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ABSTRACT 

Body-wave data from 60 earthquakes r ecorded on hydrophones 

(recorded frequencies of 3 to 8 Hz) at Midway, Wake, and Eniwetok and 

from 100 earthquakes recorded on seismographs (recorded frequencies of 

0.3 to 3 Hz) at Midway , Wake,, and Marcus indicate t he fol lowing for the 

Northwestern Pacific Basin area : Observed times of P- wave arrivals on 

hydrophones compared to the expected times of arrivals of the normal 

r efracted mantle P phases are early (usuall y by several seconds) for 

distances of 9~4 to 19~5, late (by as much as 64 sec) for distances of 

19~5 to 33~1, and on time for distances of 33?1 to 39?8 ; observed times 

of S- wave arrivals on hydrophones compared to the expected times of 

arrivals of the normal r efracted mantle S phases are early (by as much 

as 34 sec) for distances of 9~4 to 20?8 , late for distances of 20?8 to 

32~9, and no data is available for distances beyond 32?9; observed 

times of P-wave arrivals on seismographs are early for shallow events 

and on time for deeper events for distances of 7~59 to 23° , and on time 

for distances of 23° to 39~10 ; and , observed times of $-wave arrivals 

on seismographs are very early (by as much as 23 sec) for distances of 

7?59 to 20~34 , and on time for distances of 20~34 to 39?10 . 

Similar data f r om 25 earthquakes recorded on hydrophones and f r om 

39 earthquakes recorded on seismographs indicate the following for the 

East Caroline Basin-Ontong Java Plateau- Nauru Sea area: Observed times 

of P-wave arrivals on hydrophones are on time for distances of 16~4 to 

18?3, late for distances of 18?3 to 22?2, anrl on time for distances of 

22~2 to 39?6; S-wave arrivals on hydrophones are unclear or not apparent 

for distances of 16~4 to 39~6 ; P- wave arrivals on seismographs are 



slightly late for distances of 15~98 to 39~88; and, S-wave arrivals on 

seismographs are on time for the few instances in which they were well 

r ecorded (at 23 ~ 61 , 32~25 , 33~80, and 37~86) . 

iv 

These observations and additional analyses of the travel- time data 

suggest the following for the mantle under the Northwestern Pacific 

Basin: a zone of low P-wave velocity with a thickness of about 75 km 

beginning in the uppermost 100 km of the earth , perhaps very c l ose to 

t he M discontinuity; a waveguide immediately bel ow the M discontinuity 

which propagates 3 to 8 Hz energy of compressional and shear w3ves with 

velocities of 8 . 28±0 . 03 and 4 . 79±0 . 04 km/sec , respectively , to great 

distances (observed to 33° , with the waveguide for compressional waves 

being considerably more efficient than the waveguide for shear waves) ; 

and, an asthenosphere of low Q for frequencies of 3 to 8 Hz compared to 

that for material above and below. 

Similar considerations suggest the following for the mantle under 

the East Caroline Basin-Ontong Java Plateau-Nauru Sea: a waveguide 

immediately below the M discontinuity which propagates 3 to 8 Hz energy 

of compressional waves with a vel ocity of 8 .47±o . 48 km/sec to at least 

22°; a weaker waveguide for shear waves than observed for the area to 

the north; an asthenosphere of low Q for frequencies of 3 to 8 Hz 

compared to that for material above and below; and, a velocity distri

bution somewhat different from that for the area to the north since, 

for normal refracted mantle P phases recorded in the distance range of 

22° to 40° , travel time residuals arc generally slightly negative for 

the area to the north and slightly positive for the area to the south. 
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I . INTRODUCTION 

Background 

Because of the distribution of seismic zones and recording stations 

on the earth ' s surface , most body-wave travel-time data in the 10° to 

30° epicentral distance range i s obtained by continental seismi c 

stations which record earthquake waves from continental seismic belts 

or from nearby island arcs . In other words , there are few seismic 

stations out in the oceans in the distance range of 10° to 30° away from 

zones o-f seismicity , and it is body-wave data in this distance r ange 

which provides the most information on P- and S-wave velocities in the 

uppermost 300 or 400 km of the earth . Thus , any mantle velocities 

determined from the available body-wave data are probably more r epre

s entative of continental or transitional mantle structure than of 

oceanic ~ if such differences do , in fact , exist . Data in this distance 

r ange are available for such oceanic regions as the Philippjne Sea and 

the New Hebrides-Fiji- Tonga-Samoa area , but whether the mantle i n these 

regions should be considered as oceanic , continental, or some mixture 

of both is not yet certain . Comprehensive body-wave travel-time studies 

for the regions most likely to have a pur~ly oceanic mantle , the deep 

ocean basins, arc not avai l able because few i sland seismic stati ons are 

so located that travel paths for earthquakes at epicentral distances in 

the range of 10° to 30° from the island seismic stations would be in 

t he mantle underJying the deep ocean basins. Consequently , our present 

knowledge of ocean-basin mantle-velocity structures is based primarily 

on surface-wave studies which mainly provide i_nformation on shear

velocity distribution . In the absence of body-wave data a potentially 
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significant void in our knowledge is apparent since the deep ocean basins 

overlie a considerable portion of the earth ' s mantle . This omission is 

made more conspicuous by current efforts, brought about by such concepts 

as sea- floor spreading and plate tectonics , to determine deep processes 

i n the oceanic mantle. 

Historical Development 

The author ' s dir ect involvement in efforts to obtain vel ocity models 

f or the oceanic mantl e began at the Hawai i Institute of Geophysics (RIG) 

of the University of Hawaii in the fall of 1963. In studying Pacific 

Missile Range hydrophone records , the au t hor noticed that hydrophones at 

Midway, Wake, and Eniwetok were recording compressional and shear phases 

from earthquakes in the portion of the circum-Pacific arc that extends 

f r om the Aleutian Islands to the Solomon Islands. An unusual thing about 

the times of arrivals was that , for distances of 20° to 33° , t hey were 

very much l ater (as much as 64 sec) than the expected times (Jeffreys 

and Bullen, 1958) of arrivals for the normal refracted mantle phases . 

This observation served to impress the author with the fact that seismol

ogists had been unabl e to give adequate attention to a very important 

part of the earth because of the distribution of seismic zones and 

stations; namely, the mantle underlying t he deep ocean basins . It was 

then decided that a significant contribution to the field would be made 

if body-wave data were obtained for what could be considered a purely 

oceanic mantle . This is the basic idea which the author had in 1963 and 

this idea provided the motivation for his work at HIG since that time. 

The idea was discussed with Dr . Furumoto of HIG and a proposal to 

the National Science Foundation (NSF) to install seismic stations on 
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Midway, Wake, and Marcus islands was t.Tritten by Ors . Woollard, Furumoto, 

and Adams (all of HIG). The objective of the proposed research was to 

conduct a seismological investigation of the mantle underlying the 

Northwestern Pacific Basin . The proposal was approved beginning in the 

fall of 1964 and tape r ecording seismographs were designed by W. M. Adams 

and G. L. Maynard (a member of the staff of HIG) . Tape systems were 

chosen for several reasons : (a) the cos t was much less than using 

photographic recorders and was comparable to hot- pen recorders, (b) 

assistance of local personnel was required only on a once-a-month basis 

rather than a daily basis, and (c) tape r ecording offered advantages in 

data analysis that are not inherent in visual recordings . The tape 

systems were placed a t the island sites by 1965. The installations were 

made by A. S. Furumoto , W. M. Adams , G. L. Mayn ar d , and this author . 

Also in 1965, the author received his M. S. in Geosciences with a thesis 

entitled "A Study of the Northwestern Pacif ic Upper Mantle . " The 

preliminary interpretation that the observed phases were normal refracted 

mantle phases as given in that thesis was shown to be erroneous by 

subsequent i nformation which will be presented in this dissertation. 

Out on the island sites , the tape systems were encountering sever al 

serious problems : (a) adverse environmental conditions (high humidity , 

temperatures, and salinity) caused continual f ouling of the t ape recorder 

heads , (b) local personnel were unable to monitor and compensate for 

unexpectedly large changes in noise level , (c) T phases and microseism 

storms were continually saturating the amplifiers , and (d) frequent power 

failures on the order of seconds or minu tes destroyed timing precision . 

The author continued s tudying hydrophone arrivals and began work on a 



computer program that could be used to derive velocity models of the 

earth from observed body-wave data. 
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In 1967, a new proposal to NSF was written by Drs. Sutton (also of 

HIG) and Furumoto to design a new instrumentation system which would 

eliminate the problems encountered with the tape systems and to continue 

operation of the island stations. The proposal was approved. The 

improved instrumentation uses a solid state double-pen recorder with its 

own emergency power supply. The two channels are used to record a 

short-period vertical (SPZ) Hall-Sears 10-1 geopbone and a long-period 

vertical (LPZ) Sprengnether seismometer. The magnification of the SPZ 

is a maximum at approximately 0 . 6 sec and the magnification of the LPZ 

is a maximum at approximately 15 sec. Detailed response curves are 

published elsewhere (Sutton and Walker , 1970). In 1968, a paper by t his 

author and Dr. Sutton entitled "The Agreement of Proposed Earth Models 

with Observed Body-Have Travel Times" was published in the Bulletin of 

the Seismological Society of America . The computer program described in 

this paper was t he tool needed to derive mantle models when , and if, an 

adequate body of data was accumulated; however, data obtained by the 

double-pen recorders were coming in at a very slow rate. 

In January of 1969, another proposal to NSF was written by this 

author to continue operation of the Northwestern Pacific Island Stations 

and to expand the network to the South Pacific . The proposal was 

partially approved . Also in 1969, all hydrophone data was evaluated, 

and these data with their interpretations are presented as Part II of 

the dissertation . Since 1969, the author has worked on the installation 

of a seismic s tation on Easter Island in the South Pacific and on the 



evaluation of seismograph da ta from the Northwestern Pacific stations . 

This evaluation has been completed and these data with their interpre

tations are presented in Part III of the dissertation . 

Format 

The reason for the presentation of the data with their interpre

tat ions in t wo parts (Part II and Par t III) is mostly historical (the 

hydrophone data were evaluated before an acceptable body of seismograph 

data were accumulated), although there is also r eason to believe tha t 

i ndependen t evaluations of the hydrophone and seismograph data , prior 

to any combined evaluati on , are the bes t means of arriving at a proper 

interpretation of the combined data. 

In Part II , 100 compressional- wave arrivals and 49 shear-wave 

arrivals from 87 earthquakes having epicentral distances ranging from 

9~4 to 39~8 as r ecorded on hydrophones at Midway, Wake , and Eniwetok 
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are s tudied . Most of the earthquakes occurred in the portion of the 

circum-Pacific bel t that extends from the Aleut ian Islands down through 

the Solomon Islands (Figure 1). Examination of the raw data showed that 

travel times for earthquakes south of Guam were anomalous with respect 

to the rest of the observations . For this reason , 12° north latitude 

was chosen somewhat arbitrarily as the dividing line (dashed line in 

Figure 1). Bathymetry indicates that the travel pa t hs of seismic waves 

from earthquakes occurring south of Guam would be under the shal lower 

East Caroline Basin-Ontong Java Plateau- Nauru Sea area , as well as 

under the Northwestern Pacific Basin . Thus, travel-time data for events 

north of Guam could be considered as indicative of pure oceanic mantle 

structure, whereas the data for events south of Guam might be indicative 



of a somewhat different oceanic mantle structure. For this reason, the 

data and the discussions of the data are presented separately for the 

areas north and south of 12° north latitude . 

In Part III, 135 compressional- wave arrivals and 67 shear-wave 

arrivals from 139 ear thquakes having epicentral distances ranging from 

7~59 to 39~88 as recorded on short- and long-period vertical seismo

gr aphs at Midway, Wake , and Marcus islands are discussed . As in 
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Part II, most of the earthquakes occurred in the portion of the circum

Pacific belt that extends from the Aleutian Islands down through the 

Solomon Islands; and the data are examined separately for events north 

and south of 12° north latitude representing the deep Northwestern 

Pacific Basin and the shallower East Caroline Basin-Ontong Java Plateau

Nauru Sea area, respectively . In each of the discussions (north and 

south of 12° north latitude) of Part III, interpretations of the 

seismograph data are given first; and then interpretations of the 

combined hydrophone and seismograph data are presented . 

Other Studies 

Consideration is now given to the available direct and indirect 

evidence concerning the structure of the mantle underlying the North

western Pacific Basin and the East Caroline Basin- Ontong Java Plateau

Nauru Sea area . 

In a study of travel times for Pacific nuclear explosions using the 

results of Carder and Bailey (1958) and additional data personally given 

to him by Carder, Jeffreys (1962) determined that differences between 

observed P-wave travel times and expected P-wave travel times (Jeffreys 

and Bullen, 1958) for distances of 5°, 10° , 15°, and 20° would be -5.7, 
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-7 . 3, - 6 . 0 and -2 .1 sec, respectively . These values were based on the 

observed travel times of P phases from nuclear detonations near Bikini 

and Eniwetok to permanent seismic stations on Guam and Truk and to 

temporary seismic stations on Kwajalein and Wake. In the distance 

ranges of 3~3 to 3?6 , 7~7 to 8?7 , 11?0 to 13?9 , 17?1 to 18~6, and 20~1 

to 20?5, the number of observed P phases are 2, 2, 4, 5, and 5, 

r espectively, giving a total of 18 P phases observed be t ween 3~3 and 

20?5. Similar studies by Doyle and Webb (1963) of P travel times from 

Bikini and Eniwetok to an Australian stati on on Rabaul revealed observed 

minus expected travel times of -9.1, -8 . 4, -9.1, and -9 .1 sec for 

distances of 19?11 , 19?22 , 21?12 and 21~21 , respectively . 

Of the 22 P phases observed , only 2 had travel paths north of 12° 

north latitude . These phases were recorded at Wake from tests at Bikini 

and at Eniwetok at epicentral dis t ances of 7?7 and 8?7 , r espectively . 

Data for similar travel paths are not available from this dissertation , 

but data for similar epicentral distances (earthquakes f r om the Mariana 

Islands recorded at Marcus) are available. Observed minus expected 

travel times at Wake were - 6 to -7 sec while for comparable dis tances 

observed minus expected travel times at Marcus were - 3 to -8 s'ec . It is 

not yet known what significance should be given to the similarity of 

these data. 

Fifteen of the 22 P phases observed had travel paths south of 12° 

north latitude . These phases were recorded at Bikini, Kwajalein, Truk, 

and Rabaul. The remaining 5 P phases had travel paths which were partly 

north and partly south of 12° north latitude . These 5 phases were 

recorded on Guam at distances of 17?1, 17 ~1, 20?1 , 20~2 , and 20?2 . 
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Observed minus expected travel times for all 20 of these phases were in 

the range of -9 to -2 sec . These data and data for similar travel paths 

available from this dissertation are discussed in Parts II and III 

under "Discussion (Events South of 12° North Latitude) . " 

Evidence concerning the structure of the oceanic mantle may be 

obtained from long-period oceanic surface-wave data. Such a study by 

Press (1969), utilizing Monte Carlo inversion techniques, indicated a 

low-velocity zone for shear waves beginning at a depth of about 100 km 

with its center at depths between 150 and 250 km. Since a similar study 

(Press, 1968), using generalized long-period surface- wave data (no 

distinction was made for oceanic, continental, or transitional data), 

suggested somewhat similar velocity distributions, it is not certain 

whether significant differences in oceanic and continental mantle 

structures are indicated by these long-period surface-wave data. Part 

of the problem may be due to the fact that in the Monte Carlo method , 

body-wave data are used to constrain the possible solutions; and, if the 

body-wave data used are not representative of actual oceanic body-wave 

data, the possible solutions would be improperly constrained and the 

resulting velocity models might not actually represent an oceanic mantle. 

