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Abstract. We have studied the mechanisms of
17 earthquakes along the Lesser Antilles subduc-
tion zone to examine a site where very old lith-
osphere subducts at a slow convergence rate.
No large thrust earthquakes occurred during the
1950-1978 study period; the three large (magni-
tude seven) events are all normal faults. One
is a normal faulting event seaward of the
trench. Its aftershock sequence includes
strike slip events on differently oriented
faults, probably due to lateral block motion
in response to the main shock. A second indi-
cates extension within the slab at depth.
These observations suggest that subduction in
this region is primarily decoupled and aseis-
mic unless the time interval studied is unrep-
resentative. The third normal fault earthquake
occurred within the upper plate with fault
planes perpendicular to the arc and trench.
This unusual geometry may represent a flexural
response to the subduction of the Barracuda
Ridge, a major bathymetric high with uncompen-
sated excess mass at depth which seems analo-
gous to flanking ridges found along some Mid-
Atlantic Ridge fracture zonmes. Thus, the
Barracuda Ridge is not buoyant and does not
affect Benioff zone dip. Strike slip faulting
occurs at depth in the subduction zone along
a concentration normal to the arc and may
indicate a fossil fracture zone. There is no
direct evidence in the shallow seismicity for
the hypothetical North America-South America-
Caribbean triple junction though some of the
oceanic 'intraplate' seismicity is consistent
with such a boundary.

Introduction

The Lesser Antilles subduction zone, along
which Atlantic seafloor subducts beneath the
Caribbean plate, is intriguing for both global
and local tectonic reasons. It is the extreme
case of the subduction of very old (V100 m.y.)
lithosphere at a very slow convergence rate
(V2 em/yr); the nature of subduction is thus
a crucial datum for 'comparative subductology.'
Several major bathymetric structures are cur-
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rently interacting with the trench; significant
insights into the subduction of such features
can be obtained. The convergence has resulted
in the formation of an unusually thick and well-
developed accretionary prism, which has signifi-
cant effects on the subduction process. Finally,
the hypothesized boundary between presumed
separate North and South American plates should
intersect the arc at some point; such a triple
junction might be detectable in the seismicity
near the boundary's intersection with the arc.

The area is shown in Figure 1 (bathymetry
from Case and Holcombe [1980]). Between the
Lesser Antilles volcanic arc and the Atlantic
abyssal plain lie the sediments of the Tobago
and Barbados troughs (forearc basins) and the
Barbados Ridge complex. The Barbados Ridge is
considered an accretionary prism of low-veloc-
ity, consolidated, deformed sedimentary material
reaching a thickness up to 20 km and extending
up to 300 km east of its crest, which includes
the island of Barbados [Chase and Bunce, 1969;
Bunce et al., 1970; Westbrook, 1975; Bowin,
1976; Peter and Westbrook, 1976; Biju-Duval et
al., 1978; Speed, 198la, b; Mascle et al., 1981;
Moore et al., 1981]. The ridge is much wider
and thicker in the southern portion of the arc.
Due to the accreted sediments, no topographic
trench is actually observed in the area; the
ridge crest, which is marked by a Bouguer
gravity minimum and lies above the shallowest
Benioff zone seismicity [Tomblin, 1975], is
thought to coincide roughly with the site of
lithospheric subduction. The deformation front,
up to several hundred kilometers seaward, marks
the toe of the accretionary prism. DSDP leg 78
[Moore et al., 1981] drilled several sites near
the toe and established the age of the crust
(at site 543) as about 80 m.y.

South of Dominica the volcanic arc is current-
ly active; north of Dominica the arc splits into
an active western arc and an inactive eastern arc
[Tomblin, 1975]. Behind the arc lies the sedi-
ment~filled Grenada Trough, considered to have
been formed by back arc spreading, and the Aves
Ridge, thought to be a remmant island arc
[Tomblin, 1975].

Several major bathymetric highs can be
observed seaward of the accretionary prism: the
most noticeable are the Barracuda Ridge and
Tiburon Rise, which trend northwest west of 57°W
and east-west farther east. These features are
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Fig. 1. Seismicity (1950-1978) of the Lesser Antilles region. Bathymetry after
Case and Holcombe [1980]; 1950-1960 locations and magnitudes from Sykes and Ewing
[1965]; later data from NOAA (PDE) tape. The box encloses the Christmas Day 1969
aftershock sequence; epicenters here are too dense for plotting on this scale and
are shown in Figure 6. -The cross sections indicated are shown in Figure 3.

Stars indicate events with mechanisms from this study.

associated with major gravity anomalies [Birch,
1970; Kearey et al., 1975; Peter and Westbrook,
1976]; a buried ridge farther south (13°955'N)
can be identified by a similar gravity anomaly
[Westbrook, 1975]. The gravity data allow

extending to the Mid-Atlantic Ridge it ends at
about 55°W and shows no connection to the
Researcher Ridge or Fifteen Twenty fracture zones
farther east [Peter and Westbrook, 1976]. Birch
[1970] proposed that the ridge was formed by

these ridges to be traced beneath the accretion-
ary prism to the subduction zone [Keary et al.,
1975; Peter and Westbrook, 1976]. The ridges
affect sediment deposition and thus the shape
and elevation of the accretionary prism [West-
brook, 1981].

The nature and origin of the ridges are not
fully understood. The Barracuda Ridge is the
best studied [Birch, 1970]. It is a high ridge
with a shallow southern and steep northern slope;
a sediment-filled trough lies along the north
flank with a shallower trough on the south side
[Birch, 1970]. Gravity and seismic refraction
results [Birch, 1970] indicate thin crust and
shallow mantle below the ridge. Rather than
AN

uplift and normal faulting; Vierbuchen [1979]
interpreted it as a scarp produced by the juxta-
position of seafloor of different ages generated
by spreading in different directions. Later in
this paper we propose a third model: a transform
flanking ridge similar to those observed at
several Atlantic fracture zones [Bonatti, 1978].
In addition to the ridges, a series of east-
west trending structures can be identified in
the Atlantic seafloor [Peter and Westbrook,
1976] both south of the Barracuda Ridge and in
the Barbados Ridge complex. Some of these seem
to show relatively recent tectonic activity; the
nature of this activity and its relation to
changes along the arc in the subduction process
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are not understood [Peter and Westbrook, 1976].
The plate tectonics of the area are under-
stood in general but not in detail. The volcanic

arc and the Benioff zone below it [Molnar and
Sykes, 1969; Tomblin, 1975; Dorel, 1981] indicate
the subduction of a plate, including the Atlantic
seafloor below the Caribbean plate. Subduction
seems to be generally perpendicular to the arc,
but the direction and rate of motion are not well
constrained. Figure 2 shows two successive
models for plate motions in the region, computed
at 15.89N, 59.60°W (the epicenter of the Christmas
Day earthquake studied here). The top result is
for model RM2 [Minster and Jordan, 1978], and the
lower is for the previous model RMI1 [Minster et
al., 1974; Jordan, 1975], showing the motions of
distinct North American (NA) and South American
(SA) plates with respect to the Caribbean (CA).
The overall result indicates subduction at about
2 cm/yr oriented somewhat north of west. This
subduction rate is in accord with the Benioff
zone length predicted by thermal models [Molnar
et al., 1979; Davies, 1980].

The boundary geometry of the Caribbean plate
poses difficulties for relative motion determin-
ation [Jordan, 1975; Minster and Jordan, 1978];
since rate information can be obtained at only
one point, the small spreading center in the
Cayman Trough [Holcombe et al., 1973; Macdonald
and Holcombe, 1978]. Furthermore, two major
boundary segments, the Greater Antilles [Burke
et al., 1978, 1980; McCann and Sykes, 1981] and
the South American [Rial, 1978] suggest complex
and perhaps intraplate deformation possibly dis-
tributed over a broad zone. Finally, as discus-~
sed later, it is difficult to obtain useful dir-
ectional information from focal mechanisms in
the Lesser Antilles, since most of the earth-
quakes are intraplate rather than interplate.

