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A major swarm of intraplate earthquakes at the southeastiern end of the Gilbert Islands Chain {3.5°S, 177.3°L)
commenced in December 1981 and lasted through March 1983, No seismicity had been reported in the historical record
in this region prior to 1981, but during the swarm 217 events with m, 2 4.0 were located by the NEIS, with 86 events
having sy, 2 5.0. The source region is quite remote, and the uniform detection level for the NEIS is for m, 2 4.8, A
b-value of 1.33 is found for the swarm using the maximum Hkelhood method. Four events in the sequence were large
enough {m, = 5.6-5.9) to determine focal mechanisms teleseismically using body- and surface-wave analysis. These
evenis are found to have a range of mechanisms, from predominantly thrust with a significant oblique component, to
purely strike-slip. The compression axes are consistent for all four evenss, with horizontal orientation trending
NNE-SSW, This orientation is perpendicular to the direction of plate motion. The gvents are located at depths between
15 anrd 20 km placing them deep in the oceanic crust or in the upper mantle. No obvious bathymetric feature can be
related to the fault plane orientations, though there is an offset in the island chain near the epicenters. While some
characteristics of the swarm suggest a magmatic origin, the nature of the focal mechanisms, the location of the swarm,

[y

and the large accumulated moment release of the sequence favor a tecionic origin.

1. Introduction

The Gilbert Islands, part of the recently con-
stituted Republic of Kiribati, lie near the equator
in the Central Pacific Ocean. These islands are
well-removed from any major tectonic boundaries
and lie on oceanic floor of Cretaceous age, in the
center of a northwest trending island chain com-
prised of the Marshall, Gilbert and Ellice Islands
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(Fig. 1a). In December 1981, an earthquake swarm
commenced at a location ~ 130 km southeast of
Arorae Island, which is the southeasternmost of
the Gilbert Islands. Prior to this swarm there had
been no previous seismic activity in this region
reported in the historical record, and there is no
record of recent volcanism, The swarm persisted
until March 1983, Figure 1 indicates the epicenters
of the earthquakes in 1981-1983, as determined by
the NEIS. The locations define a diffuse cluster of
activity spread over a 50 km long region. The
nearest seismograph is ~ 14.3° to the south, and
the station coverage to the north is almost non-ex-
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Fig. 1. (a) Base map showing the location of the largest events
in the Gilbert Islands swarm and the Gilbert and Ellice Island
chain (bathymetry contours are in m). The seismicity detected
by the NEIS in the box is shown in (b).

istent, so there is relatively large uncertainty in the
locations, and depth control is minimal.

There are few bathymetry determinations near
the epicentral region, but the ocean floor appears
to be fairly smooth at a depth of 5000 m in the
available data (Mammerickx et al, 1974). Note
that this region is the site of a major jog in the
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island chain, with the Ellice Islands being offset
~ 200 km to the southwest. There is nc major
transverse feature in the published bathymetry
associated with this offset and no data is available
regarding any age progression along the island
chain. Even considering the largest magnitude
events alone, there is no clear lineation apparent in
the epicentral distribution. This paper reports de-
tailed body- and surface-wave modeling of the
four largest evenis of the swarm and discussion of
the significance of this remarkable sequence.

2, Data analysis

The temporal behavior of the Gilbert Islands
earthquake swarm shown in Fig. 1 is illustrated in
Fig. 2. The magnitudes are m, as reporied by the
NEIS., The data were taken from the Monthly
Listings of the NEIS for the period through
January 1983, after which the data source was the
Preliminary Determination of Epicenters. The
latter source is incompiete for events with magni-
tudes < 5.0, and the given epicenters and magni-
tudes are subject to revision. Note that the swarm
activity appears to diminish in the latter half of
1932, but then resurges slightly in early 1983 be-
fore terminating in March.

Figure 2 shows that the largest events in the
swarm have magnitudes of my = 5.6--5.9. Due to
the restricted station distribution and the variabil-
ity of the focal mechanisms as determined below,
these magnitudes must be considered only rough
estimates of the relative event sizes. The largest
moment events occurred in the first 5 months of
1982, In a preliminary compilation of macro-
seisrmic data, Groves (1983) reports that events on
January 7, 20 and 27, and February 15 were felt
on Arorae Island, but that there are no reliable
reports of tsunami damage, or uplift on the island.

