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Identification Criteria for Sources of T Waves Recorded
in French Polynesia

Jacoues TaLanDier! and BEMILE A. OkAaL?

Abstract—From a data set of 15¢ digital records of 77 phases from 71 sources obtained on
seismomneters of the Polynesian Seismic Network, we define a discriminant separating earthguake and
explosion sources, which uses the maximum amplitude of recorded ground velocity, measured on its
envelope, enyy {in pmy/s), and the duration of the phase measured at 1/3 of maximum amplitude, 7 {in
seconds). Earthquake sources and man-made explosions are cffectively separated in a log-log space by the
straight line

IOgEO enax = 4.9 lOgl(J Ty — 4,1 .

Other criteria in both the time and frequency domains fail to retiably separate the populations of the
varions kinds of events. The application of this technique to analog records of large-scale man-made
explosions carried out in the 1960s confirms that it provides an adequate discriminant over 3.5 orders of
magnitude of ground velocity.

Key words: Seismnic discrimination, hydroacoustics, T phases.

1. Introduction and Background

The Comprehensive Nuclear-Test-Ban Treaty (CTBT) has mandated as part of
its Internationai Monitoring System {(IMS) the deployment of so-called 7-phase
stations, which consist of high-frequency seismometers focated in the immediate
vicinity of coastlines, for the purpose of recording seismic waves converted from
acoustic energy propagated in the SOFAR channel of the world’s oceans. The
advantage of this design over more traditional hydrophone stations {also mandated
by the CTBT) stems from a considerable simplification of logistics for powering,
mamntenance and data retrieval. 1t builds on the longstanding observation that the
exceptionally eflicient propagation of T waves in the water mass of the ocean allows
the detection and location of very small, very remote sources in the marine
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environment, ail from land-based instruments. Indeed, the fiest positive identifica-
tions of T phases were made on seismometers (LINEHAN, 1940; RAVET, 1940).

The routine operation: of hydrophone networks over several decades in the Pacific
Basin has long established that T phases can vastly increase detection capabilities in
the basin (e.g., DuENNEBIER and JOHNSON, 1967), with similar observations at land-
based networks, such as the Polynesian Seismic Network (Réseau Sismique
Polynésien; hereafter RSP) headquartered in Papeete, Tahiti. Thus, the operational
framework for T-phase and hydrophone stations in the IMS is that of the detection
and location of an event based entirely on 7' phases, without the benefit of additionai
scismic phases, such as P waves. It is also in this context that a further step must be
performed, i.e., the identification of the nature of the source as cither a natural
phenomenon or a man-made explosion.

The purpose of the present paper is to build on a data set of T phases recorded
at the RSP over 35 years, both from earthquakes (documented and located from
their seismic waves), and from known marine explosions, and to explore
systematically a number of criteria in the quest for a reliable discriminant between
natural and man-made sources. We show that a comparison between maximum
amplitude {determined on a smoothed envelope) and duration at 1/3 of maximum
provides a reliable means of separaling earthquakes from explosions, which can be
applied over 3.5 orders of magnitude of ground velocity signal. We find it
imperative, however, 1o use stations located on atolls which feature a simpler and
more efficient acoustic-to-seismic conversion than do volcanic high island sites
{TaLanDigr and OkAL, 1998).

2. Methodology

Dara Set

Tabde 1 lists the digital data set used in this study, comprising 150 seismograms of
T phases from 71 events recorded at short-period seismic stations of the Polynesian
Seismic Network (Réseau Sismique Polynésien, hereafter RSP) during the period
1971-1997. This data set is complemented by records from earlier events (1962-1970)
of generally much larger amplitudes, and for which the data processing had to be
adapted to the analog records available at those dates (Table 2). For this reason,
these much farger sources are the subject of a separate discussion in Section 4.

The RSP network, described most recently by TALANDIER (1993), comprises 17
permanent short-period stations. During local refraction campaigns, a number of
temporary sites were instrumented. We distinguish in this study between stations
located on atolls (“(A)” in Tables 1 and 2) and those on high volcanic islands
(“(H)"): we have shown in TalaNDiER and OkAL {199%) that the conditions of
conversion of seismic energy to and from acoustic (T) encrgy differ fundamentally for
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Table 1
Digital T-wave records used in this study
Date Origin Station Nature CODE NAME Event size Reference
Time (E} or Region
DMEY GMT  Code Site £t} (E, 8, H, V) &) (&}
9 0CT {282) 1971 %34 RUV (A) E Polynesia 0.082 1
9 0CT (282 1971 814 TPT (A) E
36 SEP (273) 1979 1245 VIV (A) v Macdonald a
21 AUG (234} 1980 15:00  DIN (A) E Vancouver Is.
21 AUG (2343 1980 15:00  DOR (A) E
21 AUG (234 1980 1500 IRN (A) E
21 AUG {234) 1980 15:00  RUV (A E
2V AUG {234) 1980 1500  TPT (A E
10 NOV (315 198G 1126 VIV (A} v Macdonald a
24 DEC (359 1980 16:09 AFR {(H) v
24 DEC (359 1980 1609 VIV (A} v
15 FEB (D46) 1981 16:18 VIV (A} v
8§ MAR (067) 1981 13:3%  VAH (A} H Mchetia 31 M, b
8 MAR (067) 1981 14:30 VAH (A) H Mehetia 33 M, b
20 MAR (079) 1981 15:66 VAH (A) H Mehetia 3.1 M, b
16 DEC (350) 1981 G0:43  VAH (A) E Polynesia 0.082t c
i FEB (042) 1982 1854 VAH {(A) E Polyuesia 0.082 ¢t c
11 FEB {042) 1982 19115 VAH {A) E
11 FEB {042) 1982  22:04 VAH (A) E
I MAR (0603 1982 22:37 VIV {A) AY Macdonald d
25 MAR {084} 1982 1802 VAH (A) E Polynesia 0.082 ¢ c
25 MAR {084) 1982 1824 VAH (A) E Polynesia 0.082 ¢ ¢
25 MAR {084) 1982 1958 FGA (A) E Polynesia 0.082 ¢ c
25 MAR {084) 1982 26:20 FGA (A) E Palynesia 0082 ¢ c
14 MAR (G73) 1983 19115 VIV (A) v Macdonald d
24 MAR (683) 1985 17:05  DOR (A) E PSPM 091 e
24 MAR (083) 1985 17:05  FGA (A) E
24 MAR ((83) 1985 17:05 IRN (A) E
24 MAR (0833 1983 22204  DOR (A) E PSPM 091 ¢
24 MAR (083) 1985 22:04  FGA (A} E
24 MAR (083) 1985 22:04  IRN (A} E
26 MAR (085) 1983 16:03  DOR (A} E PSPM 1.0t e
26 MAR (085) 1985 16:03  FGA (AY E
26 MAR (085) 1985 16:03  IRN (A) E
26 MAR (083) 1985 1603 TPT (A) E
26 MAR (0853 1685 2205 DOR (A) E PSPM 141 e
26 MAR (0853 1985 2205 FGA (A) E
26 MAR (0853 1985 2205  IRN {A) E
26 MAR (0855 1985 2205 TPT {A) E
30 MAR {089) 1985 2200 TPT {A) E PSPM .8t ¢
3t MAR{090) 1985 1533  DOR {A) E PSPM 0.8t e
31T MAR{090) 1985 1533 FGA {A) E
3t MAR(090) 1985 1533 IRN (A) E
31 MAR (G90) 1985 1533 TPT (A) E
T APR  (091) 1985 18:31  DOR (A) E PSPM 0.51¢ ¢
1 APR  (091) 1985 1831 FGA (A) E
I APR  (091) 1985 1831 IRN  (A) E
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Table |

(Continued)