The major difference between RM1 and RM2 is
in the relative motion between possibly distinct
North and South American plates. Ladd [1976]
used Atlantic magnetic anomalies to show that
from 180 to 9 m.y. B.P. South America had
resolvable motion with respect to North America.
Global inversions of present-day relative motion
data [Minster et al., 1974; Chase, 1978; Minster
and Jordan, 1978] also show resolvable differ-
ences between North America-Africa and South
America-Africa Euler poles, implying two dis~
tinct American plates. Alternatively, the
difference may result from a microplate south-
east of the Azores not included in the inver-
sions (N. Sleep, personal communication, 1982),

There is no clear evidence for a North
America-South America plate boundary, either in
bathymetry or seismicity; thus both its location
and sense of motion are unknown. In the absence
of direct measurements, relative motion has been
estimated from differences in the Euler vectors.
The resulting motion is quite slow and poorly
constrained since the NA-SA difference is small
and the pole lies close to the Caribbean. Small
changes in relative motion models thus produce
quite different NA-SA motions. This motion has
been drawn in Figure 2, for illustrative pur-
poses, as a pure transform motion. Ball and
Harrison [1970] and Minster and Jordan [1978]
suggest that since the motion may be distributed
over a broad zomne between 10° and 209N and may
be largely aseismic, definition of this boundary
may not be possible.

Seismicity and Tectonics - Lesser Antilles
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Fig. 2. Relative plate motions at 15.89N, 59.6°W
showing North (NA) and South (SA) American plates
with respect to Caribbean (CA). The overall con-
vergence rate and azimuth do not depend seriously
on the relative motion model used; the proposed
NA~SA motion is shown as pure transform and de-
pends more on the model. RM1 is from Minster et
al. [1974] and Jordan [1975]; BRM2 is the more
recent version [Minster and Jordan, 1978].
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The boundary (or boundary zone) may intersect
the arc, possibly at about 150N, where the level
of seismicity changes and the Benioff zone is
deepest [Peter and Westbrook, 1976; Vierbuchen,
1979]. Alternatively, Bowin [1975] suggested
that the Barracuda Ridge may mark part of the
boundary, which would then not intersect the
arc. The other end of the hypothetical boun-
dary, at the Mid-Atlantic Ridge, has been stud-
ied by Vierbuchen [1979], who suggested a
change in transform orientation, and Le Douaran
and Francheteau [1981], who identified a depth
anomaly. Thus at both ends it seems plausible,
but not established, that either a diffuse or
discrete boundary exists.

We searched for possible focal mechanisms at
the arc end of the boundary; none were identi-
fied. Since the North America-~South America
question is unresolved, it is unclear whether
the subducting plate should be regarded as
'"North America,' 'South America,' or both.

In the absence of better information we treat
the subducting plate as a single plate, thus
assuming that any relative motion is small
compared to the convergence rate.

Seismicity

The seismicity of the area has been studied
by Sykes and Ewing (1965], Molnar and Sykes
[1969], Tomblin [1975], and Dorel [1981§. Fig-
ure ] shows epicenters from the NOAA (PDE) tape
covering the period 1961-1978 and from Sykes
and Ewing [1965] for 1950-1960. Epicenters
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Fig. 3. Seismicity cross sections for the profiles shown in Figure 1. AA'-FF' are

perpendicular to the arc; GG' is parallel to the arc.

The depths are from the epi-

center tape except for events studied here, labeled with dates, for which our prefer-

red depths were used.

Changes in dip and activity level are noticeable along the

arc., The northern section (AA'-BB') is the most active and has shallow events; the
center (CC'-DD') is less active and deeper; the south (EE' and FF') is the least

active.

have been sorted by body wave magnitude and
depth with the attendant uncertainties. The
box at about 59.99W, 169N indicates the after-
shock zone of the 1969 Christmas Day (Ms 7.5)
earthquake; the epicenters are too dense to

plot on this scale and are shown in detail in
Figure 6. Stars indicate events for which we
have obtained focal mechanisms. We focus our
attention in this paper on the arc itself, north
of about 12°0N.

(Section GG' shows a 33-km artifact due to the tape's default depth.)

The first obvious observation is that the
seismicity level is rather low for a subduction
zone. Only five large (mp>6) events occurred in
the arc itself in the 28~year period, presumably
due to the slow subduction rate and the weak
coupling of the plates, as discussed later.

Most of the seismicity occurs arcward of the
gravity low, which is assumed to mark the sub-
duction trace. The Christmas Day 1969 sequence,
as discussed later, is a noteworthy exception.
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TABLE 1. Events Studied
Location (ISC) Mechanism Depth
Mo,
Date Lat. °N Lon. °W 6 & A m Ms dyne cm ISC  This Study
normal fault

March 19, 1953 14.1 61.21 unconstrained 7.5 135 (S)
January 8, 1959 15.25  61.26 292 74 355 6.5 141 (S)
October 23, 1964 19.8 56.11 302 62 160 6.2 6.8  4,5x1025 43 30 (L)
November 13, 1966 17.0= 61.94 320 83 270 5. 92 73 (P)
December 24, 1967 17.42  6l.19 141 84 310 6.1 6.3 5.4x1025 42 15 (L)

(2003)
December 24, 1967 17.61  61.26 306 87 53 5.9 5410 17 (P)

(2132)
May 15, 1969 16.75 61.39 348 72 112 5.7 6.0 1.1x10253 50 50 (L)
December 25, 1969 15.79  59.64 168 74 255 6.4 7.5  7.8x1026 112 42 (R)

(2132)
December 25, 1969 16.08 59.79 200 82 4 5.8 6£12  37(R);47(P)

(2231)
December 26, 1969 15.79  59.56 300 70 185 5.3 9, 12 38(R);35(P)
December 29, 1969 16.18  59.74 180 64 270 5.5 5.9  9,7x10° 33 39(R);27(P)
January 7, 1970 15.86  59.78 310 8¢ 50 5.5 6.2  1.3x1023 37 41(R)340(L);35(P)
October 8, 1974 17.37  61.99 250 58 270 6.4 7.4  2.5x10%0 41
March 10, 1976 16.84 61.06 255 82 130 5.7 6.2 2.6x1023 56 56 (P)
December 13, 1977 17.33  54.91 244 68 65 5.7 6.9  5.4x1027 51 25 (L)
May 29, 1978 17.17  61.59 184 66 329 5.2 5.4  5,0x102%% 48 25 (P)
December 6, 1978 17.44 54,83 233 69 45 5.4

Depth abbreviations: S, Sykes and Ewing [1§69]; L, long-period body wave modeling; P, short-period

depth phase; R, relocation.

A few small events may be within the accretion
prism itself, though this may be a mislocation
effect. The Christmas Day sequence is below the
prism in the underlying lithosphere. Chen et
al. [1982] suggest that no events occur within
the prism near Barbados and that accretionary
prisms are, in general, aseismic.

Figure 3 shows seismicity cross sections
along the profiles in Figure 1: six perpendicu-
lar to the arc and one along it. (The latter
clearly shows the 33-km artifact of the default
depth.) Triangles indicate the events studied
here and thus the largest events. For these
events, as discussed in the following section,
we were often able to determine depths and plot
events more accurately than using the depth
given by the PDE.

A major difference in seismicity, noted by
Tomblin [1975] and Dorel [1981], occurs between
the northern (north of 149N) and southorn por-
tions of the arc. The southern region is sub-
stantially less active than the northern one.
Dorel [1981] shows that historical seismicity
follows a similar pattern. Tomblin [1975] and
Dorel [1981] also noted that the deepest seis~
micity is concentrated in the area just south
of Dominica (15.208) with a possible E-~W trend;
we will show that strike slip faulting occurs
at depth here. Dorel [1981] suggested that the
Benioff zone dip is steepest in this area and
shallows to the north and south. (In the
southern segment the dip is more difficult to
define because of the low seismicity.) There
are thus three regions: an active, shallow,
northern region; an active, steeper, central
region; and a less active, southern region.
These differences could be a sampling time

effect due to the low seismicity level or, if
real, may result from a plate boundary [Vier—
buchen, 1979], the effect of bathymetric ridge
subduction, or the accretionary prism.

The present data set is not adequate to
indicate or exclude the possibility of a double
seismic zone [Hasegawa et al., 1978; Fujita and
Kanamori, 1981; Seno and Pongsawat, 1981];
Dorel's [1981] study using local seismic net
data also did not indicate a double zone.