Figure 3 shows the magnitude-frequency rela-
tion found for the swarm using the NEIS data.
Both the cumulative number of events greater than
or equal to each magnitude, and the number of
observations with each magnitude are shown. It
appears that the detection capability is relatively
complete for events with my, > 4.8, This high
threshold is due to the remoteness of the source
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Fig. 2. The temporal behavier of the Gilbert Istands swarm found for the s, determinations of the NEIS. Prior to December 1981 no
seismicity had been detected in the region in the historic record. The data for February and March are from the Preliminary
Determination of Epicenters, and all other data are from the NEIS Monthly Listing.
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Fig. 3. Magnitude—frequency behavior of the Gilbert Islands
swarm. The circles (#) indicate the cumulative number (&) of

events greater than or equal to each m, value, and the triangles
(a) indicate the number (#) of observations with each magni-
tude. The line shows the slope for a b-value of 1.35.

region. Following Utsu (1966) and Aki (1965), the
b-value in the magnitude-frequency relation de-
termined by the maximum likelihood method is
b= 1.35, for m, = 4.8. This slope is indicated by
the line in Fig. 3. The narrow magnitude range
available produces substantial uncertainty in the
b-value estimate. The b-value of 1.35 is somewhat
higher than the global average, estimated to be 0.9
by Gutenberg and Richter (1954) and 0.78 by
Sakuma and Nagata (1957). Sykes (1970} de-
termined a b-value of 1.3 for swarms in the north-
ern Mid-Atlantic Ridge, whereas Francis (1968)
determined b = 1,73 for 79 median rift events along
the same ridge. The 1968 Fernandina caldera col-
iapse in the Galapagos Islands had a complex
frequency—magnitude behavior, with b=1.24 for
magnitudes below m, = 4.9, and b = 2,53 for larger
events (Francis, 1974). Volcanic activity is associ-
ated with a wide range of b-values, typically larger
than 2, though lower values are found, such as
b=1.05 for long term activity in Hawaii (Fur-
umoto et al, 1973); b=13-3.2 for volcanic
swarms in Tahiti-Mehetia {Talandier and Kauster,
1976}, and b = 1.4 for microearthquakes at Mount
Katmai, Alaska (Matomoto and Ward, 1967).
Clearly, the b-value alone cannot characterize the
Gilbert Islands swarm and only by analysis of the
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Fig. 4. Comparison of long-period recordings of four of the
swarm evenis made at the IDA station PFO. The peak-to-peak
(PP) amplitude in digital counts is shown for each trace. The
traces on the right have been band-pass filtered to emphasize
the iong periods. The February 15 events shows selatively
larger amplitude arrivals between the S- and Rayleigh-wave
arrivals, indicating that it has a different mechanism from the
other events.

seismic signals generated by the evenis can more
be learned about the nature of the swarm,

Figure 4 shows a comparison of the long-period
vertical recordings of four of the Gilbert Islands
swarm events at the [DA station PFO. These four
events are studied in detail below and their source
parameters are given in Table 1. In Fig. 4 it is
quite apparent that these events are part of an
earthquake swarm in that no event stands out as a
mainshock. It is also apparent that the event of
February 15 has a mechanism slightly different
from the others, given the enhanced overtone exci-
tation for that event.

Using the now standard procedures for mod-
eling long-period P and SH waves (Langston and
Helmberger, 1975; Kanamori and Stewart, 1976),
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the focal mechanisms of the four large events were
determined. For this analysis we combined data
from the WWSSN and GDSN networks because
of the limited number of useable records recorded
for these moderate size, remotely located events.
Since no independently known source region
crustal structure was available, we initially mod-
eled the events as being in a half-space. The take-
off angles were taken from the JB model calcula-
tions ol Ritsema (1958) for a source region P
velocity of 7.75 km s~ and S velocity of 4.35 km
s~ !, The average velocities above the source were
64 km s”! for P waves and 3.7 km s~! for §
waves, While such half-space models are clearly
oversimplified, the source orientations can be
well-determined, along with minimum source de-
pths. Using more realistic source structures allows
additional features in the waveforms to be mod-
eled thus improving the depth resolution, but this
does not place much further constraint on the
orientations.

Figure 5 shows the results of forward modeling
of the I and SH waves for the event of January 7,
1982. This is the least well-constrained mechanism
of the four presented here. The source depth used
in the modeling was 11 km, and a 3 s duration
trapezoid (1.0 s rise, 1.0 s constant, 1.0 s fall} was
used. Note the difference in period of the WWSSN
and digital network data. The latter is devoid of
fine-scale features and is not even particularly
sensitive to first motion in the vicinity of nodal
orientations. In determining the model in Fig. 5
and for subseguent events, the wavelorm features
that were found to be most diagnostic of the
mechanism were the following. For such shallow
events, the ratio of the second upswing to first
upswing in the WWSSN P waveforms s indicative
of the oblique component, as this ratio increases
with increasing oblique motion. The large oscilla-

TABLE 1

Eveni (1981} Origin time Lat. (°S) Long. (°E} my, Mg
January 7 08:42:52.7 3.39 177.57 58 5.4
February 15 05:56G:12.2 3.5 177.48 37 56
March 16 00:20:43.9 3.32 177.53 5.6 5.6
May 23 21:32:351 339 177.40 59 57
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Fig. 5. I wave {(a) and SH wave (b) observations and half-space synthetic seismograms for the event of January 7, 1982. The P-wave
focal mechanism is shows in a lower hemisphere equal area projection, with solid symbols indicating compressional first arsivals, The
moment from each station cempatrison is given, except for HNR which is at upper mantle distance. Note the leng-period nature of the
GDSN data (stations TATO, MAJO, CTAQ, SNZ0) compared with the WWSSN data. The half-space models have a source depth of

