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T-phases are 

acoustic signals in 

which the primary 

portion of the 

propagation path is 

through the oceans. 

T-PH. \SES -\I~,E acoustic signals in ~hich the pri- 
mm T portion of the propagation path is through tile 
oceans. Energy sources resulting m the generation 
of  T-phases  include earthquakes,  submarine vol- 
canism, and under,,vater explosions.  Once seismic 
energy is cot, pled into the water column. T-phases 
p ropaga te  as compress iona l  wa~es p r imar i ly  
through the Sound Fixing and Ranging {SOFAR) 
Channel .  and may be reconverted,  at continental  
shelves, into short-period elastic waves that travel 
through the sediments and basement of  the conti- 
nents. The ~ave-guide  effect of the sound channel 
combined with the low attenuation of  sound m sea- 
water permit T-phases to propagate over great dis- 
tances through the oceans. It is this fundamental  
property of T-phases that make them ideal for the 
s tudy of  love-magni tude seismicit '~ within the 
oceans.  The f requency content  of  T-phases  
( I - >  I0(1 Hzl is such that at tenuat ion within the 
crust and upper mantle precludes long-range inland 
propagation: therefore, the best instruments for the 
detection and analysis of T-phases are underxvater 
hydrophones which record seismoacoustic signals 
that cannot be detected by conventional short-pe- 
riod seismographs t Shurbet. 1962 ). 

The study of  T-phases has never been a major 
research  e ,npfiasis  within the earth sc iences :  
hence, even se ismologis ts  are general ly  unaware 
of  their propert ies  and characterist ics.  Perusal of  
some of the well-known text books in seismology 
reveals  brief  mention, if at all. of  T-phases {e.g.. 
Aki and Richards.  1980: Bullen and Bolt. 1985L 
Much of the early T-phase research was perli~rmed 
in the late 1960s and early 1970s by a group of  in- 
vest igators at the Ha~vaii Institute of  Geophss ic s  
~vfio collected and analyzed data from the perma- 
nent. fixed hydrophone arrays of the Pacific Mis- 
si le Range /Mis s i l e  Impact  Locat ion  Sys tem in- 
stalled in the late 1950s by the U.S. Air Force near 
the i s lands  o f  Wake .  Eni~vetok. Midxvav. and 
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Oahu (e.g.. Johnson ~'t al., 1963: Norris and John- 
son. 1969: Johnson and Norris.  1970L After  this 
per iod of  intense T-phase  research,  s tudy o f  T- 
phases diminished. 

Recent changes in the ~ o r l d ' s  political climate 
and the vdll ingness of  the U.S. Navv to allow re- 
stricted access to acoustic data recorded by the Inte- 
grated Undersea  Surve i l l ance  System I l L : S S ) i n  
both the Atlantic and Pacific Oceans have sparked a 
rene~ved interest in T-phase research. In November 
1992. the Space and Naval Warfare Systems Com- 
mand and the Commander  Undersea Surveil lance 
Atlantic initiated a dual-use program (Whales "931 
through which U.S. Navv IUSS hydrophone data 
from the Atlantic Ocean were made available for 
scientific study. The primary research goals of  this 
program were 1 I to study Io~v-magnitt, de oceanic 
earthquakes and 2) to catalog the acoustic signals 
from large marine cetaceans to determine their spa- 
tim and temporal  d is t r ibut ions  in the At lant ic  
Ocean. We discuss use of IUSS data m the monitor- 
ing and detection of oceanic earthquakes in the At- 
lantic Ocean with an example from the Caribbean. 
Detection and monitoring of oceanic eaithquakes in 
the Pacific Ocean is being carried out by the Na- 
tional Oceanic and Atmospher ic  Adminis t ra t ion ' s  
Pacific Marine Environmental  Laboratory.  Details 
of early successes with that monitoring efl\~rl have 
been provided by Fox c t a l .  (19941. Use of  IUSS 
data for cetacean research has been previously dis- 
cussed by Nishimura and Conlon 119941. 