Focal Mechanisms

We studied the mechanisms of 17 events in the
Lesser Antilles and the nearby seafloor. These
can be divided into three groups: a main shock-
aftershock sequence associated with normal fault-
ing just seaward of the trench, the arc seismic-
ity, and 'intraplate' events well seaward of the
subduction zone. In this section the mechanisms
and depths are discussed; tectonic implications
are treated in the following section. The
results are listed in Table 1.

Several of these events have been previously
studied by other investigators [Molnar and
Sykes, 1969; Rial, 1978; Dorel, 1978; Liu and
Kanamori, 1980; Dewey et al., 1980; Bergman and
Solomon, 1980; McCann et al., 1982]. In addi-
tion, several events not discussed here have
been previously studied. These studies are
listed in the appendix and Figure Al, which
cover both the arc region studied here and an
area to the south.

Christmas Day 1969 Sequence

The largest earthquake we studied was the
main shock of a major sequence that occurred in
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Fig. 4. First motion data (lower focal hemi~
sphere, solid symbols compressional), theoret-
ical and observed Rayleigh wave amplitude
radiation patterns, and misfit contour plots
for the Christmas Day main shock and a large
aftershock with a similar mechanism.

late December 1969 and early January 1970. These
events are unusual in their location well seaward
of the gravity low and the other seismicity
(Figures 1 and 3).

Figure 4 (left) shows the results for the main
shock of the sequence on Christmas Day 1969. The
first motions (upper left) from WWSSN records
show almost pure normal faulting with a well-
constrained N-S trending plane dipping steeply
west. The second nodal plane is constrained by
a single clear close~in first motion at TRN to
have some strike slip component. The solution
shown is a best fit to the amplitude radiation
pattern of Rayleigh waves, using both Rl and R2,
equalized to 90°. The velocities for the equal~-
ization were from earth model 5.08 M [Kanamori,
1970]; Q values are from Tsai and Aki [1969].

The data (middle left) show a clear two-lobed
radiation pattern suggestive of primarily dip
slip faulting. For the dip angle constrained by
the first motion data, theoretical amplitude
radiation patterns were computed for fault
strikes ranging from 0° to 360° and slip angles
from 180° to 360° (which are equivalent to those
for slip 0°-180°). The best fitting seismic
moment, using the L1 or median norm, and the
associated errors were calculated for each strike
and slip pair; for noise~free data the correct
mechanism would yield the exact moment at each

station. The L1 norm was chosen due to its
robust properties in handling noisy data
[Claerbout, 1976]. The lower left portion of
Figure 4 shows a contour plot of the results.
The minimum misfit (best fit) regions are clearly
concentrated; the star shows our preferred mech-
anism, the best fit consistent with the first
motions for which the theoretical radiation pat-
tern (left center) was computed. (Such plots
vary only slowly with dip; if a wide range of
dips were acceptable, a series of plots was
made.) For the strike and dip of the N-S plane,
the first motions allow slips from about 235°
(roughly equal strike slip and normal faulting)
to about 255° (almost pure normal faulting).
Increasing slip angles result in lower misfit,
which can be seen as a clockwise rotation of the
theoretical lobe pattern. Thus a slip of 270°,
pure normal faulting, provides a slightly better
fit but violates the one first motion point at
TRN, which may be affected by the slab. Natur-
ally, for tectonic interpretation the two mechan-
isms are indistinguishable. The seismic moment
and surface wave magnitudes we obtained, along
with the ISC body wave magnitude, are shown on
the figure.

We used this general approach of combining
the first motion and surface wave data for most
of the earthquakes studied; the presentation will
be the same as in Figure 4. We attempted to
satisfy both types of data whenever possible.
Both have problems. Ray paths in an island arc
region can be significantly distorted by the
presence of the cold, high-velocity slab [Sieep,
1973; Fujita et al., 1981]. It is thus reason-
able to suspect nearby stations and those along
the strike of the arc of mislocation on the focal
sphere. In some cases, like this earthquake, the
surface wave data would be better fit by discar-
ding some body wave data. The surface wave data
are prone to other difficulties. In addition to
true noise, considerable attenuation [Rial, 1976]
inhomogeneities in the arc region and global
path effects produce apparent 'noise.' The
equalized spectral amplitudes were averaged over
several period windows, and the one yielding the
smoothest result was used. The robust proper-
ties of the Ll norm usually were adequate to
provide good constraints from the surface wave
data, which appear as concentrated regions in
the strike versus slip contour plots. In some
cases, usually corresponding to badly scattered
data, the good fit regions were fairly broad and
thus provide weaker constraints. When possible,
body wave modeling was also used. Since a common
solution was sought for first motion, surface
wave, and body wave data, the approach implicitly
does not allow for different body and surface
wave mechanisms.

Figure 4 (right) shows the results for one of
the largest aftershocks in the sequence, the
December 29, 1969, event. Both body and surface
wave data are fit well by pure dip slip faulting
on a N-S plane. Small strike slip components
are not preferred by the data but are acceptable.
This solution is quite similar to the main shock.

Figure 5 (left) shows a slightly bigger after-
shock, on January 7, 1970. One nodal plane,
striking NW-SE, is well constrained; the second
cannot be drawn to satisfy all the close-in (SJG,
TRN) and along strike (BEC) first motions. The
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surface wave and body wave data gave the prefer-
red solution shown, which misfits first motions
at only one of these three stations. A pure dip
slip solution would misfit all three. Figure 5
(right) contains mechanisms for two other after-
shocks. The only data available are short-period
first motions; the December 26, 1969, event is
small, and the December 25, 1969, one occurs
within an hour of the main shock, so both long-
period first motions and surface waves are
obscured. The short-period first motions are
often ambiguous and scatter somewhat but imply
similar strike slip faulting for both earth-
quakes. ISC bulletin reported first motions
(not shown) show the same pattern with similar
scatter. The dashed lines (Figure 5) show
nodal planes consistent with the data but
subject to reasonable uncertainty.

We also explored the spatial relationships
of the aftershock sequence. The epicenter tape
locations show a general N-S trend to the after-
shock zone, but the depth of faulting is unclear.
In particular, the ISC gives the depth of the
main shock as 1%£12 km. The depth of faulting
for this sequence bears significantly on its
tectonic interpretation.

The main shock and the two large (January 7,
1970; December 29, 1969) aftershocks were relo-
cated using arrival times from the ISC bulletin:
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Fig. 5. First motion and surface wave data for
the Jarwary 7, 1970, aftershock (left); short-
period first motions for two other aftershocks
(riglht). All three events have significant
strike slip components and are quite different
from the main shock and December 26, 1969,
aftershock. Weakly constrained nodal planes
are dashed.
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located relative to January 7, 1970, aftershock.
The map view (top) indicates a N-S fault plane;
the depth section (bottom) indicates a west
dipping fault plane.

The January 7, 1970, event gave the smallest
residuals at a depth of 41 km. As this agreed
with body wave modeling results (discussed next),
it was used as a master event. Figure 6 shows
the results of relocating the 35 largest events
(each with 40 or more reported arrivals) rela-
tive to the January 7, 1970, event, using the
Jeffreys-Bullen travel time table. The epi-
centers (top) are aligned approximately NL5°W,
with a suggestion of northern and southern
clusters. The hypocenters (bottom), projected
on the AA' cross section, show a trend dipping
about 559 to the west. All aftershocks locate
deeper than 22 km; the shallowest of the five
large events is at 37 km. This geometry suggests
that the west dipping NI15°W nodal plane is, in
fact, the fault plane.

A second method of depth determination is to
use the body waves. Unfortunately, crustal
structure in the focal region is not well known;
the major uncertainty is in the thickness of the
low-velocity accretionary prism. Multichannel
seismic data about 75 km south of the area
[Mascle et al., 1981] show at least 4 s (two way)
of sediment; the thickness is known to vary con-
siderably within the prism. Since depth deter-
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had modelable long-period P waves; the focal
depth appears to be 40+5 km. Arrows indicate
the short-period depth phase interpreted as pwP
on the short-period records.
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10 SEC

minations rely on observed travel times and
assumed velocities, uncertainties in structure
produce depth uncertainties.