Pate Origin Station Nature CODE NAME Event size Reference
Time e (E) or Region

DMINY GMT  Code Site 48] (E,S. H, V) % %))
L APR (091 1985 18:31 TPT (A) E
TAPR (0913 1985 29:31 TPT {A) E PSPM 02t e
30 MAY (150) 1985 G1:22 PMO {A) E
IEMAY (I51) 1985 (542 PMO {A) M
18 AUG {2303 1986 0337 PMO {A) M
18 AUG (2303 1986 0338 PMO {A) M
19 AUG (2313 1986 03:39 PMO {A) M
3SEP  (246) 1986 06:04  PMO (A) M
3SEP  (246) 1986 06:03  PMO (A) i
4 SEP (247 1986 1238 TPT  (A) E
i7SEP 260) 1986  23:29  RUV (A) E
17 SEP 260y 1986 2329 TPT (A) E
9 DEC  (343) 1989 00 AFR (H) E MIDPLATE 0.3t f
9 DEC (343) 1989 i:00 HUA (&) E
9 DEC (343) 1989 00 MEH () £
G DEC (343) 1989 1:00 PAE (H) E
9 DEC  (343) 1989 imo PPN (H) E
9 DEC (343) 1989 16:00  PPT (H) E
G DEC (343) 1989 106 TIA (H) B
G DEC (343) 1989 10:06 FTVO () E
G DEC (343) 1989 17:00 PPN (H) B MIPLATE 231 f
S DEC {343) 1989 17.:00 TIA (D E
9 DEC {343) 1989 17:00  FVO (D) E
S DEC {343) 1989 1800  FGA (&) E MIDPLATE 03¢t f
13 DEC {347) 1989 19:45  VAH (A) E MIDPLATE G.025 ¢ H
15 DEC {349) 1989 02:00 DIN (A) E MIDPLATE 031 H
IS DEC 349 1989 02:00  FGA (A} E
15 DEC (349) 1989 0200 VAH (A} E
20 DEC (355y 1989 2242 PMO (A} v Mariana Is.
21 DEC (3553 1989 2334 PMO (A v Mariana Is.
22 DEC (356} 1989 16:00  MKT (A} E MIDPLATE 1ot f
22 DEC (356} 1989 18:60 MKT (A) E MIDPLATE 03t f
23 DEC (3573 1989 G737 PMO (A} A4 Mariana Is.
28 DEC (362) 1989 16:606  MEH {H) E MIDPLATE 0.2 ¢ f
6 MAY (126} 1993 1739 PMO (A} v Mariana Is.
8 JUN (159 1993 12:57  PMO {(A) H Hawaii 5.2 #,, g
§TUN (159} 1993 12287 RUV (A) 11
STUN (159 1993 12:57 TIA (H) H
BIUN (159} 1993 12:57  TPT {A) H
2T IUN (178) 1994 1830 RUV {A) ) California
27 JUN (178) 1994 1830 TPT {A) E
6 JAN  (000) 1995 2237 PPT (H) S Hokkaido 3.3 x 10% dyn-cm h
6 JAN  (006) 1995 2237 TIA (H) 5
19 FEB (0S0) 1995 04:03  PPT (H} 8 California 9.9 x 10% dyn-cm h
19 FEB (050 1995 04:03  RUV (A) S
19 FEB (0503 1995 04:03 TIA (H} S
19 FEB (050) 1993 04:03  TPT (A) S



16 MAR (075) 1997 1419 PMO {A)
16 MAR ((#73) 1997 14:19 PPT (H)
16 MAR (G73) 1997 1416 TIA (1)

Hawzaii 4.2 My
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Table 1
(Continted
[ate Origin Station Nature CODE NAME Event size Relerence
Fime e (E) or Region
DMY GMT  Code Site €3] (E, S, H, V) (*3 )
9 MAR (068) 1995 0812 TiA (H) H Hawali 3.9 my g
14 MAR (073) 1995 17233 AFR (H) 8 Alaska 2.2 % 10% dyn-cm h
4 MAR (O73) 1995 1733 PMO (A) b
14 MAR (973) 1995 17:33 PP (H) S
14 MAR (073) 1993 1733 RUV {A) S
14 MAR (O73) 1995 1733 TiA (M} b
14 MAR (073) 1993 17:33  TPT {A) S
PNOV O (305) 1995 0035 MEN (D S Chile 1.14 x 10%* dyn-cin i
PNOV (30311995 00:35 TET {A) 3
I NOV (30531995 0035 TIA (H) s
16 JAN (816) 1996 2046 TVO {A) S
16 JAN (816) 1996 2046 VAH {A) S
7FEB (038} 1996 21:36  PMO {A) S Kuril Is, 6.4 > 10 dyp-om j
7FEB (038} 1996 21:336 PPT (H} S
7FEB (03831996  21:36  TET (A) 8
7TFER (0381996 21:36  TIA  (H} S
30 MAR (090 1996 09:36 AFR (H} s Eitanin F.Z. 1.5 % 1™ dyn-cm
306 MAR (0903 1996 09:56  VAH {A) S
3 JUN (1382) 1996 2227 AFR (D} S Eltanion F.Z. 1.7 x 16* dyn-cm k
30 JUN (182) 1996 2227 VAH (A) S
22 JUL (204) 1996 10033 PPT (H} H Hawaii 3T Mp “
22 3UL (204) 1986 10:33 RUV {A) H
22 JUL (204) 1996 10:33 0 TIA (M) i
22 3UL 204 1996 10:33 0 TPT (A) B
23 UL (205) 1996 0312 RUV {A) 53
23 UL (205 1996 0312 FIA (M) 34
23 FUL (205 1996 03:12  TPT (A) 34
23 JUL (205 1996 0520 AFR (H) S Kermadec 2.3 x 107 dyn-em I
23 UL (205) 1996 0520 PPYO(H) 5
23 FUL  (203) 1996 13:24 PPT (H} 133 Hawali 4.6 #iy g
23 3L (265 1996 1324 RUV (A) H
23 FUL (20531996 1324 TIA (H) H
23 FUL (205 1996 1324 TPT (A) H
20 FOL (21131996 9406 PMO (A) v Hawail 39 Mp g
29 FUL  (211) 1996 04:06 RUV (A} v
29 FUIL (2101996 0406 TPT  (A) v
29 TUL (21131996 0408 RUV (A) v Hawaii
29 JUL (21131990 0408 TIA (A) v
20 T (21131996 0408 TPT (A) Ay
29 JUL (21131996 1106 PPT (H) H Flawaii 4.4 M, g
20 JUE (2113 1996 1100 RUV O (A) H
29008 (21131890 1106 TPT  (A) H
14 NOV (319} 1996 1347  PPT (1) S S, of Fii 1.9 x 107 dyn-om m
H
H
H
131

16 MAR (075) 1997 1419 TPT (&)
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Table 1
(Continued )
Date Origin Station Nature CODE NAME Event size Reference
11— (E) or Region
DM@EY GMT  Code Site () (E. S8, H, V) ) )

16 MAR (075) 1997 1419 TVO (H) H

30 JUN (181 1997 1547 PMO (A) H Hawaii 3.7 % 1% dyn-cin n
30 JUN (I81) 1997 1547 PPT (H) H

30FUN (R 1997 1547 RKT (3D H

30 JUN (181) 1997 1547 TBL (H) i

30 JUN(181) 1997 1547 TIA (H) 1]

30 JUN (18131997 1547 FPT (A) H

30 JUN (181) 1997 1547 TVO (D H

§ JUL (189) 1997 1211 PPT {HD 5 Aleutian 6.7 x 10° dyn-cm o

(") E: Underwater explosion; H: Earthquake at hotspot veleanic site; M: Missile fired from submarine;
N: High-altitude nuclear test; 8: Subduction zone earthquake; V: Explosive volcanoseismic event.

