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SUMMARY

We determine Euler vectors for 12 plates, including the Philippine Sea plate (PH), relative
to the fixed Pacific plate (PA) by inverting the earthquake slip vectors along the boundaries
of the Philippine Sea plate, GPS observed velocities, and 1122 data from the NUVEL-1 and
the NUVEL-1A global plate motion model, respectively. This analysis thus also yields Euler
vectors for the Philippine Sea plate relative to adjacent plates. Our results are consistent with
observed data and can satisfy the geological and geophysical constraints along the Caroline
(CR)-PH and PA—CR boundaries. The results also give insight into internal deformation of
the Philippine Sea plate. The area enclosed by the Ryukyu Trench—Nankai Trough, Izu—Bonin
Trench and GPS stations S102, S063 and Okino Torishima moves uniformly as a rigid plate,
but the areas near the Philippine Trench, Mariana Trough and Yap—Palau Trench have obvious
deformation.

Key words: earthquake slip vectors, Euler vector, intraplate deformation, Philippine Sea

plate, relative plate motion.

INTRODUCTION

The Philippine Sea plate, proposed as a distinct plate at the early
stage of plate motion theory (Morgan 1971; Le Pichon et al. 1976)
plays a special role in the tectonic history of the western Pacific
and eastern Eurasian continent. However, its motion relative to the
surrounding plates is difficult to determine because its boundaries
consist primarily of subduction zones rather than accreting bound-
aries where relative motion rates can be determined and transform
boundaries where relative motion azimuths can be determined more
accurately than from earthquake slip vectors (Chase 1972, 1978;
Minster et al. 1974; Minster & Jordan 1978; Seno ef al. 1993).
Before the availability of space geodetic data, only slip vectors of
thrust earthquakes along the subduction boundaries of the Philippine
Sea plate could be used to constrain its motion. This situation caused
at least three sources of uncertainties. First, the backarc spreading
and the deformation of overriding plate, such as the spreading of
Mariana Trough and Okinawa Trough (Imanishi e al. 1996), and
strike-slip faulting within the overriding plate, such as that occurring
at the Philippine Fault (PF) and the Median Tectonic Line (MTL) in
SW Japan, can make the azimuths of earthquake slip vectors differ
from the relative plate motion (Karig 1975; Ranken et al. 1984;
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Fitch 1972; Jarrard 1986; DeMets et al. 1990; Seno et al. 1993;
Zang et al. 1994). Secondly, some small collisional zones around
the Philippine Sea plate, such as in Taiwan, Caroline Ridge—Yap arc
and Izu arc-Central Honshu, make earthquake focal mechanisms
more complicated (Seno et al. 1993). Finally, it is uncertain whether
the northern boundary of the Philippine Sea plate is adjacent to the
Eurasian plate, the North American plate, or a distinct Okhotsk plate
(Seno et al. 1993, 1996; Wei & Seno 1998). These problems must
be borne in mind and data must be selected with caution before we
determine the Euler vector of the Philippine Sea plate with interplate
earthquake slip vectors.

Many researchers have discussed or obtained Euler vectors of the
Philippine Sea plate with earthquake slip vectors (Seno 1977; Chase
1978; Minster & Jordan 1978; Karig 1975; Ranken et al. 1984;
Huchon 1986), or discussed the constraining conditions (Weissel
& Anderson 1978). Seno et al. (1993) discussed the deficiencies
in previous studies and obtained Euler vectors for the Philippine
Sea plate related to the adjacent major plates such as Eurasia (EU),
Pacific (PA) and the small Caroline (CR) plate by using 11 and 16
earthquake slip vectors at Nankai Trough—Ryukyu Trench along the
PH-EU boundary and at Izu—Bonin Trench along the PH-PA plate
boundary, respectively, subject to the constraint of an EU-PA motion
predicted by the global relative plate motion model NUVEL-1. Seno
et al.’s result is now most widely used, but the data constraining
motion of the Philippine Sea plate are still sparse, and are particularly
lacking in the rate data.