Historical Perspective 
In 1940. Daniel  Linehan repor ted  tile obser-  

vation of  a new seismic signal which or ig ina ted  
from earthquake,,  along tile ~es te rn  Anti l les  and 
was recorded on the seismographs of the \Veston 
Obse rva to ry  loca ted  at Boston.  MA ILinehan .  
1940). Because thi,, signal ar r ived after  the pri- 
mary I P or compressional) and the secondary IS or 
shear) waves that travel through the solid earth, he 
aptly named his new discovery the tertiary or T- 
phase. Although no qualitative explanation for the 
nature of  the T-phase was given. Linehan specu- 
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lated that this phase might be a slow propagating 
surface wave. This tentative explanation was later 
re i te ra ted  by C o u l o m b  and Mola rd  {1949) who 
proposed  that T-phases  represented hor izonta l ly  
polarized shear t Lovel  ~ ave propagation through 
sea floor sediment layers. 

In the 1940s. research in the nascent  f e l d  of  
ocean acoustics led to the recognition of the exis- 
tence of  a low-ve loc i ty  laver within the oceans.  
This wave guide, named the SOFAR channel, fo- 
cuses acoustic energy, thereby enabling long-range 
t ransmiss ion  of  low- f requency  waves.  Much of  
this work was conducted by researchers affiliated 
with Columbia  University and led to the publica- 
tion of a classic treatise in underwater sound prop- 
agat ion IEwing and Worzel .  19481. However .  it 
was not until severa l  more years  had passed ,  a 
decade  af ter  the ini t ia l  ident i f ica t ion  of  the T- 
phase, that the hypothesis  that the T-phase repre- 
sents acoustic propagation throt, gh the oceans was 
first proposed {Tolstoy and Ewmg. 19501. 

Tols toy and E,,ving's 119501 proposal  init ially 
met with much skepticism fl'om the seismological  
community,  the dominant objection being that the 
obse rved  p ropaga t ion  ve loc i t i es  ~ 1.6-2.7 knl /s l  
were grea ter  than the known speed of sound in 
water l e.g.. Leer el a/. 1951 I. Other researchers ar- 
gued that acoustic energy could not be efficiently 
coupled to ground motion recorded by land-based 
se ismographs  {e.g.. Molard.  19521. Hence. these 
authors favored alternative proposals in which T- 
phases  represen ted  Love ~ a v e  p ropaga t ion  
through the s e d i m e n t a r \  layers  that b lanket  the 
ocean floor ICoulomb and Molard.  1949: Leer ct 
a/. 1951: Molard.  19521. Much of  this cr i t ic ism 
was laid to rest by the delinitive work of Ewmg e t  

al. 11952} and E~ving and Pre~,,, I19531 ,aho 
shox~ed that recording,, of T-phases on land-ba,,ed 
seismonyeters were clearly correlated ~i th record- 
ings on SOFAR hydrophones  deployed off Point 
Sur. Ca l i fo rn i a  and Kaneohe .  Hawai i .  Fur ther -  
more. they showed that the di, ,crepanc) be t~een  
the obse rved  xe loc i t i e s  and the sound ,,peed 
through ~ater  ~a,, partially a re,ult  of the manner 
in ~shich T-phase aiwival-times ~ere  cho,,en. The~ 
al,,o pointed out that a c o u q i c  coupl ing  betxseen 
the ocean and the ground x~a,, not problematic  if 
two mechanisms. SOFAR channel propagati{m and 
nornl:Jl mode propagation. ~ere  jointly resp~m~ible 
liar T-phase propagation. 

It is perhaps appropriate that in our initial fora', 
into the ,,tud\ of  T-phases .  ~ e  return to the 
Ca r ibbean  region ,  the area from x~hich the T- 
pha,,c,, tir,,t observed b~ Linehan originated.  The 
tectonics of thi ,  region are controlled b~ complex 
interact i~m- among  the North Amer i can .  South 
Amer ican .  Car ibbean .  Na / ca .  and C o c o ,  plate,, 
IMolnar  and Sxke, .  19691 {Fig. 1~. Our ,tudx fo- 

cuses on the northeastern edge of  the Car ibbean 
plate in the vicinity of  Puerto Rico and the Virgin 
Islands. In this region. North Amer ica-Car ibbean  