11 ke, and all other parameters are as given in Table 1.

tions ~ 20 s after the P arrival are produced by
o P arrivals, as shown below, Thus, the second
downswing at the digital stations like CTAG is
often affected by water multiples and is not di-
agnostic of the source orientation. We also relied
on the SH-wave polarizations and waveforms as
observed at the digital stations in order to con-
strain the corientation of the northward dipping
plane, The slight upward first motion at MAJO is
most sensitive to this parameter. For the event of
January 7 the P waves yield an average moment of
1.1 X 10% dyne cm and the SH waves give 0.8 X
16%° dyne cm. The overall body-wave average mo-
ment is 1.0 X 10%° dyne cm. The mechanism is
predominantly thrust with a nearly horizontal
compression axis, but there is a resolvable oblique

component. The strike is ¢ = 125°, dip § =60° ~
and rake A=120° 'There is about a 10° un-
certainty in each parameter given the assumptions
made in the modeling and the mediocre data qual-
ity. If the fault geometry is circular, and the effec-
tive stress is equal to the stress drop, then the
radius of the circular fault, a, is proportionai to
the total source time duration, 7, and 1s given by
{Ebel et al, 1978)

a={28n8T)/[64 + Tr (5 + 4 sin o)] (1)

where # is the shear velocity, and ¢ is the angle
between the normal to the fault plane and the ray
direction. Using this expression, the fault areas
estimated for the two fault planes are 64 and 69
km?. The corresponding stress drops are 47 and 42
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Fig. 6. P wave (a) and SH wave (b) observations and half-space syathetic seismograms for the event of February 15, 1982, The P-wave
focal mechanism is shown in a lower hemisphere equal area projection, with solid symbols indicating compressional first arrivals, Neo
moment is given for CHTO because of uncertainty in the gain, and synthetics are not shown for the nodal 8H observations. The
half-space modeis have a source depth of 13 km, and all other parameters are as given in Table I

bars, This indirect determination of source area The orientation of the event on February 15 is
leads to substantial uncertainty in the stress drops, significantly better constrained. Figure 6 sum-
and we do not place great confidence in the re- marizes the body-wave modeling, and it is clear

sults. that a nearly pure strike-slip orientation is re-
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quired. Note the dramatic increase in the relative
amplitude of the second upswing in the WWSEN
P waveforms compared to those in Fig. 5. A source
depth of 13 km was adopted, with this value being

quite well-constrained for the source velocities
used. A shorter duration time function with a
length of 1.2 s (0.4, 0.4, 0.4) was also required by
the high-frequency data. The P waves give an
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Fig. 7. P wave {a) and SH wave (b) observations and haif-space synthetic seismograms for the event of March 16, 1982. The P-wave
focat mechanism is shown in a lower hemisphere equal area projection, with solid symbols indicating compressional first arrivals. Fhe
moment from each station comparison is given, except for HNR which is at upper mantle distance, Synthetics are not shown for the
nodal $H observations. The half-space models have a source depth of 10 km, and all other parameters are as given in Table FH.
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average moment of 1.5 X 10%° dyne cm and the SH The fault area is estimated to be 10 km?, and the
waves yield 1.6 X 10%*> dyne cm. The overali aver- stress drop is ~ 1200 bars, with an uncertainty of
age body-wave moment is 1.6 X 10%° dyne cm. The a factor of at least 2 or 3.

source orientation is ¢ = 253°, § = 86°, and A = (0°. The March 16 event is similar to that of January
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Fig. 8. P wave {a} and SH wave {bj observations and half-space synthetic seismograms for the event of May 23, 1982, The P-wave
focal mechanism is shown in a lower hemisphere equal area projection, with solid symbols indicating compressional first arrivals. The
half-space models have 2 source depth of 10 km, and all other parameters are as given in Table II,
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7, except that the oblique component is somewhat
greater. This is apparent in Fig. 7, which sum-
marizes the P and SH modeling. Note the increase
in the second upswing amplitude at BAG, SHK,
and CHG and the strong secondary arrivals at
stations to the west and northwest. The latter
arrivals are P-wave multiples in the water as shown
below, and their large relative amplitudes are due
to the proximity of the double node for direct P.
The upgoing energy at these azimuths (P, | P} is
very strong, producing strong late arrivals. For the
half-space models a depth of 10 km and a 2 s
duration {0.5, 1.0, 0.5) tume function were used.
The P waves give an average moment of 1.2 X 10%
dyne cm and the SH waves yield 0.8 x 10% dyne
cm. The combined average is 1.1 X 10% dyne cm.
The source parameters are ¢ = 140°, § = 60°, A =
138°. The estimated area is 29 km®, for which the
stress drop is 173 bars.