Differences between continental and oceanic mantle structure are, 

perhaps, best suggested by the general equivalence of heat flow data 

for continents and oceans and by concepts of sea- floor spreading . Since 

most of the heat flow observed on the earth's surface is due to 

radioactive material in the crust, and since the continents have a 

considerably thicker crust than the oceans, it was thought that the heat 

flow of continents should be considerably higher than the heat flow of 



oceans. Actual measurements showed that this was not the case, and the 

logical conclusion of this observation is that the continental and 

oceanic mantles are different. Differences are also implicit in the 

concept that crust is created at oceanic rises, carried to regions of 

subsidence (continental margins), thrust under continents, assimilated 

into the asthenosphere or mesosphere, and, perhaps , recycled back to 

the oceanic rise . 

9 
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II . HYDROPHONE ARRIVALS 

Data (Events North of 12° North Latitude) 

U.S. Coast and Geodetic Survey epicentral data are listed in 

Table 1 and observed travel times and r esiduals (observed minus expected 

travel times) are given in Table 2. Expected travel t imes are taken 

from the Jeffreys -Bullen (J-B) tables (1958) . Ten of the 71 log , power

l evel r ecordings of hydrophone arrivals are presented in Figure 2 and all 

others are available f rom this au t hor on reques t . 

The J-B tables were used in prefer ence to the Herrin (1968) tables 

for the following reasons : Prior to 1968, when these studies began, the 

J-B tables were generally recognized as the standard reference for the 

travel times of seismic waves ; and, unlike the J-B tables , the Herrin 

tables do not include travel times for shear phases, and a good portion 

of this investigation is concerned wi th the travel times of these phases . 

For those wishing to compare the observed P- wave travel-time data with 

the P- wave travel times of the Herrin tables rather t han t he J - B tables , 

the following information is provided: for epicentral distances of 5° , 

10°, 15°, 20°, 25°, 30° , 35° , 40° and for a focal depth of 0 km , the 

P-wave travel t imes of the Herrin t ables are less than the P- wave travel 

times of the J-B tables by approximately 3 . 8, 3 .5, 3 .7, 2 . 4 , 3 . 0 , 2 . 8, 

and 2 . 4 sec , respectively; and , for similar epicentral distances and 

for a focal depth of 100 km, t he Herrin times are less by 2 . 7, 2 . 8, 2 . 9 , 

2 . 5 , 3 . 0, 2 . 7, and 2 . 3 sec , respectively. Had P- wave travel time 

residuals been compu ted with reference to the Herrin tables rather t han 

the J-B tables, Herrin P- wave travel time residuals would be more 

positive than the J - B P-wave travel time residuals by approximately 2 to 
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4 sec - with the actual value depending on the epicentral distance and 

the focal depth. It should be noted , however , that for distances of less 

than 20° the travel times of the Herrin tables are represen t ative of a 

velocity distribution for the upper mantle having travel times consistent 

with observed travel times in the central United States. 

The residuals (Table 2) indicate that observed compressional phases 

in the 9~4 to 19~5 distance range (arrivals 1 through 37) arrived sooner 

than the expected J-B P phases , as was likewise true for the observed 

shear phases in the 9~4 to 20~8 range (arrivals 1 through 41) . The 

large positive compressional- wave residual of 11 . 0 sec and the slightly 

positive shear-wave residual of 1.3 sec for arrival 18 is the most 

notable exception , and is possibly related to the fact that arrival 18 

had the deepest focal depth (214 km) • Observed compressional phases in 

the 19~5 to 33~1 range (arrivals 37 through 66) arr ived increasingly 

later than the expected J - B P phases, as di d also the observed shear 

phases in the 20?8 to 32~9 range (arrivals 41 through 65). In this 

second (slower) group of arrivals , the small negative P residual of 

0 . 5 sec for arrival 61, at a distance of 29?0, appears as the most 

notable exception . Again focal depth may be significant in that arrival 

61 had the deepest focal depth (382 km) . Arrival times of observed 

compressional waves beyond 33?1 were similar to the J-B P arrival times 

and no later phases were observed. Shear waves have not been observed 

for epicentral distances beyond 32~9 . Fifteen compressional waves have 

been observed for events beyond 40° (not given here); all had arrival 

times which were in good agreement with the arrival times of the J - B 

P phases and no later phases were observed . 
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Phases in the first group (1 through 37), where arrival times were 

early , came f r om events in the Mariana I s l ands that were recorded mos t ly 

at Eniwetok. Neither Wake nor Midway is as close as Eniwetok to the 

circum- Pacific belt. Phases i n the second group (38 through 66) , where 

arrival times were increasingly late , came from events occurring north 

of the Mariana Isl ands . These events were recorded at all three stations . 

A map showing the location of those events having P-phase ar rival times 

later than the expected a r rival times by more than 10 . 0 sec at the three 

stations is given in Figure 3 . The reader might wonder why an event in 

the Bonin Islands (e . g ., arr ival 52) which was r ecorded at Eniwetok was 

not recorded at Wake, since epicentral distances appear comparable . The 

explanation is t ha t all event s are not necessarily well recorded at all 

stations and only the strongest and most distinct recordings were used 

in this study . Of the 5 arrivals recorded beyond 33~1 (arrivals 67 

through 71), two were produced by events in the Aleutian Islands , and 

one each by events in the Mariana Islands , the Sea of Japan , and off 

Taiwan Island . These events were also recorded at all three stations . 

Travel-time pl ots of compressional and shear waves are given in 

Figures 4 and 5 . Inverse slopes of 8 . 28±0 . 03 and 4 . 79±0 . 04 km/sec were 

determined from a l east squares fit of compressional- and shear-wave 

travel-time data having focal depths less than 100 km and epicentral 

distances less than 30° . Intercepts of +1 . 4 and +7 . 9 sec were found for 

the compressional- and shear-wave curves , respectively . The obvious 

l inearity of the travel-time curves out to 30° immediately suggests some 

sort of guided-wave interpretation . 



Discussion (Events North of 12° North Latitude ) 

The h igh apparent velocities obtained from the travel-time curves 

preclude consideration of the observed phases as any crustal phases 

(p, P , P* , Pm ; also s, S, S* , and Sm) . 

Although velocities immediately below the M discontinuity for the 

oceans a r e thought t o average 8 .1 and 4 . 7 km/sec for compressional and 

shear waves , respectively (Gutenburg , 1959) , compressional velocities 

as high a s 8.6 km/sec have been found immediately below the M 

discontinuity in the Pacific (Raitt et al ., 1969). Therefore, Pn and 
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Sn (or Ph . f . and Sh . f . ; Oliver and Isacks , 1967) as possible descriptions 

of the observed phas es would imply higher than normal , bu t not unusual 

velocities immediately below the M discontinuity for t he Northwestern 

Pacific. However, if a Pn (Sn) phase interpretation is to be accepted , 

then t he apparent absence of the J-B P phase , even for large-magnitude 

events at distances from 19?5 to 33?1 , will have to be explained. 

Molnar and Oliver (1969) did not consider this when they interpreted 

as an Sn phase the shear phases at hydrophones which Walker (1965) had 

r eported earlier . A possible explanation , which would support their 

interpretations, is that, in the distance range in question, lower 

frequencies may be more predominant in the J - B P phase than beyond 33?1; 

and, since the hydrophones record higher frequency phases more readily , 

the lower frequency J-B P phase is not well r ecor ded in the 19?5 to 33?1 

range . If this explanation proves valid, fur ther inquiry should be made 

into the reason for this lack of high-frequency energy and particular 

attention should be paid to the sudden appear ance of the higher frequency 

J-B P phose beyond 33?1 and the coincident sudden disappearance of the 

Pn phase . 
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Pa and Sa phases, having periods much longer than the J-B P or S 

phases , have velocities of 8 . 0 and 4 . 4 km/sec (Caloi, 1953) , 

respectively. Earlier arriving phases are observed in front of the 

later-arriving Pa and Sa phases . Hydrophone response to t he predom

inantly lower frequencies of the Pa (Sa) phases would not be as good as 

to the higher frequencies of the Pn (Sn) phases . In addition , this 

interpretation would present the same problem as those of a Pn (Sn) 

phase interpretation . 

Another possibility is that the observed phases might be the first

arriving refracted mantle wave . Since the refracted mantle wave usually 

appears as the clearest arrival on a short-period seismometer , a single 

phase observed throughout an epicentral distanc,e range of 9~4 to 39~8 

for events as large as magnitude 8 . 0 could be interpreted to be a 

refracted mantle arrival . Using methods described in an earlier paper 

(Walker and Sutton , 1968) , P and S velocity-depth f unctions having 

travel times generally in agreement with the observed travel times (RMS 

error ±5.3 sec for HIG 3 and ±6 . 0 sec for HIG 4) were found . These 

unusual models (RIG 3 and HIG 4) are plo tted along with the J-B P- and 

S-velocity models in Figures 6 and 7. A large residual of -33 . 3 sec 

from model HIG 3 for the one deep event in the critical distance range 

(arrival no . 61, h = 382 km, 6 = 29~0) argues against this interpretation . 

Data (Even ts South of 12° North Latitude) 

Coast and Geodetic Survey epicentral data for this region are given 

in Table 3 , travel times and residuals for the arrivals are given in 

Table 4, and six recordings are presented in Figure 8 . The residuals 

indicate that observed compressional waves in the 16~4 to 18~3 range 
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(arrivals 1 through 5) have arr ival times close to t he arrival times of 

the J-B P phase. Observed compressi onal waves in the 18 ~ 3 to 22?2 

range (arr ivals 6 through 16) have arrival times which ar e la t er than 

the arrival tiraes of the J - B P phase . Beyond 22?2 arrival times are 

again comparable to the arrival times of the J - B P phase . Most S waves 

are unclear and in many cases no S waves were found . Al l the 

compressional phases shown in Figure 8 have exceptionally distinct 

onset s and onl y a single compressional phase was observed on each r ecord. 

A travel-time plot of compressional- wave data is given in Figure 9 . An 

inverse s l ope of 8 . 47±0 . 48 km/sec was determined from a least squares 

fit of data for events having focal depths less than 100 km and 

epicentral distances less than 24° . An intercept of +15 . 0 sec was found . 

Discussion (Events Sout h of 12° North Latitude) 

The ar guments presented in the discussion of the phases observed 

for events north of 12° north latitude are applicabl e here . Interpreting 

these phases as first-arriving refracted mantle phases, a model (HIG 5) 

was found (RMS error ±4 . 3 sec) and is plotted along with the J - B 

P- velocity model in Figure 10 . 

As mentioned in Part I, the results of studies by Carder and 

Bailey (1958), Jeffreys (1962) , and Doyle and Webb (1963) indicate 

negative P- wave travel time residuals (-9 to -2 sec) for this area . 

These resul ts and the large posi tive residuals of Table 4 suggest that 

the normal refracted mantle P phases were not observed on the hydrophones 

and that a guided P phase was observed on the hydrophones . 
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III. SEISMOGRAPH ARRIVALS 

Data (Events North of 12° North Latitude) 

U.S. Coast and Geodetic Survey epicentral data are listed in 

Table 5 and observed travel times and residuals are given in Table 6. 

An epicenter map is given in Figure 11. Several short- and long-period 

seismograms are presented in Figure 12 and copies of all other data are 

available from this author on request. 

Compressional arrivals: 

7~59-10~25 (Events #1-17) . The frequency of the observed arrivals 

on the short-period vertical seismograph (SPZ) appears to be the normal 

frequency of refracted mantle phases (i . e .,~ 1 Hz). Travel times are 

gener ally early for shallow events and "on time," or late, for deeper 

events. An examination of residuals in relation to their focal depths 

indicates that events having positive residuals have focal depths 

greater than 135 km . Observed phases on the long-period vertical 

seismograph (LPZ) arrive at approximately the same time and appear to 

have about the same frequency as the SPZ arrivals . No significant 

phases other than the first arrivals are observed . 

10~25-39~10 (Events #18-106). While the SPZ continues to record 

phases having frequencies of approximately l Hz , noticeable lower 

frequency phases become apparent with increasing distance on the LPZ . 

Arrival times on both instruments continue to be approximately the same 

and no significant phases other than the first arrivals are observed . 

Out to approximately 23° (Events #18-79), times of arrivals from 

earthquakes of shallow and intermediate depth are generally early. 

Event 24 with an epicentral distance of 12~31 and a focal depth of 



516 km has an anomalously large residual ( - 21 . 3 sec) which can be 

attributed either to a timing error or to an inaccurate hypocenter. 
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The other deep focus events (20, 44, and 76 at epicentral distances of 

10?39, 17?68, and 21?81 , and with focal depths of 319, 347 , and 417 km , 

r espectively) have residuals of 0.0 , +0.5, and +3 .8 sec , respectively . 

Beyond 23° (Events #80- 106) , observed travel times are close to expected 

values. 

Shear arrivals : 

7?59-20?34 (Events #1- 65) . On the LPZ it is not certain whether 

normal long-period S waves are observed . High-frequency S waves 

(1-2 Hz) observed on the SPZ come in on the LPZ at about the same time. 

This arrival could obscure any phases of lower frequencies which migh t 

be present . Also in this distance range, the strength and frequency of 

the normal long-period S phase may not be discernible f r om the background 

noise of about 3 to 6 seconds period , which often is present . The 

times of arrivals are generally very early (often as much as 20 seconds) , 

and no other significant phases are observed. The only exceptions are 

events 8 , 10 , 15, 16, and 20 having focal depths of 206, 225 , 229, 204, 

and 319 km, respectively . These events do not have significant negative 

residuals . However , events 6, 9 , 11 , 12 , and 47 with focal depths of 

165 , 134, 135 , 115 , and 116 km, respectively , have large negative 

residuals. 

20~34-39?10 (Events #66- 106) . In this distance range the normal 

long-period S phase makes its appearance as a distinct phase . Beyond 

20?65 (Event #70), the high- frequency S phase is no longer apparent 

on either the SPZ or the LPZ , and the normal long-period S phase appears 
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as the first - arriving S wave . The LPZ recording of event 070 (Fig . 12) 

shows both the high-frequency S phase and the normal long- period S 

phase . 

Discussion (Events North of 12° North Latitude) 

The data indicate that the normal refracted mantle P (= 1 Hz) 

appears to be well recorded at all distances on the seismographs . The 

travel time residuals of the normal refracted mantle P waves suggest 

higher velocities in the uppermos t mantle than in the J - B model , wit h 

relatively lower velocities below this region. Using methods described 

in an earlier paper (Walker and Sutton, 1968), a P-velocity model 

(NWPBl) was found for which computed travel times for observed epicentral 

distances and focal depths were generally in agreement (observed minus 

computed t r avel times are usually less than ±4 . 0 sec) with observed 

travel times . The model is listed in Table 7 and plotted in Figure 13 . 

