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ABSTRACT

Hyvernaud, O., Reymond, D., Tatandier, }. and Okal, E.A., 1993. Four vears of automated measurements of seismic
moments at Papeete using the mantle magnitude M, : 1987-19¢1. In: 8.J. Duda and T.B. Yanovskaya (Editors),
Estimation of Earthquake Size. Tectonophysics, 217 (spec. sect.): 175-193, :

We report on a 4-year experiment of routine automatic determination of seismic moments using the mantke magnitude
M,,. We have developed a system performing automatic detection and location of distant earthguakes, on the basis of
three-componeat broadband records at a single seismic station. This system, which has been operational since 1987 at
Papeete, Tahiti, computes M,, from the spectral amplitude of the mantle Rayleigh waves. Based on a dataset of 474
carthquakes, we show that M, provides a exceilent estimate of the quantity log oM, — 20, where My is the seismic moment
in dyn-cn, as published subsequently by the Harvard and USGS groups. The average residual is 0.07 units of magnitude, and
the standard deviation 0.22 units. This method, which necessitates minimal hardware, has powerful applications in the field

of tsunami warning,

Introduction and background

We present here a 4-vear progress report on a
method which we have developed to measure in
real time an estimate of the seismic moment of
earthquakes at teleseismic distances. This method
is based on an automatic detection and location
algorithm, coupled to a real-time measurement of
the mantle magnitude M _ of the event. It in-
volves a single three-component broadband seis-
mic station, and has been fully operational at the
Geophysical Laboratory in Papeete, Tahiti (PPT)
since mid-1987.

The concept of the mantle magnitude A was
introduced by Okal and Talandier (1989). It con-
sists of analyzing the spectral amplitude of man-
tle Rayleigh waves recorded on a broadband in-
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strument, and of extracting the moment informa-
tion after effecting both a distance and a source
correction: the mantle magnitude is calculated as:

M, =log,y X(w) + Cp + Cg — 0.90 (1)

where X(w) is the spectral amplitude at the
angular frequency w, measured in pm-s. We re-
fer to Okal and Talandier (1989) for the justifica-
tion of the following expressions for the distance
correction:

wa A

Cp=035logy, sin A +log,, e ?ﬁfé {(2)

{where A is the epicentral distance {(in radians), a
the radius of the Earth, and U and Q™! the
group velocity and attenuation of Rayleigh waves
at the angular frequency w] and for the source
correction:

Cy=1.6163 ° — 0.83322 62 + 0.42861 6
+3.7411 (3)
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where 8 =log,,T— 1.8208, T'=27/w being the
period in seconds. The distance correction O
can be regionalized to take into account the lat-
eral variations of dispersion and attenuation, al-
though our experience shows that in practice this
process has liNe influence on the final results.
These corrections, as well as the locking constant,
—0.90 in eqgn. (1), are rigorously justified on the
basis of the theory of excitation and propagation
of Rayleigh waves. The mantle magnitude, com-
puted according to eqn. (1), is theoretically ex-
pected to approach the value (log, M, — 20}, if
the seismic moment is expressed in dyn-cm. We
keep, however, the general philosophy of the
concept of magnitude, by performing a rapid
measurement at a single station, without the
knowledge of the exact focal mechanism and
depth of the earthquake. In this respect, Cq rep-
resents a correction for an average orientation of
the source rupture relative to the station, and for
an average depth, taken as 20 km. In practice,
M, is computed at all mantle periods (from 50 to
300 s) and the largest value retained. While much
of this material has already been published, we
wish to emphasize that the motivation behind the
development of M was to avoid the saturation
of the classical magnitude scales, such as M, (or
worse even, m,) measured at a constant (and
usually relatively short) period. One of the goals
of our edrly studies was to prove that M keeps
growing linearly with log, M. even for the very
largest events recorded.

Based on a dataset of more than 250 records,
we justified the technique in Okal and Talandier
(1989), and showed that M_ recovered the seis-
mic moment of shallow earthquakes (4 < 75 km)
with an accuracy of approximately 0.2 units of
magnitude, comparable to that of other magni-
tude scales, and indeed to the scatter of moment
determinations of the same earthquake by differ-
ent investigators, While the concept was initially
developed for Rayleigh waves generated by shal-
low sources, we later extended it to Love waves
{Okal and Talandier, 1990), and in the case of
Rayleigh waves, to intermediate and deep sources
{Okal, 1990). In both cases, the source correction
C, must be adjusted to reflect the change in
surface wave excitation, and in the case of Love
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waves, a new distance correction Cp must be
used, to take Info account the different values of
Uand Q.

We also demonstrated in Okal and Talandier
(1989) and justified theoretically in Okal (1989),
the possibility of making direct time domain
measurements, taking advantage of the strong
inverse dispersion of Rayleigh waves in the man-
tie frequency range. This possibility cannot, how-
ever, be extended to Love waves, or even to
Rayleigh waves at shorter distances; in both cases,
the waveform becomes insufficiently dispersed. In
further studies, we showed that the use of M,
and in particular its automation could signifi-
cantly improve tsunami warning procedures
{Talandier and Okal, 1989; Reymond et al., 1991),
and could also help the reassessment of the seis-
mic moment of old carthquakes, for which
datasets are limited, occasionally consisting of a
single record (Okal, 1992). In a study targeted at
the gigantic events of 1960 (Chile} and 1964
{Alaska), we also showed that the method per-
forms flawlessly even for the very largest earth-
quakes ever recorded, despite the generally lower
quality of the available records (Okal and Ta-
landier, 1991a). Finally, we showed that measure-
ments of M, could be reliably taken at distances
as short as 1.5° thereby extending the potential
of the method in terms of rapid tsunami warning
{Okal and Talandier, 1991b).

Qur purpose in the present paper is to report
on four years of routine real-time computation of
M, and hence of seismic moment estimates at
PPT, and to analyze the resulting dataset. Since
the details of the detection and location algo-
rithms, as well as of the automation of the actual
computation, have been published elsewhere
{Reymond et al., 1991), we will only review rapidly
the procedure involved, which is summarized. in
the flow chart on Figure 1. :

Technigue

Two detection and location algorithms run
concurrently at Papeete: A short-period algo-
rithm takes advantage of the existence of an
eleven-station short-period network telemetered
in real time to the central observatory in PPT. A
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Fig. 1. Flow chart of the avtomatic procedure of location and
moment estimation. See text for details.
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second algorithm is based on the single three-
component broadband station at PPT. It auto-
matically evaluates the S-P delay to infer the
epicentral distance, and analyzes the three-di-
mensional ground motion during the P phase to
obtain the back azimuth to the epicenter. The
two algorithms offer a comparable level of preci-
sion, the location error vectors being usually on
the order of a few hundred kilometers at teleseis-
mic distances (Reymond et al., 1991). By elimi-
nating the need for any telemetry, the long-period
algorithm has the potential of significantly reduc-
ing acquisition and maintenance costs.
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Once an estimate of the epicenter is obtained,
the Rayleigh wave time window is defined, and
the corresponding time series dumped into the
computer. The analysis proceeds through a Fast-
Fourier-Transform, and the application of eqn.
(1) at each frequency. Simultaneous computations
are also performed on Love waves, and directly in
the time domain; however, we present in this
paper only spectral Rayleigh estimates. The algo-
rithm automatically prints the estimated mo-
ments, and an assessment of the tsunami danger
at Papeete, only a few minutes after the passage
of the first Rayleigh wavetrain R ;. Upon verifica-
tion by a geophysicist (on call 24 hours a day), the
values of M and of the estimated seismic mo-
ment are transmitted by fax to the United States
Geological Survey’s National Harthquake Infor-
mation Center in Golden, Colorado, where they
are made available, usually within a few hours, on -
the “Quick Epicenter Determination (QED)Y’
dial-up line. The moment estimates are also re-
ported (as “Moment (PPTY") in the Weekly Pre-
liminary Determination of Epicenters (PDE),
usually published two to three weeks following
the event.

Dataset

We report in the present paper on a dataset of
474 carthguakes for which we obtained real-time
estimates of the seismic moment, over the period
August 1987-May 1991. This represents slightly
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Fig. 2. Map of the 474 earthouakes used in this study. The events are shown as individual dots. The large triangle identifies the
station at Papeete, Tahiti.
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TABLE 1

Dataset and results of the present study

Date Published Parameters Measurements at PPT

Epicenter Depth  ME® Foeal Ref, A M Period M.