The fourth event modeled, that of May 23,
1982, is similar to the January and March events,
as shown in Fig. 8. The amount of obligue slip is
closest to that of the January 7 mechanism (¢ =
120°, &= 54°, A =120°), and the waveforms at
comumon stations are very similar. The SH polarity
at MAJO is the major feature constraining the
oblique contribution. The P waves yield an aver-
age moment of 0.8 X 10%° dyne cm and the SH
waves give 0.6 X 10%° dyne cm, with the combined
average being 0.7 X 10°° dyne cm. The time func-
tion has a 1.5 s duration (0.5, 0.5, 0.5), and a 10
km deep source. The m, of this event is 5.9, the
iargest of the four events, vet the moment is the
smallest. The source area is estimated to be 16-19
km?, and the stress drop would then be from 213
to 255 bars. The waveforms are not sensitive
enough to resolve between the dashed and solid
line mechanisms shown in Fig. 8.

Because the depth determinations for these
events are of interest, and the half-space modeling
is rather crude, we refined the models by incorpo-
rating the water layer, which is § km thick, and the
effects of a crustal layer at the source. The source
structure adopted is the same as that used by
Stewart and Helmberger (1981} in modeling the
1978 Bermuda Isiand earthquake. This consists of
a 5 km thick crust with a P velocity of 6.3 km s™!

overlying a half-space with a P velocity of 8 km

s~ P.wave synthetics were computed using the
same 22 ray set shown in Fig. 5 of Stewart and
Helmberger (1981) to account for the crustal and
water layer reverberations. Using this structure,
and the fault orientations determined above, we
determined new source depths for each event. The
depths found, including the 5 km thick water
layer, are & = 15 km for January 7, March 16, and
May 23, and d = 21 km for February 15, Thus, the
strike-slip mechanism appears to have a slightly
greater depth though the uncertainty is about +3
km. The synthetics for several of the WWSSN
stations for the layered and hali-space models are
compared with the data in Fig, 9. Note that there
is little difference in the first 15 s of the synthetic
waveforms, indicating the adequacy of the half-
space modeling for constraining the mechanism.
Clearly, accounting for the water and crustal mul-
tiples significantly improves the waveform agree-
ment later in the record. In some cases the relative
amplitudes of the direct P wave and water multi-
ples are not completely satisfied, but these are
generally for nodal direct arrivals, and the uncer-
tainty in take-off angles precludes refining the
source. In almost all cases the waveform agree-
ment is quite good for the first 20 s. There is a
similar improvement in the fit to the digital net-
work observations when the water multiples are
included, particularly 20 s and more into the re-
cords, but no additional resolution of the fault
mechanisms 1s obiained.

Fitting the relative timing between the direct
arrivals and the water multiples does improve the
depth resolution somewhat, as shown in Fig. 10.
This figure shows the effect of varying source
depth on the synthetic waveforms for two records
of the January 7 event. A depth of ~ 15 km is
quite consistent with the data for the selected
source region model. As was found for the 1978
Bermuda Island earthquake (Stewart and Helm-
berger, 1981) the events are either subcrustal or
located deep in the oceanic crust. The focal mech-
anisms determined by the body waves are sum-
marized in Table IL

The short-period signals for these events re-
corded by the GDSN were also inspected in an
attempt to constrain the mechanisms and source
depths. Representative data are shown in Fig. 11.
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match to the entire waveform, but the first 15 s are well-modeled by the half-space synthetics as well. The mechanisms in Table II are
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Fig. 10. An illustration of how modeling the time separation
betwesn the direct P arrival and the water multiples helps 1o
constrain the source depth. The top row shows observations for
the event of January 7, 1982, and the other rows show synthet-
ics for varying source depths in the layered source maodel.

The traces are aligned on the JB arrival time for
the NEIS locations. Several features of these
waveforms are of interest. There is very little
coherence from event to event at a given station,
This variation is more pronounced than apparent
in synthetic shori-period signals generated using
the long-period body-wave models. This suggests a
rather complicated failure process. There aiso ap-
pears to be precursors to several of the events that

Short Period P-Waves
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Fig. 11. Comparison of short-period P waves recorded by the
GDSN stations. The traces are aligned on the JB arrival time
for the NEIS locations, Note the lack of coherence from station
to station for a given event and between events. Also note the
presence of the small precursory arrivals of vanable polarity.
These complexities indicate a complicated stress environment.

have variable first motions, which are sometimes
inconsistent with the visible first motions of the
long-period arrivals. This accounts for the many
inconsistent polarities reported by stations in the
NEIS bulletins for these events. The precursors
appear (o be source related, though this data can-
not rule out possible multipathing effects. These
complexities, along with the oblique slip mecha-
nisms, make it difficuit to identify surface bounces
at all stations. Qualitative comparisons with the
synthetics do not indicate different focal depths
than the long-period records.

