT'0- |16 15 671 97 T8 [TEL S F899 (620 SOTTFLEVTD |TCO- CO0'TENTT |12 EOF6PE 61 L1|soal € AR
$01- €5 LSE (T4 OF 10T 0T |92 L2 102- |9 21 100 g6 9 ooz ST 6T U9 ¥CFE7 |0Z'0 00 FOSOZT (€60 L0 TFLL0D |0 SOFEZF 1 T} 5961 + 9ZTie
LET 8BS TTZT (St Ly OPE[6'0:98C O €5L-70Z £ LZ'T (881 85 929 ST [EF |08 00 FOST [66°0 v F66611 |€06 20 TzHer |®oT EGFTUE ¢ TH} #9601 T B[ T
o L 0L jerl TE BOEC 1e (081 TZ S5i- 6L $7 190 |l0€ 95 fi¢ 9 68 [PEI- TEFOVE |Iv0- SOFAYITI JECO- vOTLIRE |9 FOFTGE 05 8§ | £961 ¢ £1] 3
Y 8 4y s % P9 2 L ¥ e s i35 ¢ 5| um e g vag @ g ¥ Gg s wo oyl & w o oaq
zaury | pauery oy §1E-g | s1XE-N sixe-l | 1ommg oy indacy | apmisua] i Spme] t T | Bl ‘oN
sidnon-a)qnog] 1sog SIAY Jedung 283 | P szatuered plonua’y

soxenbypes urMIE], /T 10J SUOUN]OS JOSUS] JUSLIOUI UIOL] PAALISD siojoweied pue s

SL61-£961 JO

9JBRUIPIO0D PIOIIUA)) | S[qRL



64 TAOQ, Vol. 15, No. 1, March 2004

1) are then shown with a blank entry for precision, and the constrained location is shown as a
solid triangle on Fig. 2. Otherwise, on the map, a dashed line links the original epicenter (open
triangle) with the inverted centroid (solid circle).

In the right part of Table 1, the parameter “Half Drtn” is the half-duration (in s) of the
boxcar source time function, the scaling factor (10%*) is the power of 10 scaling (in dyn-cm)
the seismic moment ( M) and the eigenvalues of the moment tensor ( &) listed in subsequent
columns. The T, N, and P axes, given by their dips [ 8] and azimuths [ £], are the eigenvectors
of the largest (positive), intermediate, and smallest (negative) eigenvalues, respectively. The
nodal planes of the best-fitting double-couple are given in the convention (strike [ ¢, 1, dip [8],
and rake [ A ]) of Aki and Richards (1980). Table 2 lists all individual moment tensor

Fig. 1. Equal-area representation of the moment tensors listed in Table 2. Solid
lines are the projections of the nodal surfaces of the full moment tensors;
dashed lines represent the fault planes of the best-fitting double-couples,
as listed in the last columns of Table 1. The compression and tension
axes are shown by solid circles and open squares, respectively.
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components, with the events identified by the same numbers as in Table 1.

Focal mechanisms are given on Fig. 1, with event numbers above each individual “beach
ball”. The latter represent equal-area projections of the lower focal hemispheres. The solid
lines separate shaded quadrants (positive P-wave radiation coefficient, or first motion “up’’)
from open ones (negative or “down”) for the full moment tensor solutions, while the dashed
lines sketch the best-fitting double-couples.
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Fig. 2. Map of Taiwan and neighboring areas showing the CMT solutions de-
rived in this study. Events are identified by number and Julian date
(Y'YJI). The small dots represent the inverted centroids, linked by dashes
to the reference epicenters {open triangles). Solid triangles are published
epicenters for those events with constrained locations.
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3. APPRAISAL OF RESULTS

Moment release rate and frequency-moment characteristics

Following Huang and Okal (1998}, we first compare the rates of seismic moment release
suggested by the present study with those derived from the main 1977-2002 Harvard catalog.
Over a 16-yr window, our dataset averages 3.5x10°° dyn-cm yr'. By comparison, in a similar
moment range (M, >1.6x 10> dyn-cm), the 1977-2002 Harvard catalog averages a very com-
parable 3.0%10%° dyn-cm yr' in our study area. However, about half of its cumulative mo-
ment release involves the 1999 Chi-Chi earthquake and its aftershocks, on a fault system
inside central Taiwan, unsampled by our dataset. Thus, in the remainder of the re gion, our new
solutions feature double the release rate of the modern Harvard catalog,

