Abstract

I relocated 1073 carthquakes that occurred in the Caribbean region (3°N-23°N 50°W-90°W)
between January 1913 and December 1962, P and 5§ arrival tumes published by the Internattonal
Sersmological Summary (ISS) for stations worldwide were used in copjunction with a generalized hnear
inverse routine to perform the relocations  With about ten exceptions, the relocated earthquakes [l
within the defimed plate boundary zones of the Caribbean. Nazea, Cocos. and North and South Amer:-
can Plates. These boundaries are much more clearly defined by the post-relocation cvents, howesver
Plate-boundaty seismucty for this time peniod 1s most intense along the Middie Americas subduction
zone (Guatemala to Coast Rica segment). the Panama Fracture zone. and in eastern Hispamiola and the
Puerto Rico Trench region A somewhat less well-defined tectonic boundary 1s marked by shaliow
earthquakes south of Panama. The Colombian and Venezuelan Andes are charactenized by sporadic
seismucity south of 10°N  Although the Bocono Fault 1s clearly seismically active during this period.
no events relocate to the vicinity of the Oca-Ancon fault system, Venezuela between 68°W and 63°W s
devoid of all teleseismically detectlable sersmicity. The Lesser Anullean subduction zone 1s delined by
1solated mtermediate depth carthquakes. This area 1s marked by an almost complete absence of shallow
selsmicity from 16°N to 13°N, at the magnitude level of this catalogue (probably my, 2 5.() The North
America-Caribbean ptate boundary is moderately well-defined by shallow events. Potentially intraplate
carthquakes include tive shallow events south of Jamaica near the Pedro Bank, two events at a location
east of the Bahamas, two separate events near the Yucatan coast, and two earthquakes on the Nicaragua
Rise near the Hess Escarpment.

In both the Middle Americas subduction zone and the Puerto Rico Trench region, intermediate
depth sewsmicity 1s sufficient to define subducted hithosphere at an accuracy comparable to that of
modern telesersmically located catalogues The deepest earthquakes in the region occur in the Middle
Americas subduction zone and attain depths in excess of 275 km. However, assurning perfect control
on depth. only 15 relocated events were deeper than 200 km, all in Central America.

Introduction

Accurate earthquake locations spamming the longest possible time period are essential for correct
assessment of sewsmic hazard. Precise determination of patterns of historical (pre-1963) seismicity 1s
especially important 1in the Cartbbean region where plate boundaries are geologically complex and plate
velocities are predominantly slow. Thus, recurrence times for large magnitude potentially destructive
earthquakes are long. and hazard assessments based on short term catalogues may be very misleading.
The slow velocuty of the Caribbean plate relative to its neighbors and the consequent relauvely low
level of sewsmicity atong its plate boundaries has sometimes obscured definite identuification of sersmi-
cally active tectonic reglons within the plate boundary zones. In order to rectify this situation nsofar as
13 quanbitatively possible using instrumentally recorded earthquakes, I undertook this study to relocate
1073 histonic era events that occurred n the Caribbean Basin (3°N-23°N, 50°W-90°W) between Janu-
ary 1913 and December 1962. and in the region just to the west of the principal study region (90°W (o
93°W) duning the peried from Yanuary 1913 to December 1945. Published studies of Caribbean seismi-
city that comptement and supplement this work include Svkes and Ening. [1985]. Moluar and Svkes,
[1969]: Dewer, [1972] Tomblin, [1975]; Pennington. [1981): Burbach er al . [1984] LeFevre aid
McNally, [1983], Adamek er al., [1988); McCann and Penmngton, [1990]: Protii er al., {19%94], and
Mealuve and Suarez, [1995].

Although the historic seismucnty data set 1s of hmited value. the study of instrumentally recorded
historic earthquakes has several inrinsic advantages. Because of the sparseness of the global seismom-
erer network prior to the installation of the WWSSN (World Wide Standardized Seismic Network) in
1963, and given the highly variable sensitivity of the seismometers themseives during this time, the
events that are clearly recorded at a suffictent number of stations to allow locauon teleseismically are
necessarily events of fairly large magnitude. These are potentally the most damaging earthquakes and
arc theretoe cructal to swudies of seismic hazard. Large magnitude events are also likely to best
represent long-term tectonie displacements, and thus these earthquakes will also be important events for
ncotectonie interpretation.  The earthquakes { have studied were already located with some precision by
the ISS (International Seismological Summary), who tabulated armival nmes as well as locations  Thus.
rclocation 15 facilitated by the fact that the available data were contemporaneously gathered, collated