plate  mot ion is a p p r o x i m a t e l y  para l le l  to the 
Puerto Rico trench I Frankel .  19811. and Atlantic 
sea floor is ob l i que ly  under thrus t  beneath  the 
Caribbean plate IFischer  and McCann. 1984). To 
the east. Atlantic sea floor is underthrust beneath 
the Lesser Antilles island arc IMolnar  and Sykes.  
t969:  McCann and Sykes .  19841. whi le  to the 
west. Hispaniola lies in a complex transition zone 
where  plate mot ion ranges from obl ique  under-  
thrusting on the east to s tr ike-sl ip motion on the 
west IMolnar and Sykes. 1969: McCann and Pen- 
nington. 19901. 

Areas  of  in tense se i smic  ac t iv i ty  a long the 
northeastern margin of  the Caribbean plate corre- 
late with the intersection of  bathymetric  highs on 
the subducting plate and the subduction zone IMc- 
Cann and Sykes.  19841. Near Puerto Rico. there 
are two regions  of  par t icular ly '  high s e i smic i t y  
(McCann. 19851. The first lies to the northwest of  
the in te rsec t ion  of  the Mona  Canyon  with the 
Puerto Rico trench. The shal low crust in this re- 
gion may be a port ion of the Bahama Bank that 
was carried into the region by the North American 
plate and sutured to the Caribbean plate during the 
past few million years (McCann and Sykes. 19841. 
The second b, the region to the northeast of  Puerto 
Rico in which the aseismic Main Ridge meets the 
eas te rnmos t  Virgin Is lands.  S imi la r ly .  in the 
Lesser Antil les.  the intersection of the Barracuda 
Ridge with the Lesser Antilles arc is nmrked by a 
regiml of  high , ;eismicitv IMcCann  and S,~kes. 
1984}. 

SOSUS Data 
The spec t rogram ( f requency- t ime representa-  

t ionl  data  used in this studx \~ere recorded  bx 
IUSS hydrophone  arraxs  opera ted  bx the U.S. 
Naxx.  The IUSS s ' , s tem con,,i,,ts of  both the 
Sound Sur~eillance S\, , tem (SOSUS} and the Sur- 
ve i l lance  T o ~ e d  Arra~ Sensor  S x , t e m  ISUR-  
TASS ~ l Fig. 2 }. \Vhile SOSUS con,ist,, of passixe. 
ocean-bottonl inounted h)drophones  that tral>mit 
acou, t ic  ,ignal,, to land-ba,,ed recei~ ing and pro- 
ces, ing sites via underwater cable,,. SURTASS is a 
mobi le  ,,\,,tern in ~ h i c h  a h ) d r o p h o n e  array i ,  
t{~\~ed behind a T-AGOS cla,,, ship. Acoustic data 
collected ~i th  thi,, sx , tem are transmitted to pro- 
ces, ing site,, ~ ia ,,ecure satellite link,,. 

lt-SS Dual t-se: Earthquake Research 
Routine moni tor ing on 28 December  1992 b\  

the U.S. Na~\ of its SOSUS hydrophone arrays in 
the Atlantic  Ocean re~ealed the onset of  inten,,e 
seismic actixit'~ north of the Virgin I,,lands. The 
SOSL'S arrax,, rrumitored at the Naval Ocean Pro- 
ce,,sing Facilit'~ I NOPFk Dam Neck. X:A. contin- 
ued to record T-pha,,es from this sequence during 
Januar', 1993. v~ith the arrax closest to the T-pha,,e 
source region recording more than It)()e~ents per 

day for several weeks.  The series of  ear thquakes 
included ,nore than two dozen events of compres-  
sional body-  ¢P-) wave magni tude hi;, -> 4.0. the 

I t  is perhaps 

appropriate t h a t . . .  

we  return t o . . .  the 

area  from which 

the T -phases  first 

observed . . . 