We examine on Fig. 3 the frequency-moment distribution of our dataset. In spite of its
relatively small size, we regressed it using the parameter B, as introduced by Motlnar (1979)

FREQUENCY - MOMENT STATISTICS
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Fig. 3. Gray dots show incremental population of CMT solutions inverted in the
present study, binned at intervals of 0.2 log;q units. They‘suggest com-
pleteness for My =2 2.5 107 dyn-cm. Solid squares are cumulative popu-
iations binned at the same interval. The gray line (with absolute slope
B =0. 53) regresses the curnulative dataset beyond that threshold.
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and further discussed by Okal and Romanowicz (1994) and Okal and Kirby (1995); we esti-
mate the threshold of completeness of the dataset at My =2.5x10% dyn-cm. The resuiting
parameter, 8 = 0.53, is comparable to its counterpart for the modern Harvard catalog subset in
the same geographic and moment windows ( 8 = 0.58; Fig. 4); this consistency in population
statistics provides a posteriori support for the completeness of our dataset. However, both 3
values are smaller than the worldwide average of 0.70 (Okal and Romanowicz 1994}, or the
value ( f§ = 2/3) predicted theoretically by Rundle (1989).

Comparison with previous investigations

A number of previously published (PP) solutions are found in the literatare for most of the
17 events studied here. Focal mechanisms based on P-wave first motions are available for
Events 1, 3, 4, 8 (Katsumata and Sykes 1969) and 7 (Tsai et al. 1983). Pezzopane and Wesnousky
(1989) performed waveform modeling of teleseismic P waves for Events 1, 2, 4, 5, 10, 11 and
16. Kao et al. (1998) compiled available solutions (including from the previous three studies),
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Fig. 4. Same as Fig. 3 for Taiwan earthquakes from the modern CMT catalog.
The cumulative populations within the relevant range of moments (solid
squares) yield a f3 value of 0.58. The open circles are from Fig. 3 for
COMpArison.
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complemented by original waveform modeling for Events 6, 8, 12, 13 and 15. These focal
mechanisms are shown as the smaller symbols on Fig. 5, and compared to our CMT solutions
- (larger symbols).
In Table 3, we quantify this comparison by forming, for sach event, the logarithmic mo-
ment residual

{MO jPP

r=10g;ow,
0

1 — 63044 (P

Fig. 5. Comparison of our CMT solutions (larger symbols) with previously pub-
lished focal geometries (smaller symbols). The letters above the latter
are keyed to the references in Table 3.
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Table 3. Comparison of our results with previously published solutions.

Event Date Published Solution Logarithmic Kagan Angle
Number (YYJIID) My Focal geometry Ref. Moment Q
(10% dyn-ecm) 8(%) (0 A Residual 3
i 63044 100 16 58 159 a 0.15 68
7% 6l 9 b 26
64018 4 15 50 100 a -0.24 42
3 63116 186 18 -102 b 29
63137 27 188 &0 20 a 0.35 23
197 36 5 b 7
5 66071 486 136 76 18 a 0.27 23
6 66082 2.75 31 63 147 ¢ 0.02 10
7 66125 129 70 24 d 22
8 67298 20.5 37 37 132 C -0.05 8
10 72004 il 158 56 33 a -0.36 61
11 72025 134 336 86 10 & 0.01 22
12 72108 1.44 62 T7 74 C -0.39 13
13 72115 16.4 36 41 132 ¢ -0.33 74
15 72314 1.25 100 57 109 c -0.11 25
- 16 75082 28 328 84 3 a 0.41 3

References: a: Pezzopane and Wesnousky (1989); b: Katsumata and Sykes (1969);
c: Kao et al. (1998); d: Tsai et al.(1983)

[as defined by Huang and Okal (1998)], and the “Kagan angle” Q, defined as the angle of the
minimum Euler rotation transforning the “beach ball” representation of the focal sphere of the
best-fitting double-couple of our CMT solution into the published one (Kagan 1991). We
recall that the maximum theoretical value of Q is 120°. Several authors, notably Apperson and
Frohlich (1992) and Kuge and Kawakatsu (1993) have proposed other methods of quantifying
the disparity between two focal mechanisms, including sources featuring non-double-couple
components, We prefer the concept of the Kagan angle on account of the simplicity of its
geometric interpretation as a mere solid rotation.