into cvents, and thewr gquahty was asscssed indirectly through the ISS location procedure. These pro-
cedures were cartied out by a single agency who thereby produced a farrly homogeneous data set over
many decades  However, the ISS locations were based only on P first arnivals, included only a ruds-
mentary assessment ol event depths in most cases, and sutfer mn general from a lack of precision oy cpi-
central parameters  Thaos, the data setas 11 existed was of limited value tor tectonic and scismic hazard
anaiyses  This wotk 15 an attempt to render these data more useful for such purposcs

Caribbean Region Motions, Plate Boundaries, and Known Active Faults

Results o) wlobal and remonal plue motons studies [Jordan, 1975, Minster and Jodan 1974,
Svkes er af L 1982 Stear ef al 1988, DeMets er al. 1990, 1994, Deng and Svhes 1993] generully amiee
that the mouon of the Canibbean plate relanive to its two large neighbors, North and South America. s
eastward at o raue between | and 2 5 cmfyr {see also Rosencrantz er al | [1988]) Thus. tar-ficld relatve
motons between stable North Amenca {NA) and the undeforming Canbbean (Cu) nterior i~ primanly
simistratl [Lundgren and Risso, 19964]), and far-field motions between South America (SA) and Ca s
largely dextral [Lundgren and Russo, 1996b]  Debate about componenis of far-field motion normal 1o
the generally east-west trending (Fig, 1) NA-Ca and SA-Ca plaie boundary zones continues; howevet
space geodette techniques (e.g.. GPS) are beginning to yield results that will hikely resolve this issue
{Farnna er ul. 1995, Lunderen and Russo. 1996a). Within the wide NA-Ca plate boundary zone, at
least one mictoplate, called the Gonave microplate (Fig. 1c) by Rosercrantz and Mann. [1991] appears
1o be present The Gonave mucroplaie 15 bounded on the west by the Cayman Spreading Center and its
eastern boundary probably hes within Hispamiola. To the north and south it 1s bounded by strihe-shp
faults {see fuither discussion below) Relauve motions between the Gonave platelet and NA are near
I 7 emfyr sinistral slip: along 1ts southern boundary with the Ca plate rates are much less. around 2-3
mm/yr [Lundgren and Russo. 1996a]

Motions between the Caribbean plate and adjacent poruons of the Cocos (Co) plate (Fig 1) are
currently better defined; Co-Ca convergence rates reach 8-10 cm/yr in a generally northeasterly direc-
ton [Lundzren wnd Russo, 1996b]  This convergence 1s taken up. with attendant deformation n a fairly
wide plate beundary zone. at the Middle Americas subduction zone. Relauve mouons are somewhat
less rapid (6-7 cm/vry along the north-stniking Panama Fracture Zone, the boundary between the Cocos
and the northernmost Nazca plates. and between Co and a small microplate (Fig. 1) whose existence
was first proposed by Heyv. [1977]. and which was named the Cotba microplate by Adumek et al
[1988]. The Coiba microplate appears 1o move with largely sinistral strike-shp relative 1o both the
Nazca plate 1o s south and the Panama Block to its north, although there 1s also evidence for compres-
ston along the latter boundary [Silver er al,, 1990; Mann and Coirngan, 1990, Russe and Villasefior,
1996] Thus. eastward mouon relative 10 SA ncreases from nearly 4 cm/yr at the Panama Block to 6
cimfyr in the Coiba microplate. to 7 cm/yr tn the northemmmost Nazea plate [Frevmueller et al | 1993,
Lunderen and Russo, 1996b]  Along the Panama Block’s northern boundary, where 1t abuts the Canib-
bean plate. mobtons are simsiral strike-slip and compression at relatve rates around 2.3 emfyr Within
the Northern Amdes region. motions ol continuum and on faults derived from finite elemment modeling
based on far-ticld and geodetic date [Lundgren and Russo, 1996b] are between 1 and 2 em/yr. Much of
shis region (Flg 1) appears to be moving relative to SA. Finally, in the eastern Canbbean convergence
at the Lesser Anulles arc appears to be relatively slow at around 2 cm/yr.