809

020z aunr ¢ uo 1senb Aq 68911 9/608/€/0S | Aoe1sqe-s|o1e/I[6/wod dno-olwspeoe//:sdiy wolj pepeojumoq



810 S . X Zang et al.

40

30

520
B £ i 3 =
= e Philippine Sea =
2 § 8
= =
e s i
5 &
L k: £ .
o
=
10F /9 %:‘ Yap =
S%
f
Palau Trougy,
q £ F(é' |
3 [
= . ?
= Caroline 2
{—,M CE 3 .
<
0 " i L i =
120 130 140 150
Longitude(°E)
(a)
s Ty
+ +
+
-50 1‘{#’ *‘E'H' x
'ﬁ""'+i+ % i * +
-100 + Tty ﬁ' + +
T :-+++ *
= 150 %7 *
g + oF 4
S -200 - = -200 ++
-250 * & -250
+ = + +
-300 Section 3 -300 +
-350 -300 -250 -200 -150 -100 -50 0 .. *
Distance (km)
-400 *
: Section 8
-450

(b)

-400 -350 -300 -250 -200 -150 -100 -50

Distance (km)

Figure 1. (a) Positions of epicentres of earthquake chosen to determine the slip vectors in this study and the cross-sections used to choose the earthquakes.
e, epicentres of earthquakes that meet the three conditions (see text);—with number, cross-sections. (b) Two cross-sections in (a). The crosses denote the
earthquakes in the cross-sections, and the black dots are earthquakes used in this study.
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Table 1a. Data at the PH-EU boundary (Nankai Trough—Ryukyu Trench).

Philippine Sea plate motion 811

Table 1b. (Continued.)

Lat. Lon. Obs. o IMP Pre.
(°N) (°E) (deg)  (deg) (deg)

33.70  136.05 —54.0 10.0 0.029 —43.7
33.13 13584 —=50.0 100 0.028 —445
3231 131.83 —48.0 150 0.012 —429
3226 131.78 —49.0 10.0 0.027 —429
3224 13221 540 150 0.012 —432
3223 131.78 —48.0 100 0.027 —43.0
32.15 13198 —48.0 150 0.012 —432

Source or
reference

Seno et al. (1993)
Seno et al. (1993)
Seno et al. (1993)
Seno et al. (1993)
Seno et al. (1993)
Seno et al. (1993)
Seno et al. (1993)

31.84 131.80 —-51.4 200 0.006 —43.5 CMT 10.19.96
31.79 131.63 —53.0 200 0.006 —435 CMTS5.2.96
31.79 13131 =534 150 0.011 —433 CMT 12.2.96
31.73  131.59 —412 20.0 0.006 —43.6 CMT 10.19.96
3129 13129 —444 150 0.010 —440 CMT 12.16.98
30.59 13124 —46.6 20.0 0.005 —449 CMT9.14.79
30.59  131.07 —-598 150 0.010 —448 CMTI11.11.96
29.78 13051 —494 200 0.005 —455 CMT 7.24.95
29.77 130.63 —41.7 200 0.005 —456 CMT 6.2.86
2948 130.64 —46.6 200 0.005 —46.0 CMT9.27.98
29.28 13031 —44.0 200 0.005 —46.0 CMT 10.17.99
29.26 12986 —43.8 20.0 0.005 —458 CMT9.13.94
29.24 13031 =350 20.0 0.005 —46.1 CMT 1.23.84
29.20 13031 —45.8 200 0.005 —46.1 CMT3.1.85
28.51 130.00 —46.6 20.0 0.004 —46.8 CMT 3.24.86
2799 12939 —41.1 200 0.004 —47.0 CMT 11.20.89
27.52 12844 —40.0 20.0 0.004 —47.0 CMT 1.15.95
2748 12857 —48.0 150 0.007 —47.1 Seno etal (1993)
2742 12848 —454 200 0.004 —47.1 CMT6.2.96
26.61 12781 —-514 200 0.004 —47.6 CMTS5.17.90
2488 12533 —423 20.0 0.003 —479 CMT 8.29.78
2430 12521 —430 100 0.013 —484 Senoetal (1993)
2424 12523 =551 20.0 0.003 —485 CMT9.30.90

Table 1b. Data at the PA-PH boundary (Izu-Bonin Trench).