(*} The size of an earthquake (event type 8 or H) i3 given when available by its seismic moment My, (in
units of dyn-em), otherwise by its PDE body-wave magnitude m, or if unavailable by its local magnitude
M assigned by RSP, or its duration magnitude My, assigned by Hawaiian Volcano Observatory. When
available, the size of an explosive (E) event s given by its vield expressed in tons of TNT (1)

(§) References to indidual events: a: Taranpier and OraL (1982); by TALANDIER and ORAL {1984a); ¢
Tavranpier and OkaL (19870); d: Tacanomr and OkaL (1984b); ¢ Nava ef of. (1988); £ WEIGEL ef al.
{1990); g: PDE (USGSE h Dziewonski er af, (1996); i: Dziewonsxi e af. (1997a); @ D2IswoNsKs ef af.
{19970); ki DzipwonNsKy ef ol (1997c); I DzEwonNskl e afl. (1997d); m: Dziswonskl er of (1998); n:
DzrewoNsKI ef af. {1999a); o0 DziEwWONSKI e/ af. (1999}

the two types of structure, the low siope of high islands giving rise to a more complex
conversion, and hence increasing the duration of the converted signal. In practice, we
emphasize in the present study records obtained on atell stations, where the
coaversion mechanism is simpler, and hence the records cleaner.

The sources of the 7' waves can be classified as either natural or man-made.
Among natural sources, we distinguish between subduction zone earthquakes,
intraplate earthguakes, and explosive underwater volcanic evenis. Among man-made
sources, we identify chemical explosions in the ocean, and presumed firings of
missiles from submarines. Among predigital events, we also consider four large
atmospheric nuclear tests over Christmas Island in 1962.

Digital Processing

We base our search lor satisfactory criteria of identification of the nature of 7-
Wave sources on a systematic processing of the records along the following algorithm.
e RSP digital time series s{¢), available at a sampling rate dr = 0.02 s, are

exemplified in the top frames of Figure 1. The length of the time windows

analyzed 1s generally 20.46 s (1024 points) for the smaller signals, or 81.90 s (4096

points) for 7' waves emanating from larger subduction zone earthquakes. Al
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Table 2

Tewave records used in study of high-energy sources

Date Time Station Nature CODE NAME Event size Reference
- — (N} or Region
DMOY GMT  Ceode (1) Site (*) {E, P, S, 1) (=*) §)
Analog ( paper] records from explosive sources

ISJUN  {166) 1962 16:01 PPT (H) N DOMINIC (3.8 Mt a
JUN (1813 1962 15:21 PPT (H) N DOMINIC 2 Mr a
16 JUL (1913 1962 16:33 PP {H) N DOMINIC 1.0 Mt a
TLFUL (192 1962 15:37 PPT {1} N DOMINIC 3.9 Mt ]
24 MAY (144) 1966 0549  TAH {1 E California I kt b
06 SEP  {250) 1968 (2:07 RGT  (A) E Aleutian Is. 0.34 kt b
13 AUG (225 1969 1o:12 RGI {A) P Vancouver [s. 4.6 wy
09 SEP  (232) 196% 21:53 RGT (A) P Vancouver Is. ¢
01 OCT  (274) 1969 17:11 RGE (A P Vancouver Is. 4.7 my, b
28 MAY (148} 1970 1738 RGI (A P Vancouver Is. 4.9 my, b
04 SEP (241 1970 21:23 RGE (A P Vancouver Is. C

Additionad carthguake records (digital}

29 NOV (333) 1975 1447 TPT  (A) H Kalzpapa 1.8 x 14077 dyn-em d
22 JUN (173} 1977 12:08 PAE (i 5 Tonga 1.8 x 10% dyn-cim ¢
15 NOV (319 1994 23:10 RUV (A} S Vancouver Is. 3.0 M, ¢

(*) TAH: Parameters at PMO extrapolated from unclipped hydrophone record at Papeets; RGE
Parameters estimated for clipped records at PMO from unclipped records across Rangirea Atoll

(*3 Nt Atmospheric nuclear test; E: Confirmed underwater explosion; P; Presumed underwater explosion;
H: Harthquake at intraplate hotspot site; §: Subduction zone earthquake.

{**} The size of explosions (N, F) is given by their yield in tons of TNT, as announced by the appropriate
agencies, For presumed underwater explosions (P), their size is given, when available, by the body-wave
magnitude my, reported by the USGS. The size of the large carthquakes (event type S or H) is given by their
seismic moement My (in units of dyn-cin). Note that the Kalapana event was accompanied by a large
submarine slump (Ma er af, 1999), so that a moment tensor deseription may be inappropriate. For the
small 1994 event, we give the local mugnitude M, computed by the Pacific Geoscience Centre (Sidney).

(8} References: ar ANONYMOUS (1989); br PDE (USGS): ¢ This study; d: Anpo {1979); e; LUNDGREN and
OKRAL (1988},

signals are high-pass filtered (/' > 2 Hz) to emphasize frequencies capable of
propagating i the SOFAR channel.

o In order to climinate rapid fluctuations in the waveshape, the envelope e{t) is then
obtained by taking the absolute value of the signal, |s{¢}|, and compuling its 1-s
{30-point) average in a moving window sliding in increments of 1 sample (0.02 5).
The resulting series is then run through a I-s moving window running average, to
eliminate any remaining higher-frequency fluctuations. The purpose of this
smoothing is to recover the general shape of the waveform, regardless of rapid
fluctuations which may be due to focal recording conditions and may not be
representative of the true energy in the 7 wave. Examples of envelopes are shown
in the central frames of Figure 1. The width of the sliding window (} s) was chosen
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by trial and error between 0.5 and 2.5 s. The general amplitude of the record is
characterized by the maximum valae, enay, of e(1).

We then compute the spectrum of the signal, shown in the bottom frames of
Figure 1. Because of Limitations inherent in the response of the seismic sensors
used at the RSP, we limit all our frequency investigations to f < 16 Hz.

Finally, a specirogram is obtained through a classical frequency-time analysis. For
shorter signals, windows are 1.26 s (64 points) long, and are lagged 0.64 s
{32 points}, while for longer signals, the windows and lags are quadrupled. The
frequencies studied are between | and 16 Hz. Examples of spectrograms are
shown on Figure 2.
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Figure |

Typical examples of various records of T waves used in this study. (8): Subduction zone earthauake; (b
Intraplate carthquake; (V) Explosive event during a volcanic swarm; (E) Man-made underwater
explosion; (M): Presumed firing of missile from submarine. In each case, the top frame is the deconvolved
ground velocity time series (¢} (note the longer window for the subduction event), the middie frame is the
envelope elr}, and the bottom frame the spectral amplitude of the sipnal s{w}. scaled logarithmically 1o its
maximum value, The horizontal dashed lines in the center [rames are the threshold used in the
determination of the durations r,; similarly those in the bottom frames are the thresholds used in the
determination of the width of the spectrum, Because of their low amplitudes, four missile signals have been
stacked (with time lags obtained from maximizing their eross correlations) to produce Frame (M),

General Characteristics of Seismograms

Based on typical examples shown on Figures | and 2, we describe in this section a
number of very general characteristics of the various kinds of sources used.

i, Subduction zone earthquakes (8)

We selected 30 records from 11 earthquakes from the years 1995-1997; a typical
T wave 1s shown on Figure 1(S), and a spectrogram on Figure 2(8).

T-wave records from subduction events usually exhibit a combination of low
frequencies, long durations, and emergent waveforms resulting in a spindle-shaped
envelope. This can be grossly explained by the fellowing combination of factors:
First, the hypocenter of a subduction zone earthguake, typically located at the
interface of the colliding plates, wili be substantially removed from the water
column. The resulting tand path before conversion will be long, with high
frequencies effectively attenuated before conversion to acoustic energy. The long
land path on the source side also favors multipathing, leading to a prolonged
waveshape. In addition, subduction events can be large, with sources extending in
time for several tens of seconds, and contributing to the duration of the T-wavetrain
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{OxAL and TALANDIER, 1986). Finally, the conversion slone will often be shallow-
dipping. which requires a complex conversion mechanism involving several
reverberations in the water before entrapment by the SOFAR channel can take
place, hence the emergent nature of the wavetrain (TALANDIER and OKAL, 1998;
PISERCHIA ef al., 1998).