Major actine faults within the plate boundary zones surrounding the Ca plate include (Fig 1) the
Swan Islands [Mann et al., 1991]. Onente [Calais and Mercier de Lépinay, 1991] and Walton taults
[Rosencranes and Mann, 1991] m the NA-Ca plate boundary west of Hispaniola, the Septeninonal fuult
IMann et «f . 1984 Prennice et al., 1992, Rusvo and Villaserior, 1995, 19964], the Mona Passage graben
[Masson und Scanfon, 1991], the 19° fault [Speed and Larue, 1991], and the Anegada Passage fault sys-
tem [Fravhel er al . 1980 Juny ¢t al, 1990] 1n and east of Hispantola; the Lesser Anulles trench. the
Central Range fault system of Trintdad [Sewth, 1993]; the El Pilar fault system of NE Venezucla [Russo
er al.. 1993]: the San Sebastian fault along the north coast of Venezuela [Sudrez and Nebeéleh, 1990);
the Bocone fault of the Venezuelan Menda Andes [Schubert, 1982]; the East Andes Frontal fault zone
[Lunegien and Ruvso, 1996b]. the Romeral fault system [Ege er al., 1993], and the Atato-Sinu fault
tLanderen and Riesso. 1996b] 1n the Colombian Andes; the Oca-Ancon tault system of notthern Colom-
bia and Venezucla [Ardemard, 1996]; the Santa Marta fault [Kelloge and Boumn, 1982} ot northern
Colombix the Panama Fracture Zone [Adamek er al., 1988], the Nicaraguan Depression fault system



{Whete, 19911, and the Polochic-Motagua fault system that 15 the onland NA-Ca plate boundary fault
sone [Langer and Bolfinger. 1979, Guznan-Speziale er al, 1989]. Regions of acuve delormauon asso-
ciated with active Tawluny melude the North and South Panama Deformed belts [Pesronrgron. 1981,
Adlamek er al . 1988, Kolasky and Man, 1995 MacKay and Moore, 1990, Mann and Corrigan, 1990,
Moore and Sender, 19931, Muoz, 1988: Sitver et al.. 1990, Westbrook er al | 1995]. the East Panama-
Colombia collision zone [Mann and Kelarsky, 1993], the Panama-Costa Rica deformation zone {Mon-
tero and Denes, 19820 Fosher e af . 1994], the Menda Andes [De Tone and Kellogy 1993]0 the
Venezucian fold and thiust belt [Speed 1985 Russo and Speed, 1992]; the Muertos Tiough subduction
zone of SE Hispanwota [Ladd and Wathins, 1978, Byvine er al.. 19851, and the Lesser Antilles accrenon-
aty prisim complex [Speed e af, 1984, 1989]. Monon senses and. in some cases, esumates of refative
motion rates on the taults and within the deforming belts mentioned above aie shown in Fig, e,
derwved primarily from Lundgren and Russo, [1996a.b)

The rclative motions between the the Caribbean remon plates. microplates. and deferming
regions, and in particular the rates of such motion bear directly on the subject of this paper Canbbean
region seismictly betore the advent of the World Wide Standardized Setsmic Network (WWSSN) in
1963  This 1s true because the rates of relative plate motion are a strong factor in determining the fre-
quency and intensity of sewsnucity in associated plate boundary zones. The generally sfow NA-Ca and
SA-Ca relative mouon rates results in less frequent seismicity and longer recurrence times than, for
example, along the Middle Americas subduction zone, but not necessanly to less hazardous large mag-
nitude earthquakes. The latter factor 1s important because a reliable estimation of the earthquake cycle
in these plate boundary zones [Dixon, 1993, Lundgren et al, 1993]. requires the longest possible reli-
able catalogue of earthquakes

Method

The relocations are a significant advance over the ISS locauons 1n that the data set for each event
1s expanded by including § arrival times in the location, and I solve for event depth simultaneously
Relocations were obtamned via a generalized linear inverse code [Wisession er al | 1991 Russo et al.,
1992]. The cude minimizes, in a least-squares sense, the ume residual between observed and calculated
travel times from the projected earthquake hypocenter to the recording stations. The methed 15 1terative
and involves updating the model parameters to tmprove the fit to the data. Thus, a data vector, d, is
related to 1 model vector. m.