While it may be futile to analyze statistically a dataset of only 12 values, we find that all
measures of the population of residuals r are comparable to their counterparts in Huang and
Okal’s (1998) study of deep earthquakes: the average residual < r > is a negligible -0.02 units,
while the average of its absolute value, < | r | > reaches 0.22 units, and the standard deviation
G, 0.27 units. In addition, we find no significant correlation between r (or ] 7 ) and My (Figs.
6b, c).

Regarding focal geometry, we similarly fail to define a correlation between large Kagan
angles and earthquake size (Fig. 6a), or between large O and large values of r (or | r |; Figs. 6d,
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ABSTRACT

We use analog seismograms to invert seventeen new centroid moment
tensor solutions for shallow earthquakes in the vicinity of Taiwan during
the period 1963-1975, with the exact same algorithm used to produce the
Harvard catalog for modern events recorded on digital seismographs. The
average rate of moment release featured by the 17 events is double that of
the modern seismicity of the study area, as expressed in the Harvard catalog,
and if the 1999 Chi-chi earthquake and its aftershocks are discarded. Sig.
nificant deviations in geometry are found between some of our solutions
and focal mechanisms previously obtained for the same events by a variety
of authors. Our study provides a more complete dataset of focal solutions
in Taiwan for future analysis of the regional tectonic strain release.

(key words: Harvard CMT catalog, Taiwan earthquakes, WWSSN)

1. INTRODUCTION

In this study, we systematically invert Centroid Moment Tensors (CMT) for a series of 17
shallow Taiwan earthquakes (0-70 km) from 1963 to 1975. The primary purpose of this study
is to extend the time span of the Harvard CMT catalog in order to achieve a more complete
dataset for the study of this highly active region. The CMT algorithm, implemented by the
seismology research group at Harvard University, has created the most consistent and com-
plete dataset of focal solutions available for use in seismological research. We recall that the
term “centroid” refers to the simultaneous inversion of source location, origin time and focal
geometry. We refer to Dziewonski et al. (1981) for a detailed description of the original
algorithm, and to Dziewonski and Woodhouse (1983) and Woodhouse and Dziewonski (1984)

1 Department of Geological Sciences, Northwestern University, Evanston, I 60201, USA

2 Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, USA

* Corresponding author adoress: Prof. Po-Fi Chen, Institute of Earth Sciences, Academia Sinica,
Taipei, Taiwan, ROC; E-mail: bob @earth.sinica.edu.tw

61




62 TAO, Vol. 15, No. 1, March 2004

for later refinements of its methodology, such as the incorporation of mantle surface waves
and the use of a laterally heterogeneous Earth model.

Any catalog can only be as good as it is complete. In this respect, the Harvard catalog,
which begins in 1977 with the advent of reliable data from digital seismic networks, may
suffer from its relative youth, as compared with the typical duration of earthguake cycles. The
latter are both poorly known and highly variable from one region to the next, but most esti-
mates would suggest that the CMT dataset is indeed undersampled in time. This 1s probably
best illustrated on a worldwide scale by the mere fact that the largest earthquake in the catalog,
the 2001 Peruvian event, remains dwarfed by at least four earthquakes from the 1960-1975
time window (including the 1960 Chilean earthquake, which featured a moment at least 50
times larger), and by three more from the previous decade (Okal 1992). This potential limita-
tion motivated the efforts of Huang et al. (1994, 1997), Chen et al. (2001) and Chen (2002),
who expanded the worldwide dataset of CMT solutions for deep and intermediate-depth earth-
quakes backward in time, using analog seismological data. The present study follows the same
philosophy and procedures and expands the regional dataset of shallow earthquakes (0-70 km})
in the vicinity of Taiwan over the lifetime of the WWSSN (1963-1975). We do not consider
the year 1976 which was investigated separately by Ekstrom and Nettles (1997); their study
did not produce any new solutions in our study area.