Figure 7 (top) shows long-period vertical P
waves at three WWSSN stations for the January 7,
1970, event. Synthetic body waves were calcula-
ted using the standard shallow earthquake model-
ing technique [Langston and Helmberger, 1975;
Kanamori and Stewart, 1976; Helmberger and Bur-
dick, 1979; Stein and Kroeger,lQBO], a model
with a water layer over a solid half space, the
focal mechanism from Figure 4, and a 1,2,1 trape-
zoidal time function. A 7-km/s half-space velo-
city was used to stimulate the effects of a 6-
km-thick layer of 4-km/s sediment, a 7-km-thick
crust with velocity 6.8 km/s, and an 8.l-km/s
mantle. The data show the effects of water
reverbations, which are well fit at these sta-
tions, and near-source (or receiver) structure,
which the model does not include. The best fits
are for a depth of about 40%5 km.

The short-period vertical records of the same
event (Figure 7, bottom) show a clear depth
phase about 14 s after the P wave. Modeling
studies of Aleutian earthquakes [Hong and Fujita,
1981] suggest that this arrival may be pwP, the
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reflection from the sea surface, which is usually
more prominent on short-period than long-period
records and is a valuable depth indicator [For-
syth, 1982]. The assumption that the depth
phase is pwP can be used [Stein, 1978] to recon-
cile short-period depth phases with long-period
body wave modeling results. Assuming the phase
to be pwP yields a depth of 35%5 km; for this
depth, pwP is reinforced by sP, which arrives at
a similar time. Thus, the relocation, long-
period, and short-period body waves agree to
their accuracy on a depth of about 40 km.

Short-period depth phases for the other events
(Figure 7, bottom) also indicate depths in the
30 to 50-km range; these events do not have
modelable long-period P waves. The relative
depths agree in general but not completely with
those in Figure 6. Without a crustal structure
accurate enough for detailed short-period model-
ing, it is not clear whether the difference
results from variations in structure between
events spread over 60 km or from the 'depth
phase' being more complicated than a single pwP
arrival, especially since the mechanisms of the
four events differ.

The body wave and depth phase data thus sup-
port the relocation results of 30 to 50-km depths
for the aftershock sequence and provide credibil~
ity to the 42-km depth given by the relocation
for the main shock. The aftershock zone can be
used to estimate the fault area. For a 25 km
(width) by 50 km (length) fault area, a moment
of 7.8 x 1026 dyne cm and a rigidity of 5 x 101l
the average slip would be about 1.2 m. The long
dip slip fault stress drop relation [Starr, 1928;
Kanamori and Anderson, 1975] ields 21 bars, with
the usual large error bounds EStein and Kroeger,
1980]. These values agree reasonably well with
the scaling relations and tabular data of Geller
[1976]; in fact, the fault width chosen is half
the length, the approximation used there for Mg
versus fault area relations. The tectonic impli-
cations of the sequence are discussed in a later
section.

Island Arc Focal Mechanisms

We studied nine earthquakes in the arc region
itself, using the techniques previously discus-
sed. Five events were large enough for surface
wave study; body waves were modeled for three and
short-period depth phases were examined for five.
Two occurred prior to the availability of WWSSN
data so International Seismological Summary
reports were used for first motions. In this
section we briefly discuss the data for each
event.

The largest is the October 8, 1974, earthquake
located 41 km below the arc itself, north of
Antigua. First motion and surface wave data
(Figure 8, left) require primarily normal fault-
ing on a NE-SW plane. The formal best fit to the
scattered surface wave data is pure normal fault-
ing; a component of strike slip motion on the SE
dipping plane as proposed by McCann et al. [1982]
based on aftershock relocations is also quite
acceptable. This mechanism is interesting since
the faulting is clearly not parallel to the arc,
as often observed.

The next largest pair of events (Figure 8,
right, and Figure 9) are slightly seaward of the
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arc on December 24, 1967: one at 2003 hours and

a smaller one at 2132, First motion data for the
first event (Figure 8, right) constrain a NW-SE
nodal plane. The surface waves favor a mixed
strike slip and dip slip solution but can accom-
modate slip either near 315° or 225°. These
correspond to a second plane striking as shown in
the figure but dipping either NW or SE. The sol-
ution shown provides a somewhat better fit to the
body waves (Figure 9, top) than the altermative.
The mechanism shown for the second shock {(lower
right, Figure 9) is from short-period records,
since the long periods were swamped by the earli-
er event. The dashed nodal planes shown are con-
sistent with the data and similar to the first
shock.

The depths of these events show whether they
are in the subducting plate or the overriding
plate. The ISC depths for the two are 42 and
510 km, respectively. Body wave modeling, with
a water layer over a half space of velocity 6.2
km/s suitable for the island arc [Boynton et al.,
1979], favors a depth of about 15 km for the
first event (Figure 9, top), shallower than given
by the ISC. Short-period records (Figure 9,
lower left) of the second event show a possible
depth phase of about 9 s after P. Treating this
as pwP yields a depth of about 17 km which
agrees well with the first event, and implies

G
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Fig. 8. First motion and surface wave data for
the large normal faulting earthquake near Anti-
gua (left) and for the first of two events on
December 24, 1967 (right). The Rayleigh waves
for the October 8, 1974, event include both Rl
and R2 equalized to 900.
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Fig. 9. (top) Body wave modeling results for
the first event of December 24, 1967, indicating
a focal depth of about 15 km rather than the
ISC's 42 km. (lower left) The first event con-
sists of a small foreshock followed by the main
event (arrow). The second event shows a possi-
ble depth phase (arrow), which yields a pwP
depth about 17 km, similar to the first event.
(bottom right) Short-period first motions for
the second event, 1) hours later, are consistent
with a mechanism similar to the first.

that both occur within the overriding plate.
Short-period records of the first event (Figure
9, lower left) show the presence of a small
foreshock 3 s before the event; this also appears
on the long-period records at KTG, MAL, and TAB
(Figure 9, top) as a slow drift preceding the
main arrival and may have contributed to the
ISC's depth overestimate.

The March 10, 1976, event occurred to the
south of the December 24, 1967, pair, in a simi-
lar location near the steep slope seaward of the
arc. First motion data (Figure 10, left) con-
strain a NE-SW nodal plane; the surface waves
indicate mixed strike and dip slip faulting.
This solution shown (slip 130°) is comsistent
with the first motions; the alternative (slip
609-80°) is less so. The depth given by the ISC
(56 km) agrees with a short-period depth phase
about 20 s after the P wave, if treated as pwP,
and with long-period body wave modeling.

The next event studied occurred on May 15,
1969, about 40 km arcward of the March 10, 1976,
event. First motions indicate nearly pure thrust
faulting (Figure 11); the surface wave data are
poor. The solution chosen does not fit the sur-
face wave data well but fits the first motions



Stein et al.: Seismicity and Tectonics - Lesser Antilles

] P

2

>,

8651

(Figure 11). The other, on March 19, 1953, at a
depth of 135 km [Sykes and Ewing, 1965], is
clearly primarily normal faulting but with uncon-
strained nodal planes (Figure 11). The other
large events prior to 1963 did not have enough
reported first motions to make such analysis
meaningful.

Atlantic 'Intraplate' Events

0 SLP 90 170 180 SLIP 270 350
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MARCH 10 1976

Mo 2.6x10°°25 m 5.7 Ms 6.2
Fig. 10. TFirst motion and surface wave data for
the March 10, 1976, earthquake (left) and the
May 29, 1978, earthquake (right). The May 29,
1978, event is the smallest event for which sur-
face wave data was usable, thus the results have
considerable uncertainty.

and good long-period body waves (Figure 11,
bottom). The best fitting depth is about 40 km,
somewhat shallower than the ISC depth of 50 km.

Only one other event yielded usable surface
waves-—~the May 29, 1978, one shown in Figure 10,
right. Both first motions and surface waves are
small and at the lower limit of our analysis
methods. The solution shown agrees with both
data sets but is still subject to uncertainty.
The ISC gives a depth of 49 km; depth phases
about 9 s after P imply a slightly shallower
35-km depth.