d=Am (1

where the data vector, d. s a list of arrival umes of 2 and S waves at the available stations. The model
veetor, m. is composed of the model parameters to be solved tor, namely the event focus (latitude,
longitude. depth) and onigin ume. The matrix A incorporates informauon of the Emth s velocity struc-
ture, in this case in the form of denvatives of travel nme with respect to the four model parameters,
mterpotated from the Jetireys-Bullen Earth model tables (1938)  These derivatives are estimated using
the standard lust order Taylor's sertes expansion of the dependencies ot travel tme on the meodel
parameters. Denvatives for S-wave travel umes are downweighted assuming a Powsson’s ratio of 0.253
10 account for ditterences 1 P and § intrinsic vetociues  The anival tme 1s the sum of the (unknown)
orngin ttme. 2. and the travel ume through the Earth, T{x.x) The travel ume 15 a function of the earth-
quake focus. v. and the stanon Jocanions, v, The arrival at the ith station is.

d =Txx )+t 2)

We guess a reasonable solution for the hvpocenter and orizin time (usually based on the P arrival time
at the station nearest the ISS locanon) to forward calculate the four model parameters  We then munim-
ize the difference between calculated and observed travel umes resultng from the guessed solution and
update the model parameters via generalized linear inversion:

m —m, =(GTGY'GTd, —d (3)
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and matrix G relating changes tn the modet and data vectors 1y
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cvaluated at the modet parameters tor the iteration step. For any relocation, depth can be constiained o
a4 gtven vatue, which i useful in case the data do not control depth {often the case for shallow tocus
cventsy.  All caleulated travel umes are corrected for Earth ellipucity and station elevation  Data tor
travel paths that include the core are not used and are automaucally suppressed 1f updated event loca-
tons move stattun-event distances lo greater than 102°. However, no other formal procedure 15
tncluded tor automatcally distinguishing and suppressing spurtous armivals {e.g . SKS phases at cross-
over distances mistakenly identified as § by station operators or 1SS personnel; such phases are usuatly
entifable by thenw large and systematie residuals and can be suppressed manually during inversion
Al any pownt in the version procedure, arral umes for any stauon can be suppressed. 1f necessary

For cach weranon, mdividual statten travel ume residuals and data unportances are caleutated. as
15 the total standard deviatton, i seconds, of the data, In general, I considered individual station resi-
duals fess than or equal 0 5 5 1o be acceptable. although T accepted larger residuals in certain cases 1n
the eatly data set (e.g . 1913-1920). Larger residuals were considered suspect for reasons having 10 do
with one or 4 combinauon of along-path departures from the JB radial Earth mudel, stauon tming
errors, incorrect phase denufication, or incorrect association of arrival ttmes with the event in question
(i.e.. two events i dilterent locations arnving at subgroups of stations in the same time window). The
data importances. calculated from the matnix ol model parameter-travel ume dependency parual dernva-
uves, were used primardy to identity which stations in the overdetermining data set were controlling the
location and which were relanvely redundant. In general, I used the residual standard deviation, the
individual station residuals, and the data mmportances as guides in idennfying and suppressing grossly
bad arrival nmes

For events with depths unconsiramned by the available data. I systematically fixed the event depth.
varying 1 between iypically. 30 km and surface focus, and determined corresponding locanons and
restduals for a set group of stations [ compared the results to find the approximate minumum in the
standard deviation of the residuals. 1f such a minimum was obvious, and chose the corresponding event
hypocenter and oruin ume as the best result for entry into the final data set. In cases where the data
set had no clear minmmum standard deviation, I fixed the depth at 10 km and used the corresponding
hypocenter and origim time: fixed-depth relocations appear in Table 1 with “depth code” = 9. For all
events for which available data did not imually constramn depth. I re-assessed the depth constraint atter
the refocation using the subset of consistent armval times remainmng after suppression of obviously
mnconsistent arnival times. These events appear in the table with depth code 2 Although I have not
determined a staustical esumate of the accuracy of the relocated hypocenters explicitly. I consider that
they are probably accurate to 10 km in epicenter and 20 km 1n depth, similar to error estunates
modern routinely located seismucity catalogues  Variability m accuracy can be gauged qualuatively by
comparison of stundard deviattons reported in Tabie |

Because [ used the [SS data set and not original seismograms. 1t was not possible to determine
other 1mportant parameters such as event magmitudes or focal mechamsms for these events I rerer
readers 1nterested 0 event magnitudes to studies by Guienbery and Richrer, 1965, Svkes and Ewury
1963; Abe. 1981 Pacheco und Svkes, 1992; and Ambrasevs and Adams, 1996). Readers inierested 1n
tocal mechanisms of some events duning the study period are referred to work by Wolnar and Svikes
[1969]. Camacho [1991]. Russo et al  [1992), Doser and VanDusen [1996ab) and Russo and
Vidlasernor [1995; 1996h].