Lat. Lon. Obs. o IMP Pre. Source or
(°N) (°E) (deg)  (deg) (deg) reference
3593 140.08 —89.0 150 0.019 —82.9 Senoetal (1993)
3586 14135 —64.6 20.0 0.012 —80.9 CMT 1.9.95
35.76  140.70 —83.0 150 0.020 —81.9 Senoetal (1993)
3574 141.08 755 20.0 0.012 -—81.3 CMT8.6.91
35.68 140.65 —843 200 0.011 —82.0 CMT3.17.89
35.67 140.64 —80.0 15.0 0.020 —82.0 Seno etal (1993)
3558 140.61 —-753 200 0.011 —82.0 CMT 12.30.83
3557 14065 —68.6 20.0 0.011 —82.0 CMT 12.30.83
3556 140.54 -924 200 0.011 —82.1 CMT3.6.89
34.02 141.63 —86.0 10.0 0.053 —80.1 Seno etal (1993)
3391 14135 —-944 200 0.013 —80.5 CMT9.19.84
33.61 141.71 —-78.0 10.0 0.054 —79.8 Seno et al. (1993)
3349 14140 —-909 200 0.013 —80.3 CMT 10.27.98
3338 14097 —80.0 20.0 0.013 —81.0 Seno etal (1993)
3331 14136 —-91.6 200 0.014 -804 CMT 12.14.79
3326 14134 -75.6 150 0.024 -804 CMT3.23.99
3261 14127 -—-798 200 0.014 —80.3 CMT 8.14.92
31.35 14096 —82.3 20.0 0.015 —80.6 CMT®6.11.92
31.34  141.80 —80.0 150 0.028 —79.1 Seno etal (1993)
3122 14175 —89.2 20.0 0.016 —792 CMT5.29.92
31.11  142.09 —82.0 10.0 0.065 —78.5 Senoetal (1993)
3092 141.51  —93.8 20.0 0.016 —79.5 CMT8.22.94

30.75 141.73  —=72.0 10.0 0.065 —79.1
30.71 14182 —-72.0 150 0.029 -—-789

Seno et al. (1993)
Seno et al. (1993)

3069 141.62 —863 150 0.029 —-79.2 CMT 5.30.92
30.63 141.63 —888 20.0 0.016 —-792 CMT5.31.92
30.61 141.62 —-90.2 20.0 0.016 —-79.2 CMT4.16.86
29.34 14223 =750 10.0 0.074 —77.7 Seno et al. (1993)
2931 14198 —-90.4 20.0 0.018 —782 CMT 5.14.98
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Lat. Lon. Obs. o IMP Pre. Source or
(°N) (°E) (deg)  (deg) (deg) reference
29.30 142.02 -81.2 200 0.018 -78.1 CMT 12.16.88
2897 14205 -87.5 20.0 0.019 =779 CMT 9.12.99
28.12 14241 -89.2 200 0.020 -77.0 CMT 1.11.81

27.84 142776 =780 150 0.038 —76.2
27.72 142.08 -—-81.0 150 0.036 =775
23.71 14320 -70.0 100 0.122 =734

Seno et al. (1993)
Seno et al. (1993)
Seno et al. (1993)

The situation has been improving in recent years. Many new
earthquake slip vectors have become available from the Harvard
CMT catalogue references (Dziewonski ef al. 1984a,b, 1985a,b,
1987a,b,c,d, 1988, 1989, 1990a,b, 1991a,b, 1992, 1993a,b, 1995,
1996a,b, 1997, 1998, 1999a,b,c, 2000a,b,c). The foundation of
GPS observation networks makes rate data for the Philippine Sea
plate available. Hence it is now possible to determine the Euler
vector of the Philippine Sea plate more accurately. In this study,
we determine a new PH-PA Euler vector with a global inversion
using more slip vectors, GPS data, and the 1122 data from the
NUVEL-1 model (DeMets et al. 1990) and the NUVEL-1A model
(DeMets et al. 1994), respectively.

Method of determining the Euler vector
of the Philippine Sea plate

Although the NUVEL-1A global plate motion model gives Euler
vectors for 13 plates, that for the Philippine Sea plate was just taken
from the results of Seno ez al. (1987, 1993) rather than being obtained
from the global inversion owing to the limited data. In this study,
we add the Philippine Sea plate to the 12 plates in the NUVEL-1
and NUVEL-1A models, respectively, and determine the Euler vec-
tors of all 13 plates, respectively, by a global inversion, such that all
are constrained within a global plate circuit closure. The inversion
method used in this study is the same as that used by DeMets et al.
(1990), which is an iterative linearized, weighted, least-squares pro-
cedure (Chase 1972; Minster et al. 1974). To obtain the NUVEL-1A
model, DeMets et al. (1994) have simply modified NUVEL-1 model
by multiplying by 0.9562 all of the rotation rates of 12 Euler vectors
according to the changing of the opening rate data. In this study, we
multiply by 0.9562 all the rate data in NUVEL-1 and treat them as
rate data in NUVEL-1A and use these data for inversion to obtain
the Euler vectors in the NUVEL-1A model.

Data and the selection principles

We must take into account the complication along the boundary
areas of PH as discussed in introduction when we select the data.
Three data sets were used in this study.