DMY {°N; °E) (km) Solution t (*) (s)

(¢ 5. A)

8§ & 1987 -19.19 .70.14 82 6.90 176 20 .87 & 74.70 6.90 102 6.58
6 10 1987 -1790 -172.29 33 6.95 352 42 -113 b 21.63 7.28 144 6.94
12 10 1987 -1.29 15439 20 6.53 32343 .58 b 55.49 6.58 74 6.86
16 10 1987 535 149.09 24 7.10 266 32 S0 b 60.83 6.67 273 6.68
25 10 1987 -2.39 13841 33 6.28 2232 132 b T2.14 6.54 68 6.52
17 11 1987 58.82 14321 10 6.82 262 57 -6 b 7643 636 84 6.66
26 11 1987 -8.29 124.15 32 590 91 71 180 b 24,00 597 68 6.07
27 11 1987 -16.37 168.10 33 537 15169 3 b 40,43 5.66 51 574
30 11 1987 58.68 -142.79 i0 7.86 355 70 -172 b 76.31 7.68 208 177
12 1 1988 -28.80 -177.46 38 5.90 180 30 88 e 271.8% 5.1 205 5.52
15 1 1988 -20.74 -176.13 247 5.67 188 16 &4 c 25.26 5.74 137 495
19 1 1988 -24.75 -70.60 21 §.55 353 17 &7 ¢ 73.06 6.54 205 6533
5 2 1988 2477 S10.37 33 6.82 35317 82 [ 73.26 6.75 205 6.58
24 2 1988 13.42 12460 21 6.94 153 20 80 [ 90.12 6.76 164 6.66
26 2 1988 3730 4797 10 6.26 31833 89 [ 122.84 6.08 164 599
2% 2 1988 5510 16745 33 6.41 131 56 -173 ¢ 81.17 600 205 5.40
6 3 1988 57.27 -142.79 10 7.69 182 75 -168 ] 74.91 720 205 177
12 4 1988 21732 .12.40 54 6.68 32211 ¥ d 73.05 648 117 631
17 51988 -1150 17067 62 535 248 59 27 d 38489 532 164 534
29 51988 -16.75 -172.56 47 4.37 21421 1i8 d 21.97 438 T4 412
12 61988 -10.78 165.19 33 584 30528 30 d 4429 538 68 582
18 6 1988 2697 -110.94 10 6.03 3878 -i0 d 58.08 581 74 596
27 6 1988 L2020 16934 73 5.10 12618 4 d 3888 S5 50 476
28 & 1988 -56.41 147.15 10 5.06 874 174 4 .78 490 87 580
16 7 1988 -27.26 -176.82 30 4.57 203 25 109 e 26,92 434 &8 4,23
23 71988 -6.55 15277 34 6.51 97 43 -135 e 5724 634 157 677
25 71988 -6.12 133.73 30 6.45 3935 83 e 7551 656 117 6.23
30 71988 -24.42 -116.12 10 4.40 146 90 180 e 31.90 443 59 399
3 81988 18.63 -106.48 33 425 286 90 180 e 5565 432 55 437
4 B 1988 42,69 8550 10 4,08 181 90 180 e 5000 4.1 &0 4,61
4 81988 -33.83 -179.83 33 4,27 31510 -154 e 3156 404 5 3.91
6 81988 2715 15102 30 507 2687 48 135 a 38.74 487 73 491
10 8 1988 -10.21 160.77 38 7.40 346 19 116 ] 48,64 730 T4 7.39%
14 8 1988 2730 -71.03% 39 6.06 326 16 31 8 7218 589 82 5.78
15 § 1988 874 12631 52 522 177 42 74 e g1o1 500 T3 539
17 8 1988 -21.01 1097 39 5.20 49 11 156 e T228 511 137 5.12
20 81988 -16.50 167.12 33 495 1739 134 & 4134 504 117 4.82
21 8 1988 -42.88 -85.84 10 4.38 122 40 42 e 59.06 443 21 4.11
26 8 1988 -1543 -172.88 77 4.66 246 37 -137 e 22.44 4.54 154 4.76
27 81988 -19.75 -176.26 33 4,76 673 9 & 2536 479 s 497
27 B 1988 -15.88 -172.08 55 4.67 3227 & e 3161 454 63 438
7 91988 3032 13737 501 6.01 26 45 165 e 8492 596 208 5.28
10 9 1988 -54.07 .134.05 10 4,72 197 90 180 e 3839 468 51 424
15 ¢ 1988 -141 ST7.87 172 537 121 28 -109 e 114 532 102 518
1 10 1988 -3531 -196.06 i0 5.54 18676 5 e 42.39 5.18 63 526
B 10 1988 -18.69 -172.52 65 6.68 196 43 S0 f 2183 657 59 6.51
10 10 1988 -28.48 -177.64 63 537 20033 97 f 27185 523 91 5.24
28 10 1988 1409 145660 36 3.84 1939 102 f 70.42 399 82 350
3111988 13.82 -90.61 68 5.96 96 10 -127 f 6605 592 48 551
611 1988 2281 99.77 10 6.56 33378 174 £ 11525 556 91 6.16
1411 1988 -3.33 150.48 42 6.11 |7 f 6038 611 74 632
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Date Epicenter Depth  MP Foc. sol. Ref. A M, Per Me
9 12 1988 -2.83 -T7.72 38 4.13 211 29 f 71.85 4.18 57 4.70
16 12 1988 -29.78 -177.98 27 5.69 19728 99 £ 28.63  5.66 91 548
19 12 1988 -10.79 164.30 33 4.31 29253 15 f 4494 441 51 438
20 12 1988 -27.87 -176.67 37 4.45 20128 99 £ 2696 438 57 434
22 12 1988 -13.24 -111.28 10 4.54 189 90 180 f ITi2 459 62 432
8 11989 51.43 -174.77 33 423 219 13 69 g 7229 443 82 4.30
12 11989 46,77 13392 33 522 191 41 63 4 81.83 526 68 5.16
13 11989 46,48 153.66 33 4.89 21343 95 g g1.80 480 91 4.57
19 11989 ~-4.01 -105.74 10 5.05 9774 -4 g 4499 511 68 4.7
21 11989 -17.71 -173.32 15 4.56 19530 86 g 2262 479 55 4,43
22 11989 41.79 144.34 17 531 248 20 139 g 8492 511 80 493
4 21989 6.03 -82.64 10 551 9376 10 g 70,12 570 164 5.42
10 2 198¢% 226 126.82 33 6.74 2631 &7 g 84.59  6.60 137 631
14 2 1989 -10.46 161.39 24 5.76 255 16 -17 g 4798 570 63 552
16 2 1989 -56.25 -122.51 10 5.32 191 83 177 g 4371 570 91 527
19 21989 -14.90 167.17 105 513 181 43 174 £ 41.54 4.81 117 5.52
22 21989 56.27 -153.59 33 5.01 208 13 60 g 73.77 4N 164 4.90
25 2 1989 -29.85 -177.85 42 6.14 196 29 95 g 2855 6.1 g1 6.11
1 31989 43.86 148.01 45 4.85 220 26 89 g 83.03 478 164 4.60
6 31989 33.56 14054 59 517 201 21 112 g 84.69  5.00 i 482
10 3 1989 -4.35 152.79 57 474 201 83 178 g 5187 448 74 5.62
11 31989 -17.72 -174.81 178 6.40 12823 18 g 2404 6,60 164 6.29
16 3 1989 -30.21 -178.06 57 4.97 20133 98 g 2884 500 205 4.93
17 3 198¢% -5.84 146.59 33 4.89 27245 82 g 63.33 452 55 519
17 3 1989 -34.41 -178.48 58 528 847 65 -4 3078 5.00 31 4.98
§ 41989 -15.71 -173.03 33 5.05 18321 99 h 2.54 511 117 495
11 4 198% 49.48 159.18 33 6.18 5235 .95 h 80.78  6.48 164 6.14
16 4 1989 -20.98 -179.03 609 5.47 127 36 -150 h 2798 548 205 5.45
18 4 198% -23.81 179.84 354 502 8519 180 h 2%.23  5.00 265 4.86
19 4 1989 -31.29 -177.89 33 4.82 206 28 101 h 28.07 495 168 482
24 41989 -17.38 167.82 is 4.76 26 36 122 h 40.56  4.48 102 427
25 41989 -17.42 16175 33 4.43 24 456 129 B 4063 453 T4 441
23 4 1989 16.81 9938 20 6.38 276 10 66 h 60.14 6,15 205 632
27 41989 30.59 140.71 89 5.49 3712 104 h 82.41 578 102 5.55
14 5 1989 -30.55 -178.41 33 6,40 20129 100 h 2923 640 117 6.27
15 51989 -9.77 159.50 25 492 1532 -158 h 4396 511 137 5.16
16 51989 -5632 -135.16 10 492 21 74 -167 h 3%.51 530 55 4.86
19 51989 5430 -165.57 106 331 344 ¢ 8 h 73.02 548 117 522
20 51989 -30.36 -178.36 80 545 20231 1 h 213 554 164 3.65
23 51989 -52.24 160.20 10 8.13 3469 170 h 52271 B840 165 8.03
24 51989 56.16 164.36 26 5.55 188 7 h 8313 578 68 5.63
23 51989 -52.24 159.92 10 501 255 54 .144 h 5243 508 117 5.09
25 51989 -52.02 15996 10 4.82 159 63 20 h 5232 526 82 522
26 5 1989 -52.65 160.06 18 4,54 68 ¢ 138 h 5250 449 74 4.84
26 5 1989 -4.41 -105.42 it 442 187 90 180 h 45.15  4.66 68 429
27 51989 -54.73 -133.23 10 5.19 7233 95 h 39.19 570 117 5.19
28 51989 -16.46 -173.46 51 4,774 21749 23 h 2286  4.66 68 4.70
30 51989 -17.42 -173.45 33 4.04 £33 14 128 h 22706 411 63 395
31 51989 -45.16 167.11 38 573 4133 161 h 4532 5.8 59 5.58
8 61989 -19.45 -173.87 24 4.78 196 29 98 h 23,10 500 59 4.80
14 6 1989 12,90 143.33 104 4.55 347 46 -53 h 7285 453 91 4.65
16 61989 57.84 .154.20 57 4.57 319 28 -176 h 7536  4.67 164 4.68
25 6 1989 1.15 -79.65 1% 5.53 2725 120 h 7126 548 164 5.26
26 6 1989 19.36 -155.08 9 572 238 7 99 h 3721 578 102 5.87
27 61989 -63.78 -156.15 10 4,72 196 § 54 h 46.41 511 102 5.55
28 61989 -57.80 -147.38 10 4,76 28 82 .179 h 4023 523 82 4.83
29 6 1989 -22.88 -175.36 32 4.08 17737 68 h 2474 430 51 4.43
3 71989 51.62 -175.19 33 5.15 24923 96 i 7258 530 68 5.15
6 71989 -16.63 -177.48 33 4.94 32378 -169 i 26.67 520 21 5.03
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Date Epicenter Depth  ME#® Foc. sol. Ref. A M, Per M*
g 71989  -17.55-173.41 33 3.98 194 36 73 i 22,72 432 51 4.49
14 7 1989 -8.04 125.15 39 6.03 6733 103 i 8312 611 74 6.05
22 7 1989 2.33 128.19 146 5m 5442 719 i 83.31 5.70 102 s
22 71989  .54.40 -132.74 10 4.43 20430 180 i 39.02 451 63 4.06