2. DATASET AND METHODOLOGY

We targeted for inversion all events occurring in 1963-1975, within the region limited by
21°N, 26°N, 119°E and 123°E, with a reported depth no greater than 70 km, and at least one
reported magnitude (most often m,) = 5.8. Our experience has shown that events below that
threshold generally cannot be inverted reliably from analog records. These criteria produced
26 target earthquakes. Visual inspections of WWSSN records revealed no clear signals for 8
events, which were discarded. For the remaining 18 events, records from an average of 6
stations well distributed in azimuth were printed, and a processing window consisting of gen-
eralized body waves (P group, S group, and mantle reverberations such as PS, 5§, etc.) was
isolated, lasting from 2 mmn before the P arrival to 2 mn after the arrival of Love waves, Three-
component records were hand-digitized and equalized to a common sampling interval of 1 s,
identical to that used on long-period channels of present-day digital networks. The inversion
then proceeded along the exact same algorithm implemented for routine processing of modern
events at Harvard University, including the criteria for assessing the quality of a solution and
its eventual acceptance into, or rejection from, the CMT database. Only one event was dis-
carded (on 23 September 1972), leaving a total of 17 new solutions.

Tables 1 and 2 and Fig. 1 present our dataset in the familiar format of the quarterly reports
of the Harvard group. The solutions are regrouped in map form on Fig. 2. The left part of Table
1 displays source parameters of the centroid moment tensor solution. The perturbations &,
6Ay» B¢y and Shy are deviations with respect to the NEIC source parameters. In the case of a
few smaller earthquakes, we had to keep the epicenter or the centroid depth (or both) con-
strained during the inversion to obtain a stable solution; the relevant parameters ( 4, ¢ and/or




63

IO FERE- ZE0F 100 S¥O T v90- BT B FEPT- LIDF 98¢ AN RSy 4 £z L1
SOOTFYro B0 F 200 BOOF Bl 0 ¥ 68°0- P00 FROT 0T 610 ra 91
80T 890 LT0FsTo AIDF 6L 0°0 F 880 ETOF £vn- BGOT IR0 jra 51
O1'0FEL'T- YTOF 19°0- QLOFPL 5070 F 000 I FB8L0- oT0¥F LD [ 1
G0N F LTI LEOFILD REOFEPT 800 F eI 007012 RODELET 9z £1
BOOTFETY 107 860 ZFO T 60'E 600 ¥ 640 600 F SK - LODF 96D fra 4
£O'0F 080 ETOF680 110 % 880- LOGF 690 FOOFPLD SO T SO0 £ it
O0FOLT BIOoFILe STeT910- W007F 18- LD F oK1 00 F SED 9% ol
B0 F ¥8°0- e T £6'0 ¥E'0 F 00~ Loy are- IDEIF0 FUOF6ST 4 &
OI'0 ¥ L0~ 40D F 680 600 F £L'0 o1rs¥ I T ET0FE90 600F 6F'T oz 8
e FoL - 0T P00 CTOFISE LIOF 68T 60T 07 ET8¥ L0 ¥4 L
STOT i FEOFOLG FCOF LS S1'0F 9 QENFEET PIGFI0] 44 4]
PIOF P00 GIOF 050 BEOF 99T LIOFBET TIGTELT YTOFSH0 Lz £
SODFILO £0°0 F 64'0- PO ¥ CC0 SO0 T S50 +0'0 ¥ 890+ LO0FEED 97 |2
OV0OFZED STOF 60 61 0F$L0 60°0 FO5'E 0DF LO0- LGDFRRT- 4 2
1£0F 6077 GO'E T L9 SLOTF 6T QLRF LY GTOTF 6T DTOFLLE ra T
610F 760 TEOTOLE CCGF 09y 0Z0¥20e 1T 0F 955 LTOFE9E 9 1
o ' iy i i “Fy W0 -
JOEIRY, MU0 JO SIBLII]T sfuog 0K

..ra.o. “SUOISIaAUT I Ul PRuIRIqO SIOSU3] JrauIouny 241 Jo Wwﬂvﬂzvﬂmﬁ 2 2lqe],

e .