(1) The 1122 data, consisting of spreading rates, transform
fault azimuths, and earthquake slip vectors, from NUVEL-1 model
(DeMets et al. 1990) and NUVEL-1A model (DeMets et al. 1994),
respectively. The rate data in NUVEL-1A model we mention here
are those in NUVEL-1 multiplied by 0.9562 as suggested by DeMets
et al. (1994).

(2) Earthquake slip vectors along the Philippine Sea plate bound-
aries. We discard slip vectors in the Luzon Trough—Philippine
Trench because the Philippine Archipelago is a complicated defor-
mation zone with a nearly N-S striking, left-lateral strike-slip fault
passing through it (Barrier ef al. 1991), which makes the relative
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Table 2. Velocities of GPS stations relative to Eurasia plate.

GPS

station

S063
S102
BTS3
Okin.
Guam
Palau

Lat.
(°N)

22.67
22.04
20.44
20.43
13.59

7.34

Lon.

(E)

121.47
121.56
121.96
136.08
144.87
134.48

Rate (mm yr—!)

Azimuth (deg)

Obs.

68.60
71.70
80.70
59.77
22.52
100.42

o
(mmyr)

4.0
1.5
25
135
3.0
10.0

IMP Pre.
0.283  71.55
0.515  72.20
0.202  73.69
0.010 61.21

66.16

80.72

Seno et al. Obs. o (deg) IMP Pre. Seno etal.  Note
(1993) (1993)

74.30 314.6 3.0 0313 312.15 308.91
75.03 316.8 2.0 0.293  311.59 308.37

1
2
76.73 298.6 3.0 0.113  310.11 306.94 2
64.79 300.1 13.0 0.024  300.02 296.25 3
71.02 301.0 7.0 286.81 283.72 4
85.48 271.9 6.0 293. 291.08 4

Note: (1) computed from Yu et al. (1999); Yu et al. (1997); (2) Yu et al. (1999); (3) Kato et al. (1996); (4) computed from Kato et al. (1998).

Table 3. Information distribution.

EU-PH
PA-PH
Total

Rate (GPS)

1.012 25

1.012 25

Azimuth
GPS Slip vector
0.749 33 0.283 53
0.965 80
0.749 33 1.249 33

Total

2.04511
0.965 80
3.01091

motion between EU and PH more complicated. We do not use the
data on the Mariana Trench because of the approximate 40 mm yr™!
spreading at the Mariana backarc basin (Hussong & Uyeda 1981),
which may affect the coupling between PH and PA. Also we dis-
card the slip vectors along the North America (NA)-PH boundary,
because the data have large uncertainties (Seno et al. 1993). Al-
though the plate boundary has been discussed in light of the recent

Table 4. Comparison of Euler vectors from this study and NUVEL-1 (Pacific fixed).

No Plate name

01 N. America

02 Cocos
03 Nazca
04 Antarctica

05 S. America

06 Eurasia
07 Africa

08 Caribbean
09 Australia
10 Arabia

11 India

12 Philippine

Lat. of pole (°N) Lon. of pole (°E) Rotation rate (deg Myr~")
Ours NUVEL-1 Ours NUVEL-1 Ours NUVEL-1
48.82 48.71 —717.87 —78.17 0.782 0.783
36.86 36.82 —108.59 —108.63 2.089 2.089
55.65 55.58 —89.97 —90.10 1.421 1.422
64.44 64.32 —83.72 —83.98 0.910 0.909
55.15 55.00 —85.30 —85.75 0.665 0.666
61.18 61.07 —85.56 —85.82 0.897 0.899
59.25 59.16 —72.82 —73.17 0.969 0.970
54.25 54.20 —80.48 —80.80 0.852 0.853
60.01 60.08 1.89 1.74 1.125 1.123
59.62 59.66 —33.20 —33.19 1.162 1.162
60.44 60.49 —30.44 —30.40 1.154 1.154
2.38 —1.24* —44.54 —45.81* 0.961 1.000*

*From Seno et al. (1993).

Table 5. Comparison of Euler vectors from this study and NUVEL-1A (Pacific fixed).