24 7 1989 -18.83 176.73 31 4.99 23983 3 i 3200 511 59 5.08
24 71989 -1890 176.82 19 4.89 151 87 177 i 3191 515 63 4.87
24 71989  -18.79 176.79 33 4,08 136 69 -175 i 3194 434 55 4,56
31 71989 -8.03 121.23 33 6.03 8345 138 i 86.84  6.11 137 6.02
1 81989 -4.5G 138.95 33 5.24 776 173 i 7100 511 82 549
1 81989  -11.59 164.67 36 4.94 139 70 i 445 511 82 5.09
7 81983 -4.34 -104.80 10 4.65 0e7r 0 i 4575 466 68 4.29
§ 81989 4021 174.22 127 4.42 226 38 82 i 852 432 91 4.48
g 8 1989 -2030 -173.91 38 3.92 358 42 6l i 2317 448 74 428
10 8 1985 5.50 12436 37 5.18 33920 W1 i 88.04 520 74 3.26
12 81989 -20.50 -174.55 33 4.35 226 24 116 i 23,78 438 74 4.29
29 8 1989 18.07 -105.63 34 5.84 106076 170 i 5595 611 164 392
4 91989 5556 -156.79 33 6.66 247 8 95 i 73.24 648 205 6.60
7 91989  -30.18 -178.01 49 4.93 20839 117 i 2878 472 117 4.74
13 91989  -18.94 -175.02 118 4.76 208 37 -58 i 2419 4.86 117 4.81
14 91989 1.65 12732 108 527 33928 34 i 8394 558 102 3.42
16 9 1989 4037 51.60 33 5.65 104 36 -132 i 150.81  5.52 68 540
16 9 1989 1631 -93.65 il4 5.23 8644 -178 i 6471 530 117 320
17 91983 40,19 5179 33 5.34 292 36 -115 i 150.83 508 55 507
25 91989  -2032 169.24 35 5.76 33334 86 i 3897 5348 91 5.48
7101989  -20.17 16897 84 324 228 47 116 j 3923 520 91 5.19
7 10 1989 51.28 -179.02 33 6.25 266 21 113 i 7338 648 205 6.26
9101989 3175 171.%0 33 4.66 174 27 -16 h; 7689 493 59 5.60
17 10 1989 -4.05 15240 K] 3.14 14070 17 i 5834 545 117 521
13 10 198% 37.04 -121.88 19 6.43 23341 29 i 6040 6,60 102 6.44
18 10 1989 -16.14 161.12 33 5.03 103 41 59 i 4832 53 55 5.38
2310 1989  -25.56 179.79 439 325 66 6 153 i 2852 523 273 4.96
26 101989~ 39.79 143352 27 3.03 17142 38 j 8451 518 117 4.94
27 10 1989 39.74 14370 31 5.60 200 6 %9 i 8437 541 203 5.62
27101989  -11.00 16238 2% 6.47 27221 22 i 4691 648 63 6.44
26 10 1989 39.55 14333 28 376 18219 61 i 8453 582 164 3.64
1111989 35.80 142.84 38 7.13 183 14 69 i 8498 7111 273 703
3 11 1989 -1.28 148.71 33 5.02 224 40 14 b} 6271  5.04 137 5.43
5111989  -49.66 -115.18 i0 4.93 16677 1 j 4232 518 117 4.86
6111989  -11.31 16234 52 5.26 26253 13 j 46.88 534 137 537
14 11 1989 9.16 124.76 33 4.82 2575 7 j 83.17 4353 117 477
15 11 198¢  -52.20 159.87 33 4.62 58 42 180 i 5244 446 82 445
16 11 1989 -17.68 -179.06 531 537 9246 27 i 28.08  5.18 205 5.13
17 11 1989 -1731 167.80 33 4.72 1234 113 j 40.59  4.68 102 4.45
19 11 1989 -6.54 154.14 33 53 32124 9% i 5594 515 164 524
21 11 1989  -2B.97 -177.54 57 4.82 20236 101 b 28.01 489 164 4.50
21111989  -50.36 16136 10 5.42 40 67 177 i 5077 5.5 T4 540
23111989  -2233 -17491 101 432 206 25 98 j 2426 4.69 102 441
25 11 1989 -2.19 138.85 33 5.10 15324 117 i 7178 518 137 5.40
29 11 1989 -15.78 -713.25 74 5.50 3822 2 i 7263  5.60 102 5.66
29 11 1989 2539 179.52 s 5.18 9223 160 i 2973 5.00 205 4.86
312 1989 -1.64 -14.53 154 5.86 192 40 -70 j 7351 598 102 5.87
3121989  .57.66 14821 i0 4.98 344 87 -2 i 60.50  4.60 82 5.36
4121989  -1535 -173.30 74 4.74 350 24 -33 i 2285  4.68 273 497
7 12 1989 -6.48 14643 115 5.80 232 51 -180 3 6330 578 117 591
9 12 1989 0.18 123.46 154 6.08 196 31 &9 ] 87.16 630 102 6.17
1412 1989 -10.39 161.25 38 5.09 180 41 125 ] 43,14 515 137 5.07
15 12 1989 8.39 126.78 33 1.37 176 34 66 j 8552  7.60 273 7.19
2012 1989 8.13 126.88 64 5.83 174 26 81 i 8635  6.11 137 6.06
2012 1989 -35.04 -179.55 33 - 487 22216 122 j 3184 508 74 5.03
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Date Epicenter Depth M,-'jf‘b Foc. sol. Ref. A M, Per. M¢
23 12 1989 17.47 14373 193 554 25052172 j 72.61 372 117 5716
3312 1989 -3.43 146.13 33 6.03 259 62 .14 1 64.48 6.20 117 6.07
1 11990 -19.11 167.27 33 4.02 186 37 .72 k 40.90 4,18 68 4.06
4 11950 -15.05 -172.90 83 582 27438 -133 k 2.52 6.00 82 579
5 11580 18.86 -106.73 33 5.00 284 90 -180 k 55.60 5.48 68 5.41
g8 11980 52.07 -169.43 33 5.11 21821 66 k 716l 5.18 205 498
% 11990 52.02 -169.36 33 478 21124 60 k TL55 490 117 . 4,76
9 11990 2475 9528 118 5.48 14032 139 k 119.60 5.36 137 5.57
14 11990 -20.65 -177.42 33 5.18 207 30 102 k 28.13 530 91 5.25
16 11990 -31.68 -178.11 33 4.60 218 26 119 k 20.39 4.65 117 4.63
16 11990 -31.66 -178.09 33 4.43 21743 122 k 20.37 4,62 137 4.48
18 11990 -30.00 -177.71 26 5.08 206 30 103 k 28.48 5.11 117 492
20 11990 -15.05 -173.57 33 479 130632 20 k 23.16 4.96 74 4.84
Z1 11990 -21.07 -173.83 33 417 184 23 82, k 23.14 448 117 4.29
22 11990 -20.96 -173.88 38 4.14 38 46 118 k 23.18 432 63 455 -
22 11950 385 96.1C 51 540 31327 © k 114.34 536 68 5.49
24 11550 14.58 119.46 23 493 4120 133 k 95.23 5.18 63 4.99
25 119%0 -31.28 -178.00 197 4.18 336 7128 k 29.16 4.46 74 431
2 21990 -18.39 176.93 10 5.12 5285 4 k 31.84 5.48 117 5.05
2 21590 -3.31 15117 60 4.7% 194 82 180 k 59.12 4.74 102 598
8 21990 %.69 12471 31 6.19 23736 &7 k 88.87 6.48 117 6.33
10 2 1590 -42.28 172.80 12 5.03 67 56 -174 k 40.39 5.08 68 335
17 21990 -5.36 -105.91 1G 4.84 10 87 179 k 4437 523 68 4.84
19 21990 -40.30 176.04 23 5.42 8128 41 k 37.31 511 82 534
19 21990 -15.41 16630 36 8.2 246 35 -7 4 4229 630 164 6.25
20 21990 34,69 13935 13 564 KRRl B U] k 85.20 5.85 102 548
20 21590 -21.54 170.47 159 4.49 9876 13 k 31T 4.94 162 530
24 21950 -15.28 -175.45 33 5.24 27 68 -162 k 2491 520 117 5.48
25 21990 -10.57 165,19 33 4.51 243 20129 k 4434 448 117 441
26 21990 <2673 -114.84 10 5.16 117 36 -108 k 33.34 5.48 68 5.35
3 31990 -22.04 175.16 kX’ 7.48 22868 4 k 33.42 760 117 743
5 31990 -18.13 16795 33 6.53 35028 104 k .40.36 6.78 205 6,50
11 3 1990 -20.58 168.21 38 4.48 206 48 -44 k 3552 4.69 68 4.80
12 3 1950 -48.05 16545 33 4.21 207 20 -180 ) 4 41.52 4.63 102 4.45
12 31990 51.39 -174.97 33 5.58 22921 76 k T2.31 5.63 164 5.43
13 3 1990 -47.80 165.76 33 436 207 80 -180 k 47.27 4.45 91 429
15 31980  -15.15 167.25 131 5.7% 35843 70 k 41.42 598 117 595
16 31990 2493 -109.10 - 20 5.26 304 90 -180 k 57.88 534 68 538
21 31990 -31.12 -179.21 153 592 13112 93 k 30.07 638 102 8.20
24 31990 -16.25 -173.02 33 4,14 3940 146 k 22.46 4.18 68 4.08
25 31990 9.89 -84.89 19 T.04 30311 104 k 65.50 6.78 183 691
2 41990 -32.57 21197 39 4.55 636 106 1 70.47 493 102 478
3 41990 -5.89 147.6% 99 529 51 47 157 1 62.27 3.30 117 5.47
3 41990 1140 -86.39 53 6.25 310 19 105 1 68.73 6.30 164 634
5 41990 15.23 14753 32 721 185 31 -108 i 70.09 748 164 1.186
6 41990 -21.78 -174.16 33 422 21324 101 1 23.51 4.54 82 4.57
6 41990 1521 147.56 33 3.37 3332 .50 1 70.06 5.66 74 5.57
6 41990 -25.85 -176.12 66 472 273.22 167 1 25.96 4.63 82 4.30
7 41990 -25.59 -176.11 33 4.14 278 45 -168 1 25.89 426 63 4.18
g 41990 -25.66 -176.10 56 4.99 353 31 -102 i 25.90 548 82 5.46
11 4190 -30.65 -171.75 48 4.81 22029 125 1 28.73 4.77 102 41
16 41990 -14.78 16722 119 4.56 343 47 40 i 4i.51 4.65 117 474
18 41990 1.16 122.84 28 7.52 11231 122 i 88.05 7.30 82 7.63
18 41990 1.28 123.05 33 5.82 98 24 99 i §7.88 5.62 59 598
19 41950 1,12 123.48 31 5.54 83 48 -168 1 81.42 5.60 39 3.35
21 41990 3695 -73.25 30 4.82 35217 80 1 68.84 5.04 137 4.89
22 41990 -38.01 -73.36 33 4.55 34716 81 i 68.54 441 164 4.29
26 41990 36.01 100.27 33 547 S0 40 19 1 116.27 582 i64 6.21
28 41990 8.86 -83.56 28 5.62 31730 118 i 70.31 570 205 5.48
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TABLE 1 (continued)