The uppermost 25 km of the model is not derived from these data ; but is, 

of necessity, merely a rough estimate for the average P-velocity 

distribution which might exist under Midway, Wake , and Marcus islands . 

(Since a great majority of the earthquakes had foci deeper than 25 km, 

no consideration was glven to the P velocity distribution which might 

exist in the uppermost 25 km of the source locations.) Epicentral 

distances, focal depths, and observed minus computed travel times for 

NWPBl are listed in Table 8 . 

To obtain some feeling for the uniqueness of this model, travel 

times were computed for several variations of NWPBl . These models are 

also listed in Table 7 and plotted in Figure 14. Table 9 is a listing 

of the travel-time residuals for all of the models tested . The 
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residuals are grouped in 50 km int ervals according t o the maximum depth 

of penetration (vertex) of their r espective ray paths . The mean values 

and the standard deviations of the mean values of these travel time 

residuals, within the 50 km intervals, are also given in Table 9 . 

Event 24 (previously mentioned as having an anomalously early arrival) 

and intermediate- and deep-focus earthquakes recorded at short distances 

(8.97 to 10 . 39 degrees) were not used in this listing . They will be 

discussed later . Also, r esidual s for events having their vertices a t 

depths greater than 400 km are not listed since the theoretical travel 

times for these events do not differ greatly among the various NWPB 

models . Of the nine models tested, the residuals of Table 9 suggest 

that models 1 , 3, 6, and 9 are acceptable (means are less than their 

standard deviations) for the data considered, while models 2 , 4 , 5 , 7 , 

and 8 are not . Models 1, 3 , and 6 have low-velocity zones with thick

nesses of 75 km terminating at depths of 100, 125 , and 150 km, 

respectively . Model 9, with a velocity of 7.95 km/sec at the top of the 

mantle , represents the limiting case of models with a thin high velocity 

cap irmnediately below the M discontinuity. Models 2, 4, 5, 7, and 8 

have low-velocity zones with thicknesses of 50, 25, 50 , 75 , and 150 Ian , 

respectively, terminating at depths of 100, 100, 125 , 175, and 250 km, 

respectively . It is interesting to note that the least acceptable 

models (7 and 8) have deep low-velocity zones, while the acceptable 

models have shallower low-velocity zones. 

In all of the models tested, intermediate- and deep-focus earth

quakes recorded at short distances (8.97 to 10 . 39 degrees) have large 

positive travel-time residuals which are essentially the same as those 
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for Model 1 listed in Table 8 . This suggests that if any of the models 

are close to reality , the hypocenters for these earthquakes are further 

from the recording stations by as much as SO km. All of these earth

quakes occurred at the northern end of the Mariana Islands (19?0 to 21?6 

north latitude and 143~0 to 145?3 east longitude) and their focal depths 

range from 165 to 383 lan . 

For distances of 7?59 to 20?34, shear arrivals for events having 

focal depths less than 165 km have large negative travel time residuals, 

while shear arrivals for events having focal depths greater than 204 km 

appear to be normal refracted mantle waves . At greater distances 

(20~34 to 39~10), only the normal refracted mantle shear arrivals are 

observed . A computer-derived shear velocity distribution was not 

attempted because of the apparent absence of normal r efracted mantle 

shear phases for shallow focus earthquakes at short distances. Also , 

the poor quality of the longer period (> 1 sec) shear data prevents 

drawing any conclusions concerning the attenuation factor "Q" (Q = 

-2nEdN/dE, where E is energy and N is the number of cycles) for these 

periods . 

Considering the results of Part II and the data presented here , 

it now appears certain that the P- and S- phases observed on hydrophones 

at distances less than 33° represent some sort of high- frequency guided 

phase . The sharp cut-off at 33° may be due to the fact that earthquakes 

beyond this distance were located well outside of the Northwestern 

Pacific Basin (i .e., on the continental side of the circum-Pacific arc), 

and were therefore unable to transmit a significant amount of energy 

into the high-frequency waveguide . It is also probable that the depth 



of occurrence and extent of the high frequency waveguide for P waves 

is identical with that for S waves [from Part II , V /V = 8 . 28/4 . 79 = 
p s 

(2.99)
1121. Also, the similari t y between travel times of hydrophone 

high-frequency S waves and those of seismograph high- frequency S waves 

strongly suggests that both are equivalent . 

The apparent velocity for the guided P phase of 8 . 28±0 . 03 km/sec 

(from Part II) agrees well with velocities immediately below the M 

discontinuity and for the t op of the mesosphere in most of the model s 

tested . This value is also close to the average value (8 . 27 km/sec) 

obtained from the available marine seismic refraction measurements in 

this region [Hussong and Odegard, preliminary interpretation of 

unpublished data, 7 . 95 km/sec , water depth of 6 km, 27°N and 154°E; 

Den et al. (1969), 8 . 6 km/sec, water depth of 6 km, 33°N and 152°E; 

and Nurauchi et al. (1968), 8 .11 km/sec, water depth of 5 km, 24°N and 

146°E] . In addition, the M discontinuity is generally recognized to 

be an efficient propagator of high frequencies (Shurbet; 1962 , 1964); 

and the hydrophone data of Part II suggests that the mesosphere 

underlying the Northwestern Pacific. Basin has a high- Q relative to its 

asthenosphere for frequencies of 3 to 8 Hz . Therefore, from vel oci t y 

and Q considerations two depth locations appear possible for the high-

frequency waveguide: either immediately below the M dlscontinuity or 

near the top of the mesosphere . If the layer is placed immediately 

below the N discontinuity , the high- frequency phases are Pn and Sn 

phases as suggested by Molnar and Oliver (1969) . Both the poor 
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excitation of the guided phases by deeper events and the clear recordings 

of the guided phases from instruments located on the ocean bottom and 

on islands favor this latter interpretation. 



22 

Considering , further , the combined hydrophone and seismograph data, 

the following can be noted : (1) t he hydrophones are r ela tively 

insensitive to 1 to 2 Hz signals and most of the apparent energy of 

arrivals at teleseismic distances has f r equencies in the range of 3 to 

8 Hz; (2) the seismographs are relatively insensitive to 3 to 8 Hz 

signals and most of the apparent energy of arrivals at teleseismic 

distances has frequencies of less than 3 Hz; (3) low frequencies 

(< 3 Hz) of the guided P phase are not well transmitted - guided P was 

observed only on the hydrophones ; (4) l ow frequenc ies (< 3 Hz) of the 

guided S phase are somewhat better transmitted - guided S was observed 

on hydrophones and seismographs; (5) guided phases appear to be 

strongly exci ted by sources above 165 km depth and poorly excited by 

sources below 204 km depth; (6) normal refracted mantle P contains a 

significant amount of high-frequency energy (> 3 Hz) for distances 

greater t han 33° (observed on hydrophones) and relatively little for 

shorter distances (not observed on hydrophones except for deep events ; 

based on one deep event , arrival 61 of Part II); and (7) normal refracted 

mantle S contains relatively littl e high-frequency energy ( > 3 Hz) and 

was never observed on hydrophone records. 

These observations are consistent with an upper mantle structure 

having an asthenosphere of relatively low Q for frequencies of 3 to 8 Hz 

compared to that for material above and below . In addition , signals 

from the high-frequency waveguide (most likely immediatel y below the 

M discontinuity) contain little low- frequency energy(< 3 Hz for P) , 

possibly indicating that the waveguide is thin . Differences between 

P and S signals might be explained by differences in wavelength for a 



given frequency. Further , more quantitative , studies concerning the 

above are in pr eparation . 

Data (Events South of 12° North Latitude) 
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Coast and Geodetic Survey epi central data for t his region are given 

in Table 10 and travel times and r esiduals are given in Table 11. 

Several short- and long-period seismograms are presented in Figur e 15 . 

Thr oughout the observation r ange , compressional waves have arrival 

times whi ch a r e slightly later than the expected times of arrival of t he 

J - B P phase . Most shear phases ar e unclear or not apparent . In the few 

cases that S waves ar e well recor ded, t r avel times a r e cl ose to t he 

travel times of the J-B S phase . No significant phases other than the 

first arr ivals are observed . The frequencies of the arrivals are as 

expected for normal refracted mant le P and S phases . 

Discussion (Events South of 12° North Latitude) 

The travel- time data suggest that the compressional and shear 

phases observed are normal r efracted mantle arrivals throughout the 

range of observation . The t ravel time residuals of t he normal refrac t ed 

mantle P waves suggests lower P-velocities in the mantle than in the 

J - B model . Since no P wave data were available for epicentral distances 

of less than 15~98, any computer- derived P-velocity mantle distribution 

would be poorly determined in its upper layers . Therefore , no such 

model is present ed . As in Part I I , it is found that shear waves are ho t 

well recorded for this area ; so no attempt was made to derive an 

S-velocity distribution. 

A direct comparison of the seismograph arrivals with the arrivals 

reported by Carder and Bailey (1958) , Jeffreys (1962), and Doyle and 



Webb (1963) is not possible . The only P phases of t his s tudy recorded 

at comparable distances were f r om 2 earthquakes located j us t south of 

Guam recorded at Marcus . These 2 phases were recorded at epicentral 

distances of 15?98 and 21?74 with t r avel time r esiduals of +5 . 8 and 
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+5 . 7 sec, respectively . P phases recorded from the nuclear detonations 

at Bikini and Eniwetok at similar distances (17?1 , 17?1 , 18~ 6, 18?6, 

18~6, 20?1, 20~2 , 20?2, and 20?4 , and 20~5) wer e recorded at Guao and 

Raba ul . The t ravel t ime residual s for t hese phases ar e f rom - 9 to 

-2 sec. Since similar travel paths were not involved , it i s not yet 

known what significance should be given to the differences of these data . 

Considering the combined hydrophone and seismograph dat a , the 

fol lowing can be noted : (1) low frequencies (< 3 Hz) of the guided 

P phases are not well transmitted - guided P phases were observed only 

on the hydrophones; (2) no guided S phases were observed either on 

the hydr ophones or on the seismogr aphs - however, only one event was 

recorded at short distance(< 20°) ; (3) guided P phases appear to be 

strongly excited by sources above 85 km and poorly excited by sources 

below 213 km depth ; and (4) nor mal refracted mantle P phases have 

high- frequency energy for distances greater than 22° and relatively 

little high-frequency energy for shorter distances, except for two 

deep-focus events which are recorded on the hydrophones . 

These observations, although not nearly as complete , indicate a 

somewhat similar mantle structure to tha t found for the area north of 

12° north latitude . However, there appear to be some differences 

between the mantles of the two r egions : for the normal ref r acted 

mantle P phases r ecorded in the distance range of 22° to 40° , 



travel time residuals are generally slightly negative (13 of the 31 

residuals are positive) for the area to the north while travel time 

r esiduals are generally slightly positive (only 2 of the 40 residual s 

are nega tive) f or the area to the south; velocities for the guided 

P phase north and south of 12° north latitude may be differ ent 

(8 . 28±o . 03 km/sec with an intercept of +1.4 sec for the area to the 

north and 8 . 47±0 . 48 km/sec wit h an intercept of +15 . 0 sec for the 
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area to the south) , although t his difference is not actually significant 

due to the large scatter (±o .48 km/sec) of the data for the area to 

the south; and , a weaker waveguide for shear phases than observed for 

t he area to the north is suggested by the absence of strong guided 

S phases for the area to the south at distances and focal depths for 

which strong guided S phases are observed for the area to the north. 
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IV . FINAL REMARKS 

In general, the major conclusions of this study are that: 

(1) a low-velocity channel for compressional waves is present in the 

mantle underlying the Northwestern Pacific Basin; (2) this low- velocity 

zone probably begins very close to the M discontinuity and its Q for 

f requencies of 3 to 8 Hz is low relative to that for material above and 

below; (3) a waveguide exists for P and S waves under the Northwestern 

Pacific Basin and for P waves under the Eas t Caroline Basin- Ontong 

Java Plateau- Nauru Sea area which propagates 3 to 8 Hz frequencies to 

great distances; (4) a low Q zone for frequencies of 3 to 8 Hz is 

also present under the East Car oline Basin- Ontong Java Plateau- Nauru 

Sea area ; and ( 5) differences are present in the mantl es underlying 

the Northwestern Pacific Basin and the Eas t Caroline Basin-Ontong Java 

Plateau- Nauru Sea area as indicated by differences in the t r avel times 

of P waves recorded at distances beyond 22° and by differences in the 

attenuation of the guided shear waves for t hese two regions. 

In retrospect , Parts II and III of this dissertation could be 

viewed as two pieces of a large puzzle which have been successfully 

fitted together . The data of Part II suggested the existence of the 

waveguide and provided some quantitative information on its propagation 

velocities for P and S waves . The data of Part III suggested the 

existence of a low-velocity zone for P waves and provided some quanti

tative information on its dep th, extent, and velocity . The combined 

data of Parts II and III further strengthened the waveguide interpre

tation of the hydrophone arrivals , indicated a zone of low Q for the 

mantl e underlying the Northwestern Pacific Basin and East Caroline 
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Basin-Ontong Java Plateau- Nauru Sea area, and suggested differences in 

the mantle under these two regions. 

By no means are these "two pieces" of the puzzle considered to 

be the only pieces to be found and fitted together. The results of 

this investigation clearly points to the need for obtaining more 

information on the compressional velocity, shear velocity, and Q 

distribution for the mantle in the two areas studied. The ultimate 

objective would be unique compressional velocity, shear velocity, and 

Q models for t he mantle of the Northwestern Pacific Basin and East 

Caroline Basin-Ontong Java Plateau-Nauru Sea area . Such infonnation 

would be a significant contribution towards an understanding of the 

mechanisms by which the sea-floor spreads and all related geological 

phenomena are produced . The author views this dissertat ion as a first 

step tcwards this objective. 
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7T 8 ~cp t . l ~i,,j Oi:{1 I :,1;_1.3 l!J. '.'! • :-; 1-15. :s• r. 1·? 5.4 .,_ 
28 10 Ft:b . I '•1~fi 14 :~1: 11.'.! :w.s· ::-..- I Iii .:;n1·: ·Hl 6.2 29 3 J uly 1!11;7 o:i: t::!: 13 _2 ! :.!.:! ' ~' l l:l _~· E 33 5.0 30 27 fk t. I '.'·•~Ii OCl: iS : 15 .5 :.:u. z•:-: H.i .G'E 11 8 5.4 31 22 J :in. 101•1 IT :.~'\ : lfi.3 :!O . 2' :\ l Ii . 1° 1-: 3!) 5.1 32 12 ~Ccpt. l ' ·li:i m :JJ : 2-Ll 21.n·x 1-l.i . ; • E 68 4.8 33 27 Oc t . l ' ·1 :•; fJ ::! !:IH. 8 :!:! . :!o> ! l.i ~i·i-: 20 6 .0 34 :t'.:l Aoril l ' ·- r~; : :! ::.'/J . 0 I' • .1 ' ::\ l :1,, :!"E 114 4. 8 " 35 W:'ll:w ]•,.,; 11.!: :, 1 : tJ'.J .4 1 0.s·~ I lli o~ I·: 42 5.5 36 30 D.:~. )%:; II! : j.j; :! !..') ::!l .•i 0

::\ 1.:.;,5• J.: 1'.?0 5.2 37 7 J .111 . l '·•t.j l :!:.'; I : il l -l I 'I :;~ :"\' 1-1:, '> ' E l '.!O 5 .2 J.S 20 :\ w · ]'u;Jj C1-i : :!7 :f(J. O :.''..! u~~ 1 : ; .r,•r: 1i3 4.7 39 30 :, l:ird1 I , .. ; rr.? : :.:; :1,7 . 2 :n. o~ :-.- ) j ; .!J 0 E 5 1 c;i-- 1 • I• .(0 7 :\ 11~ . 1'·• Ii O..! : 1.; :1 >.) . I :11. li ' ;\ 171 . :i·w :l!) G.5 41 2!l J 11h · l '•·;.; (J-. : :.!' I: :.:1 .'.! .'.>•J.O" ::\ l il . : 0
\\' 22 (j .3 42 2 J m;,.. 1r' tf t ~j : ..!7: .i.l.:! .-.1 I• ;-.,- 17•• o~ r:: 4 1 6.0 43 7 ~l' ;"Jl. l ,, ,~; :.! ..! :1 ~1 :.'1(. 1 .. - ... , , . 