We also include in this category T waves from a Few transform fault earthquakes
in the South Paetfic, which were found to exhibit duration characteristics simifar to
those of subduction events. This can be explained by the absence of steepiy dipping
converter slopes at the source, even though the hypocenters of the shallower
transform earthquakes are located closer to the water mass than those of subduction
avents,

2. Intraplate earthguakes originating at holspots (H)

We study 33 records from 10 events with epicenters at the Hawaiian and Society
hotspots. A typical example is shown on Figure 1(H) and a spectrogram on Figure
2(H).

In contrast to subduction events, such earthquakes are generally of smaller
magnitudes, and very shallow. As such, the shorter seismic paths on the source side
aliow retention of high frequencies, resulting in a generally whiter spectrum. Also, in
geometries such as that of the South Coast of the Big Tsland of Hawaii, the existence
of steep slopes at the head of mdividual basaltic fiows aliows a direct and efficient
transler of energy into the SOFAR channel, which resuits in a generally impuisive
wavetrain (TALANDIER and OKAL, 1998).

3. Volcanoseismic explosions (V)

We use 17 records from 8§ events, selected from representative periods of activity
at Loihi (Hawaii), Macdonald Seamount (Southcentral Pacific), and Ruby (Mariana
Istands). A typical signal is shown on Figure (V) and a spectrogram on Figure
Z{V).

It has Jong been known that episodes of underwater volcanic activity feature
explosive events often interpreted as the release of magmatic conduits opening the
way for the eruption of lava into the ocean (TALANDIER and OkaL, 1987a). In
particular, such events were observed systematically at the beginning of swarms at
Macdonald Seamount (TALANDIER and OKAL, 1982). Since they are presumed to
oceur at the solid-water interface, they directly generate abuadanti 7 waves of
relatively short duration, and in the absence of & source-side seismic path, they can
feature a high-frequency spectrum. However, certain sources such as Macdonald
have spectra Hmited o £ < 10 Haz.

The explosive nature of these natural sources renders their correct identifica-
tion aad discrimination from man-made explosions a clear challenge. In this
respect, it s important to note that volcanoseismic expiosions most often
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Figure 2(H)
Spectrogram of & typical record from an mtraplate carthquake Note preseoee of higher frequences (10
12 Hz) in the carly parts of the records
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take place in repetitive, albeit not periodic, sequences. This is clearly shown on
Figure 2(V), where a second event is present approximately 12 seconds after the
main one.

4. Chemical explosions (E)

The main group of explosive sources considered in this study consists of seismic
refraction experiments conducied over close to two decades in Polynesia, including
the extensive MIDPLATE campaign in 1989 (WEIGEL, 1990); and of the PSPM
campaign off the coast of Mexico in 1985 (Nava er al., 1988). An example of record
is shown on Figure 1{E), and a spectrogram shown on Figure 2{E). A total of 64
records from 30 sources were studied.

The generation of sound by explosive sources in the oceanic environment has
been the subject of considerable research {e.g., CHAPMAN, 1983). In the framework
of this study, such sources can be considered as point sources in time and space.
The signals are expected to be of short duration, and to feature high frequencies,
but are made more complex by the bubble resonance at a frequency controlled by a
combination of source yield and depth (Corgr, 1948). However, some firing
strategies used in seismic refraction campaigns aim at minimizing the bubble effect
{WEIGEL, 1990).

5. Presumed missile firings {rom submarines (M)

Puring the mid-1980s, a number of T waves with very low amplitudes and
singular characteristics were recorded principally at Station PMO on Rangiroa Atoll.
These were characterized by spectrograms featuring both high frequencies, and a
long-source duration (Fig. 2{M}). The former would suggest an impulsive source
directly in the water, while the latter requires a phenomenon more complex than a
simple explosion.

The occurrence of these signals correlated systematically with the issuance of
marine advisories prohibiting navigation over vast expanses of the Northwestern
Pacific Basin. Omn this basis, we speculate that the T waves in question were
generated during the test-firing of missiles by submerged submarines. A possible
scenario, iHlustrated on the envelope frame of Figure 1(M), would mckde: (1) a
small explosion possibly due to the opening of a valve and the release of the
missile; (Z) a Fast and sharp growth of the signai with white spectrum,
corresponding to the underwater firing of the missile; (3) 1o (4) the slow decay
of the signal during the underwater propagation of the missile; (5) a reburst of
amplitude when the missile becomes airborne and the rocket is fired; and finally (6)
a slow decrease in amplitude during the initial propagation of the rocket in the
atmosphere.

Six such records are included in our database.
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Figure XV)
Spectrogram of a typical record from an explosive event durmg a volcanoseismic swarm al Macdonald
Volcano. Note the second event, 17 s into the record, illustrating the repetitive character of this Kind of
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Figure (M|
Spectrogram from a presumed undervater mussile firing Note the scattering of the energy over much of the
time-frequency plane

2. Mdentification of Discrimination Criteria

In this section, we seck robust criteria allowing the discrimination between
natural and man-made sources of T waves received at oceanic iskands, For this
purpose, and on the basis of the processing descnbed above, we define the following
paramelers, as characteristics of the individual signals. We first locus on the time
domain, and compute:

I. The Maxinnon Amplitude enge ©of the envelope of the signal. This is of
course expected to depend on the epxcentral distance traveled by the T wave, We
choose here to correct our measurements to a reference distance of 3000 km {or
27 at the surface of the Earth), which can be regarded as typical of transpacific
paths. The origin of the decay in amplitude of 7 waves with distance is, in
principle, three-fold: (i) the effect of geometrical spreading at the spherical surface
of the Earth; (ii) the cffect of intrinsic dispersion during the propagation, and
(1i) the possible cffect of anclastic attenuation of sound waves in the water. The
latter is usually negligible at the frequencies considered here. Because 77 waves can
be considered as mildly dispersed surface waves, the global effect of (1) and (1i) 1s a
decay of amplitede with angular distance A, varving like 1/VAsInA (eg., OKAL,
1989). Thus we will use, i all further discussion and hgures, amplitude maxima
corrected for distance according to
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 Raw A sinA

e HCorrected —
EMax = Oy EMax \/ AR, rm W
of 8 R

where Apegr = 27°. A number of other empirical distance corrections were tried,
notably power laws of the form A%, with « ranging from 0.5 to 1.5, with no
appreciable influence on our results. This technique obviously reguires that the
distance to the source be known. In practice, this can be achieved with a regional
network, such as the RSP, using at least three stations.

2. The Duration v, of the signal, defined from the number of points in its envelope
reaching a given threshold, r = 1/10, 1/4,1/3,1/2 or 2/3, of the maximum amplitude
emu; we will focus primarily on the duration at 1/3 of maximum, ,.

A difficulty arises from the presence of background noise in the records, the latter
varying significantly, not only as a function of time, but even among different
stations recording the same event. In order to alleviate this problem, we define the
noise level # by considering a 2—second window of record before the arrival of the
T phase, and computing the maximum value of its envelope by the same algorithm as
in 1. above. The duration 1, is then defined from the number of points for which the
envelope exceeds the level (n + r epa ).

3. The Rise Time Ty, defined as the time it takes the envelope of the signal to grow
from 25% to 100% of its maximum amplitude.

4. Similarly, the Fall Time, Iy, defined as the time it takes the envelope of the
signal to fall from 100% to 25% of its maximum amplitude.

5. The Duration of maximum intensity of the signal, defined as the sum Ty + Tr,
and representing the time during which the signai keeps a sustained amplitude above
r = 1/4 of its maximum.

It can differ from the duration 1,4 as defined in (2), since a complex signal may
occastonally falf below the threshold value, ard then cross it again. This is especially
true for maay (but not all} volcanic sources, some intraplate earthquakes, and the
targest subduction events.