No Plate name

01 N. America

02 Cocos
03 Nazca
04 Antarctica

05 S. America

06 Eurasia
07 Africa

08 Caribbean
09 Australia
10 Arabia

11 India

12 Philippine

Lat. of pole (°N) Lon. of pole (°E) Rotation rate (deg Myr~!)
Ours NUVEL-1A Ours NUVEL-1A Ours NUVEL-1A
48.84 48.71 —77.85 —78.17 0.748 0.749
36.88 36.82 —108.61 —108.63 1.994 1.998
55.70 55.58 —89.93 —90.10 1.359 1.360
64.45 64.32 —83.65 —83.98 0.870 0.870
55.15 55.00 —85.21 —85.75 0.636 0.637
61.19 61.07 —85.54 —85.82 0.857 0.859
59.26 59.16 —72.79 —73.17 0.927 0.927
54.21 54.20 —80.42 —80.80 0.814 0.816
60.00 60.08 1.89 1.74 1.077 1.074
59.62 59.66 —33.13 -33.19 1.112 1.111
60.46 60.49 —30.31 —30.40 1.104 1.103
—0.11 —1.24* —44.34 —45.81* 0.961 1.000*

*From Seno et al. (1993).
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Table 6. Some Euler vectors and comparision with Seno et al. (1993).

Plate pair Lat. of pole (°N) Lon. of pole (°E) Rotation rate (deg Myr~!)
Ours Seno et al. 1993 Ours Seno et al. (1993) Ours Seno et al. (1993)
N_.l N_IA N_1 N_IA N_.I N.1A
PH-PA 2.38 —0.11 —1.24 —44.34 —43.85 —45.81 0.961 0.964 1.000
EU-PH  46.99 46.67 48.23 159.83  158.90 156.97 1.020 1.035 1.085
CR-PH 5.00 6.20 6.24 135.10  134.20 134.09 0.300 0.400 0.700
PA-CR —5.71 —4.18 —10.13 13591 137.52 134.43 0.665 0.568 0.309

N_1 and N_1A denote our results consistent with NUVEL-1 and NUVEL-1A, respectively.

GPS data, it is possible that Northern Honshu is part of the Okhotsk
plate (Wei & Seno 1998).We use only the slip vectors along the
Nankai Trough—Ryukyu Trench at the EU-PH boundary, and along
the Izu—Bonin Trench at the PA—PH boundary.

To make sure that the slip vectors represent the direction of in-
terplate motion, we choose them according to three rules. First, we
use earthquakes with a scalar moment of 10?* dyn cm or more.
Secondly, we required that the hypocentres appear to be located in
the subduction zone and on the top surface of the Benioff zone. Ten
cross-sections have been used to determine the hypocentre locations
on the subduction zone. Fig. 1(a) shows the locations of the earth-
quakes chosen and cross-sections used to choose the earthquakes;
Fig. 1(b) shows two cross-sections (cross sections 3 and 8 in Fig. 1a).
Thirdly, we require that the depths of hypocentres are between 15
and 60 km, the fault plane solutions show thrust faulting, and the dip
of the fault planes are close to the dip of the Wadati—Benioff zone.
Finally, we choose 30 earthquake slip vectors at Nankai Trough—
Ryukyu Trench and 35 at Izu—Bonin Trench, including 23 from
Seno et al. (1993). Two of the slip vectors used by Seno et al. (1993)
were not used here according to the principle of data selection in
this study. One data point (33.76°N, 137.20°E) from Katsumata &
Sykes (1969) has a depth of 21 km and a fault strike 0f 267.5°, which
differs significantly from the trench strike. The second earthquake
(31.14°N, 131.33°E) comes from Fitch (1972), and has a depth of
8 km, which is too shallow and may have a greater error. Table 1
gives these slip vectors, their errors and data importance, and their
predicted values from this study.

(3) Velocities of PH relative to the EU from GPS observation.
Some velocities of the PH relative to the EU are given in Table 2,
which are from the Taiwan GPS Network (Yu ef al. 1997, 1999) and
the western Pacific integrated network (Kato ez al. 1996, 1998). The
velocities at station S102 and BTS3 are taken from Yu ez al. (1997)
directly. The velocity at station Okino Torishima (Okin.) is taken
from Kato et al. (1996). The velocities at stations Guam and Palau
are taken from Kato et al. (1998), but they give the velocities in the
E-W component (Vgw) and the N—S component (Vyxs). We made a
simple calculation to obtain the magnitude of velocity from Vgw and
V'xs relative to stable Eurasia. Yu ez al. (1999) obtained the velocity
at permanent station SO1R relative to stable Eurasia and Yu et al.
(1997) gave the velocity at station S063 relative to SO1R, which is
located on the volcanic island of Lutao. We calculate the velocity
at station S063 relative to stable Eurasia from the data of Yu et al.
(1997, 1999) and consider the propagation of the uncertainties. Yu
et al. (1999) and Kato et al. (1996, 1998) referenced their velocities
to a Eurasia fixed reference frame defined by very long baseline
interferometry (VLBI) (Heki 1996). Yu ef al. (1999) tied their ve-
locities to Shanghai, Kato ef al. (1996, 1998) tied their velocities
to the station velocity at Tsukuba. Heki’s result was derived using
VLBI data from eastern Asia and western Europe and his veloci-
ties of Shanghai and Tsukuba with respect to the stable part of the