1 ;1 ,:,• 1: -to 4 .!l _, 
.J · ' <-4. 10 '.'Lly l '.·1;..t (J.j: :/): .\2. (i ~1 .0 • :--; 111 . ;, ' E r.·2 S.3 -15 23 :\ 11 ~. I 11•j.1 1.;: .; 1 : r ~ ;.a :.!~ . :I " :\ 1·11. 0 ' 1-; ~I(} 5 .1 ilG 23 D ec. l' ~I~.!) :!O::: ..!: .!.i.O :! i .~· :'\ l~ I .':>• I·: 3i s.o H 1 ~T:w l 1•r '' ' JS ::·,il : l l .S ::0. 1; 0 :-; I lfl. 0~ 1 ·: 11-t 5.0 48 5 Fd;. )' ••i i 1 I ::~o : l:i . i ::1i .. 5°:\ 111 . 11, E 41; 5.4 49 1-1 Or t. t !•c;:1 1:i : :! l: l.:i . ::! -1-1 !:)":'\ 1:,1.0' E (j{) .'J .!) 50 15 ;\r_,v, Jc.,;:l :.!I :I ·i ::l 1.0 ·II :»:-.: 1 n o•i-: 50 6.0 51 13 <k t. 1 ~ ·a.) u.; : 17 :.) ; . 1 II :> v:s ! ; J • .;• t: GU 8.0 52 12 Or r. l"t;.1 11 : ~ i :5i' . '.J -11 .... :\ I Vl .0'1 : :J:J 6! -7 53 2 ;\! :l\· I ~ 'I rl Hi : JI :m. :.! I.) {)'' '-: I ·.11. :i' I·: 35 f>. 7 S-1 31 ;\~ 1\· l''•·I (l l : -!ll ::;Ii. 4 n ;}")\ I :1> ,S0 E 4~ 6.3 55 10 ~laid t I ' "1; IH: -•: J!l .7 ·•) ' " l.1i.li"' I: 3S:? 5.6 

., __ _ 
56 3 :\l :w l ' ••I 0 1 : :)'1::;:! .5 40.3 °::\ I I I .!>' I·: .;!} 4.8 57 12 Der . 1111•1 :!:l::!1::11i .6 ·Iii. :1°;-.; i.·,o ;,o I: flO 5.2 S8 ]() J :111. 1111 •I Ill : :~ 1= ~·1 .-1 4:! .u•::-..- I I :.'. Ii• f: :J3 5.5 ~9 :!S Oc-r. l:tJ l:.!: t1.; : 1'1.8 .i:.? • .S' X 1:,01 -.· 1·: :JJ 5.7 GO :.?4 Jn11. ) >11;..1 l 'i: l i :-1:.i.5 :13. 70:-\ l '.!!i.-1• 1-: 5-11 5.3 (ii 1 Jn 11c l !lli7 0:1 :::1;: Ill (l :i:l. ; o:.; 1n:; .7°w uo 5.7 6:? l'.? :\l:1rd1 I lltili 1li: ;11 : :.!() .ti :! I. :!o>.' I '..!:.! . ti0 E 48 7-8 
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Table 2. (h7drophone data) 31 

TR.AVF.L Tl!;(t:S .\ND nt:StDll .\LS Fon f:vt:S TS NORTH OF 12° N"oRTll L ATITUOt: 

I' T ravel Tima S T:avtl Timtt 
Arrinl Event Dht~nce Depth 

:;o. !\o. (lkl;ctn) (lun) J·B O~trvcd R .. idul l ] ·B Observed Raidud 
bees) (secs I (secs) \secs) (secs) (sees) 

1 1 9.4 33 133.2 123.0 -5.2 241.8 2'.!6.0 - 15.S 
2 1 11.4 33 164.2 lGl.O -3.2 '.?'JI. 9 '.!i3.0 -18.9 
3 2 15.0 33 211. 2 200.0 - 5 .2 3i6.9 361.0 -15.9 
4 3 15.3 00 213.3 2(}.t.6 -8.7 331.1 3G0.6 -:.!0.5 
5 .( 15.6 39 218.7 212 .5 -6.2 3!ltl.5 370.5 -10.0 
6 5 15.6 160 212 .3 200 .0 -12 .:3 3S0.4 3.3-'i.0 -25.4 
7 G 15.8 70 219.4 211 .8 -7.6 3'.12.2 36!> .S -:!'.?.4 
8 7 15.9 513 221.8 213 . l -S . i 31• A -.•0 .1 37G. 1 -20.li 
g 8 16.1 50 22-1. 7 21!>. 7 -5.0 -101.4 3S2 .7 -18.7 

10 9 lG.2 5!) 225 .2 213 .6 -1 1.G 402.5 37-1.G -2i.O 
11 10 16.4 Z3 2:~2.5 22-1.::: -8.3 414.i 3!l2.2 -22.5 
12 11 16 .6 18 232.5 221.2 - 8.3 ~15. 3 302 .::! - 23 .l 
13 12 16.G 57 :no.a 225.l -5.5 412.3 3!)2 . l - 20 .2 
14 13 16.7 12.; 227. 8 22S.3 +0.5 403 .3 3US.3 -10.0 
15 H 16.9 51 233.9 2::w .3 - 7 .6 418 . G 3!J!J.3 -19.3 
16 15 17.2 130 2.1.1.6 2.1f. .3 ..J..') --·' ·l.18.3 412.3 -6.0 
17 16 17. 2 57 2:3S. l 2~S.2 +0.1 ~c 
18 17 17.3 214 '.!:)0.0 '.!H.O +11 .0 413.i 41.).0 +1.3 
19 18 17.4 SG ~!S. !l 2'.!4.3 --1 .6 -12i .8 411.3 -IG.5 
20 19 17.5 52 211. 7 237.~ -3.S 432.7 41G.9 - t.~ .8 
21 20 17.5 107 r.s.s '.!3L5 -4.3 -l?S.O -irtl.5 -1 ').5 
22 21 li.G 133 2:3S. 4 ~·m. 1 +O.i .. .,- -.,_,.' -!'.?!>.l -i.6 
23 22 17.8 41 215.7 :?35. 7 -10.0 ·i3!>. i -105. i - :H.0 
2·1 23 17.9 35 '.!-H.G 2 IG.1 -1. 5 -!-l3 .0 -1 '.!'J.l -13.!) 
25 24 17 . !) H'.t 2-! I. l 2·11. l 0 .0 -l:J'.?.5 ·l'.:!4. l -8.4 
26 ')" -J 1 i. !) 1-15 :!-!l. l '.!-11 .5 +0 .-! -!32.5 ·~ :l2 . 5 -10 .0 
'n 26 17. !) 91 ~H.4 210.0 - 4.4 43i.8 -1~1.0 -IG.8 
28 27 IS.O 152 242.7 '.!.J'.!. 7 +LO 4'.!5.!l 4:!-l . 7 -11.'.l 
20 2.S HU ·IG 2Y>.O 2·11. S . •) 

-.) .. .; ill . 0 .1:;0 .s - IG . l 
30 29 l ~U 3:J 2~') .-1 '.! lti .s -3.6 448.3 .t:H.8 - 13.5 
31 30 lS.:J 113 '.!:7.3 '.! lfi.5 - 0.8 4-H.l 4'.lG.5 -i. li 
32 31 lS.-1 3'.) :.'..>3.3 2·15 i - 7 .G >:c· 
33 32 18.G ~" 2.1-1. 8 :,?.';:!. ~l -1. 'J 4.)7. l 4 l l.0 -15.2 
34 33 18.8 ~I :l:Zl.!> :?.)'").:"! -1. 7 ·!G.J.3 453.2 -12.l 
35 34 I!). 1 11-1 '.!."Ai.G :!.>I () - 2.G .Jc.ii .'J 4.)1.U -IU.!J 
3G 23 l '.l. :! 46 '.?li:l. 2 :!.~') s -4 .-1 .:.71.S -1.;1.s -1.3.0 
37 35 19.5 4:! ~ .. ·,;_5 :!G"I II - 2.!) 4i"S .i ;,·,:1.0 -15 l 
38 33 l!LG '.?'J '.!t:G.O :!c;il:? ..:..0.2 .; '):L l -i70.:2 -1:! .!l 
39 30 1~. s l l o '.!G:L4 2G7 . . ; +-1 . 1 ~11~.s .Ji:).5 -1.3 
40 6 :.'O.u 70 27.'i.1 27'( 8 +:J.-l ·l'.•G.H .;<;0.1:1 - lli. l 
41 3G W.8 l ".'O ~j' l .. ~ 2so .. s +~1 .u ~9-LS .;Ht. 5 -3.3 
42 37 20 . () l :!O 27{.7 ::i~a .ri +S.'l :-;c 
43 Z1 21. 1 1.5'.? :!74 .G ?':-1. 7 +IO. I :-\C 
44 3S '.?Ui 1 i:J 271.i.S :? . ..,!l. O + l:? . :? 500 . 2 !il:!.O + l l. 8 
45 3') 21.0 51 '.!~ 10. '.! :!'.l:?.S +2 .t) sn.s 5lr) .S - 13.U 
l,fj 40 •")-) ---· ' 3U '.2~1!1 . '.! 303.\J -r--1. 7 :-;c 
17 '.ll ~ .l 22 3lH.'.! 311.1'> +i.G 5-i!l.3 .';Gl.8 +12 .5 
4~ {'.? 23.7 41 3!J';i. i 31-1.7 ..i.1;.o :-\C 
{!) 43 '.:-1. l ·IG 312.0 32:L !> + 11. !l '.\C 
S!> 44 2 ; .-1 G'.! 31'.LG 3~'.). l .J..J:';.S ~c 
51 4 -.;) ~l.G !!ti 311.S :):1 1 :; ..1.h.'J SC 
52 { li t') - ., 

_;,. - :;ti 3:!4 . 1 317 .0 +2·~.:l 55-1.G m5.0 +20 A 
53 ·17 '.!7.G 11-1 3:,". 5 :l73.0 +31.."i :-\C 
5-1 4S '27. li 4<i 3·!.1. 5 :l71 .:l +:.:\.S (j•l·' r: n;rl.:l +3 1.S --·" 
55 4!) 27.i GO :H.').:! :i7ll.S +:.!.). ti tl:! l. !) 1 ; 1:u~ +:.! !.() 
5G 50 ~s.~ 50 3.;o .-1 :i'irl. () +~) Ii ti:ll.3 n:,s.o +:!G.7 
57 51 ~.3 tiO 3.'>0 .3 ;;7; .!J +:!7.ti :\C 
58 52 2S .·l 33 3ihl .-1 :>s:.!.1 +:.!'i.i ::\C 
59 53 :.!8.5 3.'i 334.2 :1s1.s +:.!i .li ti:1S .0 W5.8 +21.s 
60 54 '.!8.ti 4::) 35-i. l :.l:>:L li +:.."J.5 (i;.14 .ti \j(jj. i; +31.0 
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Table 2. (continued) 

PTnvclTima S Tnvcl Times 
Arrinl Ev4'ftt Ois1""ce Oct>th 
~o. :.;o. (Jc;rttSJ · 1lr.m) J-8 01>.crvtd Rt1idu2l J-8 Ob1crvtd ltcsidu•I 

(sea) bca) hccs) ( secs) (~cs) ( SCCS) 

61 55 29.0 382 32S.8 3'.?S.3 -0.5 ~At 
62 56 :?'J. l 5!) 357.4 3!.11.5 +34. 1 NC 
63 5i :.>9 . 1 00 351.6 300.0 +35.4 ~c 
M 5S ZJ.6 33 3G4 .4 3!JS.6 +~4.2 NC 
65 50 3:!.9 33 303.l 4·Hl. 2 -t-53.1 iOi.3 

_ _ ,, ? 

''"·- +65.9 
GG 3:l 3a .1 :.'ti 395.0 400 .2 +G-1.3 :\C 
67 40 35.8 3!) 417 .5 41i .0 + 0 .4 ~A 
68 6 3u.6 70 -t'.11.0 4l!J.S -1.2 ;-;A 
69 (j() ats. o [>12 304 .1 3SO . ."i -3.ti :-.CA 
70 Gl 3!l. 7 60 448.1 4-15 .0 -3. 1 :-; A 
71 62 39.8 48 419.0 4.H .4 +5.4 :-;A 

• NC, Kot cle:ir. t :-lA, ~ot apparent . 

.. 
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Table 3. (hjdrophone data) 
33 

UNITED STATES Co.\ST .\:\ID GEODETIC Sl'RV EY l).\T.\ FO•t EvE=-iTR SooTn 

or 12° :-.:011TH L.\ TITl"O.& 

Ennt :So Dale Time Coordioalcs Depth 
(km) !I.far. 