In order to further refine the source models and

TABLE IF

Bodywave mechanisms

Event (1982) k (km) $,° §,° AL ty I Iy M, P? My, SH®
January 7 15 125 60 120 1.0 1.0 1.0 i1 0.8
February 15 pal 253 &6 0 G.4 0.4 0.4 1.5 1.6
March 16 15 140 60 138 6.5 1.0 0.5 1.2 0.8

May 23 15 120 54 120 .5 0.5 0.5 6.8 0.6

¢ Moment in units of 19%° dyne em.




Fig. 12. Equidistance-azimuthal plot centered on the Gilbert
Estands swarm source region. The disiribution of IDA and
GDSN stations used in the surface wave analysis is shown, Mot
all stations were useable for each event.

to confirm the moment estimates for these four
swarm events, the long period Rayleigh- and
Love-wave signals recorded at GDSN and IDA
stations were analyzed. Figure 12 shows the distri-
bution of digital stations about the source region.
At all stations the R, R, G4, and G, signals were
inspected. Those with favorable signai-to-noise
ratios at periods > 150 s were processed following
the methods described by Kanamort and Given
{1982). As discussed in that paper, it is possible to
invert the spectral amplitudes of the Ravleigh and
Love waves for either moment tensor or fault
mode] solutions. However, because of the shallow
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depth of the events, a stable inversion for all 5
elements of the moment tensor is not possible. By
consiraining M _, =M =0, one can invert for
M., M, and M,,. In turn, this solution can be
decomposed into two double couples with pure
strike-slip and 45° dip-slip orientations. This pro-
cedure provides good resolution of the strike of the
null axis and a first-order estimate of the moment.
It also indicates whether the mechanism s pre-
dominantly strike-slip or dip-slip, with the relative
size of the double couples indicating the propor-
tion of oblique component. Table III lists the
results of the constrained moment tensor inver-
stons using source depths of 16 km for each event.
MNote that the strike-slip orientation is preferred
for the February 15 event, and the dip-slip solu-
tion is preferred for the other three. The second
double couple is small for the events of February
15 and May 23, but increases significantly for the
January 7 and March 16 events. These solutions
are quite stable for the period range from 150 to
180G s and do not change significantly if only the
Rayleigh-wave data is inverted.

Following the procedures described in
Kanamori and Given (1982) and Lay et al. (1982)
the spectral data were inverted for fault models
where the body-wave mechanisms were used as
starting models for the non-Hnear inversions.
Several cases were examined, with the least con-
strained parameters in the body-wave models being
allowed to wvary. The first case was with the
body-wave orientation consirained and the
surface-wave spectral data (amplitude and phase)
inverted to find the moment. The second case was
with the body-wave orientation constrained and
the spectral amplitudes alone inverted for the mo-
ment. Other models allowed the amount of rake to

TABLE IH

Simultanecus Rayleigh and Love wave constrained moment {ensor inversion (M, = M,, = 0) T'=150.59 5, d =16 km

Event {1982) M0 M, —M." M, + M. M, ,° 80 Minor DC, %
January 7 0.420 £0.079 0.184+0.165 - 0.65240.118 0.76 128.8 450 14.0
February 15 0.741 +0.093 1.437+0.201 —0.063+0.120 1.10 248,06 90,0 5.9

March 16 0.450+0.112 0.583+0.237 —0.54040.145 0.81 118.5 4340 33.0

May 23 0.159+0.036 0.519 1 0.084 —G.6581+0.051 0.66 105.8 45.0 3.7

* Uinits of moment tensor efements are 10%° dyne cm.
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vary or the sirtke to vary. The moment estimates
for the first two cases are listed in Table IV. The
spectral data are shown in Fig. 13, along with
three solutions. The solid lines indicate the predic-
ted spectra for the major double couple of the
constrained moment tensor inversions. The dashed
lines indicate the results for case 1, described
above, and the dotted lines indicate the results for
case 2.

For all four events the body-wave solutions are
quite compatible with the major double couple of
the moment tensor inversion. The poorest agree-
ment is for the event of January 7, for which the
body-wave mechanism rotates the lobes of the
surface-wave radiation patterns ~ 30° from the
moment tensor solution. IF we fix the strike and
dip of the steeply dipping fault plane in the body-
wave mechanism and invert for the rake, the inver-
sion returns a pure dip-siip solution similar to the
constrained moment tensor result. If the rake and
dip are fixed and the strike is inverted for, the
inversion rotates the strike by 28°. Body-wave
synthetics for this orientation are not consistent
with several of the SH data. In all cases the
amplitude inversion gives a moment of 1.0 x 10%°
dyne cm. It appears that the exact orientation of
this event is simply not well resolved, mainly be-
cause the Love-wave data are rather noisy and the
body-wave data are sparse. Since the body-wave
mechanism appears somewhat more reliable we
prefer it for this event, though the uncertainty in ¢
and A is £10°,

The body- and surface-wave solutions are in
better agreement for the other three events. For
the February 15 event the orientations are nearly

TABLE IV

Moments for surface-wave fault iversions using body-wave
constrained orientations