© 2002 RAS, GJI, 150, 809-819

Eurasia plate have been confirmed by recent GPS studies (e.g. Shen
et al. 2000). In this study, for the four velocities we use, three are
from Yu ez al. (1997, 1999) and are referenced to a VLBI velocity at
Shanghai and one from Kato et al. (1996), which is referenced to a
VLBI velocity at Tsukuba. Because the two reference sites involved
are about 2000 km apart from each other, we feel that the reference
of our network should be fairly robust. Data from the Guam and
Palau GPS stations are not used for the inversion, for reasons dis-
cussed briefly below. We used four GPS stations, S063, S102, BTS3
and Okino Torishima in the global inversion. Table 2 also shows the
IMP for the data in the four stations.

Table 3 shows the information distribution for the data sets used
in this study. It can be seen that the cumulative data importance
for the four GPS velocities is 1.7616 and 1.2493 for slip vectors
around PH boundaries, and the total cumulative data importance for
PH is 3.010 91. So the four GPS velocities supply the majority of
information concerning PH motion.

RESULTS

Tables 4 and 5 show the Euler vectors of the 12 plates relative to the
Pacific plate obtained by inverting all the data simultaneously, sub-
jectto global plate circuit closure. The results in Tables 4 and 5 come
from different spreading rate data from NUVEL-1 and NUVEL-1A,
respectively. The results of the NUVEL-1 (DeMets et al. 1990) and
the NUVEL-1A (DeMets et al. 1994) model are also given for com-
parison. The corresponding EU-PH and PA-PH Euler vectors are
shown in Table 6. Fig. 2 shows the locations of the PA—PH and
EU-PH Euler poles of this study and previous studies.

In addition to these major plates, the region may contain several
microplates. Of these, the proposed Caroline Plate has the most
important influence on our estimate of the Euler vector for the
Philippine Sea plate. The boundary constraints for PA—-CR mo-
tion: divergence at the Sorol Trough and convergence at the Mussau
Trench, both of which would be on the boundary, were proposed by
Weissel & Anderson (1978). We followed earlier studies and used
these constraints. We obtained our PA-PH Euler vector from the
global inversion and then adjusted the CR-PH Euler vector, to ob-
tain a set of PA—CR Euler vectors satisfying the PA-CR boundary
constraints. Table 6 shows the result of PA-PH, EU-PH, CR-PH
Euler vectors and a PA—CR Euler vector that can satisfy the PA-CR
boundary constraints and predict the most obvious spreading along
the PA—CR boundary. The results of Seno et al. (1993) are also
shown.

Seno et al. (1993) have adjusted the PA—PH Euler vector to satisfy
the PA—CR boundary constraints. They have obtained its pole and
found that only rotation rates <0.7° Myr~'could satisfy the CR—
PH constraints. We found that the rotation rate of the CR—PH Euler
vector must be less than 0.5° Myr~! ifa PA-CR Euler vector satisfies
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Figure 2. Euler poles of EU-PH and PA—PH from different researchers. Solid line ellipses and dotted line ellipses are the 95 per cent confidence error ellipses
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best-fitting poles from Seno ef al. (1993). e, this study (consistent with NUVEL-1); *, this study (with NUVEL-1A); %, Chase (1978); O, Minster & Jordan
(1978); A, Karig (1975); 4+, Huchon (1986); A, Ranken et al. (1984); &, Seno (1977); 4, Seno et al. (1993) best-fitting pole; black six-pointed star, Seno
et al. (1993); black four-pointed star with cross, this study using only earthquake slip vectors. Plate name abbreviations; EU, Eurasia; PH, Philippine Sea; PA,
Pacific; NA, North America; CR, Caroline; AU, Australia. Au: please check, symbols are not clear
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Azimuths are indicated by bars directed from circles.

the PA—CR boundary constraint. Fig. 3 shows the relative velocities
around PH and CR for our study consistent with the NUVEL-1A
model.

DISCUSSION AND CONCLUSION

Comparison of the observed data and the predicted results

From Tables 4 and 5 we can see that the change of opening rate
data has a much greater influence on the poles of the Philippine

© 2002 RAS, GJI, 150, 809-819

sea plate than that of the others, and the rotation rates of the other
11 plates for the NUVEL-1A model can be well determined by
multiplying the rotation rates of the NUVEL-1 model by, but the
poles are not exactly the same. We mainly use the results consistent
with NUVEL-1A model for the discussion below.