Date Epicenter Depth M7 Foc. sol. Ref. A M,, Per. M*
30 41990 -25.09 -112.51 16 4.46 156 90 -180 1 35.23 4.90 164 4,57
1 519%0 i4.03 -91L.79 33 475 28432 69 1 65.13 4,73 164 4.55
1 51950 58.82 -156.85 217 5.94 177 54 -148 1 76.48 594 205 5.67
2 51990 -5.62 150.15 96 570 307 18 -18 i 60.00. 577 117 3.64
§ 51990 695 -82.64 6 5.76 26568 8 1 70.45 3.90 166 575
10 5 1990 -54.87 146.56 10 4.84 259 90 -180 1 60.78 4.43 82 6.49
12 51950 49.04 141.88 611 6.91 172 29 -151 1 85.88 6.78 218 6.75
13 51990 -40.26 176.14 30 5.66 22028 149 1 37.3 570 102 5.68
14 51990 -35.84 -71.38 81 5.27 273 40 19 i 7048 532 117 5.24
15 51990 1.11 12398 33 3.04 65 29 106 I 87.14 478 68 4.76
15 51990 -31.83 -178.05 48 4.55 21032 112 1 25.40 476 81 477
20 51990 504 3211 7 6,72 224 67 176 1 167.40 691 68 6.4
20 51990 -18.09 -175.34 232 5.43 260 32 -25 i 2452 558 205 5.18 .
24 51990 534 3191 10 6.68 232 43 131 1 167,72 704 59 6.53
28 51990 -20.76 -178.08 497 494 142 31 -123 i 27.08 315 203 4.90
2% 51990 56.97 -153.52 33 5.20 212 9 6l i 74.47 4.81 164 4.99
3¢ 51990 603 127 33 5.88 188 24 122 i 71.35 6.11 164 5.89
30 51950 45.87 26.67 80 6.48 330 7 1 151.57 6.85 193 6.88
31 51950 17.25 -100.75 26 4.87 26535 71 1 59.28 523 222 5.04
1 61990 35.53 14045 62 5.43 21423 118 i 84.75 332 102 5.16
7 61990 -3.59 14449 28 5.76 176 84 179 1 6599 6.04 117 594
7 61990 -16.03 -176.92 33 4.48 24931 O i 26.21 4.65 68 4.54
8§ 61990 -18,70 -178.90 499 5.76 7334 -143 1 21.87 575 273 573
14 6 1990 1133 12217 15 6.67 224 78 -169 i 9L 6.78 117 6.56
16 6 1990 -22.49 -176.80 142 4.50 33313 41 I 26.02 447 137 4.44
20 & 1990 3696 4941 10 7.13 2066 59 160 I 15442  7.30 137 6.99
22 61930 -14.88 167.82 193 4.24 171545 83 i 4093 440 82 4.20
23 61990 .63 14644 40 534 161 62 -159 1 65.07 5.65 205 337
23 6 1990 -21.36 -176.58 209 6.34 264 12 26 1 502 6.70 137 6.43
24 61950 -21.50 -176.54 193 4,716 21632 72 i 25.69 494 117 4.80
& 71990 4532 13023 42 4,52 23236 126 m 83.06 4.46 74 4.48
9 71990 536 31.66 10 5.52 28 44 -149 m 161.77 570 68 531
10 7 1950 -10.29 1461.14 6% 5.65 145 12 152 m 48.26 338 63 534
il 71990 -25.22 178.22 600 51 250 56 -180 m 30.87 538 205 552
14 7 1590 000 -17.41 i0 593 7970 177 m 129.80  5.82 205 586
15 7 1990 -23.11 -175.36 68 4.15 239 26 122 m 24.77 4.18 74 391
16 7 1990 1566 121.23 25 7.61 243 86 178 m 9390 790 164 7.59
17 7 1990 1637 120.86 12 5.16 45 83 180 m 94.45 5.15 74 480
17 7 1950 16.41 121.02 7 5.80 21341 82 m 9432 620 68 5.64
22 71980 -2348 17993 563 5.48 6225 130 m 28.11 532 205 523
27 71950 -15.32 167.40 133 6.86 33239 55 m 41.25 7.08 102 6.99
2 81990 -31.61 -71.58 £1 .12 227 95 m 70.95 530 164 5.08
3 81990 4795 8496 1% 5.30 11353 173 m 12647 5126 164 3.07
5 81990 3630 141.08 42 5.18 20526 9 m 8463 520 68 5.08
5 81990 -1.01 -13.96 16 573 260 77 -168 m 13254 570 63 553
6 81930 -16.15 :173.45 83 4.36 18 9 92 m 2289 460 164 4.43
10 8 1990 -20.17 168.28 47 4.76 186 43 -70 m 39.88 5.20 82 5.51
10 8 1950 0.31 126.16 38 5.40 231 50 128 m 84.63 571 59 6.01
10 8 19%0 -19.68 -177.52 392 4.84 130 37 -147 m 26.55 495 205 4.5%
i2 8 1990 -19.42 16905 | 144 6.64 32717 12 m 3%.20 678 137 6.53
17 8 1990 -11.18 162.02 33 6.12 27824 32 m 47.21 6.00 55, 587
21 81990 -33.16 -178.03 3 491 3538 -69 m 2991 5.20 N 5.22
21 81990 -27.58 -104.40 10 5.04 20033 -96 m 42,67 5.48 82 4.99
25 8§ 1990 0.49 126.02 44 5.60 212 47 117 m 84.81 5.80 59 7.29
26 8 1990 -33.98 -179.02 33 4,01 22520 114 m 31.00 430 63 429
27 8 1990 -26.11 -177.54 33 4.61 19579 113 m 27.26 490 68 4.90
28 8 1990 -19.43 -175.83 243 4.50 275 8 -25 m 24.95 4.60 205 4.18
2 9 1990 -0.12 -80.24 25 5.41 2227 115 m 70.29 5.48 137 523
2 91990 -3.10 148.04 41 4.73 11182 4 m 62,77 478 68 529
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TABLE 1 (continued)
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Bate Epicenter Depth  Mpv# Foc. sol. Ref, A M, Per. M
8 91990 -24.41 -177.16 133 4.66 147 26 -126 m 26,60 493 91 475
§ 91950 -20.50 -174.33 57 5.09 191 26 83 m 3.57 5.26 102 518
9 91%%0 -5.16 15179 37 5.09 23931 67 m 5858 4935 205 4.94