Bvent (1982y  ¢°  8°  A° MY M,°

January 7 125 60 120 0.69 0.96
February 15 253 86 ¢ 1.0 1.19
March 16 146 60 138 0.81 1.16
May 23 120 54 120 0.68 0.76

* Moment using amplitude and phase spectra, in units of 10%°
dyne cm.
* Moment using amplitudes only, in units of 10%% dyne em.

identical, though the surface-wave moments (Table
IV) are somewhat smaller than the body-wave
moments. In this case the surface-wave moment
may be more reliable due to the large number of
nodal body waves. The March 16 event is a some-
what better fit by the body-wave solution because
the oblique slip enhances the relative excitation of
the Love waves. For this event the minor double
couple of the moment tensor inversion is large,
and the fit to the spectral data is correspondingly
poor for the major double couple alone, The mo-
ment for the amplitude inversion is 1.2 x 10%
dyne em compared with 1.1 X 10% dyne cm ob-
tained from the body waves. As with the event of
January 7, if the rake is allowed to vary as well, a
more dip-slip dominated mechanism is returned
(A = 120° compared to A = 138° for the body-wave
sofution), Inverting for the strike gives a solution
that is rotated by 17°, which moves the Rayleigh-
wave maxima onto the cluster of large Rayleigh-
wave amplitudes. Either modei produces a slightly
poorer fit to the body-wave data, and again we feel
that the body-wave orientation is the best model
given the intrinsic uncertainty in the modeling.
The spectral data are somewhat suspect because of
the observed scatter in the phase which indicates
that for the period (150.59 s) and particular paths
involved the great circle average phase velocities
used in the inversion are inappropriate. The May
23 event shows good agreement between the
surface-wave data and the body-wave models, in
both orientation and moment.

The body-wave constrained mechanisms are
compared with the orientation of the major double
couple of the constrained moment tensor in-
versions in Fig. 14. The moments shown are the
preferred values determined by averaging the
body-wave results and the surface-wave amplitude
inversion determinations. Note that the principal
features of the mechanisms are resolved by the
moment tensor inversions, and the most consistent
aspect from event to event is the horizontal orien-
tation of the compression axis trending
NNE-SSW. These mechanisms are quite similiar
to those determined by moment tensor inversions
of the body-wave trains observed at GDSN sta-
tions performed at Harvard, which are tabulated
by the NEIS,
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nisms associated with the Gilbert Islands swarm.
Several smaller events in 1982 have been analyzed

The four earthquakes analyzed in detail above by Harvard, and their mechanisms are reported by
appear {0 be representative of the range of mecha- the NEIS, but their moments ate too small for the
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Fig. 13. Rayleigh-wave (R) and Love-wave (G) amplitude and phase spectra for 150.59 s period observations and inversion models.
The events are {a) January 7, 1982, (b) February 15, 1982, {c) March 16, 1982, and (d} May 23, 1982. For cach event three solutions
are showsn. The solid line is the result for the major double coupie of the consirained moment tensor inversion tabuiated in Table 11
The dashed line is the result of & fault model inversion for moment using both amplitude and phase information with the orientation
constrained to be that determined by the body waves (Table II). The dotted line is for a similar inversion using only the amplitude
spectra, The moments for the latter two cases are listed in Table IV.



procedure we employ in this paper. In all cases,
the common feature of the mechanisms is the
consistent NNE-88W horizontal orientation of the
compression axis. Thrusting-type mechanisms ap-
pear to dominate in the sequence, though the
oblique compounent varies from event to event.

Though the variability of the focal mechanisms
presents some problems, the total moment release
of the swarm can be estimated at ~ 1.0 x 107
dyne em, or about the moment release for a mag-
nitude 7 earthquake. This value can be compared
to the total moment release equivalent to a M = 6.3
earthquake (~ 2.0 X 10% dyne cm) estimated for
the 19651968 Matsushiro swarm (Hagiwara and
Iwata, 1968), and the lower boundary of 1.5 X 10%
dyne cm for the total moment released in the
swarm accompanying the Fernandina caldera col-
lapse (Kaufman and Burdick, 1980). Ckal (1983)
has estimated that the annual moment release
from all of the globally distributed intraplate
earthquakes since 1964 listed by Bergman and
Solomon (1980) is slightly less than 1.0 x 10%
dyne cm y~ ! This, along with the fact that the
only other magnitude 6 or greater intraplate seismic
activity recorded in the entire Pacific plate, with
the exception of the Hawaiian hot spot, is con-
centrated in the extreme southern tip of the plate
or in the vicinity of the East Pacific Rise (Okal,
1983), indicates the unusually large size of the
Gilbert Isiands swarm.