originated. 
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Fig. 1: Map of the Caribbean region. Bathymetric features discussed in the text are labeled. Contour in- 
terval is 1,000 m. Inset shows the North American, South American, Caribbean, Nazca, and Cocos plates. 
Plate boundaries are after Jordan (1975). Arrows indicate tbe direction of  strike-slip motion while ttre 
teeth at the convergent boundaries indicate the direction of  underthrusting of the subducting plate. Tire 
box shows the region of the larger map. Solid circles show well-constrained SOSUS locations for all 
earthquakes occurring between 19:20 UTC 28 December 1992 and 00:00 UTC 1 January 1993. The epi- 
centers lie in the frequently active region near the intersection of tire Main Ridge with tire inner wall of  
the Puerto Rico Trench. 
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Fig. 2: Depiction of the Integrated Undersea Surveillance System (IUSS) showing both tire Sound Sur- 
veillance System (SOSUS) and ttre Sura,eillance Towed Array Sensor System (SURTASS). 
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largest of  which were felt on St. Croix, St. John. 
St. Thomas ,  and Puerto Rico.  Whi le  the largest  
events  were recorded on all arrays  moni tored  at 
NOPF.  many o f  the smal le r  events  were also 
recorded by' a sufficient number of  arrays to yield 
good epicentral locations. The geometry, and num- 
ber of  hydrophone  arrays  from which data were 
made available for this study preclude the determi- 
nation of hypocentral locations (latitude, longitude. 
depth,  and origin t ime) for these events.  In con- 
trast, epicentral  locations (latitude and longitude) 
are much more robust than hypocentral  solutions 
when data are either sparse or otherwise inadequate 
(James et al.. 1969: Gomberg et al.. 1990). 

S igna ls  from the U.S. N a v y ' s  SOSUS ar rays  
are rou t ine ly  b e a m - f o r m e d  at preset  az imuths ,  
thereby yie lding direct ional  information I Fig. 31. 
Beam-forming also yields an increased signal-to-  
noise ratio relative to that from a single omnidirec- 
tional hydrophone, enabling the detection of  lower 
magnitude events. Phases traveling at or near the 
speed of  sound in water arrive from their true az- 
imuth of  approach.  Sol id-ear th phases,  such as P 
and S, which travel at much faster speeds than that 
of  sound in water, arrive on the broad-side beams 
associa ted with any array'. We exploi t  this infor- 
mat ion to ident i fy compress iona l  (P), shear  (S). 
and ter t iary  (TI phases  for events  from the 
Caribbean region. Sample spectrograms from three 
a r rays  with P-. S-. and T -phases  ident i f ied  are 
shown in F igure  4. The numbers  fo l lowing  the 
phase ident if ier  co r respond  to events  cor re la ted  
across the arrays.  While  T-phases  were expected 
to be found on these records ,  the unexpec ted  
r eco rd ing  o f  the so l id -ea r th  P- and S-phases  
great ly improved our abi l i ty  to locate the events 
relat ive to that which would have been poss ib le  
had only  T-phases  been recorded .  Topograph i c  
shadowing  of  ARRAY1 precludes  the recording 
on this array' o f  T -phases  o r ig ina t ing  in the 
Caribbean region. 

Earthquake Counts 
In the 1960s. Shurbet  demons t r a t ed  that 

S O F A R  geophones .situated adjacent  to Bermuda 
recorded an order of magnitude more earthquakes 
than the bhor t -per iod  s e i smomete r s  of  the 
Bermuda-Columbia Seismograph Station ~Shurbet. 
1962). B e a m - f o r m i n g  l rom an array of  hv- 
drophone, ,  a l lows  de tec t ion  of  sma l l e r  oceanic  
events than is possible ~i th a ~,ingle hydrophone. 

The SOSUS ar rays  r ecorded  t ~ o  orders  of  
magn i tude  more loca tab le  events  from the 
1992-1993  Car ibbean  sequence  than the land-  
based  se ismograph, ,  of  e i ther  the \ \ 'o r ld-~Vide  
S tandard ized  Se i smograph  Network or the local 
Puerto Rico seismic network. A sample spectro-  
gram ,,hmving detect ions  during an intense 28-h 

period at the array closest to the region of seismic 
ac t iv i ty  is shown in Figure 5. Each vert ical  line 
represents a T-phase from a different earthquake. 