Results and Discussion

Results of the relocation procedures are shown in Figures 2 and 3 and detailed in Table 1. A
large majority of the relocated events he within the wide Canbbean plate boundary zones, 1n keeping
with what 15 known about more recent (1963-1996) seismicity [McCann and Penmngron. 1990]  Like-
wise, a large majority of the events (858 vs. 215) were shallow focus (h < 75 km), and the events that
were deeper than 75 km almost 2l occurred within the Middle Americas, Anullean, or South American
subduction zones

Within the plate boundary zones surrounding the Carbbean plate proper, certain faults are reason-
ahly well defined by the relocated sersmicity (Fig 2a). These include the Oriente and Swan Islands
Faults 1n the Cayman Trough. and the Cayman Spreading Ceater itself. The Panama Fracture Zone,
forming the eastern boundary of the Cocos plate, is also very well defined. The northernmost Colombia
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Tiench. torming the eastern limits of the Cotba microplate [Adamek et al, 1988 Rusvo and Villasesior.
1996b] and the northernmost Nazea plate 1 also visible in the senmucity pattern. Shallow ¢ < 75 km)
sersmicity associated with the principal subduction zones of the region 15 somewhat more heterogenc-
ous Thus, although the Middle Americas subduction zone was quite active seismically during 1913-
1962, as was the Antiltean subduction zone from eastern Hispaniola to Guadeloupe, the Lesser Antilles
south of Guadeloupe were lagely seizmically mactive at the resolving magnitude level of the relocated
events  The larter relative inactivity of the southern Lesser Antitles 15 a fong-standing feature of the
seisnnicity 1 this regton [Tomblin, 1975, Waudge and Shepherd, 1984, Russo et al., 1992, 1993]. Shal-
low seismicity s also present tn Colombia and western Venezuela, where there 1s a concentration of
events in the Venesuclan Metda Andes and the northeasternmost Colombian Cordiliera Onental. and
scattered sersmicily elsewhere  Panama is surrounded by a rough hulo of shallow events. but it interior
reatons are devord of seismicity - Finally, note that the northern Colombia Basin particutardy the region
of rough bathymetry between the Nicaragua Rise and the Hess Escarpment includes a fair number of
shallow events

Seismicity deeper than 75 km (Fig. 2b) is primanly restricted to the above mentioned subduction
zones, with 4 few exceptuons  Most notable regions of frequent miermediate depth seismicity are the
Middle Americas subduction zone and the westernmost portion of the Antillean subducnon zonc
beneath eastern Hispaniola  Apparently high scismic activity at the latter site 15 primarily due to the
many intermediate depth aftershocks of the large magnitude Aug. 4, 1946 earthquake (see Table I,
Russo and Viituseior {1995, 1996a]). Intermediate depth seismicity in the Lesser Antilles arc is some-
what more active than shallow sesmicity in this region. Note the concentration of events near the Paria
Peninsula (NE Venezuela) associated with northwestward subduction and slab tearing of oceanic South
America beneath the Caribbean [Perez and Aggarwal, 1981, van der Hilst. 1990, Russo et al., 1993,
1996] Note also the few scatiered earthquakes present 1n western Venezuela and Colombia, associated
with subduction of the Nazca and Canbbean plates beneath South America [Dewey, 1972, Pemungton,
1981, van der Hiist and Mann. 1994, Maluve and Suarez. 1993). and activity within the Bucaramanga
nest seismic region [Schnewder et al., 1987, Frohlich et al , 1996]. Intermediate depth events not within
these regions. with the possible exception of the three such events near the Azuero Peninsula in
Panama, are most hikely depth nusiocauons. I wear these separately 1n the next section