1 4 ~larch 1% 7 22:-ll:H.5 1 .s·:-; w;. 2°£ 20 5.1 
2 6 July 19G5 18 : 3G :-17 A ·l. 5•:; l~U0E 510 6.-l 
3 28 Aug. l!)(j(j 10:03:03.0 ·Ui0~ 1S5.:?0 E 509 5.6 
4 22 June H>•.ii 19:0S:3.1 .5 1.3°:-i wi.s•c 34 5 .0 

5 7 SepL. l!lli6 15:5S: ll. 5 5.1 °:> 15.t .i 0 E 77 5.5 
6 3 Sept. 1!Jti5 21 :38 :53.8 5.3°:) 15-1 . 7°E 5-l 5.9 

7 30 July J!JG7 13:35: 14 .4 5.3°S 15.1 .6°):; 50 5.2 

8 23 Oct. l !)Cfl 00 :15:.JS.O G.5°S 1s:;.2·c ~4 5.0 
9 8 June 1 !JVG 03 :-12:13.i 7.7°';:, 158.IJ 0 E 55 5.1 

10 29 July 19ti7 14: l!J:O·LO 1 .0•:; 155.8°8 85 4.6 
11 10 April 19!.i7 15:02:-12.2 7. 3°~ 155.s•r: 29 5.6 
12 28 Oct. }!)[j(j 01 :41: 1!).l !J.(j·~ 1s!J .s·1~ 32 5.5 
13 17 July l!)li5 Oi: 20 :30.7 !J. ; •::; 15!l.S 0 E 2.\ G.4 

14 17 ~fay 19C7 12: 5G :55.4 (). ; •:-; 15!J.S0 B 32 5 .1 
15 14 ~fay 1!)1ji 12:'.H:03.!l 10.5~~ l til.4°.8 37 5.4 
lG 7 June l!)tj(j 13 :5'J :3G.O 11. 3°:-<" l~!l.li"l~ 50 6.5 
17 13 June l !>G7 15 ::>0 :'.:".J . I 5.li"S HS.1°E 213 5.4 
18 5 OcL. l!)(j{j 11:00::?7.3 10.i";o; rn2.-1°E 82 4.8 
19 13 June l !)Glt 1S:OS:3S.4 12. :?·;:; 1G7 .1 ~E 25!) 6.2 
20 2 Feb. 191ii 18 :18:17.I .j _3•::; 15:'1. i 0 E 217 5.0 
21 13 J une l !lGi 1 5 : 39:~.7 .'i. u·~ 1 15. l 0 E 213 5.4 
22 30 July l!lui 17::?4:-!3. l Ii .5°S l iS.$°\\' 5t~ 5.1 

23 21 July 1 ()f;l) JS:30: l4. !l 11.s•=-' liS.G0
\\' 5(11 5.G 

24 8 ~c:pt. 1!);1; :!l: 15:5:!.S 2.-1 •:-.; 1 2:5.4°1~ !lG li.9 

25 17 ~1:.ircli l!Ji;t; 15: :,(}: 3:L l ::?1.1 •::; l i 9. '.PW G39 6.2 

• 
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Ta ble 4. (hydrophone da ta) 
34 

TR.\VEL Tt .\lt:~ .\'>O Rt:s1ot:.\ L8 r on En:~Ts Soc T11 or 12° !'(onTu L.\TITOOE 

P Travel Tim~ Anival Ev~o l Oi•1anee Dep th 
No. No. (d<sre~) liun) J· B O!»trvcd Roid u..I 

(~s) lscn) h eal 

1 1 16.-1 20 230. 7 228. 5 -2.2 
2 2 17.6 510 215.8 217.(i +1.8 
3 3 17.6 509 216 .1 218.0 +1.9 
4 • 17.9 34 247.9 2-!6.5 -1.4 
5 5 18.3 77 249 .9 251.5 +l.G 
6 6 18.9 54 253 .7 267.2 + 8.5 
7 7 19.0 50 260.5 2GG.6 +6.1 
8 8 19.4 34 2()5 .!l 274.0 + 8. 1 
9 9 19.G SS 2GG .5 2fJ8.3 +1.8 

10 10 19 .6 85 205.0 2i3.0 + 8.o 
11 11 20. 4 29 277.6 2()0.8 +13.2 
12 12 21. 1 32 2s.1.() '.?!l.3.9 +12. 0 
13 13 21.2 24 284.5 '.?!l2 .3 + 7.8 
14 1• 21. 4 32 23C. 9 2'JS.G +B.7 
15 15 21. () 37 2()1.() 209 . I +7.2 
16 16 Z2. 2 so 2':>3. 5 2!l!i.O +2 .5 
17 17 z.? .2 213 Zi!l.4 280 .3 + 0.9 
18 18 22. 2 82 :?'.J0.8 30J.7 + 18.9 
19 19 24.2 259 2'JL9 294.6 - 0.3 
20 20 21;. 0 2-ti 312.5 312.6 +0.1 
21 3 2G.3 500 '.?'JG. 2 :?'.l 1.0 -2.2 
22 10 27.2 50 3.U.7 3W.O -1.7 
23 21 30.2 213 352.S 3:H .3 + l.5 
2-t 22 34.5 !iG4 31}3 . 1 3G3 .!l +o.s 
25 23 3-1.9 591 3G5.0 3G7. l +2.1 
25 21 34.9 9G 40.J .o 405. 2 +l.2 
Zl 2j 37,.; G39 3&3.0 3~ 1.9 + l.9 
28 22 39.G 564 -Wl.8 404.9 +0.1 
29 23 30.6 591 4()-1. 1 401.l 0.0 



Table 5. (scismozra?h data) 
35 

United Stnte!'J Coo:i t o.nd ~Ollet 1c Survey 
Do.to. f'or Events North of l 2°tlorth Latitude 

Arrival Depth 
lio . Do.te Time Coordinntes (km) ~· 

1 5 Apr. 1967 ~:47:55 .4 20. o•u 147.2 °E 50 5.7 
2 5 Apr. l ">G·r ~: 34:11.l 20.0°ll l47 . l 0 E 50 5.9 
3 4 Oct . l9fi8 19 : 11: 18.6 19 . 5°11 ll•7 . l 0 E i. 1 5. 0 
4 6 Feb . l fl6•) 07: 33 :00. 5 2i.8°11 lh5 . 7°E 56 5 . 2 
5 17 Oc t . 1()68 C6: 53 : 16. 7 18 . '( 0 11 ]!16 . 4 °E 70 4. 9 
6 16 Jan . l •·G'J 17 : 06: 3'.) .8 20. 8·11 l44 . ') 0 E 165 4. 5 
7 14 Oct . l ')C8 07 :27: 32 . 5 22 . 5•r1 ]l1l1. 3°E 31 4. 9 
8 17 Jun. 111G? l ') :::G:28 . 'J l'l . 0°ll lli 5 . 5°E 2C6 5 . 8 
9 22 Jun . l~·C? 18: 40 :0) . 5 l ') . 0°11 145 . '.i 0 E 134 4.4 

10 18 Oct. . l')G8 02 :47: 2 5.5 l8. ') 0 N ] l1'). 3 OE 225 4 . 8 
11 11 Hay l '/C'.l 12: 1(); 011.9 17 .8"n lli 5 . ') 0 E 135 4 . 9 
12 1 }'cl.>. 1~1G? 03 : 35:14. 9 l'f . 8°u lh'.",; . ')

0
E 115 5.1 

13 7 Jul. l '.JG? Ol1 :11 3:15. 11 16 . 5°11 1117 . 3 °E 38 5.7 
14 27 lnr . l~l? ~: 23 : 13. 6 l ? . 5 °11 111' .. o0 E 383 4 . 6 
15 21 Uvr . l 1(,3 14: p : 13 . o 18 . 8 °11 l l1) . 0°E 229 5 .2 
16 12 Jul. l!.·l·) 0:; : 55: 1•0 . l rr . G°ll 111:; . 7°E 204 4. 5 
17 27 Aue . )'i(/ l '): 23 : 10 .6 2a .1 ·11 Jl;3 . a 0 E 20 5.4 
18 11 J!CN . 1~·03 <XJ : l.') : l) . '.) 211. G°!I ]1:2 . 7°E 22 5 . 2 
19 28 J ul . J".'.{,) 15 : 37 : ~6 .2 24 . l 0Ji l li::' . 7°E ti 5. 2 
20 15 Aue . J ~(,') 08: 41: )11 .9 2 i.C11 J '1 ~ . 0°E 31 ? 6.1 
21 27 117'1r . l '•G• 1 20 :11 '7; ;::11.5 iG . ::: •11 ll 16 . J

0

~ 6G 5.2 
22 30 J•il. 1~·0:? VI : 113: l:li . 5 ;?!) • 'J "11 1 1. ~' .Cr. H 5. 1 
23 4 Jun. l~·G? l ? : 3C: L: .G ~:13 . f )

0 fl Jl1::: .11°E N 4.8 
24 7 0- t. . J•;OJ l'J :2(>: 20 . ) :'G. 3 °11 ll• \) . r.; •E 516 6.1 
25 15 C" pt. . ] '>('.:1 J(.: '.)'l: H . G '-'' · " ·11 Jh0. J

0
E 103 4.7 

26 2') O::t. . ) r1(,fl (.f; : :-" ('1 : :,;, . :-: 31 . ,· ·11 ii.1 . ·r· r. 110 5.1 
27 29 Oct. . 1'1(}1 c.f.. : 4 .1 : l'.i.11 J J .r: 0

il 1111. (I:: 33 5 . 1 
28 ':!? Ort. . l "G8 Oh : 0..) : I :1 . ] j l. '! ·11 ) l1 J · ' · r. rr 5 •. , 
29 ') !hr . l• t(,'1 ] Ii : ;· r;: j 13 .'} 31 . ;2 "a J/11. (,"r:: 33 5.2 
30 G f;"r·•·. l "("l l G: H:l'.J . ) 3''· ,)"II 11.u. C i:: 8? 5 . 3 
31 l '.'> lhy ) '•(•( '>:? : •. r: lG. o r .5·11 11,) .h ·c: 40 ~ . Ii 
32 6 ''"r .. 1··(· 1 f\13 :1,o : ., . .. ;_, r• .•;"11 1h n . t, f'R 67 .9 
33 l} S"I '' . J• 11 : J'. : 'lJ . ') 3~ . e· 11 1111 . • · ~: 35 5 . 0 
311 ;.:a <>•:I •. ]"' 8 ) I; : I.•;: ii l . Ii ; ~ . '• o;J 11,o . 1n.~ GJ 5. 5 
35 18 l\11r; . ) ' .(',• I o·,, : ~ 'J :40 . 8 ; '• . " ·11 111 IJ . 'r'°F: 1.6 4.8 
36 8 ""': . ) '>(,· I 0 1: / ,: l•l. O _:(· . 11°11 I Ii I ./1 °f. 41 5 .4 
37 31 O.; t • • l"I ,•I u·r: V'J : 13 .11 rr . 1 · 11 I 11;· . IJ·r: ho 5.0 
38 :?3 Jul. l ' .... , 11 : lli: J ) . l ll . j 0

11 t la ) • "·r. '.>3 5. 2 
39 l G 11•1{:· 1' 11_./ \ 10 : 3·1: 16 . il 311. r, ·u 111 3 . j 

0 J·: 22 5. 6 
110 16 !1;11·. )"( •) i~ : '"•: i·r . :-> 31~ • • 0 11 1 Ii '. ·(°r_; 110 5 .11 
111 111 (),• I. . J .( -~ ( J • : ll : ~·f . ~· )'I . "';s JI., . J •r; 61.> 5 . 0 
112 ) Jul . l•t·'":·~ ll1: !.',: J l. 'J 3(. . o•u ) :" · 3· ~: (>"( 5. 9 
113 13 J 1111 . 1·ilf' L\\: lt8 J:! .o 11 . 1 "11 111) . ' ~ E :-:8 11. 7 
411 4 110'-.r . ) " I <-'>: ·.o: 11 r . .. ) 13 . P."il 1 ;; • l "E )1l7 5.li 
11 '.) ) /\111; . ) • . ' f lll: jli: 3·1. J ~·r . · "11 Jl1 1.(.•f: 13() 5 . 0 
116 '.J Jul . l 'h ,1) ll ::·f' : L '.•• .~f} . ~au ) 11 • r•" f: 113 5.9 
47 () f1J1r . JH(,'1 1: : './r : : ·11. B 3r. . El "11 1 :· •. <. "'r: nG ) . ~ 

'•8 ] 3 J \Ul • J • 1(1} ll: ;G ::' "\ . h j rt . ' '°tl Jl1j .'1'1~ 33 5 . 3 
li9 :'0 Ju11 . 1 ~· J. t , r,: J•J : '·''· · ~' 3!\ . l.° ll 11•1 . ~· 1·: 66 5. 11 
) 0 J:' J1111. ' ] "i 13 ~' J:'.i 7 :11t . ] Jq . ',)"M 111.' . fl "1·: ·iG ~ .7 
51 ) J J 1111 . l • 1(.~1 :•1 : ] 0: ~~ •. 1. \ 11.11°11 \11:• . ') 0 E ::' t 5. 5 

.' 



36 

Tabl e 5. (cont inued) 

Arrho.l. Depth 
l'lo. D."lt.e Tlme Coordinntc s (Ion) Mag. 

52 4 Dec . 1<1(1} 08: )0:21.6 110. 7• t1 11111. 7 •E 70 5.7 
53 11 Uov . l'l(".8 14 :lil:l5 . '} 40. 1•tt 1113. o•E 35 5 . 5 
54 16 Od •• 11 '60 01: 1):!>?. 7 3~ . 3 ·;1 l li1 . 11 •r. 107 5 . 3 
55 2 11 ll rN. l O(i8 21:20: $? . ? 40 . ) 0

!1 1 11:? . 3 °E 51 5 .9 
56 211 l l::iy l '.'>(8 l la: Ci6:<-la .2 4o. •>°11 l'• 1 • o• :e: 38 5 .6 
57 17 J lU1 . l?(-8 11: 53 :00.11 !11.0"11 143 . 0"E 48 5 .7 
58 27 Oct . l ' >(,G lla: ?.l: d 1.8 22 . i! Ct tl l h) . ll 0 E 29 6 . o 
59 1) A'JC · l '•G'"I Ola: )~ : 00 . la 113 . 0"il 147.Cl''E ll 5 . 6 
60 111 Aue . J')(I) 111 :111: 01.6 4) . 1°N l li7 . 5°E N 6 . 1 
61 16 A1Jr, . l<)t~? n:13 :1111. o 43 . 2°11 1117 . 7 °E 53 5;4 
62 12 A\lf~ · ] '_1(,? 05:'.1): ~6 .2 113 . 7°11 111<J.5°E II 5.4 
63 11 Ai~ . J '·6? 21 : ~··: 3? . 4 4J . 5°N 1117 . l1°E 28 7.1 
61' 30 Av~ . ) '1(,') 00 :::-8: 01). 5 43 .C rr l h7 .8°E II 5.4 
65 30 Aue . l '.iG) 0'(:11:3'.) . ) 113 . 7°•1 J l.7 . 8 °F. ll 5 .4 
66 12 Aur, . 1'(,I) 11:::1 : 21.6 43 . ')•;1 1!18 . '( 0 E 2? 5 . 4 
G7 7 Oc t.. Jr;(8 20: 11') : 01. 3 la.':: . 0°11 11::> .l· 0

F. 32 5. 7 
68 6 ::>cpl . • )' ./',') 0'(;113: .·:i .8 1a3 .-r•:1 11a·i . 3°c l/ 5. 5 
69 21 S-: t1. . l '"".8 13:0) : ~8 .2 li< .2 ·!1 1i.::: . 6 °E 33 5. 9 
70 13 Aw; . l~11';•J Oil: 11 : 3:! .2 411. 0°11 l?.7 . 7°E ll 5. 6 
71 8 ll.U' . 1,'i? 10:~0 : 01 .) 4l.3°il 13/.CE lGJ 5. 7 
72 21 At r. l '1() m:1~·=n . 5 3~~ . ;~·u 131.?.F. 41 6 . 1 
73 17 !:ir1>t. )'>t ,') 16:11Q:l1'} .8 3 t. J ·u 131. '\ 