SOURCE 

HYDROPHONE 
ARRAY 

HYDROPHONE 
SIGNAL BEAM-FORMED 

ELECTRONIC ~ OUTPUT PULSE 
/ \ 

Fig,. 3: Schematic showing the process bv which signals f i om individual hv- 
drophones are delayed and summed to form a beam-formed signal. 

Counts  of  events  by' day for the first 34 d of  the 
sequence are shown in Figure 6. Events are binned 
into 24-h periods beginning at 00:00:00 UTC. The 
number  of  events  per  day roughly falls into two 
groups. The beginning of  the sequence on 28 De- 
cember  1992 was s ignaled by the occurrence  of  
two events .  32 rain apart ,  o f  m~, = 4.9 and m~, 
= 5.4 (National  Earthquake Informat ion Center ,  
1993a). For the next few days. the daily number of 
events  increased ,  reaching  a peak on 1 January  
1993. The ensuing overall  decline in events con- 
tinued until the occurrence of a m~, = 5.0 event on 
13 January' 1993 (National Earthquake Information 
Center.  1993b). This event initiated a subsequent 
s ignif icant  increase  in se ismici tv .  S imi la r  to the 
overall pattern in the daily' earthquake counts, the 
decline in activity follmving this m,. = 5.0 earth- 
quake  fo l lowed  the pat tern typ ica l  of  a main 
shock-af te rshock  sequence,  rather  than that of  a 
seismic swarm. 

Event Location 
The accuracx of a T-phase xource location is al L 

fected by' the accuracy of the amval- t ime e~,timates. 
knoxvledge of  veloci ty structure along the travel- 
paths traversed b~ the seismic and acoustic waves. 
and the geometry of the hy drophone net~vork with 
respect to the T-phase s~,urce. The T-phase arrival- 
time it taken as the time at which the phase holds 
the highest frequency content. This arrival-time can 
be estimated to within 10 s lbr most events: due to 
the ~lo~v propagat ion  veloci ty  of  sound ~ - 1 . 5  
kln/st  within the S O F A R  channel ,  this y ie lds  a 
travel-path error of at most only 15 kin. 

The hypocentral location of an earthquake does 
not a l ~ a x s  co inc ide  with the T-phase  rad ia t ion  

source, i.e.. the location where seismic energy is 
conve r t ed  to hyd roa c ous t i c  energy .  In genera l ,  
these two locations diverge with increasing focal 

T h e  hypocentral 

location of an 

earthquake does not 

always coincide with 

the T-phase radiation 

so u rce . . . .  
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Inclusion o f  a r r i v a l  

t i m e s  f r o m  m u l t i p l e  

p h a s e s . . ,  g r e a t l y  

i n c r e a s e s  l o c a t i o n  

a c c u r a c y , . . .  

ARRAY 1 P1 S1 F:'5 
.;z,~_'-;;~..~-.~..%~ ~-:~,~ ~"-~,~.....- :.~,, ~_-,.:Z ~: .... -'~ -~.:: "-_ .,~, .~:--~...,- •-~.- 

-~ . .--. . . . . .  . r-.- ~ s • ~ "  ;¢:-"" . . . . .  " ~ *  " ~ ' - ~  ".¢" ': -,,.,!:: ~' :-,- -'~ ~t - , ' - , , "  

A R R A Y  2 T1 T2  T 3  T 4  T5  T6  T 7  T 8  

T 
>~ 
o 
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LU 

(3 
L.U 
8C 
I J_ 

A R R A Y  3 T1 T 2  T 3  T 4  T 5  T 6  T 7  T 8  

T I M E  

Fig. 4: Sample spectrograms from three arrays j o t  earthquakes occurring m tire Caribbean. Compres- 
sionaL shear; and tertiary phases are identified by the letters P, S, and T, respectively. Tire numbers fol- 
lowing each phase identifier correspond to events correlated across tire arrays. Arrows show the direc- 
tions of  increasing frequency and time. 

depths and in areas of  high-relief bathymetry. We 
assume that these two source locat ions are colo- 
cated or, at least, are not significantly different, an 
assumption that we later verified. This assumption 
al lows us to include P- and S-wave arrival t imes 
in our  invers ion  a lgor i thm.  Inc lus ion  o f  ar r ival  
t imes from mult iple  phases at the same receiver  
g rea t ly  inc reases  loca t ion  accuracy ,  more  than 
compensat ing for any degradation in the T-phase 
solutions that might result from including phases 
originating from slightly different source areas. 