4 91990 3144 164,10 33 4.46 2072 -174 m 70.02 481 273 454

17 9 1990 -5330 159.44 1 3.65 29 77 175 m 53.09 6.04 74 5.60

18 91990 5143 17708 41 4.67 21519 2 m 74.47 430 74 421

21 91990 -12.89 165.81 33 447 221 110 m 4322 462 82 453

23 91950 -15.04 -173.65 33 4.99 10935 5 m 24 500 T4 492

23 919590 -17.80 167.61 33 5.58 816 113 m 40.71 578 102 5.68

23 91950 33.22 13873 16 585 3686 -1 m 85.05 5.78 82 573

24 91990 -17.51 167.68 59 4.91 1422 115 m 40.68 5.20 117 5.08

28 91950 -13.43 16697 180 6.08 3537 100 m 42.00 620 137 6.05
210 1990 <2366 17477 43 471 11 35 -104 n 2438 500 102 505
4 10 1990 -41.45 175.00 9 4.40 19021 358 n 834 426 68 4.65
710 1990 -28.81 -176.93 60 4.13 8221 72 n 27.45 443 102 435

10 10 1990 -19.34 6655 271 5.84 23731 .28 n 7185 604 203 5.62

16 10 1990 -23.35 178.87 594 5.14 278 38 -112 n 30.07 450 273 4.93

13 10 1990 15.70 147.97 38 4.88 306 24 -85 n 69.91 530 205 5.04

15 10 1990 -220 9228 34 6.13 1970 -2 n 115.98 5.86 117 7.12

17 10 199G «25.59 17630 33 4,79 177 18 85 n 606 500 117 487

17 10 1980 -10.99 -70.78 624 6.30 35034 90 n 76.16  6.48 273 6.37

21 10 1990 401 -77.31 116 4,18 35432 .59 n 7189 445 125 438

22 10 1990 -1631 -173.16 31 4.42 g2 17 n 2259 430 63 416

25 10 1990 830 126.50 53 5.56 163 42 55 n 8.7 570 273 538
1111990 -3.53 139.27 33 4.67 347 39 167 n 7098  4.68 117 4.72
1111990 -4.54 -104.89 10 423 185 90 -180 n 4560 453 164 424
211 1990 -21.16 -174.50 33 4.47 21729 113 n 2371 481 205 4.56
611 1990 5347 16993 32 6.76 308 23 139 n 7898 673 68 6.60

12 11 1990 4254 78403 5 552 211 65 23 n 132536 351 273 337

13 11 1990 46.10 138.67 28 492 19645 &3 7 9052 530 205 4,85

15 11 1990 395 97135 36 6.08 122 67 178 n 11298 620 102 629

20 11 1990 -18.19 -174.75 87 452 234 46 -56 n 2386 474 137 5.04

2111 1990 51.60 -171.23 33 5.03 17 66 -178 n 7137 526 ! 517

22 11 1990 -5.61 151.09 45 5.45 24837 T2 n 59.11 523 164 536

2311 1990 -4.94 14380 57 4.65 324 81 -180 n 6434 515 117 5.26

25 11 1990 -23.34 -17595 33 4.58 18717 ¢ n B34 4795 137 4.83

25 11 199¢ -23.54 -176.03 115 4.78 19228 13 1) 2545 482 117 477

25 11 1990 270 -1 25 4,11 235 98 n 71.83  4.18 91 393

29 11 1990 -27.8% -179.94 416 5.14 12535 111 n 273 4.67 273 474
3121960 -22.75 166.74 33 4.47 343 43 127 n 41,21 495 273 452
512 1990 -5.26 131.42 89 5.16 33380172 n TIS6 515 137 598
712 1990 -16.82 17736 412 4.96 M3 52 -3 n 2634 504 273 496

10 12 1990 -5.96 142.29 33 5.00 31243 102 o 6739 546 273 545

1112 1990 <2225 -174.27 38 4.09 18720 63 n Bne 4213 74 4.19

11 12 1996 -15.18 -173.40 30 5.39 140 16 46 n 297 551 02 5.46

11 12 1990 -15.15 -173.39 33 4,69 141 20 38 n YT 476 59 457

13 12 1990 3720 1550 10 4.51 27464 174 n 156.41 4.83 st 441

13 12 1590 24.03 121.67 14 5.50 2519 85 n 9593 552 273 529

13 12 199¢ 1.12 123.98 33 517 32t 41 81 n 86.95 5.52 74 5,70

13 12 1990 23.74 121.69 10 5.56 21223 104 n 05.83 6.08 55 5.68

13 12 1990 23.58 121.66 10 493 21214 95 n 95.81 515 55 491

14 12 1990 8.66 -78.90 41 445 191 57 140 n 68.81 4.54 921 432

16 12 1990 -19.68 -173.18 33 4.59 199 28 81 n 2246 496 208 4.68

17 12 1990 6.65 -82.03 23 5.45 35463 171 n 70.91 5.34 273 522

18 12 1990 -42.60 -16.17 16 4.05 163 33 -107 n 10625  4.66 63 430

19 12 19%0 2375 121.57 10 4.44 19615 72 n 95.94 452 39 4325

19 12 1990 -26.75 -175.91 41 .77 8 57 41 n 2600 420 82 426

19 12 1990 52.60 160.83 33 4,98 20735 1 n 8210 511 59 . 5.08

21 12 1990 -16.45 -177.70 33 4.84 318 72 -171 n 2690 520 137 497
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TABLE 1 (continued}

