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We identify a region of enhanced intraplate seismicity west of the Mathematicians Ridge in the Eastcentral Pacific.
Recent activity includes the Decemnber 2, 1984 event { M, = 6.2} which was accompanied by a swarm of SeISmIC Aciivity,
including 45 recorded shocks in the 3 months preceding the earthquake, and 10 aftershocks extending into 1986
Modeiling of the main shock P and SH wavelorms and a geid search fit to the body wave amplitudes indicates normal

function duration of 7 s; such figures preclude the anomaious low stress drops observed for documented voleanic
carthguakes. We obtain similar focal mechanisms for the October 3 foreshock (my,=35.5) and the May 28, 1986
aftershock {m, = 5.5). Relocation shows that the large June 30, 19435 earthquake {with Gutenberg magnitude 63) was
an intraplate shock which occurred 400 km south of the 1984 epicentral region. Body waveform modeling and moment
variance analysis of P, SH, Love, and Rayleigh waves suggest a normal fauliing mechanism will east-west striking
fault planes at a depth similar to the 1984 event. Small earthquakes also accurred near the 1945 epicenter in 1973, 1978,
and 1985, The seismicity occurs in tectonically complex lithosphere formed just before a re-orientation of spreading on
the Mathematicians Ridge associated with the elimination of offset along the Clarion Fracture Zone. SEASAT data
indicate a significant gravity anomaly in the region of the 1945 event, which may represeni a fracture zone of
substantial offset, but no such features are found near the 1984 epicenter. The earthquakes suggest that concentrations
of normal faulting intraplate earthquakes, found previously in the Indian Ocean; occur elsewhere in the oceanic

lithosphere.
L. Introduction

It has long been recognized that continental
intraplate earthguakes are preferentially located in
certain active regions (e.g. the MNew Madnd and
Charleston fault zones in North America). Thus,
recent results showing that oceanic intraplate
earthquakes are also located preferentially in vari-
ous active zones are ntot necessarily surprising. As
with continental earthquakes, it is not always easy
to identify the cause of such concentrations of
seismicity. In some cases, the seismicity is obvi-
ously linked to large-scale diffuse deformation;
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for example, the large iniraplate earthquakes in
the northern Indian Ocean (Stein and Okal, 1978;
Bergman and Solomon, 1985; Wiens, 1986) are
now interpreted as expressing a diffuse plate
boundary (Wiens et al, 1985). However, other
apparently isolated regions of activity are more
puzzling, and not easily explained in terms of
large-scale plate tectonics. Severat such concentra-
tions of seismicity have previously been identified
along the Southeast Indian Ridge (Wiens and
Stein, 1984; Bergman et al., 1984}, at several loca-
tions in the South Pacific (Okal, 1984), and along
the spreading centers near the Cocos plate (Wiens



and Stein, 1984; Bergman and Solomon, 1984).

In this paper, we exarmine the seismicity of a
region located ~ 600 km to the west of the Rivera
Transform Fault (TF). This important offset of
the East Pacific Rise separates the Pacific plate
from the small Rivera plate to the north, while
its eastern end forms the triple junction with
the Cocos plate. As documented in detail by
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Mammareckx and Klitgord (1982), this is a region
of complex tectonic history, which was involved in
the reorientation of spreading at the time of the
break-up of the Guadalupe plate (itself a remnant
of the Farallon plate) ~ 12 Ma ago. More re-
cently, an eastward ridge jump took place, leaving
a dead rift known as the Mathematicians Ridge.
As a result, available bathymetric and magnetic
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Fig. 1. Seismicity of the study area superimposed on bathymetry and magnetics from Klitgord and Mammerickx (1982). For the 1984
swarm, only events with m,, > = 5.0 have been plotted. ‘P.R.’ denotes Proto-Rivera Fracture Zone (see text). Focal mechanisms are
those derived in this study. The boundary of the Pacific plate is shown as the thick line.
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data in the region are particularly complex (Klit-
gord and Mammerickx, 1982).

The motivation behind the present study came
from an extensive swarm of at least 54 ecarth-
quakes which took place in the area in 1984--1985,
~ 80 km north of the Clarion Fracture Zone (FZ),
and 650 km southwest of the tip of Baja Cali-
fornia (Fig. 1). The main shock on December 2,
1984 (M, = 6.2) represents one of the largest oc-
eanic intraplate events recorded in recent years. A
compilation of historical seismicity shows that a
major earthquake occurred ~ 460 km to the south
on June 30, 1945 (M = 63), together with smaller
events in 1973, 1978 and 1985. These observations

Aaln Foreshock

suggest that this part of the Fastcentral Pacific is a
region of enhanced intraplate seismicity.