We discuss the consistency of the observed data and the predicted
values at the Philippine Sea plate boundaries. The results of Seno
et al. (1993) are also included for comparison.

First, we compare the azimuths of earthquake slip vectors. The
results from two global inversions are very similar, but we only give
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Figure 4. Compaison of the predicted and observed azimuths of earthquake slip vectors. (a) Nankai Trough—Ryukyu Trench, the PH-EU boundary.
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the result consistent with NUVEL-1A. Figs 4(a) and (b) show the
comparison of the observed and the predicted azimuths at the Nankai
Trough—Ryukyu Trench along the PH-EU boundary, and the Izu—
Bonin Trench along the PA—PH boundary. The predicted values are
basically more consistent with the observed data and slight better
than those of Seno ef al. (1993). We think that Seno’s adjustment
of the PA—PH Euler pole inside the 68 per cent confidence error
ellipse in order to gain a PA—CR Euler vector satisfying the PA—-CR
constraint reduced the fit to the observed slip vectors at the PA-PH
boundary.

There is bias of the observed slip vectors from the predicted ones
in the Nankai Trough as seen in Fig. 4(a). The misfit of the observed
and predicted slip vectors is not very big, but is quite obvious. This
may be caused by the deformation in the Shikoku area. The PH
subducted beneath southwest Japan and the MTL passes through
southwest Japan, according to Le Pichon ez al. (1998). On one hand,
the right-hand strike-slip motion is about 10-15 mm yr~! along
the MTL, and it should produce an elastic deformation in the area
between MTL and the Nankai Trough. The deformation causing
elastic motion in the SWW direction decreases gradually away from
the MTL. On the other hand, the subduction of PH also causes elastic
deformation of the crust of the overriding EU plate in the Shikoku
area when the subducting PH is locked with EU, its direction should
be NW, coincident with that of subduction (Le Pichon ef al. 1998;
El-Fiky & Kato 1999). The average rate is about 43 + 5 mm yr™!
(El-Fiky & Kato 1999). The resultant elastic motion should be in a
direction between NW and SWW, it depends upon the magnitudes
of the two kinds of motion. Thus, focal mechanism solutions may
diverge from the direction of subduction or PH motion. We cannot
make a quantitative calculation, but this intraplate deformation may
explain the fact that the observed slip vectors are systematically
more westwards than the predicted one (Fig. 4a). Let us make a
rough estimate: the elastic motion near the Nankai Trough caused
by the relative motion along MTL is smaller than 10-15 mm yr~!,
we suppose it is 10 mm yr~! and in the SWW direction. The elastic
motion near the Nankai Trough caused by subduction of PH is about
43 mm yr~! (El-Fiky & Kato 1999), we assume it is 40 mm yr~!
in the NW direction. So the difference between the observed and
predicted value is less than 12°, it seems to fit the result in Fig. 4a.

The Okinawa Trough is rifting gradually from south to north
(Miki et al. 1990). Imanishi et al. (1996) obtained the opening rate

in the southern part of the Okinawa Trough using GPS data. The
opening rate is about 33.3 mm yr~! at Hate station, 29.1 mm yr~!
at Ishi station and 19.8 mm yr~! at Niya station. The opening rate
decreases from south to north and the direction of the opening veloc-
ities is nearly parallel to the subduction direction of PH. In this study
only the orientation of earthquake slip vectors were used and most
of the earthquakes are located to the north of those GPS stations.
So the slip vectors are insensitive to the opening of the Okinawa
Trough.

The predicted (consistent with NUVEL-1A) and observed val-
ues of GPS data, indicated by solid and dashed bars with arrows,
respectively, are shown in Fig. 5. The velocities at the GPS stations
predicted by this study and Seno et al. (1993) are listed in Table 2.
The predicted and observed velocities agree well at station S063,
S102 and Okino Torishima, especially the Okino Torishima station,
which has an observed velocity (59.77 mm yr~!, —59.9°N) and a
predicted velocity (61.48 mm yr~!, —59.4°) from this study (Fig. 5
and Table 2). The consistency between the observed and predicted
values is better than for Seno et al. (1993), which give a slight but
larger misfit (Kato et al. 1996).