Cuuses of Locanon Errony

The best evidence that the relocauons are subject to the same types of errors that commonly
plague telesersmic earthquake locations 1s the intermediate depth seismicity not associated with subduc-
ten zones. visible in Fig 2b. These events most likely are assigned incorrect depths during the gen-
eralized linear 1nverse because there is a nearly complete trade-off between event origin tme and depth
lor carthquakes located without nearby stauions. The latter was frequently the case for trmes early in
the catalogue when the global seismometer network included few instiuments. and for events 1n the
westernmost portion of the study regron. where the vast and station-tree Pacific Ocean stretches nearly
90° 1o the southwest  This problem s manifest 1o the five or six ntermediate depth events relocated to
the oceanic Cocos plate (Fig. 2b): 1f these events are fixed to shallow depth. thewr epicenters do not
change significantly. but their origin tmes become systematically earher. Lack of stations i the
southwestern quadrant probably accounts for the rather scattered intermediate depth seismicity in the
Middle Americas region even late in the study period. thus. although the events show clear evidence
for northeastward dip of the Cocos slab beneath Central America and southern Mexico, better data tor
estunating stub dip and morphology exist {e g., Protti er al , 1994]

Other sources of location error include poor timing inherent 1n the early days ot global seismol-
ogy, resulung in gross (and often obviously inconsistent) arrival nme errors  Anothet ymporiant factor,
trequently noticeable for nearby stauons focated above the Middle Americas slab, is the effect of large
departures of local velocity structure from the Jeffrevs-Bullen radial earth model. The latter can bias
arnval imes at nearby stations by tens of seconds Finally, since the data are arrival times from the
1SS Bulleun and not seismograms, phase mistdentification 15 a frequent and intractable problem, espe-
cially at local and regional source-receiver distances  Misidenufication of head waves and triplicattons
can introduce eriors of 3 10 30 seconds, and even at teleseismic distances, for shallow events contusion
of direct and surface reflected phases (e.g., pP, sP, p§, s5) 15 possible and detrimental to accurate



focation

The effects of tming errors and poor staton distribution are greatest for small events recorded at
few stations  For such events, a gross error in the arrtval time for a nearby station can dominate the
relocanon completely feading to large errors in hypocentral estimation. In order to gauge this effect, T
estimated the nunmum number of stations necessary to ensure a far degree (qualitative} of aciuracy.
while seeking to retam the largest number of event relocations {~ce also the discussion in Calielb aned
Isacks, [1992]). 1 concluded that events located with 20 or more arnval umes were likelv 0 be sutti-
ciently accurate tor moest tectonie or seisiic hazard analyses  Thus. I suppressed events relocated with
fewer arrtval tmes, and plot the remainder 1n Frgures 3a and 3b There 15 an inherent trade-off in such
procedures because 1t 1s clear thar in suppressing all such eveats, some small-magnitude well located
events ate mevilably discarded while some bad locations are retained  However. there is no simple was
to disunguish one trom the other, so the somewhat arbitrary cutoff of 20 arrival times was adopted.

Comparison of Frgures 2 and 3 demonstrates the resulung improvement in the relocations’ corre-
Jatton o known structures and slab morphology. In Fig. 3a, the Canbbean plate boundarics are better
detmed, although by tewer events. The Oriente and Swan Islands Faults are still shown to be acuve
along most of their lengths, and the earthquakes that define them fall more nearly on theiwr bathymetrn-
cally defined wraces The wadih ot the Panama Fracture Zone 1s reduced by nearly a factor of two rela-
tive to that in Fig, 2a. However, much of the seismicity visible i Fig 2a in western Hispanmola.
around Jamaica, and tn the Nicaragua Rise-Hess Escarpment region has been suppressed. The potental
danger is that the slower-moving, less seismically actuive regions of the plate boundary zones have been
preferentially removed.

In Fig. 3b, the northeastward dip of the Middle Americas slab 1s clearer than in Fig. 2b. How-
ever, the remaining subduction zones are now very poorly defined relatve to Fig. 22 The number of
mntermediate depth events suppressed 1s proportionally greater than the shallow events so treated  This
most Iikely reflects the well-known diminunion of event magnitude with increasing depth. Implicit 1n
such an interpretanion is that the number of consistent arrival umes 15 a moderately strong function of
event magnitude. which [ have not attempted to show exphicitly because most of the events n the relo-
cated catalogue tack any kind of magnitude estimation.