0
E 6 6 .2 

74 l'( ,'\11 t; . ] ~.f) ]] : ) 1 : .• , . '} 42 . 1' 0 !1 lh}.11 •E 131) 5. 6 
75 3 Au(', . 1 >{.') at: i.a: i i.i. ),'.;.I· ·11 l')l.El•E 13 5 . 3 
1G 31 1-:·1r . ] •1(,•J l? : :" '.J : .; ( .2 38 . 3"1! i·~i, .Cr. i.17 5 .9 
n 12 J ul . l'·· ') l ) : 'Yl: \( .9 I.ti . '.i 0:1 l':) . J •E L'? 5 . 3 
78 4 s-:r•t. . l':·~? CIJ:(>J: )" . 0 46 . r.°ii 1~3 . 5 •c; ll 5 . 4 
79 l ? J ru1 . lfl() o·r : 1r>: 1..'1 . o 45 . •)"rf 1lq . 2 °1:: 2011 6 .4 
So 31 Oct. . l '" J 11: 33 : 1..~1 .0 'jl. 3"r1 177 . 0 '.: 49 G. 0 - 6 .3 
81 3 f1up, . 1 ,(6 Ol1: '.,.l1: j? . ( 25.G"u .L u . '.i• E l? 6 . 4 
82 L':! l/flV . 1 •(6 I)(): li!1: J,! . 8 2·r. ; 0 11 };.:fl . 1. ·i:: 48 'j .8 
83 ? Oct. . l "•(') ;:.>? : {(,: 1>':>.0 )1 . 11 •u 11" . "

0

E l 6 . 5 
811 21 Oct. . l'•(!) 20: '.i): 11'/ . :; '.iL 1°r: 17.' _,., .',/ 118 5 .4-5 .9 
85 l ? tur. l') .. 1') n : 5n : ;~:-:: . 1· ;?8Jl 0 rr L~R . :~

0

F. 116 5 .8 
BG ?0 J\'t"; . l "("' Cf{: )0: O'j . ') l•f . ')"II l '.ij.f)E 73 5.8 
a·r 27 lhy 1'/,"( i 1: ;:: •: r;a . 1 5J ·"'

0

11 l'f(, . l 0E 311 5 . 8 
88 l Vl·C . l •JG'I 13: )'(: (!"! . 11 11') . :.. "ii l)l• , 11°E 136 ~ - 9 
8'.J 31 J ul. 11:G'J ll : :~·i : •Jl.2 ':i3 . 0 •11 no . 1 ·w ')'" 5 . 3 j r 
90 13 J un . l' .(,r) r.11 : 1,13 :. "1 • 5 l1').h 0 /I i :,') . 'i ciB 611 5 .9 
91 l G flu ;~ . l'/·8 10: )'.1: l( •. 8 38. ' 0 0 n J l1\ . 3°E 22 5.6 
92 16 .Tul. ] '1{,• ) V3:J(:53 . 3 52 . ~~-Cl J )1 . 0 "E G•1 5 .e 
93 l"( Jn n . ] .(, ( ll : '.i') : j ) . '} 1a.3·u J I;;" . l "F: i.~ 5 .9 
911 ?3 S• •J•t . l 'Jf8 O~ : Oj: )O . O hO. 3 °11 lJI ·~ • )OF, 30 4 . 6 

95 l Jul . 1, <•r :'J : l L: lf{ . 2 '.I'• .11 °il i: ~ . 0°W 33 6 .? 

96 21 s~· 1·•, . l~•l8 i·~:o;.,: ·.a.2 !,:? •.• ·11 ll..; . t>0 E 33 5 .9 
9"f 22 /lcrv . ) 11(/) :'j:01: 1r . :> '.7r .n·u J (.) . '.,°E II G. 3-7. 3 
98 18 J 11 l. l ·() 05 :,:'•: 1113 .o 38. 3•1: ll 1, li•E ti 6 .2 

99 2 O;; l. l '••'I 2~ : cr.:oo .o 51.11 ·u l'{~l . ..!~E 1 6 . 5 
100 11 Aug . l 'Jf8 12 : 3'(: .'8.l 52 . 1°!1 l'f'l . 0°F: 15? 5 . 5 
101 ll /111. · . 11

• 6 l ~' :}'j: :·tl . J. 5=' . ] •1: 17'1 . '1°E l )'J 5 . 5 
l ex? 2? 111 .v . l'• ) :.>J : l>l : Jj. 2 S7.6 ':: 11 -~ · :, • E 11 6 . 3- 7 . 3 
103 17 J nn . ) ~I{. ( 11 : './):31.) 38. 3~1: ]l,:_> . l 0E 1111 5. 9 
104 '( JI.II~ . l' {.1; ~ : JJ ; l)'J . l '.iOJ, •u n1 . 3 •w 39 G. 5 
l O'j :>8 Jan-. i ri.;r 13 : '..>:. : '.,O . 3 52 . 1,•u l• l . ', 0

W 117 G. 7 
l oG ? Sl· l •I. . l "l•') O'j : 1): )'( . 7 J'.i .1·11 i:n . 0°E 29 5 . 5- 6 .0 



Table 6. (seismo~raph data) 

Travel TlllV'o anJ 1lt<;idua.l11 fl"lr Ev-:n~o l/•Jr~h vr 1..2" Horth Latttude 

P Trnvcl Tl-.o S Travc l Ttir.es 
Arrival Dl:;tnncc Dc rth 

No. (d•"crecc) (ioii) ~toe. Sl.atlon J-n Oku·rt~•l R,•ulrl••ul J-n Olls~i-v ... •l l!t"st<lur1l 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

13 

14 

15 

lG 

17 

20 

22 

23 

1.~9 

7.67 

7 .80 

7.93 

8.81 

8.')7 

? .JO 

9.83 

l0.03 

10.25 

10.28 

10.~J 

10.)') 

10."(4 

11. '.)0 

l :> .31 

41 

TO 

31 

2<.XJ 

135 

20 

II 

319 

(,(, 

ll 

)JG 

HCS 

>1CS 

>1CS 

HCS 

MCS 

MCS 

MC3 

11.9 

MCS 

G.1 

11r.S 

11. !) 

( •. l 

( ""'ZO) ( ll •"C:l ) ( ll,.<:t' ) ( C<'ca) ( ~.~c::) ( l'CO:ll) 

110.9 l CYJ . C." 

112.J 10!<.3" 

113 .8 l<JJ.9 

ll'.).2 112.5 

126.9 l.<!).J 

U>7.l ::At• 
., .. , • 5 

J)0.8 1.48. 'j 

131.3 l JI .r;*' 
1)2.1 

1J2 .li 131J.ii* 
J<:',l .'J 

l]).8 13:,. .'.) 

138.0 13/l.6 

flC 

1111.0 1111 . .... 
tl1 fJ ,8 

13G. '.i lJ'J. 7 

1)7.5 l jll.3 

UC 

lll'J . :> 1113. ·(* 
]113.4 

llC 

llC 

J{,1.).0 !It.• 
1)1 . ;! 

1(,11. 7 l'/( .') 

lt•'. 5 )11'.• •. ·* 
l'• l . :! 

uc• 

-3 .9 201.8 190.9 

-2 .1 203 .7 194.5 

-3 .6 225 .G 214.5 

226.5 218. 0* 
<0.4 213.3 

-2.3 231.9 218.i 

.0.3* 2)1,.l !IA• 
<0.8 233 .~ 

-2 . 0• ~)~.8 221. 0• 
-2.5 2211 .!1 

•l.7 ?36.G 243.5 

.0.6 2116.0 :>38.6 

2116 .7 236 .1 

«>.;:: • 250.S ; lil.6" 
-0. 2 23'J-7 

• ).2 llA 

.o.8 

<!'.)0 . 4 !IA* 
2:;3 .1, 

·'.i.51 r•01.8 ;>l1G. ~· "' 
·'.) .8 246. 3 

-8.8 

-G.8 

26).7 !IA. 
2117 .~ 

tlA" 
NC 

Ill\* 
tlC 

-10.9 

-9.2 

-11.l 

-8.5* 
-13.2 

-13.8 

-0.2 

·7.4 

-10.6 

+11.?. 

•).0 

·l?.G 

·1.1
1 

-8. 0 

-12. ~ 

37 



Table 6 . (continued) 

P Tr<tVC' l Tlmi:o S Trnw:l Tlmca 
l\rr I YI\ 1 D !::: t.ruwr l>r.t>th 

" ' .. (d· ·t:n:<'t:) ( k10) M:•(i · 0 10 1. 1°11 J-11 Ol>r.<'rv•:tl ll•:nlc.lu'll J-0 Ob:;~ rv c•l lh:::i ltluo t 
( r.cco) (:i t:eu ) (r.ccr.) 

25 

?.6 

21 

29 

30 

31 

) ) 

) ', 

)"I 

46 

48 

4<1 

13.cc 

13.cc 

13-C1J 

l J .10 

lJ.32 

lJ . 74 

14. 50 

lli.58 

14.8G 

16.63 

17 . CY) 

17.38 

17 .41 

rr . i.2 

n.~ 

17 .c.a 

17 .69 

17 . 10 

rr . -rr 
rr . ·f9 

i·r ."lO 

l OJ 

40 

33 

17 

33 

89 

i.o 

61 

35 

61 

46 

4J 

40 

53 

22 

40 

67 

28 

130 

h3 

116 

33 

'• .. , 
~ .l !<CS 

5.3 

h.8 

'.j.2 

5.6 

~ .4 

MCS 

ICS 

I~ 

u:s 

11CS 

1c:; 

!'.CS 

~ . O MC:i 

'.,; . '/ ~ICS 

i. .·r ~~s 

5 . 0 MCS 

5. 9 

HC8 

(o,.c:;) (:; .. 1·::; ) ( u,.co) 

M* 
!IC 

164. '} lT( .8 

18;.3 118.G 

188. 0 101.4 

l8r1 . 3 H'1 . 5 

186.6 tlA* 
180. 4 

1?3 -? 1138 .o* 

20) . 0 !IA" 
1'}7.5 

20). G !IA* 
19!L9 

200. 0 203 .1• 
202 . (. 

21~ . ') ?.l l.2 

229 .1 2<'0. 0 

!IC 

~JG .2 1111* 
~').4 

239. 2 232 .G 

23~ .6 235 .0 

2)9 . './ 2)4 . 5'* 

NC 

::411 .8 2)5 .11• 

~h''. :; ;i ,~ l .~f1 
::_>t.1. ~ 

-7-1 

-G.7 

-6.6 

-6 .8 

-6.2 

-6 .1 

-I. •. , 

)20.9 

)6~.9 

371.l; 

NII* 
308.0 

!IC 

NC 

r!A* 
NC 

1111• 
346 .1 

tlC 

lilt. . ) 390.8 

!;22.6 lit.* 
-6 .8 402 .6 

-6.6 

-5.7 

-1. .6 

· ~ · ?" 

!IC 

4)1.2 412.0 

!IC 

11c* 

!IC* 

429. 5 1.16.6 

-2 . j 432 . ·1 419 .4 

-6 . s* NC* 

-3.3* !1JO.o i.22 . :;• 
-3 . 0 423.0 

-12.9 

-20.3 

-20.0 

-20.0 

-:>l .8 

-23 . 5 

-20.0 

-18 .t. 

- L" .') 

-21.8' 

-13.3 

38 
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Table 6. (continued) 

P Tmvcl 1'1nicn S Trnvct Tln1Co 

Arrlvl\l Ol::Lnn.-c 0.:1·•h 
N"· (.l<·r. l'<'•':l ) ( ~m) M11e. $lnLlc•11 J·D Ohr.t"t'V\YJ n,·:> 111\Jll t J-B Oh::crv('() n ... sl<Jtool 

(cccn} (ccc:;) (nccc• ) ( r.~co) ( 1w-:::i) ( :;~-:ri) 

~ .... , 17. 'lti JG 5.7 ~ ::?li8. '.> 2111.6" -6.7* !IC" 

~l is.oo 2<'I 5.'j ~~s 2119.7 ~"6 . 3• - 3.11• NC* 

5-~ 18.42 70 5 . 7 ~!CS 25VJ II/\* 1.S7 . 0 llf\ . 
251.0 _,, .9 lilt).? - 13 . ~· 

53 18. '.14 35 5. 5 ~cs 255 .7 251.6 -4.l tlC 

:.i1 18.63 1\1( 5. 3 ~!CS 2'jl.5 ::?1•6 . ') -4 .6 1.)2 . l 437 . 3 -14.8 

55 19. 00 51 5.9 I-CS 260.l 255 . 6 -4. 5 NC 

~ l').21 JO 5 .G MCS 263 .r, 256 .8"' -6 .6* NC* 

5·r 19 . 30 118 5.7 l·W::3 263 . (i 2)"( . 4* -6.z• uc• 

~.a 19 .G:~ 29 6.0 \.l!Q; llC 462.9 4'1) . 1 -<>.8 

'j') 19 .6'.i N 5 .6 MCS 2(-0.6 ~1-'•.3• -+O . •(* LC2.ll Ill\. 

llC 4'(0. ;> -1,'> .6 

GQ 19.83 II G.1 I~ 210.,r, ::G'1.o" - 1. f." LCV.. . 8 r, ·p .1. • -ll1.f1• 
L'G?. 5 -1. l 41.'.i'.>. 7 -<!1. l 

61 l').il) '.>J 5.11 1-Y.:S !JC 116'>-2 Ii'() . :,, -ll. 7 

('2 2•) . ;!0 tl 5.11 /CS llC 4Ql1.5 118:,..:, -?.O 

63 20.~J rs 7. 1 l'.C!:i l:C 11?6.1 40',i . l -11. 0 

l,il1 20 . .-11 H 5.4 ~ICS 275.0 :!Gil.? " -£i.1+ r:c• 

6) 20. 311 ll 5.li nco 211~ .o 2'71 . ~· -r. .a• tic* 

"" "" 
GG :->0.)6 2') 5.1. l·'CC ?('( . () :~·1( .. 8* - 0. ::!* l.?0.11 4·)1. (•• -7 ·""' 

!IC '"I ;. .G -10.e 

£i·r ~·0.38 3;' 5 •• , 1-'l:C 2·1G . 5 n::.·r-- -3.0• uc• 

68 20.411 II 5. 5 MC$ 2'('( . l 2·1G .2* -o.•/• 11!/? . 2 II/\'* 
1:c 46/ . l -12.) 

(/') 20.liO J) 5.? ~'CS 2n . s 2n.e• -3 . ·,-it 1.:19. 9 r;c: .. 
2jh .J -3 .2 1105. 8 -111. l 

70 20.G'.,i !I 'j.6 1«:$ ?. 1';1.2 zrr .•J* -1.J' $0) . l l1f1J.1• -lJ.S'l 
!IC ';0'/ . 11 If 1/1 , )* 

1in1.a -l'j.J 

'fl 21.0I• J6'J '). '( MC:> 271 .7 1!70 .'( -1. () NC 

·12 n.0·1 41 G.l MC:J ::!O..: . ') ~1ll1.·f* +i.c• NC* 
2!3.>. 3 -o.(, II/\ 
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Table 6. (continued) 

P TrovrJ 'l'tm~n S Tro.v~l Tl mco 
Arrtvnt Dlo t.nn<:c 0 r' J'l.h 

No. (d"tti!CO ) ( kin ) M11P, . Stnt. t'"' J - IJ OlH:('t-V«• l lt•·i.; 1dnu l J-D OL>:;crv •:rl Hen l•luu l 
( ocro ) ( tir.•: O) (orc:i ) ( acca) ( src:i) ( sues ) 

n 21.27 8 G.2 ~:cs 28'). 0 2ll}. H" -3 .::?* s20.6 52) .2" ..i • • 6• 
236 .4 -2 .6 N,o. 