6. The integrals Loy, = [ e{t) df and Jiny = [€*(z) dr of the envelope over the full
window analyzed.

7. The Skewness Sk and Kurtosis Ku of the signals are defined from their envelope
time series e{f) as:

o e =Yt/ J] el) ar
OwS

and

Ju elo)(e —)'de] [] ele) at ~

Ku =
0"4

3 (3)
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These quantities are moment estimators which describe the general shape of a
statistical variable; in these formulae, 7 and ¢ are the centroid time of the envelope,
and the standard deviation of ¢, respectively:

[Te(yar’ I elry dr

Because they feature a slower buildup of sirain release, as well as a longer source
duration, earthquake scurces would, in principle, be expected to generate signals
with lower values of both St and Kw, as compared (o higher values of these
coefficients for explosion signals.

8. In addition, we also investigate the correlation between the shape of a signal’s
envelope, and that of reference signals, as detailed in Section 3.

9. In the frequency domain, we define:

The mean frequency, (f). as the average of those frequencics maximizing the
spectral amplitude in each sliding time window of the spectrograms;

10. The maximum frequency, fumax, as the greatest among those frequencies
maximizing the spectral amplitude in each sliding time window of the spectro-
grams;

L1 The width of the frequency spectrum, measured as the number of points, in the
spectral domain, for which the spectrai amplitude X(ew) is greater than a given
fraction @ of its maximum value. This parameter is computed for the values
a=1/3.2, 1/5.6, /10, 1/32 and 1/56, which constitute a geometrical progression of
ratio » = 10714,

12. Finally, we consider the ratio of low- and high-frequency energy (Rpsp), defined
as the ratio of the integral of the energy in the two bandwidths 2 < / < 9 Hz and
9<f<i6Hz

- i ety di o i&(z)(: ~ D dt ”

The Failure of Simple Criteria in the Frequency Donmain

The idea of secking a discriminant i the frequency characteristics of the
signals stems [rom at feast two properties: first, explosions are expected to be
shorter-lived than earthquakes, thus generating high-frequency spectra; and
second, earthquake sources being removed [rom the conversion point, will see
their higher frequencies attenuated over the source-to-conversion path. One would
then expect explosions to be separable from earthquakes, on the basis of a higher-
frequency spectram.

However, the examination of the spectra on Figures 1(H) and 1{E) shows that
both are remarkably “white.” Similarly, the spectrograms on Figures 2(H) and 2E)
show that both kinds of signals can feature high frequencies (in the range of 10—
12 Hz) in the earliest parts of the signal. In order to analyze this situation further, we
carried out the following investigations:
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1. Mean frequency

On Figure 3a, we plot the maximum envelope amplitude ey, against {f).
While the lowest mean frequencies {{f} <4 Hz) are exclusively found in records
of earthquakes {(subduction or intraplate), and the highest ones ({f} = 7.5 Hz) for
expiosions {man-made or velcanic), the intermediate field of (f) wvalues is
populated with all types of records. No frend with amplitude is present, and no
separation can be achieved, especially between man-made explosions and
intraplate earthguakes.

2. Maximum [requency
As shown on Figure 3b, the results are fundamentally similar (except of course
for a change of frequency scale) when using fu. nstead of (f7).

3. Width of spectrum

Figure 4 plots epmuy against the width of the spectrum, measured at $/5.6 of its
maximum value. Once again, it is clear that no separation between the various kinds
of sources can be achieved on the basis of these parameters. While it is generally true
that subduction earthguakes have narrower spectra than other sources, intraplate
earthquakes, especially those of smaller magnitude, can feature spectral widths as
high as 13 Hz. Also, and rather surprisingly, we find that the spectral width of
explosion signals vary over the whole range from 4 to 14 Hz. The climination (in
Fig. 4b) of stations on high islands does not improve the picture. Finally, a variation
in the threshold used for the amplitude of the spectrum (from 1/3.2 to 1/56 of its
maximum value) does not help either.

4. High-to-low frequency spectral ratic

Figure 5 explores the behavior of the ratio Ry between the energy present in the
signal in the low- and high-frequency bands. It is found to be largest (Rry > 10) only
for subduction earthquakes and certain velcanic explosions, and smailest (Rpy < 2)
for man-made explosions and certain other volcanic events, However, the majority of
the data points fall within the range 2 < Ryy < 10 where the different types of
sources cannot be separated. No correlation with source size {as expressed by enux)
can be recognized. These results are not changed when stations {from high 1slands are
removed {Fig. 5b).

As a conclusion of these four tests in the frequency domain, we confirm that
trends de exist along expected properties: subduction earthquakes have signals with
generally lower [requencies and narrower specira than do explosions. However, these
trends are far from universal, and the large number of exceptions that they suffer
prevents the use of any of the four studied criteria as a reliable discriminant between
the various sources. In particular, intrapiate earthquakes and explosions can have
very similar frequency characteristics,
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Identification of Criteria in the Time Domain

We now turn our attention to potential discriminants related to time-domain
characteristics of the signals.

1. Duration as a function of amplitude: The preferred discriminant

We compare here the maximum amplitude of the envelope of the 7' phase, eyax.
with its duration 7,3 at 1/3 of maximum (Fig. 6). It is clear from this figure that the
comparison of these two parameters allows a general separation of earthquakes from
expiosions, with the former exhibiting a longer duration for a similar level of
amplitude. We define empirically the line

logs enmax = 4.910g1g 113 — 4.1

(5)

where emay 15 In pm/s and 7),3 in 5, as an adequate separator in the 7)/3 ~ emax
plane. We note that ali subduction earthquakes fall clearly to the right of the line,
as do all, excepl two, midplate earthquakes. These two exceplions are shown as
bull’s eye symbols on Figure 6. The first one, marginally misidentified by the
separator, 1s a small earthquake at Mehetia (M; = 3.3} recorded at VAH on the
Southern Coast of Rangiroa Atoll. The second one concerns an earthguake in
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Hawali {my, = 4.2) recorded at TPT, on the Northern Coast of Rangiroa. 1i is
worth noticing that the same event is correctly identificd on its record at PMO.
On the other hand, all man-made explosions fall to the left of the line. Volcanic
explosive events cannot be discriminated. Finally, presumed firings of missiles (M}
are distinguished from explosions, due to the length and complexity of the source
Process.

In a series of other trials, we investigated the sensitivity of the discriminant to the
factor r (taken above as 1/3) defining the duration z,. Similar attempts were
performed with r = /10, /4, 1/2 and 2/3, and the value 7 = /3 was found to
provide the best results, between values of r too close to 1, for which the concept of
duration loses its meaning, and small values which icrease the window studied and
allow possible contamination by low-energy scatterers.

Finally, on Figure 7, we explore the possibility of including records obtained at
high island sites (“(H)” in Table 1}. For the bigger events, with the larger envelope
amplitudes, the data sets of expiosions and carthquakes remain distinet, and a
separator can be found {(indeed the discriminant (5) remains effective). At the lower
amplitudes, post-conversion scatiering and multi-pathing on the receiver side can
contribule substantially to the duration of the signal, even in the case of an explosion,
and the separation becomes impossible. We verified that a similar pattern of
degradation of the discriminant at high-island sites oceurs for the other threshold
levels r defining <,
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The duration-amplitude discriminant. This figure plots the envelope maximum emax 85 a function of signal
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The comparison between Figures 6 and 7 iflustrates the importance of siting
€., 01

T-phase stations at shorelines with favorable conversion characteristics, i.e
atolls or on velcanic structures featuring a steep slope (TALanDiEr and Oxat,

1998).