The Gilbert Islands swarm does not have a
clear precedent, and it is of interest to consider the
origin of the stress release and the location of the
seismicity. The oceurrence of an infrapiate swarm
of large magnitude thrusting evenis runs contrary
to previous observations and models of swarm
activity. Most swarms occur in regions of thim,
heterogeneous crust in rifting environments, which
are often associated with magmatic activity. Typi-
cal oceanic swarms are normal or strike-slip fault-
ing events near ridge or transform segments of the
Mid-Oceanic Ridge system (Sykes, 1970; Tatham
and Savino, 1974). Intraplate swarms have been
documented in connection with volcanism, either
prior to or during episodes of eruption [e.g., at
Mauna Loa, Koyanagi et al. (1975); and near
Tahiti, Talandier and Okal (1983)], or associated

with post-eruptional caldera collapse such as at
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Fernandina, Galapagos Islands in 1968 (Filson et
al.,, 1973; Kaufman and Burdick, 1980). However,
these events involved normal faulting, and the
former have been of a much lower magnitude,
while the latter have had much shorter duration,
than the Gilbert Islands swarm, Stein (1978) has
studied the Chagos—-Laccadive swarm of
1965--1970 in the Indian Ocean, also characterized
by normal faulting, and conciluded that it may
have resulted from failure along a fossil fracture in
the lithospheric plate, in the immediate vicinity of
a major bathymetric feature. Only 16 events were
detected in that ‘swarm’, with the largest event
having a moment of 6.8 X 16* dyne cm, almost an
order of magnitude larger than the next largest
events.

There is no record of a previous large magni-
tude swarm with predominantly thrust faulting in
any ocean basin. In fact, very few swarms any-
where are known to have thrust-fauiting mecha-
nisms. Examples are the Santa Barbara swarm of
1968 (Sylvester et al, 1970), which is believed to
have had oblique thrusting, and the Blue Moun-

Jan, 7 Feb. IS Mar. 16

M 1.0X10% 14 x10%° U0 070t
dyne cm

Fig. 14. Summary of the focal mechanisms and moment de-
terminations for the four largest eveats of the Gilbert Islands
swarm. The top row shows the orientation of the major double
couple found by the constrained moment tensor inversions of
the surface waves. The shaded quadrants are compressional
first motion. The bottom row shows the body-wave constrained
mechanisms along with P-wave first motion data. Note the
consistent orientation of the compressional (P) axes despite the
variation in orientation. The moments are the preferred vzlues
abtained by averaging the body-wave and surface-wave ampii-
tude fault inversion results.
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tain Lake swarm in 19711972 (Sbar et al., 1972).
These were both small magnitude swarms. It is
important to note that most intraplate oceanic
events well-removed from voleanic centers occur
as single, isolated earthquakes, with very few
aftershocks being detected. Thus, the occurrence
of a swarm in the Gilbert Islands is in itself an
unusual event.

The Gilbert Islands swarm is also unusual be-
cause of its principal stress orientation. Typical
oceanic earthquakes, especially in areas more than
a few million vears old, have predominantly hori-
zontal compression axes, that are often oriented in
the direction of ridge spreading (Mendiguren,
1971: Sykes and Shar, 1974; Gkal, 1980), which
has been interpreted as resulting from the ridge-
push system of gravitational sliding forces (e.g,
Mendiguren and Richter, 1978; Okal, 1983; Wiens
and Stein, 1983). Occasionally, major fossil bathy-
metric features appear to distort or even control
the orientation of the stress release (Raleigh et al.,
1972; Stein, 1979; Bergman and Solomon, 1980).
In the present case, the orientation of the compres-
sive stress is clearly not parallel to the direction of
plate motion; rather it is orthogonal to it, and the
tension axis is variable and generally not aligned
with the plate motion either. In this respect, the
Gilbert Islands swarm differs fundamentally from
the seismicity observed at Regions ‘A’ and ‘C in
the south-central Pacific by Okal et al. (1980}, for
which the mechanisms are consistent with a ridge-
push force system. The latter events also had lower
b-values. The stress drops and fault areas esti-
mated from the body waves are comparable to
those found for isolated intraplate oceanic events
{Liuv and Kanamori, 1980), which tend to be in the
order of several hundred bars.

The Gilbert Islands are probably old features
and there is no evidence of a major bathymeiric
feature near the epicenter. Thus, there would be no
a priori reason to expect either magmatic activity
or a locally induced preferred stress orientation in
the region, On the other hand, the events did occur
at the southeastern end of the Gilbert Island chain,
where any new island formation might be expected
to oceur if a recent hot spot had produced the
islands. The offset in the island chain between the
Gilbert and Ellice Istands is not defined by any

clear bathymetric feature, such as a fracture zone,
which would serve as a zone of weakness, though
this does not preclude the existence of such a weak
region within the lithosphere. The focal mecha-
nisms in Fig. 14 have one fault plane that is fairly
consistent from event to event, that trending WSW,
This azimuth roughly corresponds to the direction
along which the Island chain is offset. Since this
plane is the least well-constrained and varies in
dip, it is not clear whether this is a fortuitous
result.