For any event for which we can pick approach 
di rect ions  for two or more T-phases .  we use the 
directional (beam) information to calculate an ini- 
tial location for the event. A schematic of  this pro- 

cedure  is shown in Figure 7. Our  locat ion a lgo-  
rithm then uses a weighted eigenvalue method to 
minimize  s imul taneously  the sum of  the squared 
res idua l s  in both the beam and t ime data.  Fas t  
c o n v e r g e n c e  o f  the loca t ion  a l g o r i t h m  is en-  
hanced by use of  the a priori directional informa- 
tion in choosing the initial epicentral location. Fig- 
ure 8 shows  a c ompa r i son  of  our  ep icen t ra l  
locations for events occurring between 19:20 UTC 
28 D e c e m b e r  1992 and 00:00 UTC 1 January  
1993 with those given in the National Earthquake 
Information Cen te r ' s  (NEIC) Prel iminary Deter-  
mination of  Epicenters (PDEI (1993a). Al though 
we were able to obtain well-constrained locations 
for 188 earthquakes during the first 77 h of  activ- 

l!i I il :. 'I I!I 
TIME 

Fig. 5: A sample spectrogram showing T-phase detections during an intense 28-h period recorded at the 
array closest to the epicentral region. Arrows show the directions of increasing frequency and time. 
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Fig. 6: Counts of earthquakes by day for the first 
34 days of the period of intense seismic activity. 

ity during this time period, the NEIC's PDE lists 
locations for only 12 events, while the Seismic 
Bulletin of the University of Puerto Rico lists pre- 
liminary locations for only 18 events (University 
of Puerto Rico. 1994). We point out again that the 
T-phase solutions represent the radiation sources 
at which seismic energy is converted to hydro- 
acoustic energy. These T-phase radiation sources 
may not be coincident with the earthquake 
hypocenters and. in general, our solutions lie to 
the northeast of those given by the NEIC. 

Figure 1 shows our well-constrained locations 
for all events detected by at least two arrays dur- 
ing the first 77 h of the sequence. In general, the 
epicenters lie in the frequently active region near 
the intersection of the Main Ridge with the inner 
wall of the Puerto Rico Trench. We cannot deter- 
mine whether these events occurred within the 
Caribbean plate, the downgoing North American 
plate, or in the contact zone between the two 
plates. 

D i s c u s s i o n  

The recent release of U.S. Navy acoustic data 
through its dual-use program has made possible 
the real-time detection of low-magnitude oceanic 
seismic activity. Our preliminary results from a 
period of intense seismic activity in the Caribbean 
in late 1992/early 1993 indicate that the SOSUS 
hydrophones are capable of detecting two orders 

BEAM INTERSECT MODEL 
ARRAY 2 

A R R A Y  1 

INITIAL L~TION 

Fig. 7: Schematic diagramming how directional 
information from two h.vdrophone arrays is used 
to determine an initial location for an earthquake. 

of magnitude more small oceanic earthquakes 
than are recorded by land-based seismographs. 
Other authors (e.g.. Walker and McCreery, 1985: 
Cessaro and Walker, 1988) have remarked on a 
similar result for other oceanic areas: however, it 
should be noted that oceanic earthquakes not re- 
ported in publications of the National Earthquake 
Information Center or the International Seismolog- 
ical Center. and, by extension, other seismological 
services, may have been recorded but excluded 
from the corresponding seismic bulletins due to 
uncertainty in the event location or because of in- 
correct associations of earthquake phases with 
those from other events (Muirhead and Adams. 
1986). 

T-phase source solutions for events which oc- 
curred during the first four days of the Caribbean 
activity generally lie to the northeast of the epicen- 
ters of the associated earthquakes as given by the 
NEIC. This may be a reflection of the fact that a 
T-phase source solution represents the location of 

20" 

18" 

• N R L  L O C A T I O N  I 

294" 296" 298" 

Fig. 8: Comparison of our epicentral locations for 
events occurring during the first 77 h of intense 
seismic activity with those listed in the NEIC's 
PDE (1993a). 