2. Examination of other potential discriminants: Rise Time
Figure 8a explores the potential use of the rise time 7y as a discriminant. Thisisa

legitimate suggestion, since the impulsive nature of an explosive source should lead to

rise times shorter than for earthquakes, While subduction zone carthquakes are
efficiently separated from explosions, a number of intraplate “hotspot™ events are
not. In seeking a possible explanalion to this patlern, we note that the rise time of a
T-wave signal is controlled by a combination of the rise time of the source {which can



Pure appl. geophys.,

Facques Talandier and Emule A, Okal

]

588
150 records [with High Isiends]
t.5 , 1
;
;
A !
;
3
l" @ ®
/ E
{ H o @
. ; ® »
£ N 8% o
s I o e @
= . io
w O a0 e
T oos a A2, e
= el S a2 ¥ o "ea® 1
N 3 & ! el B ®
: Y
& a2
= ®H A A0 CP i @
QJ @ -]
2, Al a ®
£ 4 R
= & g ®
£ IS ey 1 [+]
E ‘4 & o)  op
5 |
g y 4 @,
Y o
@ : o &
2 I OO a
- —-0.5 @ a® FI“AO -
: N
L " PO
= Y o
=4 A | A
= % ®
g PR
[ I S
A al s "
;
; A
1 &
oo,
;
-1.5 ; s -
; J
0 G.5 1 1.5 2
. .
Log,, [Duration T3 (s}

Figure 7
Same as Figure 6, but including records obtained at high island sites. Note the deterioration of the
discriminant’s performance.

be very short for small earthquakes), and of the bwildup of the I" phase at the
conversion point. We have shown {Tatanpipr and Okai, 1998) that in favorable
environments such as the southern shore of the Big Island, the ' wave can be

generated with a very impulsive wave shape. In addition, and espectally for small
events, the measure of rise titne involves sub-second characteristics of the waveshape,

which can then be affected by the slight dispersion ohserved over the longer paths.
This effect is particularly visibie at Rangiroa in the case of the 19835 PSPM shots.
In conclusion, we reject rise timme as a satisfactory discriminant.

3. Fall ame

We similarly investigate on Figure 8b the behavior of the fall time Te. The
sttuation is, i anything worse, in that even several subduction earthquakes now fail
to be separated from the cluster of explosion records. We similarly discard fall time

as 4 satisfactory discriminant.
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4. Total duration Frow

This parameter is the sum of the rise and fall times, and approaches the duration
11,4 at the threshold used to define T and 7p. As expected, when plotted against the
maximuie amplitude derived from the envelope (Fig. 9a), this parameter does
provide a reasonable discriminant. However, its performance is inferior to that of the
duration 4, and a forfiori, 7y, in particular for most intraplate earthquakes, and
for the smaller explosions.

Another potentially interesting comparison is that of Tpey with the duration 1,4,
itself (Fig. 9b), which illustrates the smoothness of the envelope series e(7). An
explosion could be expected to have a simple source time history, and thus a smooth
envelope and & 7oy identical to 1,44 on the other hand, an earthquake’s more
complex source could lead to several erossings of the envelope threshold ¥ = 1/4, and
thus to a a longer t)4, 1.e., to a point plotting substantially below the dashed bisector
on Figure Yb. Unfortunately, while this trend is indeed present, it is not universal: we
find both carthquake records with smooth envelopes, even among the larger
subduction events, and explosion records where Ty 1s deficient by as much as a
factor 2.5. In this respect, & discriminant based on this comparison would be far from
foolprool, and cannot be proposed.
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{a) Maximum envelope amplitude as a function of the total duration Fray of sustained amplitude. Note
the degradation of the separation in the case of smaller explosions. (b): Comparison of Frow and 714,

5. Skewness and Kurtosis

Pursuing a similar philosophy, we explore on Figure 10 the performance of the
parameters Sk and Ku defined in Equations (2) and (3). The parameters are
conveniently plotted against enm,, on frames (a) and (b), and against each other on
frame (c). We find, once again, that the trend towards lower values of Sk and Ku for
earthquake sources is correctly upheld by the end members of the distribution, but
that the intermediate field (Sk ~ 1; Ku ~ 0) is populated by both earthquakes (mostly
intraplate) and explosions. No trend with amplitude can be detected, and the
inctusion of records at high island sites (d} worsens the sitzation. We thus discard
skewness and kurtosis as effective discriminants.

6. Envelope integral
Figure i1 correlates the maximum envelope amplitude, eny. with the integral

of the envelope, o, over the full time window retained for study. While the
dashed line

logg emax = 9.20 logg feny — 22.90 (0}

does provide a separation between earthquakes and explosions, the latter is less frank
and hence less adequate than the [enfux 7y,3) criterion described above in Equation



Vol. 158, 2001 Edentification Criteria

105 records [Afolls Only] 105 records [Afoils Only]

591

1.5 | ; T 1 15 T 7
&
%
B 1 kd . ] B
=< s e ] b e
g @ EY P . 3
3 A &
° An s b s & 4
3 a A A @ A & a
S ) g A Bo0 = A
& 05 & a4 4 Oik ARy .
o o @ P A 8 # S aa &
3 A Pa g s 4
£ & s 48" hom o s B A
i @ s % %l A N LI Y A .
= or o g 4 ‘ O ¥ A
3 Am A & - A&
% @ S a e s
o & q 4 o &
o Ay = & =
= o A4 . _ o R % E
= 8.5 a i % - G.5 " s, o B3 . R
g‘ o s
k] oa o Ma
I
’ °g ¢ g
=T 3@ 3&. -t 4 P A N
¥ ) =g
A {a) A it
oL i . i S | ! 1 L]
a 0.5 1 1.5 z 5} 2 4 §
SKEWNESS KURTOSIS
105 records [Atolls Onky] 150 records [with High Islonds]
T T 3 i i T T 1
B | 4 sl 4
: - i N
| A A ! A 4
; A ; &
abo . - 4= ; a 7
é oA a ; oo a4
0 : n i
& ; aat 8 | At
& : e b : 2 a
3 ; a = ; a
2L 2L i
* i I = ; o sctes *
1 e e N
j PR : b B
: LWy :@; 1 &%AA
L o2 . o
! 4 ' A
0 Seas w*--ww*mﬁ ------------------------------- — 0 rommmm e e SR oo
; PR ‘?g“ﬁ%
] 8 . i
| pagp Y (©) (&)
o 9, % ] | 1 H £ ]
0 0.5 1 1.5 Z 13 2
SKEWNESS SKEWNESS

Figure 10
Performance of Skewness (1) and Kurtosis (b) estimators, as defined by Equations (2 and (3), and plotted
as a function of emgy, for 105 records at atoll sites. Frame (¢) plots Ke vs. Sk, and (d} shows further
deterioration of their performance when high-island sites are included.

(5). In particuiar, data points from the intraplate earthquakes are now regrouped very
close to the separation, with three {as opposed to two on Figure 6a) straddling 1¢. The
use of the energy integral J,,, instead of I, would, if anything, degrade the results.
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line (Equation (6)) can be proposed as a discriminant, the separation is poorer than on Figure 6.

7. Reference envelopes
We deline on Figure 12 reference envelopes, obtained by stacking, within each

family of records {8, M, ¥V, E). the envelopes of the relevant signals, after time-
lagging them to align their maxima. The data sct has been separated into nearby
and distant events in order to examine the case of intraplate earthquakes (H)
recorded at short distances. We confirm from this figure that the average
waveshape of man-made explosion signals is similar to that of volcanic explosive
signals, and to that of intraplate earthquakes, when the latter are recorded at short
distance. On the other hand, distant carthquakes (of both types) have a
characteristically broader envelope.

We further investigated these properties by computing for each record an
envelope misfit, m, defined by taking the integral of the absolute value of the
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Figure 12
Reference envelopes computed by stacking the envelope signals e(¢) within each family of records. Given at
right is the number of records stacked to obtain each trace,

misfit between the signal's normalized envelope, and the reference envelope
for a particular class of signals, lagged by the time ¢ for which the maxima
coincide,

elt)

- [ .. eroslt =~ ¢} - dt @
JeMax E

the domain of integration being that over which the envclope is at least 10% of its
maximum value, in order to aveid the contribution of background noise. Figure 13,
drawn in the case of reference to a subduction evenl envelope (alt distances included),
shows that many records are indeed identified properly: subduction records have in
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Figure 13
Misfit g computed relative to the subduction reference envelope.

general the lowest values of misfit myg, and the largest ones are found for explosions.
However, no reliable criterion for discrimination can be built, since the distinction
between the various populations is not sharp, especially between explosions and
hotspot earthquakes. We reached a similar conclusion with misfits mz computed
using the explosion envelope as reference.