Among the four GPS stations we used in the inversion, the mis-
fit between the observed and predicted values of BTS3 is rela-
tively high. It seems that BTS3 is far from the Taiwan collision
zone. Therefore, its motion could be more representative of the
Philippine plate motion than S063 and S102 because S063 and S102
are closer to the Taiwan collision zone, but the effect of the collision
on S063 and S102 is probably minor, as can be seen from Table 2.
The observed velocities at the two stations are slightly smaller than
that predicted by this study and Seno et al. (1993) (they did not
use the GPS velocities in their study). BTS3 is far from the Tai-
wan collision zone, but it is within the deformation zone between
Taiwan and Luzon, and close to the extension of PF to the west.
Thus it can be affected by the deformation there (Zang et al. 1994).
Luzon Island is between the east-dipping subduction of the South
China Sea oceanic basin and the west-dipping subduction along East
Luzon Trough and the Philippine Trench. The left-lateral
strike-slip PF extends near the N-S direction through Luzon
island.

Recently, Yu et al. (1999) studied the crustal deformation in the
Taiwan—Luzon region using the GPS data from 1996 to 1998. They
found that the PF system is very active; the left-lateral slip is from
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measures magnitudes of GPS velocity vectors only.
17 to 31 mm yr~! and the convergence rate is from 7 to 15 mm
yr~! in the northern and eastern parts of Luzon. Table 7 shows the
velocities of GPS stations to the east of PF and in central and northern
Luzon relative to stable Eurasia. The velocity at BTS3 is also shown

Table 7. Velocities of GPS stations to the east of PF relative to stable
Eurasia.

Station Lat. (deg) Long. (deg) V (mm yr~1) Azimuth (deg)
S063 22.666 121.470 68.6 £4.0 315.4£3.0
S102 22.037 121.558 71.7£1.5 316.8+£2.0
BTS3 20.438 121.963 80.7£2.5 298.6 +2.0
LUZI 18.246 121.928 86.2£2.7 300.5+2.0
LUZH 17.717 121.804 89.6 £3.0 293.2+2.0
LUZG 16.608 121.482 80.1 £2.7 301.6 £2.0
LUZF 15.815 121.113 73.8£2.4 298.8+£2.0

PF is the Philippine Fault.

© 2002 RAS, GJI, 150, 809-819

for comparison. The velocities were calculated in the same way as
stations S102 and S063 (Fig. 5). It can be found that the stations to
the east of the PF have a similar azimuth as the velocities but the
rate of velocities increases from northern Luzon to central Luzon
and then decreases to the south. The velocity at GPS station BTS3
is closer to that at stations on Luzon Island than that in the Taiwan
region, so it has quite a strong influence from the deformation of
the Philippine archipelago.

Deformation inside the Philippine Sea plate and along
the plate boundaries

The predicted and the observed motions agree well at the Nankai
Trough—Ryukyu Trench and Izu—Bonin Trench (Fig. 5). Similarly,
so do the predicted and observed results at GPS stations S063, S102
and Okino Torishima. The consistency shows that these areas move
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uniformly as arigid plate. At the Philippine Trench, Mariana Trough
and Yap—Palau Trench, the predicted and observed results show poor
consistency, implying that our decision not to use these data in the
inversion may have been wise.

The Guam GPS station lies between the Mariana Trench and the
Mariana Trough. It shows significant misfit between the observed
and predicted azimuth and rate of motion relative to Eurasia. The
misfit of the rate is about 40 mm yr~! and the direction is nearly
E-W (Fig. 5). This misfit is consistent with the spreading rate of
the Mariana Trough given by Hussong & Uyeda (1981). The misfit
between predicted and observed results at Palau station is also obvi-
ous. This may be a result of Palau station being close to the Caroline
Plate subduction boundary.

In the Philippine Trench, the predicted and observed results also
show poor consistency, which may be caused by motion along the
sinistral PF in decoupling the Philippine Archipelago (Seno 1977;
Seno & Kurita 1978) from the Philippine Sea plate and the inter-
plate deformation of the Philippine Archipelago (Cardwell et al.
1980; Zang et al. 1994). One reason for the interplate deformation
is possibly that the South China Sea is moving eastward at about
10 mm yr~! with respect to Eurasia (Molnar & Gipson 1996) and
its subduction beneath the Philippine archipelago in a nearly EW
direction along the Manila Trench may cause deformation in the
Philippine archipelago, including elastic deformation in the EW
direction (Zang et al. 1994). This elastic deformation will cause
movement in the EW direction when a big intraplate earthquake
occurs in the Philippine Trench, the direction of the resultant move-
ment caused by the interplate earthquake will be different from the
direction of the subduction of PH in the Philippine Trench and be-
comes more westward than the direction of subduction of PH—this
may cause the poor consistency between the observed slip vectors
and the predicted one.
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