74 21.39 130 5.6 ~ICS 218.3 2'(1 . 4* -0.9• s02.1 50).o" <6 .3• 
277 .7 -o . G r;c 

75 21.47 13 5. 3 ~'CS 290 .3 !IA* NA* 
2?0.9 i-0.6 NA 

76 21.81 417 5.9 n:s 261.0 26~ . 3* ~. 3• NA• 
<.'0. .8 +J.O NA 

Tl 22. 50 12 5.3 ~1Cf, 300.8 llA1t NA* 
301.6 +0.8 NA 

78 22 .60 II 5.11 ~:; ~?8.8 ~9).3* -3 . 5• SJ9. 6 5116 .o" <6.4* 
2')4. 5 -4 . ) !IA 

19 22 .75 2d• 6 .4 1-.::; ::>8) .L 20) .811 +0.4' 515 . ) 513 .7* - i.8* 
20) .6 +0.2 !IA 

80 49 6 .0-G .3 
.. 

•7 .<J* 23.12 ll,~\ Jex? . 5 J02. 8 +0. 3• Sl11J . J 5)4 .2* 
302 .8 •O. J llA 

81 23 .13 l ') /) . la ,.r,s 3o6. 0 )"fl . J* 
] 0-( .8 

•l . 3• S52. J 556 . 3• '4 . o" 
•1.0 !IA 

8c! 23 .24 1,n 5 .8 1~:s 303 .7 3011. 1 •1.0 !IA 

83 23 . 33 48 j .4-) .9 rxr.1 ]Cl• . G Jcr? . l -2 . 5 UA 

84 23. 33 l G. 5 ! lit/ ) 10. ) JO'J .6 -0.9 M 

85 136 ~ .8 ~·.>8 .G 2•1) . 1• " Ill\« 23 . 53 1'1.:S •O.S 
~?'.) . ) •O. 7 llA 

8G 23.90 73 5.8 l·t;S 3cr1 . a ) c.G . '.,• - i. 3• 1;<:4 
JO? .1 - 0.l NI\ 

87 24.17 31, 5.8 l:Vrl 311 •• 4 3J l; . 2 - 0.2 ?IA 

80 25. 16 1)6 5.9 MCS 311 •• G Jll. '7" -2 . ·r- liC11 

8'} 25 .36 37 5. 3 ~:D'.~ 3~ ·, .2 3;!1.2 -4 . 0 llA 

90 25.110 ()1 5,9 MC.:5 3~3 - 3 323 . 5 •0.2 NA 

91 21 .86 .,,. ... 5.G l{r:F. 350.2 3)3 . 1* Q.9• G30.1 636.9• +6.2* 

?2 20 . li6 69 5.8 ~(:$ 3:;0. 5 3li0.2* -2 .3* NII* 
3110 .1 - 1.6 tlA 

93 26 . 51 411 5.9 llh."1! 3; 3 .8 J5J .2 -o .6 NA 

9 11 26.&i 30 4 .0 \ltU-: 3~6 .0 3'.>6 .2 -1. 8 NA 

9) ;•9 .·13 33 6 ., 
• '-' MJ)ll 36) .0 3611. 5 - 0 . 5 NA 



Table 6. (continued) 

P Trav1• l T1 me:; S Trnvc l Ttmcs 

At'l' lvnl. Dlstanct: D,.pth 
ti•> . ( ti<'P;l"• '"ll ) ( kin ) H:1g . S l nt t o n J-n Ohscrv"d R-:-c l r\11nl J -D Ot•.i rrvcd fit's lduo l 

( sr.cs ) ( nc<-n) ( seen ) ( sPcn ) ( r.r c-n) ( s cco) 

'.)G 30.Go 33 5. 9 WKF. 373 . 0 372 . 3* - 0 . '(* 611 .6 667.3* -4. 3* 

97 32 .47 " G. 3-6 .1 nu 38~ . 5 38') .0 -0. 5 W\ 

98 32. Go N 6.2 ~(;$ 390. 6 39Ji. 6lt -«1 .2* NC* 
392 . 8 -IQ .2 NA 

9? 33 . 511 l 6. 5 MCS 1103 . 3 39'.I . O't -4.3* Ne* 
3')'). 0 -4 .3 NA 

100 311 . 36 159 5. 5 WICE 393 . 5 393 .9 -+0. 4 !IA 

101 31•-39 159 5. 'j ~'CS 393.1 3~13 - 9 -+0. 2 HA 

102 311.118 ll 6. v r .3 M0:3 406. 8 l10l1.0 lt -2 .~ 132 .1 '7)8.8* -16. 71t 

103 35 . )11 411 5.9 ~:IJ',./ tin .G 410. ? - 0 .1 NA 

1())1 35. 60 39 G. '.> WKF. 1,17 . 5 1,17 . i. -0. l !IA 

l O!i 3·r.91 47 6. 7 wx:r: 431' . 'j 1.32 . 2 -2 . 3 ?IA 

106 3? .10 29 5. 5-G. o l t:J.I !1!16. 3 l1'jl. l ..i •• a !!A 

i !IC , l!•Jt. cl•~•1r . 

~ lfA, 11• ·I. :11'1 (lt·,·ut . • 

ff K•'C'•r J.-u •'rt the Lf'l (11r1 n:;lerl>;I\ l'W!'l n:1 Ll•i t. t.hc t\r1·t·1nl "'n!l r 1·co1'<.lr.-d o n t he S f'l). 

'l11c nl::t. 11<.'l' of Un•·:. for t:l •,h" r <>11 S •:'. <•r Ll'l. 1n·l•1nl r.•nn:; t ll'.lt no :iuc!t dnta 

vru:; nv:iilalilc . 

41 
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Table 7. 

P VclOcity D1:itr1but1on for llorthwestcm Po.ciric Do.sin (NWPD) Models 

Ve l ocity 
( lon/:iec) 

Dcpt.h 
(km) NWPB Model tlu::illc r 

1 2 3 4 5 6 1 . 8 9 

2 5. 00• 
12 6 . 30• 
25 8 .25 8 . 25 8 .25 8.25 8.25 8.25 8 .25 8.25 7.95 
50 7. 95 8 .25 6 .?'.J 8.<''.i 8.25 8 .25 8.25 8. :?'.i 7.95 
7'.i ·r . 95 ., . 95 7. 95 13 .25 8 .25 8 .25 13 .25 8. 2'.i 7. 90 

100 7 . 90 7. 95 7 .?5 1 -9'.i 7.95 7 .95 8 .25 8 .25 8.10 
125 8 .;>5 8 .25 7.00 8 .25 7.95 7 .95 7.95 7.95 8.25 
150 8 . 35 8.35 8 .35 8.35 8 .35 7.90 -,.95 7.9) 8.35 
175 8 . 35 8.35 8 .35 8 .35 8. 35 8 . 45 ., .9) ., -?5 8. 35 
225 8 . 35 8.35 13.35 8 . J'.i 8. 35 8 .45 8. 35 7 .9; 8 . 35 
250 8.11) 8 . 45 8.115 8 .45 8.45 8.45 8 .45 7.95 8 .i. 5 
300 8.50• 
350 8.70"" 
400 8 .85• 
4'.10 9 . C'Jx 
500 9 . 35x 
550 ? . 5c:• 
6Cl'J ~ - 9'.i* 
G:;o 10.)~ 
700 10.'.JO!t-
"()0 10 .ar;x 
800 10.')'.ii( 
850 ll . l 0 1 

900 11 . 15* 
950 U.;>OX 

1000 ll . 35·X 

« Th<? crunc vcl<.x: tt.y vnlue wnn ucetl 3t tllic depth in ,,<:UclG 2 t.lu·ouch '.) . 

-



Tnble O. 

Trn\·el Tl..::.e Res!.d-.:.:i.!..s tor r.'..'PBl 1-!odel 

D1s:~'.!ce D'!;.th Res ~!!unl Dis:~:i.:e I>.:i;~h Res:c.:ial D~s:ance Depth Residual 
(d'!g::-ees) (~) (secs) ( d~e;:-~c~) ( 1'.:::) (secs) (de5::ces) ( lo:! } (secs) 

7-5? 50 - 0 .3 l 'i .36 4v .f{) . l ;,:2 .50 l2 +2 .4 
7.67 ~o -3.7 l7 .4t 69 ..0. 7 22 .60 33 -3 .9 
1.€.:> !.1 -0.5 17.42 67 tO. O 22 . 75 2ci. 0 . 0 
7 . 93 56 +l.3 : 7.t2 '"'8 .,.J . 3 23 . !2 l.9 +0.3 
8.Sl 70 -t\.' .9 17 .t3 347 -0 .9 23 . 13 19 -12 . 0 
8 .97 165 +5 .C* 17. iO 43 - 3.9 ::3.24 43 ..0.9 
9.00 31 +-2 .2 11.n 116 +:!. .9 23 . 33 L8 -2.6 
9 . 30 cc6 -.l. .6* li.79 33 -o.8 23.33 l -1.5 
9 . 3) 134 li,\ t 17 .90 E6 +l.3 23 . 53 136 -+0.6 
9 . 54 225 .., .2* 17 .96 36 ·l. l 23 .90· 73 -1. 0 

9 . 76 135 NA 18 .0.) 2'} <'2 . 5 24 . 17 34 -I0.6 
9 .76 3S fl. . 7 13 . 1;2 70 +3.6 25 . 16 136 -2 . 1 
9-7? 3e3 +: .<rt lo.SL 35 +:!..l 25.36 37 -3 .4 
9 .53 229 ..i..2 18.63 107 - l.2 25 . !.0 64 +l.l .. 10.25 ·20 10.3 19 .00 51 - 0 .2 27.C.6 22 -tt...3 

10.D 3::.9 +3.3-+ l:L21 33 -2 . 4 23.L6 69 - 1. 7 
li. l~ 33 - 3 . 1 l? .3J 45 -2 . 3 28. 51 44 +0.5 
n .so 33 · l. l l '} .65 33 14.4 2a.e6 30 - LO 

12 . 31 516 -21.6 19 .a3 33 +1 .9 29 .73 33 -0 .2 
13 .02 40 - t,). 7 20 .24 33 -3 .2 30.60 33 o.o 
13.'2 33 -0 .2 20.34 33 -2 . l 32 .1•7 33 -io.3 
l] . 'Y) 17 +1.1 2:-.3.:: 2J +3 . 0 32.60 33 "'3 .0 
l] . l :J jj - 0 .3 20. 3S 32 -L l 33 . 51. l -2 . 4 
13 .32 89 ~- l 2V. L4 33 ... i. 7 3!. . 36 159 to.6 
13. -;:. 40 .O.l 20.1.3 33 · 1.2 34 . 39 15? ..0.4 
:.: • . 53 67 ..v.9 2:).65 33 ..0.9 3h . ~8 33 -2 .2 
l4 . 5S 35 -0 . l 21.Cl. 16J -1.2 35.14 4.4 o.o 
14.86 61 +l .l 21.07 41 -I0 .8 35 .80 39 10.3 
15 .42 46 +l. 7 21.27 8 - 0 . 4 37.91 47 -2 . 3 
16 .44 41 -4 .o 21.39 130 · l.O 39 . 10 29 -14 . 7 
17.05 53 - l.0 21.47 13 .e .2 ~ . 

17 . 0;! 22 - 0. 5 2'-.81 L17 -3 .3 

* / p a:-:-!va!.s . t ::;., ~or t~.e g!.·,en epicenr.ral. c!.1sta.nce a.ad !ocal depth no P or p a rTivals voul.d be 
o'oser, ed 1n this codel. 

~ 
w 
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T~ble 9. 
Travel Time Re3idual.3 for ~:.:PB Modeb* 

tr•••l Tl•* I U llllf•h , .... , 
, .. , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

1• .•. , ., . , •l · l ~. l • O.I •O,, •l., -o.• •0.6 .. , .• •o.a •o.e •J. i .... •1.' •0 .1 

"' o., l .f >·• ... o.e •.a o .• L.8 .. ' o.• 1 . • o.i o.tt I. I ... .. , ... •·> '·' . .. ... o.• 0. 1 ... .., ... . .. • • 7 o., 
>·• .. , • ·> ... o.6 •·l ... ... I.) 1., . .. , .. .. ) ... o. 1 .. , ,., . .. ).) ... .. , ... ... . .. ... .. , ... 1. 2 .., •·l 0' J.7 '·' .. , ... ... 0 .1 ... ... 1.1 •·l •· l • . o "' .. , O.l ... o.o ... ... t .o '" ... 
I·& Sh! 2·i Z:: ~ 
0 . 22 t 0 .39 t 0.15 t 0.39 - 0 .26 1 o.42 i.73 ± 0.32 0.()5 .t 0 . 39 .,. 

-1.1 • 0.1 ... , • O.f ·l· l .,., -•·' .,., ·•·' •O., ::: .. , , .. . .. ... 0.1 ... ) , I o.a ... o.• .. , O.) ... ... 0 . 1 0.1 l.1 • ·l ... ... .. , • •• o., I. l 

····• 
l.) ... ... •·> ... .. , 1.1 i .o ,.. ).t 
>·• ~ ·l ... l·T ... . . .. 

0 . 20 t o . 50 0.74 t o. 54 - 0 . 42 1 0 .55 i. 3a ± l.l2 0.56 1 0 . 57 
too 

-··· .... . ,,, .... ..... .... , .... •l.J .. , ... . .. . .. 
-0.lO :I: 2 . 37 l.40 t o.oo l . 40 :I: l.41' 0.97 t l.l) i.30 .,. 

.,., -1.1 ·::r ... , ... , .. • O. I ·•·> ., .. 1., ,,, . .. , '·' o • • 
1.7 ) .O ... .. , 

i.90 0 . 90 :I: l.67 -2 . 30 1 0.30 2 . 03 t l. 44 0 . 27 t l. 1 0 
)00 .,,, ...... .. .. , •) .6 .. 2 . 1 ., ... -o.6 .... , .... , •t. t. ... .., .. , >·> .. ) ... .. , ,., 

t . ) >·• .. , ••• . .. ,. . >·• ... 
-0 . 24 1 l.02 - 0 . 40 t l. )8 o . a3 .t l.21 0 . 08 ~ l. 37 o . 43 1 l . 52 ,,. 

44 
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Tabl e 9. (continued) 

Tr-••·• l Tl • • lt• • ~O ... • l • , .... , 
...-n ... •\ , _... r , .. , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• 
... .. 