Date Epicenter Depth  ME“P Foc. sol. Ref. A M, Per. Me
21 12 1990 -20.36 -174.21 33 526 210 21 100 n 2345 5.40 137 5.27
2212 1990 9.91 -84.30 13 5.01 147 67 -179 n 70.04 518 273 5.27
22 12 1990 -14.93 168.04 33 4.64 203 26 124 n 40,71 5.04 273 4.73
23 12 1990 0,70 12740 33 4.40 186 55 -144 n 83.14  4.87 59 4.97
24 12 1990 -19.88 -173.08 33 3.98 214 29 111 n 2237 441 91 4.27
24 12 199¢ -5.36 15149 49 496 216 43 46 n 58.80 451 51 4.76
24 12 1990 -5.66 146.42 65 4,12 6237 2 n 63.34 4.8 74 3.99
Z7 12 1990 -19.61 168.95 45 4,14 35242 81 n 39.28 3.89 63 442
28 12 1990 -14.95 66.15 10 4.94 168 42 -48 n 131.69  4.86 o1 5.43
29 12 1990 8.23 94.02 21 5.18 347 86 179 n 117.56  5.38 205 532
30 12 1920 -5.09 15098 188 7.25 20438 16 n 59.37 6.96 164 737
3112 1950 <2199 17495 0 33 4.45 253 32 -33. n 33.61 426 137 431

1 11891 18.04 -105.6% 10 5.44 21590 -180 o 55.89 5.74 137 5.33

1 11991 1791 -105.77 10 4.70 27590 -180 o 33,75 5.11 137 470

1 11991 55.17 -158.41 33 4.16 255 15 137 o 72.98 4.08 T4 4.13

i 11991 -21.40 -174.20 29 5.03 188 23 80 o 23.51 520 164 4.96

3 11991 -1.16 1484% 40 4,35 8228 .78 o 61.15 443 102 4.62

3 11991 -2%.67 -111.95 10 4.89 3677 -171 o 36.35 523 273 4.87

3 11991 -1.15 148.49 32 5.18 7237 93 o 61.15 5.40 137 5.40

5 11991 2348 9598 20 6.49 2 68 166 0 118.80 6.57 a2 739

& 11991 -18.02 -173.66 43 5.30 342 31 107 0 22.93 5.36 205 5.17

9 11991 -543 151.85 38 532 240 19 T3 o 5844 518 273 5.21
10 11981 -553 15151 35 4.78 234 18 69 o 5836  4.40 137 4.54
10 11991 -1795-173.73 0 33 4.60 170 38 83 [ 23.00 480 164 4.44
12 11991 -18.14 -173.64 120 4.52 16742 79 ¢ 2291 4.79 164 4.9¢
12 11991 -17.34 -17291 33 3.95 19525 76 ] 2226 420 68 411
14 11991 18.08 -101.68 52 4.28 87 44 47 o 59.01 4.32 17 437
15 11591 -6.00 15442 it 509 13544 87 o 55.83 476 82 476
i6 119851 13.73 80.72 68 31 209 21 .11 o 65.92 4.53 137 435
18 11951 2370 121.36 11 4.56 125 16 -85 o 96.11 4.53 5t 4.87
18 11991 15.14 14761 33 395 13 30 -108 o 65.98 4.00 102 3n
19 11991 -5.61 14833 178 4.52 321 20-103 o 61.74 472 102 4.64
20 11981 -21.24 16997 88 5.03 18 41 -168 o 38.25 457 102 487
23 11991 5202 178.86 116 an 112 48 171 0 74.68 5.66 117 5.48
24 11991 2.26 12674 33 4.10 3236 92 o 84.67 434 91 4.13
25 11981 -2.15 13894 33 521 1322 & o A 5.36 102 5.63
27 11991 -10.73 16421 33 4,09 253 24 -12 o 45.23 jog 21 391
28 11991 -42.02 17171 28 4.64 66 42 136 o 41.00 448 21 414
28 11991 -42.02 171.75 29 4.85 22934 121 o 4097 492 164 492
2% 11991 -14.90 -75.6% 36 3.80 311 40 30 o 70.55 4.15 i17 393
29 1191 1279 -90.85 37 4.12 99 48 -123 o 6539 434 82 4,39
31 11531 0.49 126.16 33 4,70 744 62 o 8468  4.65 137 4.33
31 11981 3606 7048 152 6.34 24717 68 o 140.13 6.20 137 6.36

1 21991 -19.86 -173.12 23 4.09 17024 52 o 22.41 4.53 117 432

1 21991 -57.07 -141.13 10 4.60 204 90 -180 o 39.97 485 73 441

5 21991 -24.41 -115.95 i0 4.34 15580177 ¢ 32.06 451 82 4.51

T 21991 5167 174.28 33 4.5 294 15 134 o 75.95 4.54 74 441

9 21991 -1552 177.16 pai3 5.16 27258 7 o 26.51 5.04 273 5.34

9 21991 -9.86 159.09 10 6.44 279 34 -89 o 50.33 6.38 273 6.34
10 2 1991 8.72 -39.84 10 4.94 18381 -7 e 111.33 523 91 4.98
10 21991 14.03 144.74 159 5.08 8372 1 o 7204 4594 63 5.24
14 21991 -6.24 154.65 52 496 310 41 94 o 5554 4356 74 497
14 21951 -22.56 -112.82 10 5.09 142 90 -180 o 34.81 5.48 102 5.05
15 21991 -42,10 171.56 313 4.18 21337 90 o 41.14 389 68 4.25
16 21991 48.22 15437 44 518 204 32 86 0 82.45 5.23 205 494
17 21991 -21.06 169.72 60 5.00 73 47 -37 o 38.49 511 63 493
18 21991 8.82 126.60 57 6.20 18623 88 o 86,83 6.28 205 6.15
I8 21951 -19.01 168.44 T2 4.57 154 50 -173 o 39.81 4.48 91 4.56
20 21991 -22.47 -112.97 10 4.87 168 90 -180 o 34.67 4.19 91 4.69
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Date Epicenter Depth Mo+ Foc. sol. Ref. A M, Per. Me
20 21991 9.02 126.58 41 432 20037 112 o 8691  4.30 117 415
21 21991 5842 -17545 10 6.04 30255 45 o 7880  6.38 63 597
24 21991 2271 16678 33 3.87 312 51 177 o 41,17 4.08 91 396
24 21991 -15.12 -173.58 33 4.67 15021 124 o 2316 443 164 4.67
25 21991 -7.34 12894 33 4.40 432 128 o 7973 454 68 4.67
27 21991 -22.88 17249 33 4.42 23022 62 o 3591 397 102 447
28 21991 -19.99 -175.94 220 4.68 36 19 153 o 2506 481 273 454
1 31991 16.80 -84.70 209 3.26 29126 85 o 7003 530 117 5.23
3 31991 -21.83 -175.18 43 531 2092 75 o 2446 538 273 525
& 31991 -29.86 -178.87 229 4.44 21923 157 o 2039 434 137 434
8 31991 60.83 1s7.12 33 6.01 3734 84 o 85.61  6.08 164 574
9 31991 ~54.84 -131.55 10 5.04 11174 -2 o BT 536 117 495
10 3 1991 -3.81 144.40 23 4.56 155 80 -174 o 6601 473 137 4.54
11 31991 -50.88 2935 10 5.65 207 84 .176 o 11169 594 51 5.60
13 31991 494 8273 10 4.56 180 90 -180 o 69.65 452 137 429
14 31991 51.80 -175.25 40 4.61 246 18 105 © TLT6 458 117 4.46
15 3 1991 -17.67 -173.28 140 4.20 186 9 77 o 2259 439 91 4.17
16 31991 10.19 -85.15 30 5.51 295 17 81 o 69.38 341 205 335
20 31991 -5.80 -80.98 33 5.04 1314 114 o 67.88  5.08 205 5.02
2l 31991 -9.68 -79.75 33 528 34416 2 G 6199 554 21 541
21 31991 -11.67 166.51 33 4,69 16838 72 [ 4282 473 51 482
24 31991 -16.83 17738 22 4.23 21270 -5 o 3154 430 51 4.52
26 31991 2164 121.82 18 548 15773 -8 o 95,11 5.62 164 533
26 31991 19.72 -70.38 33 4.79 10484 4 o g6.18  5.11 31 52
28 31991 -18.12 16771 26 4.76 218 118 ¢ 4038  4.67 117 455
29 31991 -394 -80.89 33 443 3327 151 © 6850 430 102 429
30 31991 -15.69 -175.14 i8 431 287 68 176 o 2456 428 82 444
31 31991 -16.68 -172.49 33 4.18 9919 93 o 2191 413 117 4.00
1 41991 -16.55 -172.81 33 432 317 8 P 2223 4.63 102 453
1 41991 16.23 9823 22 4.80 4051 40 P 60.77 4.54 35 4.57
2 41991 -30.63 -177.93 39 4.07 206 38 179 p 2887 411 91 4.06
4 41991 698 -78.15 39 .31 316 28 110 P 7463 538 39 5.48
4 41991 -6.01 -77.15 33 5.66 1M 7 P 7147 573 273 548
3 41991 -595 .77.08 33 6.47 183 33 106 p T3 61 164 6.38
5 41991 -1420 -75.61 56 548 1321 22 ] ™79 S541 68 5.19
5 41991 -34.903 -132.66 10 4.80 098 0o P 3871 508 117 4.66
§ 41991 -15.02 -175.59 14 6.05 28972 8 P B 594 23} 6.10
7 41991 -3.14 13031 31 4.94 W3 1g 53 P 7964 445 117 477
9 41991 4.83 -74.78 135 4.73 33845 95 P TL68 436 162 429
11 41991 -5.31 15174 55 470 23325 68 p 3858 423 i17 467
11 41991 -10.98 166.75 23 4.43 166 45 -75 P 4275 495 68 486
12 41991 13,13 -88.41 68 4.26 222 152 P 67.68 404 102 3385
13 41991 -2006 169.06 5 4.78 35135 98 P 3915 493 137 4.62
14 41991 27.12 127.40 105 313 136 14 176 P 9193 5326 205 5.07
19 41991 -1492 -175.15 33 5.20 26773 -6 P 2468  5.15 91 530
22 41991 968 -83.08 10 7.52 10325 58 P 706  7.60 205 1.36
24 41991 9.00 126.79 13 5.42 7316 95 P 8670 5.2 205 545
24 41991 9.64 -83.80 10 5.26 M3 78 -174 P T0.57T 548 82 534
29 41991 -20.70 -174.28 34 4.00 21223 101 P 2353 411 102 4.01
29 41991 -1131 7775 57 497 7214 16 P 69,48 523 63 4.83
36 41991 6.13 -82.58 10 5.00 876 10 P .12 4383 117 4.65
1 51981 62.53 -151.52 116 5.48 25224 N P 7998 548 137 3.34
2 51991 -21.84 -173.88 33 423 203 19 86 p B.26 448 205 435
2 51991 832 -77.40 47 4.90 173795 -178 P 7614  4.88 82 532
3 51991 28.06 13957 459 6.13 107 22 -133 P 8224 3578 205 5.66
4 51991 9.49 -82.47 15 532 13821 105 P 7155 545 2065 5.20
7 51991 39.38 144.76 10 5.05 350 42 .80 P §3.48 500 273 4.58
10 5 1991 -16.07 -174.20 135 541 197 14 .75 P 2361  5.60 137 534
12 5 1991 -21.81 -174.02 33 4.19 15923 64 P 2338 441 91 447
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TABLE 1 {coatinued)