by -

=

] LI~ 68 L9 | 1- T8 LEC[EV(Z62 O Z9¢- (€L 28 SvI- 1oz § sog| ¢z {ic 661 05 FEIC {IE0- 90 F0CL2E [€00 w0 FELZZ | 06 EOFGIS 1 91| si6l € £ LT

% PLT G8 LEC S VB LZCTE|I8C T 860 1z I8 TTO- (261 8 oz 92 |o¢ 282 ¥3TLI BYET 61  EDFWEE TE L [ SL61 € €7 0T
601 LL 8B [9E €L 60Z {97091 & Ev'1- 092 81 CoO- {BF SC 84T T {92 A 14 19 3z1 LEET |VE QOFPOL 18 Q1261 11 6 | 61
STT 18 T6 |¥1 6F P6I [0'E [¥ST 92 0872- |997 LE pE0- i8¢ I €1 ST OHEE (91L& F¥6 fsoo Lo FI12IzT |rzo on Tscer et SOFCPE LS 61| TL6Y 6 L | v1
PIT 69 T6 i€V TE ITZ [C'C V81 17 I8¢ (€92 Z7 L70- 1SC 65 89E] 97 |2 £vI- 00 FOST 080 S0 FSZIZ] {610 SOFIVEZ [EF  £0F EFC LS 6 [ ZL6T P Yo7
€8 08 ZL |LT1 T1 O6Z |$°E {691 SE L96- (v £ ovo leee v Lzl e PL(SE TE FLPT (600 SO F6CTLT (1D SO FI6EL {0E COTF¥ip oy OF:TL6T ¥ LT[ T1
TE 88 GEL [BLY 8C BYT €T (801 2 611 |Z¥E BC OT'0- [SOT ¥Z Y LT | 900 TvE- 00 Fice LETZY 95T |E€L FOTEOL O 7 | zisT 1 YRR
Lt 68 BLE [BLY €L 6bZ [STIEIT 17 692~ {CFE EL LEG (50T €1 €7 92 199 (€12 9C TTUT (90 vO'FIOZIT JOE0- SO FopTZ (0% EOFE6C O € 76l T v |y
Of €€ ST T€01 L€ TTZIRT|RIY & TLT- |12 3 900- 1157 8L 902 ST UL 89 LC FT6I |P0- 80 FIEIT {400 1T T6922 | L% FOTLPE BC L |DL6E T ¥l 6
§6 €9 WOUIBET £F Oy (€7{8L2 ¥ 8CZ- J181 OF 220 97 5 91T 97 | €9 (E01- LT T L9 STTTI PP | 9T COF6H 65 0 | 4961 01 cels
EST TL 6F {0 ¥B BPY 6T (001 S ZLT- |66 85 teo-|L 1% o€ ST GTE 0T TLFOIS |PE0- O FOCTTE |60 BO T rETE | OC TOFECT 1T vEj996] € [ )
S¢l §9 6F [DE 65 DFI[9T)P6 € BEZ- [IST Bp 8CO- |t Tv 917 ST | 6E o'ob LE'ETL OFET |80 LOFEBF ¢ 0 {9961 £ gZio
PPL BL 1P fL1 95 IPE 10T |$6 £1 O£Z- (€02 S 650 [066 SF 687 LT TS FEip Loy FEPZ JPET SOFEEE 16 ofl| ooat £ [ANEY
§P1 18 80 (11 95 SO JTT|191 L 0vI- |64z v 600~ (19 1€ sT1| 97 iz¢ TEl S'L FROY 6T SOOTFLE0T] [LE0- COFOHUE IVE £OFHPE 61 L1 961 ¢ [ARE ]
50T+ €5 LEC 1L~ 0P YOZ (0Z{O1Z LL ¥0°Z-]9 2T 1000 {86 © 00T $2 [6Z (19 #¢ FEUT [OT0- 90 FOCOTY [€€0 LD TLLOT (00 SOFSTy §1 vzl Sl 4 9T €
LTI RC ¥IT ($¥ Lk 9¥E 169 08T 9 €5- loz 1 zz1 [o8r 8¢ 9B ST (1 E¥ 06T 00 FOEL |65°0- #¥ F66'6TL €00 LOFZIET |8€T COFEES ¢ 2Y| #9610 1 Rl Z
Y9 L OL EPD TE BOE (1L 08T IZ SS°L-16L ST OISO {L0f 95 €29l o B8 P2~ U'C ¥9PE {IP0- SO F691ZT {EC0- pOFLERL |9 FOTIRT 05 8 3¢961 € £T11
T8 iy g e iPoos o R o i g 01 KT Y Gy L4 g ¥ g g woyiA W a

zauey 0 poweyg e sed | ey 1 st |aonoeg fuug ydag ] apm 3oy ! apnie| I amy | 2y oN