4". 40 

..,. 
-a •. t -o.a. •o.a •t . t • 1..l -· · ' 

t .J .. , , .. '·' . .. l l 

~:l 
... . ' 0. . .. .. , 
•• l .. , l · J , .. ... . .. ... . .. ... ... .. , .. , . .. ... .. , >·• \.0 ... 0. 9 .. , ... 0 .1 .. , f.6 

· ·2 ... .. . '·' ... 
- o . o6 1 0 . 35 - 2 . 43 .t o. i.2 - • . , •• - 1.1 •o. I ... ,., ... .. , .. , ••• o.6 ,., 

1 . 1 ... ... 
'·' 
- 2. 05 .t 0 . 39 

'"' ... , ..... · 1·1 .... ... .. , , .. . .. 
0.10 1 1.. 32 -l.03 1 l -70 

JOO .... ., .. .. 0.2 •o. , .. , • ·l ,., l·' ... ... ... 
- 0 . 37 1 l . 9l - 0 .24 .t o . 86 

•U. O .. , . .. .. .. , ,., 
1.1 ' · ' 1.6 ••• 
, ,z 6.2 

'·' '·· '·' ) .0 1.. • .• . ' 
-6.90 1 0 . 42 

. , .• • 1 . 1 

"·' ' ·' • .J l·I •·l , ., 
1 .1 ,., 
• . e ... 1.e 

.. 1 . 0 • l . li 

'·· 0 .3 .. , 
I 

-2. 04 1 l. ~5 
• I 

1..30 

-··· ... , O. l 

>·• . ., .. , .. , .. , ... ... 

• l . I • l. ) .. , 
o.o .. , 
0 .) ... .. , 
O. l . ' 

0 . 03 1 o . 41. 

.o.I •t .O • O. l 
l · l 0.) •.• o., 
o . 6 0.1 
0 . 9 o., . .. .. , ,., 

l.) 

0 . 35 1 o . 48 

i. . 20 

0.37 1 0.99 

• rbe sign o f the rec l d u~l 10 any colu:n ts equal to tbe sign of t he 11rs t 
e ntry In that c clu~n . 

.. All. r esljuala ap~~~rlns abov~ t~e ind!cated d•?tb bave v ertices at aba l -
1. ove~ de?Lhs , anl all r~:ldu1ls appearln~ bel~v th2 tndlcaLed depth have 
• er t lccs at the !11 J 1c~t~d Jcp~b or nt g r eate r 1eptbs . 

trhe•e va lue3 repres ent tbe m~An(X) uod the •tandaru deviation ~f tbe me a a 
( s,,.) .. glven by: r = c-:1 xt) I ti a nd Sx = r ,:;. (X1-;;)2 I :l(ll-1)]112 

r..1 r.1 

45 
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'Table 10. (seismo:;raph data) 

United St.otos Const and Gc<Xlct1c Survey 
Dntn for Evcnta ScA.ith Of ]20 North La.t.11.udc 

Arrlval Depth 
.No. Dote Time Coordinates (Ion) Mag . 

l 8 Jnn. l o6') ;>1:55: 118 . 1 11 .a ·11 1113 . l•E N 5 . 4 
2 21 Jnn . 19G'J 13 : )): 24 . 4 8 . 8°11 J3-, . 7°E 5 5. 5 
3 20 /\VB · i nGa ll :1G: ;•; .3 5 .G°!I lh6 . ') 0 E 33 5.6 
4 lG Apr . J ')6~) 01 : 2;.? : 4 ' ( . 5 3. 5°r; l ) l . 0°E 39 5 . 7 
5 31 1-hy l ~1G·; 23: '.iG : ? l . 6 11.9°s l)l1 . 2 °E 1io3 5. 5 
6 23 Oct. . 1~1G8 21: 011 :111 . 3 3 .3"s l h3 . 3 °E 12 6.1 
7 20 lhr. 19Gq JG : 18: )f. . 11 8 .. ,.!I l27 . 3°E r: 6 .1 
8 18 J\ur. . l ';(.8 18: 313 : )O.G io . 1°s l)') . ') 0 E 538 6 . 2 
9 16 !>•:pt. . l ')(.8 13: 55 : 3G .1 G. 1°s ]118 . "( 0 E 59 5 .8 

)0 28 f! O•t. 1·1(8 lG:Ju:r .1 6 .8°s 1~6 . ::?
0

E 169 5 . 7 
11 16 Sl'Jit.. l 1•G8 13: 5 '.I : 36 . 1 6 . 1°s 11ia .·r 0

F. 59 5.8 
12 4 /lug. l 9W 1 l : 111: 211 . B 6. G°ll l.2G .8°E 107 5 .7 
13 ?.11 0 <- t. . l ';W l~:)l:l8 . ) 5 . l}o! j l~( . 0°E 70 5 . 4 
111 31 J u11 . 11,l(/"i OO:l1 li: 13 . 3 Ii .::: 0 11 128. 1 "c: lf 5. 7 
15 ) Mm·. ) '}(i') J 3 : )2 : u, '') 11 • 0°11 J;:•Q . :;! 0

}; liB 5.7 
16 2·r f·1'1 r . i •1C11 ] ~ : 111: 1', . '] 1, .e0 u J;i"( . ~ •r; 32 6 . 1 
n 3 Fell. l ')(:,') ~ ]:l11 : hl.') Ii . ') 0:1 1;.!( .l1°f; ll 6 . 1 
18 30 Jwt . 1•/,11 10:~') : 11 0 .li 11 . ln1 l;"( . " ·1:: ·ro 5.9 
19 20 }°f•li. l'l(l) J 0 : 30: <'2 .1 3. ) 01; J. !ELl1 • F: 77 6 . o 
20 20 1"l·h . 1'/0 Ci ) : '.>'.1 : ·i j . 8 1. '../:i r 0.;• 0

1:: 33 5 . . , 
21 5 J :J ra. } ',(,r I n ::!G :3ri .9 8. o"n l )IJ . •JoF. 1i1 6 . 4 
2?. 8 S ept. . i •;rn l '..> : ) ~ : :13 . 8 3 . 7•3 11~ 3. 0 "1-; 29 6 .o 
23 4 ll•"IV . l (£3 (J 1: '>"{ : 31! . '.i 111 . ;~ 0!'; n~~ . o·E ;85 5 .8 
24 18 ""'~ · J•/.13 18: jFI : ~ >.6 io. 1°:,; l)• . '1•E '..>38 G. 2 
25 29 Ocl. . l •,1(,i'\ l"(: 00: 11 •).11 1.13 °!1 l '·r, .11 "i:: 33 5. 5 
?G ;>11 Jul . J••G'J l') : OJ : . (. . ·( ]. r.°11 1: G. •, 0 E 41 5 . 11 
27 10 /1ug . l ' \{,(\ 0') : '.,. l: li{ . ) 1. :;. "ii L·G . ,,•r; 33 6 .2 
20 11 /',11c, . l q(,[\ (.'0: •)0 : 11 i .h 1 . G°r1 J;f,.3 °F: 33 5.9 
?.'.) 10 ""e· 1•1(,Q Cf.' : V' (: l_th , ) l . h 011 1: fi .. '~E 33 6 . 3 
30 31 Oc L . l•·GU v 1: oG: 3(,.11 l. ?011 J;(, . 3•E 33 6 . 1 
31 2) J n11 . ) ' J(/) 0') : l '.) : 1 ( . l 0 . 13 ° 11 J t'G . 1 °~: 2/i 5 .9 
32 G J rut . I•J(t'> )'. ; )'I : 1)1) . <) 10. •,,°:,; J{,/i . '.i°E 32 G. 2 
33 30 J 1cJI . )')(.•) 1l3:·1G: r; . 3 Ii . 0°il ) 1 · >"Jo: )n 5 . 3 
31, 2"( J.':ly J 'l(J'I 01:;:·r: •>1 . n 0 'lot' lr') . ll 0

}•: N 5 .3 . '· .. , 
3) ~ 1. F .. t. . J 'l(,q 0<>: <1'! : 11•) . r. ri "J o, . 131 . o•c 38 5 .8 ) • j._ tJ 

36 1) 1-:0u- . ) 'If I ll:h/1 :11" . 3 ?. . (!":,; L.:G . ~>'B ti 5 .6 
3·r 29 J ul . ) •I 8 :>3: ' ~· : l / . 0 0 , o,.. 13:, . 11 °1·: 12 6 . 1 ..... ._, 
30 11 1-hy 111(/• 1'(: 18: j/1 .8 0 . 0°11 l1.!1 . (1-; 165 5. 5 
39 ~8 (kt. . ) 1.(,0 ;•.s : r :::o.·r 12 . )

0
8 l(t• . ... "1-: 60 5 .9 

1,0 2·r Gcpt. . ) ••(,() l)J : •,r.: )) . ) c. .a•:; 12'l . l 0 F. 1~7 6.1 
11) 19 1111e . 11,1(,11 J ) : "~~ : :.:·; . 7 l) .9°s l'( lt . O~I./ 151 5. 3 
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T~ble 11. (seismo~raph d:;ita ) 

Trovel Till'r!G Md Ren ldunls f or Evenlo Soult\ Of 12° North Lnt.1lude 

P Trovel Tl"""" S Travel Times 
Arrival DiflLnnce t>crth 

Ho. ( dcgrcco ) ( ~.m) M1'"-. Dtnt i on J-n Ohocrvcd nc11 l rlu11. l J-B OIJoervcd Res I duo l 
(seen ) ( llCCll) (:icco) {scca) ( occs) (st.!CO ) 

l 15 -98 B 5.r. n::s 223 .8 229 .6 +5-8 ?IA t 

2 21. 711 5 5.5 •t:s 29Ji . 2 299.9 +5 -1 ftA 

3 23.C.1 33 5.6 WKE 308.7 311.2• i!? .5* 557.5 555.2* -2.3• 

~ 27,56 39 5.7 n::s 345 .I• 3h7 .6 •2.4 KA 

5 28.81 I.OJ 5. 5 MCS 3211.6 321 .6 •).O tlA 

6 29.11 12 6.1 llCS 362.7 366.2* +5· 5* !«:: .. 

1 29.12 N 6.1 llCS 365 .2 )66.7 +1.5 llA 

8 30.011 538 6.2 WKF. 326.8 321.9"' +l.l* i;c• 
327 .9 +Ll 

9 30.114 59 5.8 ~ICS 36').l 371.9 <2 .8 Ill\ 

10 30.111 l(>'.) 5.7 1-!C!J 361.8 3G5 .3 +3-5 NA 

ll 30.611 59 5.8 WY.E )72.7 Yf2 .7"' +O. O*' r:c• 
)71.4 -1. ) 

12 31.33 107 5.1 llCS 372 . 3 375.2 +2.9 11C* 

13 31 .Go 70 5 .11 tr,5 378.2 380. 5 '2 . ) llA 

]11 31.83 II 5.7 •v;i> 363 . '.J )09.0 +5.1 NA 

15 31.6') 46 5. 7 l!CS )83 .0 385 . 1 -:? . l llA 

16 31.90 32 6.l r~ 38!1 . 7 3C8. o •3.3 llA 

1.7 31 .91 n G.1 llCS 3811.6 30·r . 6 •3.0 !IA 

16 31.96 70 5.9 MC::J 381.5 382 . 7 •l.2 NA 

19 32.0-1 71 6 .0 HCS 381."I 31)3 . •(" t2.0* tte• 
3611 .2 •.> .5 

20 32.:>:> 33 5.7 1-ICS 36( .3 3?J .O +:; . 7 1111 

21 3:>.25 117 G.~ 14'.:S 36G .:? 3')0.9* .l1 . "f* 695 .l 691.9• •2. 6* 
391.1 "•·9 

22 3<> .Go 29 6.0 \l1Q,; 391.:? 3?1.8' •0 .6* uc• 

23 33.60 585 5.8 I/KE: 35G. O 3:-,G . 5« +0. 5~ 6111. l Grr . 5* -3.6* 



48 

. 

Table ll. (continu~d) 

P Trav~l Tl,..,..a S Trnvcl Tl~!I 
Arrtvnl Di-:l.n11cc tr.rlh 

No. ( d "{;l"<'Cll ) ( klll) l·w.; . 3t11tion J-D Ohr:t:rr<:-•I n.-c 1t111ri1 J-D Ol>iwrv••d ltcr:ldunl 
( 6('('0) ( r.ncc) ( :wco ) ( ::•·c-s) (o!.'<·n) (Recs) 

24 311.116 538 6.2 MCS 3(,11 .3 36·r .11* +3.iw· NC* 
367.6 +3,3 

25 3li.69 33 5.5 MCS l1b8.6 1110 .1 +1. 5 NA 

26 311. 75 41 5.11 MCS 1108 .11 11 0') . 6 +1.2 NA 

27 35.0l1 33 6.2 MCS 411.6 1i15. o +3.4 NA 

26 35.05 33 ) .9 MCS 411.7 1111.l -0.6 HA 

29 35.11 33 G.3 w::s 412 . 2 r:c• 11c* 
413 .6 -tl.11 

30 35 .11 33 G. 1 MCS 4L:.7 413 . 6 -+0.9 l!A 

31 35-'YJ 211 5.9 ·~ 1111.6 li 18.9 -tl.3 !IA 

v 35.86 32 C.;! re::; 111~.o r:cJt 11c* 
422. 5 +3.5 

33 3'.i-'J~ 521 >· 3 l·:CS 3T( .3 360. 7 .. 3.11 NA 

34 36.9G u 5. 3 l'.C3 1.;rr .e. 431.G +3.6 !IA 

3'.i 37.118 36 ) .6 ~:cs 1131.7 1i3r. .2 -tl1 . c; llA 

36 31-'(;> N >.6 MCS li3l1.2 1,3·r . ·r +) . '.i !IA 

3·r 3·r .u 12 G.1 WKE 1136. (, !;!12 . 3* • ) .. ,. ·re'.1. 4 7?) . Qit +3 .6 

36 38 .08 165 5. 5 l·:C~ 1,~r1.J 11 ('6 .1 13 .8 NA 

39 38 .J'( (10 ::; .9 MC:3 1136 . 9 4liu.3 +3 .11 NA 

110 39 . 0!l 12"( G.1 MCS 43(, .2 1139 . 9 •3.7 !IA 

hl 39. (l6 l'.11 5.3 \./KE 41;0.4 1111) . JI(· +o.y* N~* 
4111.3 10 . 'J 

* 
1 

+ 
1 

onrl a - Sec 'l'nhlc 2 . 
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Fi~ . 1. Epicenter map for hydroohone data . 

49 



3. 
Oriein Time 
05 39 59.0 

18 . 
13 41 19. 0 

24 . 
18 10 00 . 9 

38. 
14 21 04 . 8 

44 . 
OR 27 00. 0 

47. 
OR 29 21.2 

E 1' 18 14 07 1' 18 17 10 

E 1' OR 31 49 1' 08 35 32 

f!, 08 34 33 0'1 38 43 

0 
Fir, . 2 . Observed rwdrorh"ne arrivals from events north of 12 north 

latitude (:1 - '.:ake , 1-i - !'.idi1:Jy, :nd E - Enil;cto!~ ; a time scale is 

shOlrn bclo:r arri v::i l 4 7 ; the interva 1 be tu .. en tick narks is 15 sec) . 



52. 
20 32 25. 0 

61 . 
04 26 19.7 

66 . 
14 21 04 . A 

71 . 
16 31 ~0 . 5 

.. 

11 

1'20 38 12 

1' 04 :n 4A 

~ 

20 42 30 

, ~-: ·-·- , -·;-1·: , 
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