All the events discussed so far are compara-
tively shallow: above 60 km. Few deeper events
large enough for study occurred since 1963; none
yield unambiguous mechanisms. One small deeper
event (m 5.4) on November 13, 1966, yielded
short-period first motions (Figure 11, left
center) consistent with pure dip slip faulting
on either a near vertical or shallow dipping
plane striking NW-SE, although a strike slip
solution is also acceptable. Depth phase arri-
vals about 20 s after P yield a 73~km depth; the
ISC gives 92 km. We also examined International
Seismological Summary (ISS) reports of the deep-
est large earthquakes in the arc prior to the
availability of WWSSN data. One, on January 8,
1959, at a depth of 141 km [Sykes and Ewing,
1965], can be interpreted as strike slip faulting

Three events in the Atlantic seafloor well
seaward of the trench were also studied. The
first, on October 23, 1964, occurred well to the
east of the northernmost protion of the arc. The
first motions (Figure 12) indicate a NW-SE nodal
plane and place little comstraint on the second.
The body wave data are quite good and provide
tighter constraints than the surface waves.
Figure 13 (center) shows that the best slip angle
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Fig. 1l1. (upper left) ISS first motions suggest~
ing strike slip faulting for an event 141 km deep
in the active seismic zone below Dominica. (upper
right) ISS first motions for a large event at a
depth of 135 km which suggests almost pure normal
faulting; nodal planes are unconstrained. (middle
left) Short-period first motions suggesting dip
slip faulting in the downgoing slab. (middle
right) First motions and surface wave data for
the May 15, 1969, event. (bottom) Body wave
modeling results implying a depth about 40 km.
This is the only event studied that suggests
thrusting at the plate boundary.
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on the NW-SE nodal plane is slightly greater than
160°, that the strike of the nodal plane is very
near 3000 (top left), and that the focal depth is
about 30 km (top right). Surface wave data for
this event are poor but consistent with the indi-
cated result. This mechanism is similar to that
of Molnar and Sykes [1969] and Liu and Kanamori
[1980].

Two interesting intraplate events occurred in
December 1977 and 1978 north of the Barracuda
fracture zone. The first was studied using first
motion, surface wave data (Figure 12, left) and
body wave modeling (Figure 13, bottom). This
solution agrees with that of Bergman and Solomon
{1980]. The second, much smaller, yields only
short-period first motions. The first event
exhibits well-constrained thrust faulting with
some strike slip component; the second is much
less constrained but can be interpreted as very
similar to the first. The body waves yield a
focal depth of 25 km, shallower than the unusual
ISC depth of 51 km.

Tectonic Implications

Lithospheric Normal Faulting

The Christmas Day sequence shows normal fault-
ing on a plane steeply dipping toward and paral-
lel to the arc. It is located well seaward of
what would be the 'trench' in the absence of
sediments and occurs at shallow (less than 50 km)
depth. The large moment and spatial extent of
this earthquake sequence suggest that it is one
of the major normal faulting events within the
subducting lithosphere which are currently a
topic of considerable interest. The type exam-
ples include the 1933 Sanriku [Kaﬁamori, 1971,
1977], 1965 Rat Island [Stauder, 1968; Abe,
1972], and 1977 Indonesian [Stewart, 1978]
events.

The aftershock distribution (Figure 6) strong-
ly implies that the N159°W striking, west dipping
nodal plane of the main shock was the fault
plane. The main shock, both in the ISC and the
relocation results, occurred at the south end of
the aftershock zone, implying a northward uni-
lateral rupture. The relocation suggests that
the main shock occurred at the deepest point of
the aftershock zone; if correct, implying uni-
lateral updip rupture. The complex character of
the long-period body wave suggests the rupture
occurred as a series of smaller 'point source'
events.

The four aftershock mechanisms (Figure 14)
provide some ideas about stress release in the
two weeks following the main shock. The December
29 event is the most similar to the main shock
and suggests further normal faulting on the main
fault plane or one parallel to it. The others
are more curious in that they have major (January
7) or dominantly (December 25 and 26) strike slip
motion, with nodal planes significantly different
from the main shock and December 29 event.

Figure 15 (top) shows compressional (P) and
dilatational (T) axes from the focal mechanisms.
Clearly, all five earthquakes do not have similar
axes, though the main December 25, 26, and 29
events have similar near horizontal T axes. One
possible interpretation is that the T axis of the
main shock gives the extensional deviatoric
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Fig. 12. (left) First motion and surface wave
data for a large event well seaward of the trench.
(top right) Short-period first motions for a smal~
ler event in the same place 1 year later, consis-
tent with a similar fault geometry. (bottom right)
First motions for another large Atlantic event.
Body wave data (see Figure 13) were also used to
constrain the solution shown.

stress direction, since the main shock results
from a new fracture formed in the lithosphere.
The smaller aftershocks occur on preexisting
weak zones, so their P and T axes have only weak
relations to the overall stress field [McKenzie,
1969; Stein, 1979].

A more useful criterion may be the orientation
of the horizontal components of the slip vectors
(Figure 15, top); the arrow gives hanging wall
motion with respect to the footwall. Some ambi-
guity results since two possible fault planes
exist, each with a corresponding slip direction.
Solid arrows indicate one possible choice for
each event; dashed arrows indicate the other.
Only one direction is shown for the main shock,
since the west dipping plane is assumed, and for
the December 29 aftershock, since the two hori-
zontal slip directions are antiparallel. The
NW-SE planes for the three partially strike slip
aftershocks give horizontal slip directions con-
sistent with the main shock and normal fault
aftershock.

We suggest that the aftershock sequence, in-
cluding the many events too small for mechanism
study, consisted of a response to the large ex-
tensional faulting main shock composed of two
types of motion shown schematically in Figure 16.
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Body wave modeling results for the two large Atlantic events.

ber 23, 1964, indicating the mechanism shown in Figure 12 and depth of about 30 km.

(bottom) December 13,
51 km.

One, shown by the December 29 event, is further
normal faulting, on the original fault plane or a
nearly parallel plane. The second is horizontal
block motion on preexisting fractures near the
main fault plane. The subducting plate contains
many smaller fractures as well as the major NW-
SE structures like the Barracuda Ridge and
Tiburon Rise [Peter and Westbrook, 1976]. Blocks
bounded by such faults may have moved to accommo-
date the displacement produced by the main shock.
Note that in this geometry, block motion can
vield opposite senses of strike slip on parallel
planes. The block motion could occur either arc-
ward or seaward of the main fault; the locatioms
do not exclude either possibility. Some NW-SE
fractures in the subducting plate seem to have
had comparatively recent motion [Peter and West-
brook, 1976]; one possible source of such motion
is this block faulting.

Strike slip block faulting is not always ob-

1977, indicating a depth of about 25 km,
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in contrast to ISC's
served after such large lithospheric normal
faulting events; none was noted by Fitch et al.
[1981] for the 1977 Indonesian event. Possibly

the geometry of that earthquake was atypical due
to its location near the collision of Australia
with the arc [Fitch et al., 1981; Cardwell et
al., 1981], or no fractures of the appropriate
orientation occurred near the epicenter.

Two general models have been offered for large
lithospheric normal faulting events. Kanamori
[1971, 1977] and Uyeda and Kanamori [1979] inter-—
pret these earthquakes as failure of the subduc-
ting lithosphere due to the weight of the downgo-
ing slab. In this model, such earthquakes indi-
cate that the subducting plate is partially de-
coupled from the overriding plate and that sub-
duction may be at least partially aseismic. The
alternative view, due to Chapple and Forsyth
[1979], views these large normal fault earth-
quakes as simply the largest examples of normal
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Figure 15. (top) Horizontal slip vector com-
ponents and P and T axes for the Christmas Day
sequence. West dipping nodal planes were used
for the main and December 29 events; both
choices are shown for the other strike slip
events. For the NW-SE planes, the horizontal
slip directions are similar to those for the
two normal events. (bottom) Horizontal slip
directions and P and T axes for all island arc
events.

faulting events due to flexure of the downgoing
lithosphere seaward of the trench [Chen and
Forsyth, 1978; Frolich et al., 1980]. Both
models are consistent with the mechanism
observed; as discussed later, Dorel [1981] has
proposed from a moment release argument that
subduction here may be partially aseismic.