81dno)-ajgnocy 159y ] saxy (ediaulrg 2feas |JER slapiseizd pronua))

‘GLOT-£96T JO
soyenbyies ugMIey, /] JOF SUOHN]OS JOSUS] JUSLIOW W01} POALISP Siojoweied PUE SOIBUIPIOOD PIoNuL)) '| [qu,




64 TAO, Vol. 15, No. 1, March 2004

i) are thep shown with a blank entry for precision, and the constrained location is shown as a
solid triangle on Fig. 2. Otherwise, on the map, a dashed line links the original epicenter (open
triangle) with the inverted centroid (solid circle).

In the right part of Table 1, the parameter “Half Drtn” is the half-duration (in ) of the
boxcar source time function, the scaling factor (10%*) is the power of 10 scaling (in dyn-cm)
the seismic moment ( M) and the eigenvalues of the moment tensor { 0') listed in subsequent
columns. The T, N, and P axes, given by their dips [ §] and azimuths [ £], are the eigenvectors
of the largest (positive), intermediate, and smallest (negative) eigenvalues, respectively. The
nodal planes of the best-fitting double-couple are given in the convention (strike [ ¢, ], dip {81,
and rake [ A1) of Aki and Richards (1980). Table 2 lists all individual moment tensor

Fig. 1. Equal-area representation of the moment tensors listed in Table 2. Solid
lines are the projections of the nodal surfaces of the full moment tensors;
dashed lines represent the fault planes of the best-fitting double-couples,
as listed in the last columns of Table 1. The compression and tension
axes are shown by solid circles and open squares, respectively.
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components, with the events identified by the same numbers as in Table 1.

Focal mechanisms are given on Fig. 1, with event numbers above each individual “beach
ball”. The latter represent equal-area projections of the lower focal hemispheres. The solid
lines separate shaded quadrants (positive P-wave radiation coefficient, or first motion “up”)
from open ones (negative or “down”) for the full moment tensor solutions, while the dashed
lines sketch the best-fitting double-couples.
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Fig. 2. Map of Taiwan and neighboring areas showing the CMT solutions de-
rived in this study. Events are identified by number and Julian date
(YYJ13J). The small dots represent the inverted centroids, linked by dashes
to the reference epicenters (open triangles). Solid triangles are published
epicenters for those events with constrained locations.
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3. APPRAISAL OF RESULTS

Moment release rate and frequency-moment characteristics

Following Huang and Okal (1998), we first compare the rates of seismic moment release
suggested by the present study with those derived from the main 1977-2002 Harvard catalog.
Over a 16-yr window, our dataset averages 3.5x10°° dyn-cm yr'. By comparison, in a similar
moment range { M, > 1.6 x10% dyn-cm), the 1977-2002 Harvard catalog averages a very com-
parable 3.0x10°® dyn-cm yr' in our study area. However, about half of its cumulative mo-
ment release involves the 1999 Chi-Chi earthquake and its aftershocks, on a fault system
inside central Taiwan, unsampled by our dataset. Thus, in the remainder of the region, our new
solutions feature double the release rate of the modern Harvard catalog.

We examine on Fig. 3 the frequency-moment distribution of our dataset. In spite of its
relatively small size, we regressed it using the parameter B, as introduced by Molnar (1979)

FREQUENCY - MOMENT STATISTICS
LogioN=a - P Log;y M,

17 events 1963-1975
2.0 1] L 13
B = 053
)
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Fig. 3. Gray dots show incremental population of CMT solutions inverted in the
present study, binned at intervals of 0.2 log)o units. They suggest com-
pleteness for M 2 2.5x 107 dyn-cm. Solid squares are cumulative popu-
lations binned at the same interval. The gray line (with absolute slope
B =0. 53) regresses the cumulative dataset beyond that threshold.