2. Seismological studies
2.1. The 19841985 Earthquake sequence

Between September 1984 and July 1985, 54
events were recorded near 20°N, 116° W in the
Eastcentral Pacific. Figure 2 shows the time his-
tory of the swarm as reported by the Preliminary
Determination of Epicenters (PDE) Bulletins. In
addition, two events with magnitudes m, = 4.5
and 5.5 occurred in April and May, 1986. Table |
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Fig. 2. (Top) Time lustory of the 1984-1985 swarm derived frorm the monthly listings of the Preliminary Determmation of Epicenters.
Before September 1984 no seisicity had been detected in the immediate epicentral region . {Botiom) Continuation to 1986. Note
apparent end of swarm, period of quiescence, followed by the two 1986 aftershocks.



TABLEI

Epicentral parameters of the 1984-1985 swarm
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Date Origin time Latitude Longitude Number of Magnitudes
Year Month Day GMT ON W stations

iy, Ms
1984 09 12 21:56:27.1 15.87 115.89 85 5.1 4.6
1984 (9 15 05:46:57.3 2613 11575 11 4.1
1984 (% 15 19:52:02.3 26.09 115.86 75 5.0 4.1
1984 09 19 06:40:47.6 20.23 115.37 17 4.1
1984 09 1% 20:55:22.1 19.10 115.87 23 42
1984 09 28 12:07:41.8 20.11 115.93 g7 52 5.1
1984 09 28 15:42:01.1 2007 115.87 72 5.0 40
1984 16 01 90:23:12.5 19.86 115.88 84 50
1984 10 G3 12:13:56.7 19.46 11594 19 4.2
1984 19 95 06:23:31 8 20.02 115.78 21 4.5 34
1984 10 a5 (9:48:44.3 260,10 116,01 126 5.3 4.6
1984 10 07 23:20:37.6 26,19 115.7% i5 4.1 32
1984 10 08 04:15:18.7 20.14 115.77 18 4.0
1584 10 16 02:19:21.2 19.83 11596 50 5.6 4.0
1984 10 13 23:65:12.0 19.89 116.68 12 42
1984 10 15 10:23:04.0 19.62 11609 Kl 4.3
1984 1CG 17 22:33:44.9 19.47 115.68 % 440 3.7
1984 106 18 07:19:18.3 19.95 115.84 15 4.0
1984 10 19 07:23:22.3 19.61 116.10 7 3%
1984 10 20 16:19:13.4 2011 11586 15 38
1984 19 22 07:56:34.4 26.01 115.94 67 4.9 4.1
1984 10 23 07:26:52.5 20.52 115.54 9 38 32
1984 10 26 16:32:26.2 19.52 116.14 15 42 4.1
1984 10 28 12:33:52.7 20.20 115.67 6 4.2 30
1584 11 03 03:01:39,1 2018 11602 33 4.7 4.6
1984 11 04 21:49:31.5 20.24 1158.70 26 45 38
1984 11 05 21:11:033 2013 115.76 13 4.2
1984 11 08 02:17:31.0 20,13 115,94 16 4.6
1984 11 15 20:24:18.7 20.04 115.74 17 42
1984 11 17 0G:17:40.3 20.29 115,70 14 4.1
1984 11 17 04:38:02.4 26G.05 11578 21 4.3
1984 11 17 20:58:02.3 2612 115.8% 34 4.7
1984 11 18 12:20:54.7 20.14 115.62 18 4.4
1984 11 19 (4:54:48.0 20.21 115.94 28 4.8
1984 11 22 06:41:39.9 20.02 115.69 14 41
1084 11 26 01:12:33.1 20.24 115.89 103 52 4.6
1984 11 26 05:07:54.7 20.18 115.83 25 4.6 3.7
1984 11 26 07:16:07.3 20.08 115.41 7 4.2 39
1984 11 28 03:51:38.4 19.81 11597 15 4.2
1984 11 28 17:51:05.6 19.64 115.93 17 4.4
1984 11 28 20:19:39.1 18.79 115.76 6 42
1984 11 28 22:11:033 19.91 115.74 6 36
1984 11 28 23:44:31.1 20.11 1156.03 20 4.4
1984 11 5 (6:02:44.8 20.13 115.80 24 4.5 3.3
1984 12 02 05:34:33.7 19.77 115.94 14 4.4
1684 12 0z 06:09:44.0 20.36 11576 264 6.0 6.2
1984 12 174 08:19:56.7 20.01 115.73 4 4.4
1984 12 69 06:32:38.1 20.08 115.81 53 4.8 43
1984 12 10 03:31:56.6 20.17 115.99 96 5.8 44
1984 12 13 18:23:305 20.17 115.76 13 44 33
1985 01 23 20:36:21.7 206.54 115.66 7 35
1985 01 25 06:21:43.6 19.86 115.94 12 42
1985 @3 G4 19:33:447 19.56 115.27 7 38
1985 07 14 21:43:26.7 2039 115.56 19 3.7 33
1986 04 13 09:57:02.0 20.11 115,99 21 4.5