The maximum depth of faulting provides one

possible discriminant between the two models;
faulting to the base of the lithosphere (70 km)
supports the Kanamori [1971, 1977] model. On the
other hand, faulting to a shallower depth can be
ascribed either to a failure of the lithosphere
under its weight which tears only partially
through the lithosphere or to failure in exten-
sion above the flexural neutral sheet. Our
analysis of the aftershock sequence indicates
that faulting did not extend deeper than 50 km.
Assuming that the accretionary wedge is at least
7 km thick, the maximum depth of faulting is less
than 45 km within the oceanic lithosphere. The
1965 Rat Island normal faulting earthquake [ Abe,
19727 also appears to have faulted only partially
through the lithosphere. This does not necessar-
ily exclude the Kanamori [1971, 1977] model if
the lower portion of the lithosphere undergoes
either delayed seismic faulting or aseismic slip
to complete the tearing process. The relative
depths of the main shock and aftershock sequence
may provide another constraint; flexure-generated
faulting might be more prone to begin near the
top of the lithosphere where the greatest exten-
sional fiber stress occurs rather than at depths
approaching the neutral sheet in the middle of
the lithosphere where flexural stress is a mini-
mum. The flexure and decoupling models are not
mutually exclusive; both effects acting together
would depress the position of the neutral plane.
Better depth data would be one way to investigate
these questions.

The minimum depth of faulting, based on the
relocation of the largest aftershocks, seems to
be about 20 km, implying that faulting did not
involve the accretionary prism. This is consis-
tent with studies which have found no seismicity
within prisms [Chen et al., 1982] and implies low
rigidity for even the deeper, more consolidated
portions of the prism.

An interesting question is whether any infor-
mation about plate motion directions can be drawn
from the faulting geometry since the faulting is
purely within the oceanic plate rather than on
the interplate boundary. The horizontal slip
direction is more northerly than would be expec-
ted for the convergence (Figure 15). The fault
strike, N15°W, is roughly both parallel to the
island arc and perpendicular to the convergence.
One way to interpret the geometry is to examine
the 1965 Rat Island normal fault earthquake [Abe,
1972], since at this location, subduction is
highly oblique. There the fault strike was par-
allel to the subduction zone rather than perpen-
dicular to the convergence direction, and the
horizontal slip aligns with neither. Using this
analogy, we can derive little relative motion
information from the Christmas Day results.

Arc Earthquakes

The focal mechanisms in the arc region (Figure
14) seem unusual for a subduction zone. Only one
moderate size event (May 15, 1969) shows thrust
faulting in a geometry suggesting slip at the
plate boundary. (Dorel [1978] shows several
other small thrust events, as listed in the
appendix.) The other earthquakes are dominantly
strike slip or mormal faulting. Seismicity cross
sections, on the other hand, show a clear Benioff
zone (Figure 3). In this section we attempt to
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provide tectonic interpretations for the unusual
seismicity. A data set of this size (nine
events) is obviously not adequate to demonstrate
specific effects but is large enough to suggest
several interesting ones. As a general rule,
each mechanism is subject to at least two possi-
ble interpretations!

We attempted to divide earthquakes into three
groups based on location relative to the plate
boundary: those in the overriding plate, those
in the subducting plate, and those on the inter-
face. To do this, the position of the interface
must be identified, which is difficult to do from
the low level of seismicity. TIdeally, the inter-
face can be identified from the location of large
thrust earthquakes, a high level of seismicity,
and phases reflected [Fukao et al., 1978] and
converted [Snoke et al., 1977] at the slab sur-
face. Without this information our assignments
of earthquakes into groups is less certain.

The cross sections (Figure 3) suggest that for
the depths discussed previously, the December 24,
1967, pair; the October 8, 1974; and May 29,

1978 events are within the upper plate. The
November 13, 1966; March 19, 1953; and January 8,
1959, earthquakes appear to be within the down-
going plate. We believe that the May 15, 1969,
event 1is actually on the interface; the March 10,
1976, event is close to the interface and may be
within either plate or at the interface.

The absence of large thrust fault earthquakes
during the period studied suggests that subduc-
tion in this arc is largely aseismic. The exis-
tence and recurrence of such earthquakes defines
the proportion of seismic versus aseismic slip at
the subduction zone [Kanamori, 1977]; only these
earthquakes should be used in comparing slip
rates from seismic moments to those obtained from
relative plate motion calculations. Large intra-
plate events like the Christmas Day or October 8,
1974, normal fault earthquakes should not be used

for this purpose. Similarly, their slip vectors
have no direct relation to plate motion directions.

A discrepancy between the subduction rate pre-
dicted by plate motion models and that estimated
from seismic moments has been noted by Molnar and
Sykes [1969] and Westbrook [1975] using recent
seismicity.

Similarly, Dorel [1981] used both recent and
historical seismicity, with moments estimated
from isoseismals, to estimate seismic slip rates
and concluded that a substantial portion of a-
seismic slip is occurring. Such estimates pro-
vide an upper bound on the seismic slip, since
the largest events in recent years are intra-
plate normal faults rather than interplate
thrusts. It is difficult to say whether the
large historic events of 1690 and 1843 [Dorel,
1981] were thrust events; the 1933 Sanriku and
1977 Indonesian earthquakes demonstrate that
lithospheric normal faulting events can be
extremely large. Thus despite the large uncer-
tainties in the isoseismals-moment-slip rate
estimates [Dcrel, 1981], especially where the
slip rate is so low, the conclusion of substan-
tial aseismic slip seems plausible. Such aseis-
mic slip is consistent with the observation of
large normal faulting earthquakes seaward of the
trench, assuming the Kanamori [1977] model., The
alternative to aseismic decoupled subduction is,
as always, the possibility that the sampling time
is too short to record major intervals of seismic
slip. The similarities between the instrumental
and historic estimates argue against this possi-
bility.

Intuitively, decoupling and aseismic slip seem
highly plausible in an area where old lithosphere
subducts slowly [Ruff and Kanamori, 1980]. Coup~
ling is minimized by the slow convergence; the
negative buoyancy force due to the weight of the
slab is maximized and is then the dominant force
in the arc system.
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The overriding plate contains one of the two
largest arc events, the October 8, 1974 Ms 7.4
Antigua earthquake, and three strike slip events.
The Antigua event is quite interesting; like the
other two magnitude seven events in the study, it
is a normal fault, but in a very different loca-
tion and orientation from the Christmas Day or
March 19, 1953, earthquakes. Its mechanism shows
NNW-SSE extension within the arc massif but well
seaward of the Neogene volcanic arc.

The tectonic origin of this earthquake is un-
clear--normal faulting parallel to the arc is the
more expected orientation and can be interpreted
as grossly related to back arc extension and
spreading. WNormal faulting perpendicular to the
arc has been observed for microearthquakes in the
Adak region [LaForge and Engdahl, 1979] and in-
terpreted as lateral extension of the overriding
plate due to oblique subduction. This is one
possible cause for the much larger October 8,
1974, earthquake [Dewey et al., 1980; McCann et
al., 1982]. A second alternative is that strain
is induced in the upper plate by lateral changes
in the dip of the subduction zone. The explana-
tion we prefer is a flexure of the overriding
plate due to the subduction of the Barracuda
Ridge shown in Figure 16 and discussed later.
Faulting occurred at considerable depth within
the overriding plate as indicated by the 40-km
depth of the main shock; the aftershock zone
indicates that a southeast dipping fault plane
extends to a depth of 10 km [Dewey et al., 1980;
McCann et al., 19827,

The three strike slip events in the upper
plate could represent differential lateral block
motion in response to the subduction. The P and
T axes (Figure 15, top) show no particular con-
sistency; the nodal planes and thus horizontal
slip vector components are too variable to draw
meaningful conclusions about the motion direc-
tion. Either the NW-SE planes, yielding strike
slip motion grossly similar to the subduction
direction, or the NE-SW planes, which align with
a reentrant structure in the shallow platform of
the arc, are perfectly plausible. These events
are shallower than the large normal faulting
earthquake. (Several other strike slip events
given in the appendix were also shown by Dorel
[1978].)

The May 15, 1969, thrust earthquake can be
interpreted as slip on the subduction boundary.
If so, the March 10, 1976, event is close to the
boundary, may be in either plate, and as such is
difficult to interpret tectonically beyond block
faulting in one plate or the other.