Chen ef al. 67

and further discussed by Okal and Romanowicz (1994) and Okal and Kirby (1995); we esti-
mate the threshold of completeness of the dataset at M; 22.5x 10% dyn-cm. The resulting
parameter, § = 0.53, is comparable to its counterpart for the modern Harvard catalog subset in
the same geographic and moment windows ( 8 = 0.58; Fig. 4); this consistency in population
statistics provides a posteriori support for the completeness of our dataset. However, both I5;
values are smaller than the worldwide average of 0.70 (Okal and Romanowicz 1994), or the
value ( f§ = 2/3) predicted theoretically by Rundle (1989).

Comparison with previous investigations

A number of previously published (PP) solutions are found in the literature for most of the
17 events studied here. Focal mechanisms based on P-wave first motions are available for
Events 1, 3,4, 8 (Katsumata and Sykes 1969) and 7 (Tsai et al. 1983). Pezzopane and Wesnousky
(1989) performed waveform modeling of teleseismic P waves for Events 1,2,4,5,10,11 and
16. Kao et al. (1998) compiled available solutions (including from the previous three studies),
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Fig. 4. Same as Fig. 3 for Taiwan earthguakes from the modern CMT catalog.
The cumulative populations within the relevant range of moments (solid

squares) yield a § value of 0.58. The open circles are from Fig. 3 for
comparison.
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complemented by original waveform modeling for Events 6, 8, 12, 13 and 15. These focal
mechanisms are shown as the smaller symbols on Fig. 5, and compared to our CMT solutions
- (larger symbols).
In Table 3, we quantify this comparison by forming, for each event, the logarithmic mo-
ment residual

[MO]PP

”=10gsow,
0

o a b c
B g e @Y
a
2 — 64018 @ @ 10 — ' g
b
3 — 65116 Q 11 —
a
5 —~ 86071 @ @ 13 — 72115
c
5 — 6082 @ @ 15 — 72314
d
7 — 66125 @ @ 16 — 75082
Fig. 5. Comparison of our CMT solutions (larger symbols) with previously pub-
lished focal geometries (smaller symbols), The letters above the latter

are keyed to the references in Table 3.
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Table 3. Comparison of our results with previously published solations.

Event Date Published Solution Logarithmic Kagan Angle
Number (YYIIT) My Focal geometry Ref.  Moment Q
(10 dyn-cm) gy S A Residual )
i 63044 100 16 58 130 a 0.15 68
79 61 9 b 26
2 64018 4 i3 50 100 a -0.24 42
3 65116 186 18 102 b 29
4 65137 27 188 60 20 a 0.35 23
197 56 5 b 7
3 66071 486 130 76 18 a 0.27 23
6 66082 2.75 3 63 147 ¢ 0.02 10
7 66125 129 70 24 d 22
8 67298 205 37 37 132 ¢ -0.05 8
10 72004 1 158 56 33 a -0.36 61
11 72025 134 336 86 16 a 0.01 22
12 72108 1.44 62 77 4 ¢ -0.39 13
13 72115 16.4 36 4 132 ¢ -0.33 74
15 72314 1.25 100 57 109 ¢ -0.11 25
- 16 75082 28 328 84 3 0.41 3

References: a: Pezzopane and Wesnousky (1989); b: Katsumata and Sykes (1969);
c: Kao et al. (1998); d: Tsai et al.(1983)

[as defined by Huang and Okal (1998)], and the “Kagan angle” Q, defined as the angle of the
minimurm Euler rotation transforming the “beach ball” representation of the focal sphere of the
best-fitting double-couple of our CMT solution into the published one (Kagan 1991). We
recall that the maximum theoretical value of Q is 120°, Several authors, notably Apperson and
Frohlich (1992) and Kuge and Kawakatsu (1993) have proposed other methods of quantifying
the disparity between two focal mechanisms, including sources featuring non-double-couple
components. We prefer the concept of the Kagan angle on account of the simplicity of its
geometric interpretation as a mere solid rotation.