• . . T - p h a s e  

so lu t ions  rep resen t  

the rad iat ion sou rces  

at wh ich  se ismic  

e n e r g y  is conve r ted  

to hyd roacous t i c  

energy .  
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the conversion of seismic energy to hydroacoustic 
energy and need not be coincident with the associ- 
ated earthquake's hypocenter. More detailed seis- 
moacoustic propagation modeling, which is be- 
yond the scope of  this initial study, must be 
performed to understand better the mechanism by 
which T-phases are generated. 

Acknowledgments 
We thank Cmdr. Dale Liechty and Dr. Dennis 

Conlon of SPAWAR and Lcdr. Lysa Olsen of 
CUSL for inviting us to participate in the Whales 
"93 program and allowing us access to the wealth 
of SOSUS data. Lcdr. Chuck Gagnon and the 
Ocean Technician Analysts of the Naval Ocean 
Processing Facility. Dam Neck. VA provided in- 
valuable assistance in the initial analysis of the data 
and in the data archiving. Comments from two 
anonymous reviewers improved this manuscript. I. 
Jewett assisted with the preparation of some of the 
figures. This work was performed while C. Bryan 
held a National Research Council-Naval Research 
Laboratory. Research Associateship. 

References 
Aki. K. and P.G. Richards. 1980: Quantitative Sei.~mohtf,,y. 

Theory .rid Meth.ds. vol. I. W.H Freeman. San Fran- 
cisco. 557 pp. 

Bullen. K.E. and B.A. Bolt. 1985: An httr~Mm'tion to the The- 
orv ¢{f .";ei.wno/oey. Cambridge University Press. Cam- 
bridge, England. 499 pp. 

Cessaro. R.K. and D.A. Walker. Iq8g: Significant unreported 
earthquakes in xubducfing margins of the north~vestern 
Pacific basin. Seism. Rcs. Lett.. 59, 25. 

Coulomb. J. and P, Molard. 194'4: Ondes seismiques au fired 
de lamer des Antilles. Ann. Geophys.. 5. 212-214. 

Ev, ing. M. and F. Press. 1953: Mechanisms of T wave propa- 
gation. Ann. Ge~q~h3".~.. 9, 248-249. 

. F. Press and J,L. Worzel. 1952: Further study of the 
T phase. Bull Seism. S.c. Am., 42, 37 51. 

_ _  and J.k. Worzel. 1q48: Long-range sound transmis- 
sion. In: Propaeation of Sound in the Ocean. Geoh~gi- 
cal Society qf Anlerica Memoir 2Z The Geological So- 
ciet3 of America. New York. 35 pp. 

Fischer. K.M. and W.R. McCann. 1'484: Velocity modeling 
and earthquake relocalion in the norlfieast Caribbean. 
Bull Seism. S¢,c. Am., 74, 124'4-1262. 

Fox. C.G.. R.P. Dziak. H. Matsumoto and A.E. Scfireiner, 
1'4'44: Potential t'~r monitoring fi~v-level ,,eisnficity on 
the Juan de Fuca Ridge using military hydrophone ar- 
ray',. Mur. Tcch. S¢~c. J., 2Z 22-30. 

Frunkel. A.. 1981: Source parameters and scaling relationships 
of small earthquakes in the northeastern Caribbean. 
Bull. Seistn. Soc. Am.. 71. [ 173-11'41). 

Gomberg. J.S.. K.M. Shedlock and S.W. Roecker. 1990: The 

eflect of S-~a~e arrival times on the accurac 3 of h.',po- 
center estimation. Bull Seisnl. Soc. Am.. SO. 16/15-1628. 

.lames. D.E,. I.S. Sacks. E. kazo. L. and P. Aparicio G.. 1'469: 
On locating hvcal earthquakes using small net~ork~,. 
Bull Seiwn. Soc. Am.. 59, 12(11-1212. 