Three events are clearly within the downgoing
slab. Two are normal faults, one (November 13,
1966) near the slab surface and the other much
larger (March 19, 1953) at a depth of 135 km.
The third event (January 9, 1959) is almost pure
strike slip at a similar depth of 141 km.

The Ms 7.5 March 19, 1953, earthquake suggests
extension in the slab at depths below 100 km
(Figure 16), in accord with suggestions that old
lithosphere subducting slowly sinks freely under
its own weight [Isacks and Molnar, 1969; Fujita
and Kanamori, 1981]. The T axis does not appear
to be in-plate, which would require a vertical
rather than 459 dipping nodal plane. The stress
field may be extensional but not exactly in-
plate; alternatively, the faulting geometry may

be controlled by a remanent fault formed in the
early stages of subduction by a Christmas Day
type normal fault earthquake. The true intra-
plate stress direction, as opposed to the T axis,
would be in-plate.

The November 13, 1966, event occurs below the
slab surface at a much shallower depth. It may
result from in-plate compression due to the
'sagging' of the downgoing plate [s1eep, 19797
or 'unbending' [Engdahl and Scholz, 1977]. 1If
so, this event could be the only manifestation of
the stresses which at higher convergence rates
and for younger lithosphere can produce double
seismic zones; here they are almost completely
overwhelmed by the extension due to the sinking
slab [Fujita and Kanamori, 1981]. An alternate
but not exclusive possibility is that slip occurs
on a fracture remaining from a presubduction
normal fault earthquake.

The last event at depth whose mechanism we
studied shows almost pure strike slip and may
represent tear faulting within the slab along an
old fracture zone (Figure 16). The NW-SE plane
is similar to the strike of the currently visible
structures in the subducting plates and occurs at
a site suggested by Tomblin [1975] and Dorel
[1981] as an alignment of seismicity at depth,
which can be seen in Figure 3 (sections DD' and
GG'). (Contrast this cluster of seismicity to
the location of the other large deep event, the
March 19, 1953, normal fault, on sections EE' and
GG'.) We interpret this as a possible fossil
fracture zone; the buried aseismic ridge identi-
fied by Westbrook [1975] would intersect the arc
farther south at Martinique. Tear faulting at
depth along an old fracture zone has been identi-
fied in the New Hebrides by Chung and Kanamori
[1978a].

This discussion leads to the questions of whe-
ther previously formed fractures will survive
subduction as coherent features. The least dis-
rupted feature would be one striking perpendicu-
lar to a trench where perpendicular subduction
occurs. In many arcs, fracture zones will
approximate this situation and should survive to
considerable depths. Oblique subduction, or a
strike not perpendicular to the trench, may pro-
duce some disruption of the fault. At the other
extreme, faults parallel to the trench, such as
those of earthquakes like the Christmas Day main
shock may be disrupted seriously by the bending
of the plate as it subducts. On the other hand,
the faults may accommodate a portion of the bend-
ing through slip; the Chapple and Forsyth [1979]
model for the formation of such faults interprets
them as resulting from the bending stresses.

Aseismic Ridge Subduction

Several aseismic ridges, most noticeably the
Barracuda Ridge and the Tiburon Rise, intersect
the subduction zone. The effects of aseismic
ridge subduction have been discussed by many
authors [Vogt et al., 1976; Kelleher and McCann,
1976; Chung and Kanamori, 1978a; Chung, 1579;
McCann and Sykes, 1981; McCann et al., 1982].
Chung and Kanamori [1978a] noted a shallowing of
seismicity and Benioff zone dip where the D'Entre-
casteaux fracture zone subducts into the New
Hebrides Trench. They also observed intermediate
depth tear faulting along the flanks of the
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Fig. 17. Comparison of the Barracuda Ridge to hot spot tracks and transform fault
flanking ridges. (top) Gravity data and model [Birch, 1970] showing crustal thinning.
Sediment thickness was primarily controlled from seismic reflection. (Profile runs
left to right, south to north.) (middle top) Gravity data and model [Bott et al.
1971] for a hot spot track, the Iceland-Faeroe Ridge, indicating crustal thlckenlng.
(middle bottom) Gravity data and model [Robb and Kane, 1975] for the Vema fracture
zone and flanking ridge, indicating crustal thinning. (bottom) Seismic refraction
results [Detrick and Purdy, 1980] for the Kane fracture zone and flanking ridge,
showing crustal thinning.
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aseismic ridge and interpreted these observations
using a model of buoyant forces due to a subduc-
ting low-densityv ridge. Chung [1979] discussed
several other locations using this model such as
the Nazca Ridge; this area is also discussed by
Pilger [1981].

The Lesser Antilles is a very different situa-
tion. In this case, the Barracuda Ridge does not
seem to be buoyant. Figure 17 (top) shows a free
air gravity profile across the Barracuda Ridge
and a corresponding crustal model [Birch, 1970].
The inferred structure has a thin crust and shal-
low mantle. Due to this excess mass at depth a
vertical section weighs more than the usual sec-
tion of oceanic lithosphere, and such a ridge
would not be buoyant. This structure is quite
different from those inferred for many other
aseismic ridges.

Figure 17 (second from top) shows a model of
the Iceland-Faeroe Ridge [Bott et al., 19711].
This model is an Airy isostatic one, in which the
ridge is compensated by a thicker crust at depth,
The data can also be fit, less successfully, by a
Pratt model., Crustal thickening has also been
proposed for other aseismic ridges such as the
Hawaiian-Emperor chain [Walcott, 1970; Watts and
Cochran, 1974; Watts, 1978] and the Ninetyeast
and Walvis ridges [Detrick and Watts, 1979]. All
these features are now considered to be hot spot
traces [Wilson, 1963; Morgan, 1972, 1981; Sclater
and Fisher, 1974]; the mechanism of isostatic ad-
justment depends on the crustal properties at the
time of ridge formation, but crustal thickening
always occurs. Such ridges would thus be buoyant
relative to usual oceanic lithosphere.

The Barracuda Ridge is clearly a different
type of structure. A possible analogy might be
the flanking ridge~transform pairs observed along
several Atlantic fracture zones. These struc-
tures, which occur along the Vema [van Andel et
al., 1971; Robb and Kane, 1975], Romanche [ Coch-
ran, 1973] and Kane [Detrick and Purdy, 1980]
fracture zones, often have morphology similar to
the Barracuda Ridge: a linear high with a paral-
lel trough. The flanking ridges and fracture
zones appear to be underlain by excess mass at
shallow depth as indicated by gravity data.
Figure 17 (third from top) shows Robb and Kane's
[1975] model for the Vema fracture zone; the
excess mass is produced by crustal thinning and
a shallow Moho. Gravity models are nonunique;
Cochran [1973] favored an anomalously high-
density crust for the Romanche fracture zone.
Refraction data for the Kane fracture zone
[Detrick and Purdy, 1980] suggests that there the
excess mass is due to thin crust and shallow man-
tle rather than high-density crust (Figure 17,
bottom). The nature of the mass excess may not
be the same for all flanking ridge and transform
systems, but however distributed, it results in
a negatively buoyant ridge.

The origin and nature of flanking ridges is
unclear; Bonatti and Honnorez [1976] and Bonatti
[1978] interpret them as dynamically uplifted
blocks, which expose dense high-velocity upper
mantle material. It is interesting that such
structures are presently known primarily in the
Atlantic and Indian oceans; if real, their ab-
sence in the Pacific may suggest that the forma-
tion is spreading rate dependent. It is possible
that flanking ridge-fracture zone structures can

survive away from the active transform segment
and thus remain as ridges in old crust. Such
ridges are quite different from the scarps pro-
duced at fracture zones by the thermal effects of
the age contrast [Delong et al., 1977], which are
isostatic and will subside with age unless lock~
ing occurs across the fracture zone [sandwell and
Schubert, 1981]. Age contrast scarps are always
found along a fracture zone; flanking ridges
occur only in a few places.

The crucial point is that not all aseismic
ridges (topographic highs might be a better
phrase) can be considered buoyant upon subduc-
tion. Hot spot traces like the Nazca Ridge
should be buoyant; transform flanking ridges are
the opposite. Essentially, features compensated
at depth with thick crust should be buoyant;
those underlain by dense material and supported
by crustal rigidity should have negative buoyan-
cy. Determination if a feature is buoyant must
be made on a case-by-case basis, especially since
a ridge associated with a fracture zone can be
either a fossil flanking ridge, a hot spot trace
(Ninetyeast, Chagos), or a pure age difference
effect.