Comparison to NEIC hvpaocenters, 1963-1993

In an etfort to demonstrate the accuracy of the relocated events relatve to modern (1.¢. post-
1963) 1ouunely located seismicity of the region, I show seismicity cceurring between January 1963 and
December 1993 within the study region, located by the National Farthquake Informanon Center (NEIC).
in Fig 4. For the rcasons outlined above, [ have only retaned hypocenters for events recorded by at
least 20 stations

Several ohscivations are immediately apparent. First, the modern catalogue 1s much more com-
plete (many mote events, especiatly at smaller magnitudes), both at shallow (Fig 4a) and intermediate
(Fig by depihs. than the 1913-1963 relocated catalogue. This 15 primanly due 1o increases in the
number of seismic stations globally and. especially. regionally n the Canbbecan. and mmprovementis n
the sensitivity of scismometers with time  Thus. more arnvals from smaller earthquakes are recorded.
more phases are associated in recognizable events, and locations are possible  Second. as do the relo-
cated events. the imodern earthquakes are almost exclusively restnicted to Canbbean plate boundary
rones  thete is hitle evidence for micinal Carthbean plate deformation  Finally, the pnmary improve-
meat over the 19131963 catalogue vistble 1 the modern catalogue 1s i depth control of the hypo-
centers (compare Frgs 3a and 4a, 3b and 3b). Bemioff zones are much better defined 1 the modern
data set, although some obvious errors of the types discussed above sull occur, e g.. events assigned
depths of 75-200 km at the Middle Americas trench (Fig. 4b) rather than in the Benioff zonc. One not-
able disadvantage of the modern catalogue 1s the practice of fixing the depth ot shallow earthquakes 1o
33 km. which has a visible effect on scatter in subduction zones (see Fig. 4a) and. undoubtedly. an
unresolved entropic effect on events located elsewhere. The 1913-1963 relocations are not free of this
type of effect. hut by hxing depths at 10 km (or shallower in some cases) I avord troducing obvious
scatter 1n the shaltow portions of subduction zone at least.



Comntours of Subducred Lithosphere

I used the combined relocated 1913-1963 and the NEIC 1963-1993 data sets to esiumate the posi-
tions and depths of the Middle Amencas and Anullean slabs  For both estimates (Fig 3) T used the
culled data sets (no. of arnval times greater than 20 for the pre-1963 data. and no of statons greater
than 20 for the modern datad. ‘The data were msutfictendy numerous to estimate slab orientation or
aross morphology 1n northwestern South America, however  Interested readers are reierred to studies
tocused on tiese subduction zones for more detais [Dewes. 1972, Penmngton, 1981, Schneider et al..
1987 Malave and Suares 1993, Frohlich er al.. 19961  In northeastern South Amenca. the southern-
most end of the Lesser Antilles sfab west of Trimdad was mapped where the sensnucity sutficiently
detines the active portion of the slab (sece also Perez and Aggarwal, {1981), Russo et al, {1993]). 1
mcorperated the results of ravel-ume tomography tn this region Russe et af . 1995, VanDecar et al.,
1996] to extend the slab to s full (aseismic) exient. It was also possible to esumate the Muertos
Tiough slab orrentation bencath southcastern Hispaniola [Byre et al | 1983].

In the Middle Americas subduction zone. where several esumauons of slab tocation and morphol-
owy have been made [Burbach et af , 1984 LeFevre and McNally. 1985, Prow et al.. 1994, 1996]. the
contows shown on Fig. 5 are comparable and differ only in details In general. the more focused stu-
dies of slab swructure hke those of Promi er af [1994. 1996] are probably more reliable where they are
vahid than the contours shown in Fig. 5. In the Anullean subduction zone. the infrequency of shallow
subduction related seismicity {Stein et al.,, 1982 Russo et af , 1993, Doser and VanDusen, 1996] made
it impossible o estimate the shallow (< 70 km) morphology of the slab, although more detailed studies
[Dorel. 1981, Grrardm and Gaulon, 1983] and studies using local networks [Shepherd and Aspunall,
1983 Wadge and Shepherd, 1984] wive reliable indications of shallow slab structure i pornons of the
Lesser Anulles are.

Comparison of Relocared Events with Surface Stoructures (Gravin Freld)

In an attempt to match shatlow seismicity from the relocated (1913-1962) and NEIC (1963-1993)
data sets wath potential surface taults in the marine poruons of the study region, I ploued epicenters of
events shallower than 50 km deep on the recently published free-air gravity ancmaly map of Sandwell
and Smith [1996]  The free-awr gravity map (Fig. 6) is suitable for this purpose hecause free-air
anomalies generally track topography and bathymerry closelv. and the clear superiony of the resulting
bathymerry proxy (at 2 by 2° gridding) over, for example. ctopo3 (3" by 57 gridding; used for bathy-
metry m Fras. 1-3) makes for a2 more rehable correlation between bathymetric features and superposed
sersinicity - The entire data set of relocated events plus NEIC earthquakes recorded by 20 or more sta-
uons 15 shown mm Fig. 6a In Fig 6b, T show the same NEIC cvents but only historic-era relocations
based on 20 or more arnival tmes