While it may be futile to analyze statistically a dataset of only 12 values, we find that all
measures of the population of residuals r are comparable to their counterparts in Huang and
Okal’s (1998) study of deep earthquakes: the average residual < r > is a negligible -0.02 units,
while the average of its absolute value, < | r { > reaches 0.22 units, and the standard deviation
O, 0.27 units. In addition, we find no significant correlation between r (or | r |) and My (Figs.
6b, c).

Regarding focal geometry, we similarly fail to define a correlation between large Kagan
angles and earthquake size (Fig. 6a), or between large (2 and large values of r (or |  |; Figs. 6d,
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e). We discuss in detail the five events with large (> 40%) Kagan angles between our sclutions
and previous ones.

Event 1. Julian Date (J.D.) 63044.

The large Kagan angle (68°) with respect to Pezzopane and Wesnousky’s (1989) solution

expresses substantial rotation of this mainly thrust mechanism. The CMT solution is much
closer (26°) to Katsumata and Sykes’ (1969), which essentially shares a focal plane, while
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Fig. 6. (a) Kagan angles Q between our solutions and previously published ones,

plotted as a function of inverted seismic moment M, . PP solutions are
symbol-keyed as follows: solid circles: Pezzopane and Wesnousky (1989);
open circles: Katsumata and Sykes (1969); solid triangles: Kao et al.
(1998); open triangle: Tsai et al. (1983). The gray lines link solutions
obtained from different PP sources for the same events. (b) Logarithmic
moment residual r plotted vs. M, ; same conventions as in (z). (¢) Same
as (b} for the absolute value of r. {d} Logarithmic moment residual r
plotted vs. Kagan angle Q. (e) Same as (d) for the absolute value of . In
all cases, note the poor correlation between the various variables plotted.
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keeping the slip angle constrained to 90°. Qur mechanism is also close to that of the neighbor-
ing Event 15 (© = 43°), and to the solution for J.D. 02090 ({2 = 12°). It does depart from the
geometry of the large earthquake on 1.D. 86318 (2 = 57°).

Event 2, J.D. 64018.

This is our only solution on the Western coast of Taiwan. We note that the Kagan angle of
42° between our solution and Pezzopane and Wesnousky’s (1989) is entirely taken up by the
T axis, while the P axes of the two solutions differ by only 14°. The earthquake has no imme-
diate neighbors to which it could be compared in the modern CMT catalog,

Event 10, J.D. 72004.

There is a large discrepancy (Q = 61°) between our strike-slip solution and Pezzopane and
Wesnousky's (1989) thrust mechanism. We note that for this particular event, these authors
modeled only the initial part of the P waveforms, in view of complexities that they attributed
to water column reverberations (their Fig. A6). Our inversion, carried out at a longer period,
most likely eliminates this problem, and converges on a solution in much better agreement
with the neighboring focal mechanisms obtained in this study (Events 10, 11, 16 and 17).

Event 13, J.D. 72115.

Our centroid solution locates inside the island of Taiwan, and the inverted mechanism is
remarkably similar to that of Event 15, 63 km to the NNE (Q = 11° between them). By contrast,
Kao et al.’s (1998) mechanism also features thrust faulting, but is substantially rotated (QQ = 74°
from ours). The P axis for our mechanism, striking 345°, is also more in line with the slip
partitioning documented in the region than is Kao et al.’s, striking 277°.

4, CONCLUSIONS

We have inverted 17 new centroid moment tensor solutions of shallow earthquakes in the
vicinity of Taiwan for the period 1963-1975. The moment release rate for the cumulative
dataset inverted in the present study is approximately double that of the following years for
which the Harvard dataset is available (excluding the 1999 Chi-Chi earthquake). In addition,
we observe significant disparities between the geometry of some of our solutions and mecha-
nisms previously published for the same events. Our solutions lead to greater homogeneity in
the geometries of stress release on a regional scale, especially along the Eastern seaboard of
Taiwan (Events 1, 13 and 13) and offshore, along the western flank of the Gagua Ridge, where
Events 10, 11, 16 and 17 define a coherent pattern of strike-slip faulting, Finally, our new
dataset confirms a f-value lower than the worldwide average for shallow earthquakes, in-
dicative of a relative surplus of large earthquakes. By extending the time window of reliable
CMT solutions, our study provides an improved quantification of seismic moment release in
the neighborhood of Taiwan.
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