4, Discussion

From the large number of tests described above, it appears that the comparison
of the amplitude of the envelope of the signal, ey, and its duration at 1/3 of
maximum, 7,3, can be used as an efficient discriminant between tectonic earthquakes
and underwater explosions. Another possible discriminant based on the envelope of
the signal wouid use its maximum amplitude enmyy and its integral foy. The former
discriminant is preferred on account of its better resclution. However, in addition to
the two small intraplate earthguakes mentioned above, the discriminant fails in a
number of cases which deserve comment.

e Records from explosive events occurring during volcanoseismic swarms are
not discruninated. Their characteristics can make them look ecither like earth-
guakes or explosions. Indeed, on alt diagrams from Figures 3 to 13, the “V”
records {plotted as sguares) are found in the same fields as explosions (triangles)
or earthquakes (especially intraplate; circles). To a farge extent, this is due to the
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explosive nature of the phenomenon itsell, which makes it Tutile lo attempt to
distinguish such sources from man-made explosions. However, one property can
be used to discriminate easily between V7 and “E” sources. Volcanoseismic
swarms arc always long-lived on the scale of the duration of individual 7-wave
signals, with cxplosive events always repetitive, and their oceurrence not periodic,
but rather random in time. The amplitude of the signal also varies with each
individual source. In addition, the individual events are separated by intervals of
time featuring sustained 7-wave activity at lower ampiitudes, which TALANDIIR
and Okar (1987a) have described as expressing the actual detivery of lava onto
the ocean floor, following the opening of conduits during the explosive events.
These properties are in contrast with our observations during occasional
campaigns featurmg multiple man-made explosions. As shown for example on
Figure 1 of Orar and Taranpier (1986}, the latter are characterized by perfect
periodicity, both i time and amplitude. Also, no detectable activity is present
between the various sources, when the T-wave signal falls back to the amplitude
of background noise. This property makes it easy to discriminate volcanic
explosions from man-made ones.

s A second type of signals which does not lend itself well to discrimination is the
set of presumed missile firings, although they are gencrally categorized as
“earthquakes” under the discriminant (5}, because of the complex nature of their
source. Still, they can be recognized through their combination of very small
amplitudes, long durations, and abundance of high frequencies. One data point (for
the record of 19 August 1986} falls almost exactly on the scparator on Figure 6. It
features a significantly shorter signal than the other presumed missile firings, in
particular those on the previous day; it also features greater values of the coefficients
Sk and Ku. We speculate that it could represent an unsuccessful test, when the missile
went astray and faited to become airborne.

Application to Larger Sources

In the framework of the CTBT, it is also important to evaiuate the performance
of a discriminant such as [ema: @ 7;53] 0 the case of more energetic sources.
Unfortunately, no man-made underwater explosions of truly large amplitude were
recorded by RSP since the implementation of digital recording in the early 1970s,
For this reason, we carry out in this section a more teatative analysis of analog
{paper) records obtained in Polynesiz from a aumber of very large explosions
carried out in the 1960s and early 1970s and Hsted in Table 2. These include two
major, announced, shots off California in 1966 (1 kU) and the Aleutians in 1968
{0.3 ki), and five events off the coast of Vancouver Island in 1969-197(. Among the
latter, three were located by the USGS and ISC, within a few km of 48.47°N,
126.55°W, and given magnitudes ny, between 4.6 and 4.9. We {ocated the other two
at a similar epicenter from their T-phase records at the RSP, The nature of all five
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sources is unpublished, but based on the characteristics of their T waves, we
propose that they are indeed explosions.

We also include in the data set digital records from three additional
earthquakes. Two of them are events having generated exceptionally intense T
waves, the 1977 Tonga event whose T waves woke up residents on the western
shore of Tahiti (TaLanpier and Oxal, 1979) and the 1975 Kalapana
earthquake, the largest recorded from a Pacific hotspot. The final eveat is a
small {(M; = 3.0y 1994 carthquake located in the tmmediate vicinity of the
Vancouver events.

Finally, we study paper records of T waves obtained at Papeete from four
atmospheric nuciear tests carried out at Christmas Island in June-July 1962 as part of
operation DOMINIC (Anonymous, 1989).

Because no digital records are available for these large underwater events, no data
processing can be performed in the frequency domain. In the time domain, the
situation is aggravated by the fact that several records are signilicantly clipped. The
1966 Californian shot predates the instrumentation ol Rangiroa Atoll, but we were
able to extrapolate the amplitude of the unclipped record on a pressure sensor
located m the Tahiti lagoon, to estimate an amplitude of 200 pm/s at station PMO
{or 400 um/s once corrected lor distance). In the case of the more recent Aleutian and
Vancouver shots, we similarly extrapolate the clipped amplitudes at TPT from
unclipped records at other, less favorably located stations on Rangiroa Atoll, based
on comparison with digital records of lower amplitudes obtained at later dates from
similar locations. The resulting amplitudes must be considered tentative, and we
assign them an crror of a multiplicative or divisive factor of 2 (£0.3 logarithmic
units). On the other hand, the duration of the signal can be measured from the
unclipped records, with a precision of ~25%, or -=0.1 logarithmic unit. We show the
resulting seven data points (with error ellipses) as the large triangles on Figure 14 (we
use downward-pointing triangles for the five Vancouver events since their nature as
explosions i3 uncenfirmed).

It is remarkable that these seven data points and the two large Tonga and
Kalapana earthquakes are perfectly separated by the [eng @ 7131 discriminant, whick
was derived for records with amplitudes at least one order of magnitude smaller.
Based on the reported explosive nature of the California and Aleutian events, we
conclude that the discriminant can be extended to the relevant domain of
amplitudes, and we propose that the five Vancouver events are indeed man-made
explosions. This interpretation is upheld by the qualitative observation of very high
[requencies (estimated at 10 Hz) in the initial phases of the clipped records at TPT.
In addition, the small 1994 earthquake sefected for study with an epicenter only
40 km from those of the 19691970 events clearly has properties characteristic of a
plate boundary (87} event, and fundamentally different from those of the five 1969
1970 events. This effectively rules oul the possibility that the latter could be seismic
in origin.
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Figure 14

Same as Figure 6, but including the strong sources studied in Section 4. The data points previously used in
the digital study are plotted in simaller size. In addition to the symbols used in Figure 6, the downward-
pointing triangles are the preswmed Vancouver explosions, the stars of David represent the 4 Christmas
atmospheric nuclear tests and the circled symbols and labels idenlify the additional three earthquakes.
Error ellipses are shown for the estimated parameters of the confirmed and presumed large-scale
explosions. As on Figure 6, the dashed line is the separator (5), In addition, the dotted line represents the
regression of the explosion data set {8.E). and the dash-dot line, that of the full earthquake data set (8.8-

H): note that their slopes are different.

After regrouping the ten additional data points into the original data set, we
computed the following linear regressions for the various types of records:

081 emax = 2.67 log 1y 5 —

for the 60 explosion records (E and P}

logyg enax = L 45 l0g 1113

— 1.44

1.34 (3.E)

(8.5)
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for the 14 subduction earthquake records {S);

0§ Iogm Tf]/'_; ""'"216 (gi“l)
for the 19 hotspot earthquake records (I); and
logy; epmey = 1.7510g9 115 — 1.90 {8.5-H)

when combining all 33 earthquake records (8 and H).
Finally, we turn to the case of the four atmospheric nuclear tests at Christmas

unclipped and of sufficient quality to allow hand digitizing after optical magnification
of the records. Classical data processing including removal of pen curvature vielded
digital time series which were then processed through our standard algorithm. The
spectrogram for the iest of 10 july 1962 is shown at the bottom of Figure 15 As
shown on Figure 14, where the four nuclear tests are plotted as stars of David, T
waves from these atmospheric events differ substantiafly from those of underwater
explosions, with all four data points falling on the “earthquake” side of the
separaior. Their characteristics are most similar to those of small intraplate
carthquakes, and also to the later part of missile firing records, but they lack the
high-frequency components found in the latter in the early parts of the records, and
believed to originate in the underwaler part of the firing sequence.