Aside from correlatons of seismicity with faults menuoned above (e.z . Swan Islands and Onente
Faults). sersmuicity in Fig. 6a correlates 1o some degree with regions of sharp vanauon m bathymetry
that probably reflect stuctwal ditferences. For example. the few events within the North Amerncan
plate tend to lie on ocean-conunent transitions such as along eastern Yucatan. around Cuba, and
northeast of the Bahamas  Suuctural heterogenetties hike ocean-continent transttions are marked by
vartable bathymetrie rehef and can function as stress concentrators. Hence. the associated itrequent
~seismcity. Other notable correlations visible i Fig, 6a aciude six events on the Pedro Bank., Sw of
Jamaica 2 scuttering of events on the Nicaragua Rise and near the Hess Escarpment, some esents along
the accreuonary complex notth of Colombia’s Caribbean coust, and a few events ar the edges of the
Cariaco Trough north of the Venezuelan coast. The South American continental shelf east of Trinidad
15 the sie of some apparently deeper (> 25 km) earthquakes in the modern catalogue, but not in the
pre-1963 data set. On the Pacihic side of Central Amenica, the Cocos Ridge appears o varmbly setsmi-
cally active m several spots along us length within the study region.

In the culled data set {(F1g. 6b). many of the correlations visible 1n the wider data set are absent
{tor example, the correlation between events and ocean-continent boundaries within the North American
platey  However, others persist or are perhaps even enhanced. Seismicity at the Pedro Bank persists, as
does that north of the Caribbean coasts of Colombia and Venezuela, and along the Cocos Ridge.
Seismucity 1n between the Nicaragua Rise and Hess Escarpment 1s greatly diminished, but the two
events that reman fall precisely on the eastern margin of the Nicaraguan Rise where an appurently deep
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hathymeirie tough exists  Nevertheless, the reducuon of seismicity within North America, in patticular,
in Fig. 6b I take 10 be evidence that the somewhat arbitrary cut-off in the data set at 20 arnval bmes 15
misteadmy where low stram-rate, slower. and less sersmically active processes are concerned. On the
other hand the latter result is a confinmaunon of the general vahdity of the pliate boundary zone postu-
late for the Carthbean region

Conclusions

Relocatons of 1073 earthquakes that occurred 1n the Cartbbean region (3°N-25"N, 30°W-90°W}
hetween January 1913 and December 1962 confirm that during this period setsnuc acuvity 1in the Canb-
bean region 15 targely resucted to the wide plate boundary zones ol the Caribbean Nazca. Cocos, and
North and South Amentean Plates  Thewe boundanies are better defined by the post-relocation evenis,
and some apparently tower magnitude seismicity associated with low sttamn-raie regions outside the
plate boundares exists  Plate-boundary sersmienty for this nme pentod is most intense along the Middle
Amencas subducoon zone (Guatemala to Coast Rica segment), the Panama Fracture zone. and 1n
easlern Hispamola and the Puerto Rico Trench region  Setsmucity 1s more scatiered n the Colombian
and Venezuelan Andes during the study period. The southern Lesser Antlles region is marked by an
almost complete absence of shallow seismicity between 1913 and the end of 1962 1 the relocated data
set  Low levels of sesmuc activity 1n the region persists in modern times, but at a rate higher than that
imn the relocated catalogue, probably reflecting establishment of regional networks and improved
seismometers. Muajor faults of the North America-Caribbean plate boundary, like the Oriente, Swan
Istands faults, and the Cayman Spreading Center, are fairly well-defined by shallow events n both the
pre- and post-1963 events  Intraplate seismucity occurs south of Jamaica near the Pedro Bank, east of
the Bahamas. near the Yucatan coast. and along the Cocos Ridge.

Intermediaie depth seismicity m the Middle Amencas and Greater Anulles subduction zones
defines subducted lithosphere at an accuracy ondy shghily less good than that of modern teleseismically
located catalogues. Data were nsufficient, however. to unprove understanding of subduction i the
northern Andes. The deepest earthquakes tn the region occur 1n the Middle Amernicas subductuon zone
and attain depths 1 excess of 275 km.
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