The exact origin of the Gilbert Islands is rather
obscure. Magnetic anomaly data (Larson and
Chase, 1972) suggest that this portion of the ocean
floor was generated ~ 115 Ma ago, at the now
defunct Phoenix—Pacific ridge. The magnetic
anomalies in the sea-floor eastward of the swarm
epicenter increase in age in a northerly direction,
parallel to the trend of the Marshall--Gilbert Is-
land Chain, An offset of ~ 8 Ma in the anomalies
delineates a probable NNW-SSE trending frac-
ture zone in the original ridge system, roughly
aligned with the epicentral region. Larson and
Chase (1972) propose that this feature is an exten-
sion of the Louisville Ridge—Eltanin fracture zone
hneation. Such fossil features have been recog-
nized as zones of weakuess along which intraplate
oceanic seismicity occurs (e.g., Okal, 1983). Even
fracture zones in very old oceanic lithosphere have
the potential to influence stress release, as for the
Bermuda earthquake of 1978 (Stewart and Helm-
berger, 1981), The Gilbert Islands themselves are
presently all coral reefs. The signature in the geoid
of the Gilbert Islands is quite sharp {Parke et al,
1982), indicating that they are uncompensated and
were generated off-ridge. The geoid signature of
the Ellice Islands, on the other hand, is very weak,
and thus they were probably generated at or near
the ridge crest. If the same mantle source pro-
duced the two island systems, the ridge must have
caught up with them, possibly by an episode of
ridge jumping, a process also known to result in
weakness of the lithospheric plate. However, this
would have taken place during the Cretaceous,
during a period of magnetic reversal quiescence,
and would hence be undocumented in the mag-
netic record. Furthermore, Henderson and Gordon
(1981; personal communication, 1983) have sug-



gested that the Gilbert Islands may have been
generated by the Society Islands (Tahiti) hot spot,
while the Ellice Islands have a different source. No
ridge jump would then be necessary to explain the
difference in compensation of the two island
groups. It is clear that our present knowledge of
the bathymetry and tectonic history of the region
is insufficient to account of the occurrence of the
seismicity in the Gilbert islands region.

The possibility that there is a volcanic origin for
the swarm must also be considered. Given the
absence of other evidence for present-day
volcanism in the area, and the apparently large age
of the seamounts in the region, such an explana-
tion is rather speculative. Any ongoing volcanism
in the region would have left no trace of its
activity for the past 5 Ma or so {about the length
of time required to reduce a hot spot-type island
to atoll status), and the sudden onset of activity
would be hard to account for. An examination of
individual SEASAT tracks in the epicentral region
failed to identify any uncharted seamounts com-
parable, say, to the MacDonald Volcano. The
moderately high b-value of 1.35 is comparable to
that of the ‘A’ type earthquakes in Minakami’s
classification (Minakami, 1974; McNutt, 1983),
and the long duration and sustained high peak
magnitudes of the swarm activity do suggest a
steady driving stress such as might accompany
repeated magma injections. The larger earthquakes
occurred rather deep in the crust, and no surface
expression of the activity is necessarily expected.
The Gilbert Islands swarm does differ from swarms
in documented volcanic areas in that such swarms
are usually much shorter-lived, with a few weeks
duration (Sykes, 1970; Francis, 1974; Endo et al.,
1981), and they rarely, if ever, feature a trend of
horizontal compressional axes. The variability of
the focal mechanisms and the complexity of the
short-period signals indicate a complex stress en-
vironment, and it is quite possible that a combina-
tion of a pre-existing zone of weakness and some
magmatic activity could account for the swarm.

It is interesting to note that the area north of
the Samoa Islands (from 6% to 10°8, and 173° to
179°W) had repeated seismicity in 1956, 1957 and
1964, with another possible event in 1940 (Green-
berg and Okal, 1983). While these events cannot
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be analyzed in detail, it does appear that large
scale sustained deformation of the Pacific plate is
occurring in this region. Very long-baseline geo-
detic measurements between the numerous islands
in this part of the Pacific plate may shed light on
the nature of intraplate deformation within oc-
eanic plates.

4, Conclusions

The earthquake swarm which occurred in the
Gilbert Islands between December 1981 and March
1983 is one of the most unusual intraplate events
recorded. No prior seismic or volcanic activity has
been reported in the source region in the historical
record. The swarm produced 217 earthquakes that
were located by the NEIS, with the largest magni-
tudes being m, = 5.8-5.9. Most of the earthquake
mechamisms determined by body- and surface-wave
analysis have predeminantly thrust orientations
with substantial oblique components, while some
events are pure strike-slip. The mechanisms have
consistent compression axes, oriented horizontally
and trending NNE-88W. The stress orientation is
orthogonal to the direction of plate motion, and
there is no bathymetric feature clearly associated
with the fault orientations. The swarm occurred
near an offset of the Gilbert and Ellice Island
groups, which may be a zone of weakness, though
the cause of the offset is not understood. It is not
possible to resolve whether a2 magmatic event or
regional tectonic stresses are responsible for the
swarm activity at this time.
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