Both buoyant and nonbuoyant topographic highs
can have major effects on the subduction process.
A nonbuoyant feature, such as the Barracuda
Ridge, can flex the overriding plate solely be-
cause of its elevation (perhaps as shown by the
October 8, 1974, normal event), or interact mech-
anically with the upper plate in some other
fashion (for example, if the tip of the ridge is
in contact with the upper plate). On the other
hand, a nonbuoyant feature should not cause shal-
lowing of the subduction zone dip. The tear
faulting along an aseismic ridge [Chung and Kana-
mori, 1978a] could occur for either buoyant or
nonbuoyant ridges—-the vertical motion component
would be opposite. Another possible difference
between transform flanking ridges and hot spot
tracks is that while the latter is continuous,
the former may be formed only under isolated (not
yvet understood) conditions and thus may be dis-
continuous. If a hot spot track ridge is obser-
ved at a trench, it generally continues on the
downgoing plate; a flanking ridge which enters
the trench may or may not continue the full
length of the subducting slab.

Plate Motions

The focal mechanism data along the arc show no
clear evidence for a North America-South America-
Caribbean triple junction. In particular, the
only strike slip faulting in the subducting plate
near the trench seems to be in aftershocks of the
December 25, 1969, normal faulting event.

The seismicity level and possible Benioff zone
dip changes along the arc are real and unexplain-
ed; Vierbuchen's [1979] suggestion that the seis~
micity change is related to the NA-~SA boundary is
plausible but not confirmable by this study. We
did observe strike slip faulting at depth in the
region proposed by Vierbuchen [1979] as the boun-
dary, which corresponds to an active seismic
trend cutting the subduction zone. Whether this
is a fossil fracture or a current boundary is
hard to say; shallow strike slip faulting, espe-
cially near the trench, would be more convincing
evidence for a boundary.
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The alternative to a discrete boundary is a
wide zone of distributed motion. Possibly the
Atlantic 'intraplate' events reflect such a zone;
all three have some strike slip component with a
similar sense of motion. Left-lateral motion on
the NE-SW steeply dipping planes would fit model
RM1 [Minster et al., 1974; Jordan, 1975] (Figure
2) both in direction and in sense of motion. The
alternative, right lateral on the shallow dipping
NW~-SE planes, seems less appealing but would fit
the newer RM2 [Minster and Jordan, 1978]. The
1964 and 1977-78 events cannot lie on a single
transform boundary, and thus any attempt to re-
late them to a boundary must involve a diffuse
zone., It is also difficult to tie these events
to the deep strike slip event near Dominica; the
sense of strike slip is not consistent on the
NE-SW plane. The Atlantic events and the Domin-
ica event can only be consistent if the boundary
turns to have a NW-~SE trend at depth in the arc,
parallel to the westmost portions of the Barra-
cuda Ridge and Tiburon Rise. In this case the
boundary could not be a single small circle and
would have to be part of a complex diffuse zone.

This level of seismicity (two of the events
are respectably sized intraplate earthquakes) is
a noticeable feature and perhaps what might be
expected for such a slow motion boundary. Alter-

.natively, some of this motion might be aseismic.
The lack of bathymetric expression (for example,
no clear offset across the Barracuda Ridge) for
such a boundary may be due to its slow nature.
Furthermore, since any NA-SA motion results from
small differences in NA~AF and SA-AF motion, it
is not clear that the sense of motion has been
constant with time; perhaps reversals in the mo-
tion have reduced any observable offset on many
bathymetric structures. Nonetheless, the few

Seismicity and Tectonics =~ Lesser Antilles

Atlantic events can also be regarded as N-S

intr?plate compression [Bergman and Solomon,
1980].

Conclusions

Several basic conclusions can be drawn from
the data presented for the Lesser Antilles.

The results have implications for other arcs and
the subduction process in general.

l. During the time period studied, subduction
is largely decoupled and aseismic. Most seismi-
city is intraplate and only a small fraction of
the slip occurs as interface thrust earthquakes.

2. Large normal faulting earthquakes occur in
the subducting plate seaward of the trench. The
aftershocks of such an earthquake show both con~
tinued normal faulting and strike slip on planes
quite different from the normal fault, presumably
weak zones in the oceanic lithosphere.

3. The downgoing slab is in a state of exten-
sion. Some faulting may occur by reactivation of
presubduction structures (fracture zomes) or
structures formed during the early stages of
subduction (normal faults).

4, The subduction of bathymetric highs may
affect the seismicity of the overriding plate; in
particular, an unusually oriented large normal
event may be a consequence. The Barracuda Ridge
is not buoyant and thus cannot effect the overall
dip of the Benioff zone.

5. There is no direct evidence for a North
America-South America boundary in the focal mech-
anism data; though several pieces of data are
consistent with such a boundary, any possible
correlations between seismicity changes along the
arc and the hypothesized boundary are not prov-
able.

TABLE Al. Focal Mechanisms for the Lesser Antilles and Northeast Venezuela
Number Date Lat. °N Lon. ‘W Depth m Ms Reference
1 September 7, 1974 15.10 60.63 . 53 5.7 D
2 January 8, 1959 15.25 61.26 140 6.5 S
3 March 22, 1973 15.34 61.29 151 5.0 D
4 May 15, 1969 16.75 61,39 50 5.7 6.0 D
5 July 15, 1966 16.99 61.49 62 5.3 D
6 November 13, 1966 17.05 61.94 73 5.4 S,D

7 October 8, 1974 17.37 61.99 41 6.6 7.4 S,R,D,W
8 May 31, 1960 17.72 61.63 27 6.0 M

9 May 29, 1978 17.21 61.59 25 5.2 5.4 S
10 December 24, 1967 (2003) 17.42 61.19 15 6.1 6.3 S,R,D
11 December 24, 1967 (2132) 17.61 61.26 17 5.9 S,
12 October 14, 1967 17.33 60.89 42 5.3 D
13 March 10, 1976 16.84 61.06 56 5.7 6.2 S
14 December 1, 1969 16.68 60.80 47 5.5 D
15 December 25, 1969 (2231) 16.08 59.79 47 5.8 S,D
16 October 23, 1964 19.80 56.11 30 6.2 6.8 S,L,M
17 December 29, 1969 16.18 59.74 27 5.5 5.9 S,D
18 December 6, 1978 17.44 54,83 10 5.4 S
19 January 7, 1970 15.86 59.79 40 5.5 6.2 S,D
20 December 13, 1977 17.33 54.91 25 5.7 6.9 S,B
21 December 25, 1969 (2132) 15.79 59.64 42 6.4 7.5 S,R,D
22 December 26, 1969 15.79 59.56 35 5.2 s,D
23 March 19, 1968 14.06 60.47 57 5.0 D
24 August 20, 1964 10.87 60.49 79 5.4 M,D
25 January 4, 1967 10.70 62.50 74 6.4 M



Stein et al.:

Seismicity and Tectonics - Lesser Antilles

TABLE Al. (Continued)

Number Date Lat. °N Lon. °W Depth m Ms Reference
26 July 14, 1963 10.45 62.73 20 5.8 M
27 August 10, 1964 9.15 62.02 51 5.4 Y
28 May 14, 1966 10.38 63.05 37 5.4 M
29 July, 1979 (composite) 10.45 63.17 <10 P
30 July, 1979 (composite) 10.50 63.25 <15 P
31 June, 1979 (composite) 10.40 63.60 <15 6.5 P
32 June, 1979 (composite) 10.45 63.60 <5 6.1 P
33 July 12, 1974 10.64 63.47 34 6.2 R,V
34 October 2, 1957 10.94 62.80 60 M
34 September 20, 1968 10.76 62.70 103 T,V

B, Bergman and Solomon [1980]; D, Dorel [1978]; 1, Liu and Kanamori [1980]; M, Molnar and Sykes
[1969]; P, Perez and Aggarwal [198]%; R, Rial [1978]; S, this study; T, Tomblin [1975]; V,
19807 and McCann et al.

Vierbuchen [1979]; W, Dewey et al. [1982].
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