Johnson. R.H. and R.A. Norri.,. 1'470: T-xvaxe generation 
mechanisnls, thinall bt.~titutc ¢~t Goq~hysi~ ~ R~7,¢.-t, 
HIG-70-Z 51/pp. 

_ _  . J. Northrop and R Epple3. 1963: Sources of Pacific 
T phase,,. J. Getwhy.~. Re~.. ,5,8, 4251-4260. 

Jordan. TH.. 1975: The present-day motions ol the Caribbean 
plate. J. Geopto's. Re.~., SCL 4433-4439. 

keel. L.D.. D Linehan and PR. Berger. 1951: Investigation of 
the T pha,,e. Bull Sei.wn. S~,c. Am.. 41, 123-141. 

kinehan. D.. 1940: Earthquakes in the West Indian region. 
Trans. Amer. Ge~,phy.~. Uni¢,n. 21. 229-232. 

McCann. W.R.. 1985: On the eztrthquake hz~ards of Puerto Rico 
and the Virgin lskmds. Bull Seism. S~u'. Am.. 75, 251 262. 

_ _  and W.D Pennington. 1'4'40: Seismicit~. large earth- 
quakes, and the margin of the Caribbean plate. In: The 
Gecdogy qt'North America, voL H.. The Carihbean Re- 
tffon. G. Dengo and J.E. Case. eds. The Geological So- 
ciet) of America. Boulder. CO.. 201-306. 

_ _  and LR. Syke',. 1'484: Subduction of aseismic ridge,, 
beneath the Caribbean plate: implications for the tec- 
t~mics and sei,,mic potential of the northeastern 
Caribbean. J. Geophw. Res., 89, 4493J.519. 

Molard. P.. 1952: Remarques au sujet des ondes T. Ann. Gt,o- 
phys.. ,~¢. 335-336. 

Motnar. P, and L.R. Sykes. 1969: Tectonics of the Caribbean 
and Middle America regions from local mechanisms 
and seismicit.~. Geol. Soc. Am. Bull.. 81L 1639-1684. 

Muirhead. K, and R.D, Adam,,. 1'486: Earthquakes in the 
"asei,,mic'" regions of the ~e,,tern Pacific. Ge.phy~. 
Re.s. Lett., 13. 16'4 172. 

National Earthquake lnliwmation Center. 1'4'43,1: Preliminar~ 
Determination of Epicenters. M~mthly Listing. Decem- 
ber lt)t)2. U.S. G~ernment Printing Office 1'493-838- 
'4'4n. 30 pp. 

I _ _ .  1'4'43b: Preliminar), Determination of Epicenters. 
Monthly Li,qing. Januar 3 1'4'43. U.S. Go~ernment Print- 
ing Office 1993-839-146. 39 pp. 

Nishimura. C.E. and D.M. Conlon. 19'44: IUSS dual use: mon- 
itoring ~fialcs and earthquakes using SOSUS. Mar. 
Tech. S~c. J.. 27. 13-21. 

Norris. R.A. and R.H. Johnson. 1960: Submarine ",olcanic 
eruption,, rccentl.~ located in the Pacific b~ Sofar hv- 
drophones. J. Geophys. Rc.~., 74, 651)-664. 

Shurbet. D.H.. 1'462: Note on use of a SOFAR geophone t .  de- 
termine seismicit,, of regi~mal oceanic area',. 13ull. 
St'i~m. Soc. An1.. 52, 68'4-6'41. 

Tolstoy. I. and M. Ewing. 1'450: The T phase ~I sfiallo~-focus 
earthquakes. BulL Sci.~m. Sot'. Ant., 40. 25-51. 

Universit,, of Puerto Rico. 1'4'44: Seismic Bulletin. Preliminar', 
locations of earthquakes recorded near Puerto Rico. Oc- 
tober-December. 1992. Mayague," Campus. Department 
of Geology. Seismic Netv,'ork. 14'4 pp. 

Walker. D.A. and C.S. McCreer). 1'485: Significant unreported 
earthquakes in "'aseismic'" region,, of the ,.,.estern 
Pacific. Go,phys. Re~. Lvtt., 12, 433-436. [~ 

10 OCEX,",()GRAPHh-VOI. b;, No. 1olq95 