C.HYVERNAUD ET AL.

Date Epicenter Depth  M2**  Foc. sol. Ref. A M, Per. Me
17 51991 -4.38 14262 47 5.58 32769 177 ] 6734 557 205 541
i9 51991 1.08 12290 33 6.39 9224 T2 P 8197 6.04 164 644
21 51991 -7.53 12637 31 594 T4 34 68 P 81.92 3561 68 629
22 51991 3397 -179.44 33 4,18 189 31 104 p 31.31 4.15 117 394
22 51991 51.78 175.91 33 4,21 21222 %0 p 75.46 4.43 137 4.35
24 51991 -16.48 -70.72 125 6.33 126 34 .110 ] T4.82 6.60 102 6.50
26 51991 -2227 174.18 33 4.18 24122 21 P 34.33 423 59 4.17
30 51991 54.53 -161.59 47 6.49 249 11 113 P 72.68 6.26 205 6.32
31 51991 -6.03 130.63 33 4.82 117 47 130 p 7849 500 68 5.15
31 51991 -56.76 -140.93 10 4,49 27 67 164 p 39.69 474 102 429

T References for published vaiues of M, and focal geometry:

a: Dziewonski et al,, [1988% by Dziewenski et al., {1989a); ¢; Dziewonski et al, [1989b% d. Dziewonski et al, [1989c] e: Dziewonski et
al, [1989d%; §: Dziewonski et al, [198%e]; g Dziewonski et ol, [1990al; h: Dziewonski et al, [1990b}; it Dziewonski et al, [1990¢] §
Dziewonski et al., [19950d]; k: Dziewonski et al, [1991a]; & Dziewonski et al, [1991b]; m: Dziewonski ef al, [1991c); n: Dziewonski et
al, [1991d}; o: Dziewonski et al, [1992a); p: Driewonski er al., [199251.

over one earthquake every three days. While this
number is smaller than its counterpart for the
CMT dataset of Dziewonski et al. (1983, and
subsequent quarterly updates), it reflects the lim-
ited detection capabilities of a single Pacific sta-
tion for low-magnitude earthquakes outside the
Pacific Basin. Figure 2 shows a map of the epi-
centers. In general, most of the events were lo-
cated in the Pacific Basin, but a few occurred at
larger distances, up to 168° in the case of three
earthquakes in the Sudan in May and July, 1990.
The shortest distance was 21.6° from Samoa. The

TABLE 2

Performance of M, at Papeete

largest event in the dataset during the time win-
dow under study is the Macquarie Ridge Earth-
quake of May 23, 1989 (M = 8.4). The smallest
events were in Vanuatu and New Zealand (M, =
3.9). Thus, the present dataset covers more than
four orders of magnitude in seismic moment; it
must be borne in mind, however, that the method
was successfully tested over two additional orders
of magnitude using seismograms from the 1960
Chilean and 1964 Alaskan earthquakes (Okal and
Talandier, 1991a).

All earthquakes in the dataset were later ana-

Dataset Number of H o Slope F. o,
records

Whole dataset 474 0.07 0.22 1.02 0.02 027
Shalfow only 399 0.08 0.22 1.03 0.02 (.28
Intermediate and Deep 75 0.06 0,19 0,94 0.01 G.25
For reference

Full teleseismic Rayleigh dataset ® 456 0.14 (.24 1.7 .10 0.18
Intermediate and deep Rayleigh dataset © 200 0.14 .23 0.92 0.12 0.15
Teleseismic Love dataset © 307 0.12 0.29 .36 0.19 0.25
Regional dataset ¢ 149 0.13 0.28 1.01 0.17 0.28

* This dataset combines the original records from shallow earthquakes (Okal and Talandier, 1989) and those from the intermediate

and deep study (Okal, 1990).
& (Okal, 1990},
¢ From Okal and Talandier (1990).
¢ (Okal and Talandier, 1991b).




AUTOMATED MEASUREMENTS OF SEfSMIC MOMENTS AT PAPEETE

474 EVENTS AT PAPEETE

¥ ¥ T ! T o
(a) +’a’
B .. .
o +
e aa
71 e .
= : %;g&
2 osl : 4
[+
o}
W
-y
¥ s .
& - i
3 L7 ] ! : L 1
23 24 25 26 27 28 29
LOG~10 [PUBLISHED M, {dyn—cm)]
388 SHALLOW EVENTS AT PPT
T T T T ¥ P
(b) v
8L s 4
o
+I,’H~+
7 b t Ty -
2E A
+¢§f§
#
& s By 4
=2
Ty
<L
§ .5 E
4 |
B i i L. }
23 24 25 26 27 28 29
'LOG-10 [PUBLISHED M, (dyn~cm)]
76 INT./DEEP EVENTS AT PPT
T I 1 v
(C) ‘ L
ik
Ii-f e
6.5 |- i -
+.’:i~ :
EE . i
G+
5 5.5 |- @ﬁ’,f’ §
2 L
% + +¥t7‘7‘4§
o +
45 k- s B -
e
5.5 L7 ) ; L
23,5 24.5 25.5 76.5 27.5

LOG-10 [PUBLISHED M, (dyn—cm)}

187

lyzed through moment tensor inversion by the
Harvard and USGS groups, and the resulting
focal parameters published by these authors. Fol-
lowing in the steps of Okal and Talandier (1989),
we define for each event a residual r=[M_ —
log oM + 20], where M, is the value measured
at Papeete, and M, the moment subsequently
computed and published by the Harvard group.