3. Conclusion and Perspective on the [esa © T13)] Discriminant

We have developed a discriminant based on the comparison of the maximum
amplitude of ground velocity in a T-phase seismogram with the duration of the phase
measured at 1/3 of its maximum. Measurements should be taken on the eavelope of
the seismogram along the procedure outlined above, and only stations on atolls, or at
sites featuring a simple receiver-side conversion process, should be used. The
discriminaant, shown as the dashed line on Figure 14, successfully separates
carthquakes from explosions. Other algorithms, notably these in the frequency
domain, bave a significant rate of failure, notably for intraplate earthquakes
emanating from ocecanic hotspot islands. The performance of the discriminant was
tested successfully over 3.5 orders of magnitude of ground velocity by analyzing
analog records of high-energy underwater explosicns from the 1960s.

The proposed discriminant, enygvs. 7|3 compares the maximam amplitude of the
signal envelope, which is an instantaneous characteristic of its shape, with the
duration at 1/3 of #ts maximum, which on the contrary, is related to the evolution
with lime of the signal, and hence, to a form of integral over time. Thus, the basic
nature of the discriminant is rooted in the comparison of & higher-frequency
parameter with a lower-frequency one, and its apparent success at separating
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earthquakes from explosions should not be surprising. (That it performs better than
specific frequency-domain criteria remains intriguing.) Indeed, it shares a certain
philosophy with such counterparts in land-based seismology as the ume-honored m, ¢
M, criterion (MARSHALL and BASHAM, 1972}, or even the £ /M ratio between energy
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and moment recently introduced by Newman and Owai {1998} to identify
earthquakes with anomalously slow sources.

It would be desirable 10 cast the satisfactory performance of [emax @ T1/3]. observed
aver as much as 3.5 orders of magnitude of e, into the framework of a theoretical
model of the generation of the T phases by both kinds of sources, and to provide
some level of theoretical justification ol Equations {8). However, this is a difficult
endeaver since 1t requires the modeling of the growth with source size of four
parameters, namely amplitude and time history of carthquakes and explosion
sources. There exist models of either source and of the generation of the waves in the
relevant medium. In the case of carthguakes, we face the formidable problem of the
seismic-to-acoustic conversion, strongly affected by bathymetric features on a scale {a
few hundred m) maccessible to both mapping and modeling. Also, the two kinds of
sources may not be directly comparable since an explosion will behave at least
initially as & point source In the water, with an initiatly spherical growth of the
wavefront {until trapped by the SOFAR channel), while an earthquake will
Huminate a finite segment of conversion slope and thus behave initially as a line
source for oceanic sound waves. Under these conditions, it s unclear that the two
parameters generally computabie from models of cither source, namely the seismic
ground motion at the source-side conversion shore {earthquake source) and the
amplitude of the pressure pulse immediately outside the range of nonlinearity
{explosion), can be simply related to the amplitudes of T phases eventually recorded
al an on-shore seismic station,

Furthermore, the duration of the 7 phase is itself an a priori combination of the
intrinsic duration of the source, the dispersion during propagation in the SOFAR
channel, and the complexity of the conversion on the receiver side. The latter can be
largely eliminated by considering only atoli stations. Dispersion will become
prominent for signals with short source times and thus will more strongly affect
explosion signals; furthermore, 1t could be feasible to effect a dispersion correction
before taking the measurement of t,;5; this improvement to the discriminant is
presently being investigated.

In view of these difficuities, we give here only a very general perspective on the
nature of the discriminant [eyuy © 113).

In the case of carthquakes, scaling models relating seismic displacements to
earthquake size (e.g., GELLER, 1976) predict interference effects, foliowed by full
saturation of the ground motion at any frequency f when the duration of the source
becomes greater than 1/f. Full saturation fer a 5-Hz wave is expected at a seismic
moment My = 10?2 dyn-cm or my = 4.4 (rather than at the familiar 10°® dyn-cm for
the Richter magnitude measured at a period 100 times longer). Destructive
interference will start about one unit of magnitude below that, meaning that most
earthquakes considered in this study will be affected. Hence, the amplitude of seismic
motion and consequently of the T phase will grow slower than My, Similarty, while
the duration of the source would be expected to grow as M(;”},, that of the T phase will
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be primarily controlled by the duration of excitation of the scatterer at the solid-
fiquid interface. Consequently, the relationship between eyy and 1,5 is expected to
mimic that existing between the amplitude of strong motion, g, and ifs duration, D, at
a near-ficld receiver. Such (a, D) relations constitute the basis for the computation of
so-called duration magaitudes (LEE er al.,, 1972). While many variations of such
scales have been proposed to adapt them to individual network studies, they
generally use an algorithm of the form

Mp = by + by log)y D (9)

with by varying from 1.5 in Southern California (Rear and TeENG, 1973) to 2.8 in
Puget Sound (Crosson, 1972); for example, the preferred value b; = 2.0 (LEE and
STEWART, 1981) would suggest a relationship of the form log,a = 2log, D.

The slopes regressed from Bquations (8), 2.01 for the mostly small H events, and
£.45 for the generally larger S ones, fall within the general range of used by values,
which confirms that the characteristics {amplitude and duration} of the I” phases
recorded from carthquakes are indeed rooted in those of the seismic ground motion
at the seismic-to-acoustic conversion point.

In the case of explosions, we regressed the envelope amplitude emay as a fanction
of the vield ¥ (in kg of TNT), as published for 44 sources, and obtained:

logyy enax = 0.77log,, ¥ — 2.03 (10)

the corrciation coefficient being good (87%). The siope of the regression, 0.77,
indicates that the amplitude of the recorded T phase grows significantly faster with
yield than the amplitude p of the pressure pulse at the source: the latter has been
modeled semi-empirically by CorLg (1948) and CuarMman (1985} as growing like
(Y”})l'13 = Y% This can be understood through the following argument: The pulse
at the source 1s very narrow, decaying exponentiatly with a decay time 8, which grows
approximately like Y3 (y'/3)y % = ¥ (Cyapman, 1985). By the time it is
recorded with a dominant anguiar frequency w at an island station, a T wave wili
have undergone what amounts to band-pass filtering, and the resulting recorded
amplitude should be more directly related to the spectral amplitude P{w) of the
source pulse than to its time domain maximum, p. For an exponentially decaying

Of course, this model is very crude, since it assumes a constant e, and ignores many
tactors such as the contribution of the secondary pulses (the so-called “bubbie”
effects), but it gives somes rationale to the observed fast growth of ey, with Y.

As for the duration of the T phase, it is found fo correlate poorly with vield (the
coefficient being only 68%). This is probably due to the effects of dispersion on the
shorter signals generated by explosions. Otherwise, one would expect the duration of
the T wave to be controlied by the two characleristic times of the source, the decay
time #,, and the period of the bubble, @5, the latter growing like ¥'/3, The ratio 0.77/
(1/3) = 2.31 is not far removed from the value (2.67) regressed [rom the lenuy @ 71/3)
data set (Equation (8.E)).
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It 15 evident that the arguments presenied in this section [all short of a fuli
satisfactory theoretical model of the performance of the proposed discriminant. Yet,
they provide some level of justification for the observed slopes of regression on
Figure 14. When event size 1s increased, the population of explosions, characterized
by the steeper slope {2.67) 15 bound to separate {rom the earthguake group featuring
an average slope of only 1.75. That this separation is effective in the range of event
sizes considered here (M > 3 for earthquakes; ¥ > 80 kg for explosions) aliows the
discriminant to perform efficiently. Assuming that the same scaling laws apply, it is
probable that the [esay © 1143] discriminant would fall for smaller events, in the yield
range I—10 kg and in the magnitude range 1-2.
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