The most far-reaching assumption made in
computing the mantle magnitude M, is the
“averaging” of the focal mechanism and of the
depth of the earthquake. These parameters are
deemed not to be known in real time. In order to
mvestigate the systematic error that this approxi-
mation ¢an induce on the performance of M,
we also compute a “focal mechanism contribu-
tion” Cp, in the following way: suppose we knew
the exact focal mechanism and depth of the event;
instead of using eqn. {(3) to compute a source
correction, we could compute the exact excitation
of the Rayleigh spectrum at cach frequency (the
difference between the two source corrections,
Crym being detailed in Okal and Talandier, 1989).
We would then have computed a value of M,
“corrected” for focal mechanism: M, =M_-+
Cpy- We want to stress that A necessitates the
knowledge of the focal geometry, and therefore
in general cannot be obtained quickly. We also
define r,=r + Cgy,. The analysis of the popula-
tions r and r_ is discussed in the next sections of
the paper. In particular, one of our goals will be
to see if and to which extent the performance of
M., is degraded, with respect to the results re-
ported in our previous studies, by its extension to
a smaller range of magnitudes. We conclude that
it i$ not degraded.

Resuits
The entire dataset, comprising epicentral ‘in-

formation, M, measurements and the Harvard
solutions, subsequently published by Dziewonski

Fig. 3. Measured M, vs. published moment for the full

dataset (a), only the shallow events (b), and only the interme-

diate and deep events (¢). The dashed lines represent the
relationship M, = log,, M, — 20 predicted by the theosy.
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et al. (1988, 1989a-¢, 1990a~d, 1991a-d, 1992a,b),
is given in Table 1. The published seismic mo-
ment M, is given in the form of an equivalent
mantle magnitude:

ME™® = log oM, (published) ~ 20 (4)

Figure 3 presents plots of the individual M
measurements, as a function of the published
moment. The dataset is presented as a whole,
and also split into shallow events {h <75 km),
and intermediate and deep ones (A4 > 75 km). It is
immediately apparent from Figure 3 that the
performance of M, on this dataset is comparable
or superior to that on the smaller datasets ob-
tained at generally larger moments, which were
used in the earlier studies. The quality of the
estimate of the seismic moment provided by M,
can be assessed in several ways. A stalistical
analysis of the residuals r shows that their aver-
age value is only 7= (0.07 units of magnitude with
a standard deviation o = 0.22 units. These results
are also compiled separately for the shallow and
intermediate /deep datasets in Table 2, where
they are compared to the performance of our
previous studies.

A further test of the performance of M, is the
study of the slope of the regression of M, against
the published values of M. Specifically, we list in
Table 2 the slope of the best-fitting straight line
across the populations on Figure 3. These num-
bers are not significantly different from their
theoretical value, 1. The non-shallow dataset
vields a slightly lower slope (0.94), a situation
comparable to that in our previous study (Okal
and Talandier, 1989), and for which we have no
simple explanation; this does not, however, repre-
sent an initiation of saturation at large magni-
tudes (since the sub-dataset for M, = 10> dyn-
cm would feature a slope of 0.97), but rather a
concentration of slightly larger residuals » at the
very low range of magnitudes for non-shallow
earthquakes. We conclude that in all cases, M,
grows linearly with log,, M, its slope being unity,
as expected from the theory.

The population of residuals {r_} is pictured on
Figure 4. It has statistical characteristics compa-
rable to those of {r}: r,=002 for the whole
dataset, 0.02 for the shallow events and 0.01 for
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the intermediate and deep earthquakes. The ap-
parent improvement from r to r, is, however, not
significant since the standard deviation of the
residuals actually deteriorates, to o, = 0.25-0.28.
This is due to the presence of a few very large
residuals r,, clearly apparent on Figure 4. As
mentioned in Okal and Talandier (1989), this
situation occurs when the station sits in a near-
perfect node of the-published focal mechanism,
and yet some energy finds its way into the seismo-
gram. This can be due either to a slight error in
the focal geometry or the location of the event, or
to multipathing away from the great circle path,
resulting in an erroneous take-off azimuth to the
station. Under such conditions, the magnitude
approach provides a more robust estimate of the
seismic moment of the event than the use of the
full published focal mechanism.

Figure 5 shows that no specific trend with
distance of the residuals r could be identified.
The slope of the regression of » vs. log,A was
—{1.125; when compared to our original study in
Okal and Talandier (1989), this number is some-
what higher than for that dataset (—0.057), but
comparable to the sub-dataset involving only
Pasadena records (—0.129).. The absence of a
systematic trend in r with A was to be expected
since tt would have reflected an inappropriate
distance correction, probably stemming from in-
adequate O models, which would have also pro-
duced correlations between r and A in our ear-
lier studies.

Similarly, as shown on Figure 6, no significant
trend with period could be identified. The slope
of the regression of r with log,,T was —0.057,
comparable to values obtained in previous stud-
ics, Again, this result was expected since a corre-
lation between r and 7" would indicate an inade-
quate correction (g, a situation which would
have been detected in the earlier studies. Figure
6b shows that the extravagantly Jarge residuals r,
mentioned earlier all occur at the shorter end of
the period range, indicating that they could be
due to multipathing effects, expected to become
more important at higher frequencies,

Finally, we investigate in several ways the pos-
sible existence of “regional anomalies” or system-
atic trends in the residuals » with the geographic
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location of the epicenter. We first show, on Fig-
ure 7, the residuals r plotted as a function of
back azimuth at PPT. In this figure, the radius
vector is a function of the residual, with the
dashed circle corresponding to r = (. The dis-
tance information is lost. The existence of any
trend could be due to the interaction of the
surface wave with a regional structure upon ar-
rival in Polynesia. It is clear that no significant
trend exists, with the exception of systematically
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positive residuals for events arriving from the
south and southeast. However, when the cor-
rected residuals r_ are plotted, this trend disap-
pears (Fig. 7b). The relevant earthquakes are all
located at the transform faults of the Southeast
Pacific Rise, and have a strike-slip geometry for
which PPT sits in a strong lobe of Rayleigh radia-
tion; the focal corrections Cyy, for these events
range from -0.32 to —0.51 umnits. Thus, the
preseiice of systematically negative residuals at
this azimuth is entirely an artifact of the com-
bined focal mechanism and source-receiver ge-
ometry; it is not a reflection of lateral hetero-
geneity.

More generally, in Figure 8, we plot the geo-
graphic location of all earthquakes with an abso-
lute value of the residual, || > 0.35. There are
67 such events. On this map, the radius vector is
now proportional to distance, and the residual
information is represented by different svmbols.
The general trend of positive residuals observed
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in the Southern Pacific continues north along the
East Pacific Rise, while a number of systemati-
cally negative residuals are located in the Aleu-
tian—Alaska areas (note, however, that many more
evenis with smaller residuals occur in that area,
and are therefore not plotted on Fig. 8). In most
other areas, such as Tonga, the Solomons and
Indonesia, residuals vary widely and do not show
any systematic geographic trends. On Figure 8b,
we have plotted the corresponding r,, for those
events plotted on Figure 8a. Note that for 45
earthquakes (or about 2/3 of those plotted on
Fig. 8a), |r.i falls below 0.35 units; in other
words a substantial part of the largest residuals is
simply due to the influence of the true focal
geomeliry,

Conclusion
In conclusion, the rapid determination of M,

infroduced and tested in Okal and Talandier
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{1989) on an initial dataset of 256 earthquakes in tions of the estimate of the seismic moment of

the range M, = 5.9-8.26, has been auvtomated distant earthquakes. At the time of writing, we

and now provides rouiine, real-time determina- have obtained in this manner more than 550
474 EVENTS AT PAPEETE 75 INT./DEE‘P EVENTS AT PPT
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Fig. 7. (a) Residuals r plotted as a function of the back azimuth to the epicenter at PPT: The dashed circle corresponds to r =9,
Note the general absence of a systematic pattern, except for events from the south and southeast. (b) Same as (a) for the corrected
residuals r,. (c}, (d} Same as (a) and (b) for the intermediate and deep events,
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moments. The study of a database of 474 earth-
quakes shows that the gquality of the determina-
tions {7 = 0.07; o =0.22) is comparable to that
achieved in the original study, even though the
size of the events measured has been lowered by
a full unit of magnitude. A number of statistical
analyses on the dataset fail to reveal any system-
atic bias or deterioration of the quality of the
measurements.

Our method can rely entirely on a single
three-component broadband seismic station. It
can work even in the absence of a local or re-
gional short-period network, and can be imple-
mented on a personal computer. Because it pro-
vides in quasi-real time an accurate estimate of
the seismic moment of an ecarthguake, even at
regional distances, it appears as a very powerful
tool in the field of tsunami warning (Talandier
and Okal, 1989; Okal and Talandier, 1991b).
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