1986 03 28 13:33:144.1 19.98 115.93 105 5.5 51
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is a complete listing of the location parameters for
all events detected in the region, as of February 6,
1987, The 48 foreshocks occurred at an approxi-
mately oniform rate between September 12, when
the swarm commenced with an m, =351 event,
and December 2, when the M, = 6.2 main shock
occurred. Despite the overall uniform rate of ac-
tivity, short periods of quiescence occurred be-
tween Sepiember 19 and 28 and between Novem-
ber 8 and 15. A large number of small events,
preceded by an m,, = 5.2 shock, were recorded on
November 26-29, followed by 3 days of quies-
cence before the main shock. A small event (m,, =
4.4} preceded the main shock by ~ 30 min. Only
10 aftershocks were recorded; predominance of
foreshocks over aftershocks is strong indication of
the swarm-like nature of the sequence.

On the other hand, the 1984 swarm does not
show the apnomalous frequency-magnitude rela-
tionship often found in swarms (Fig. 3). Its &
value, calculated using the maximum likelihood
formulation of Aki (1965) for a minimum magni-
tude of 4.2, is 1.05, with 90% confidence limits of
+ 0.26. Successive calculations showed that the b
value exhibits little variation for different assumed
minimum values down to 4.2, indicating nearly
uniform detection above that magnitude. The b
value of 1.05 lies close to the global average of 0.9
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Fig. 3. Frequency-magnitude characteristics of the swarm.
Solid squares derote cumulative frequency, triangles the num-
ber of earthquakes within each s, window of 0.1 unit. The
solid lne corresponds to the maximum kkelihood & value
slope of 1.05.

for oceanic intraplate earthquakes reported by
Bergman and Solomon (1980). It is significantly
lower than that derived from other oceanic swarms
such as those on the Mid-Atlantic Ridge (b=1.3)
(Sykes, 1970), the 1968 Fernandina Caldera col-
lapse (b = 1.24-2.53) (Francis, 1974), and the Gil-
bert Islands swarm of 1981-1983 (b = 1.35) (Lay
and Okal, 1983). This difference in character is
not surprising, if only since the latter swarms did
not feature a clear “main shock’.

Figure 4a shows the geographic distribution of
all swarm events. The north—south region defined
by the entire epicentral dataset is probably an
artifact of the station distribution: for the smaller
events detected only by North American stations,
resolution becomes poor, and the uncertainty el-
lipses clongated, in this direction. More signifi-
cantly, the larger and better-located events (m, =
5.2; see Fig. 4b) are concentrated along a 30 km
long zone oriented NE-5W, which we will show,
coincides with the fault plane orientations found
from our body wave studies. The two aftershocks
which occurred in 1986 were located 30 km to the
south of this line, a distance significantly larger
than the uncertainty in the location of the largest
one.

2.2. The June 30, 1945 earthquake

The June 30, 1945 event, which occurred ~ 400
km south of the 1984-1985 sequence, was well
recorded by a large number of stations in the
Americas and Europe, as well as in Hawait and
New Zealand. As a result, the precision of its
relocation is particularly good, given the magni-
tude and date of the earthquake. P wave arrival
tirnes listed in the International Seismological
Summmary (ISS) were used in an iterative least-
squares relocation program, eliminating arrival
times which show a residual of more than 2.5
times the root mean square {rms) residual between
tterations. On the basis of the body wave model-
ing (see below), we fixed the hypocentral depth at
12 km.

The final solution, based on arrival times from
55 stations, gave latitude 16.6°N, longitude
115.8°W, with an rms residual of 2.0 s. This
locatton is ~1° SW of that given by Gutenberg
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Fig. 4. Geographic distribution of the swarm events, as located in the PDE listings. (Left) All events scatter over a considerable area
with a north—south trend, probably due to the orientation of the uncertainty elfipse associated with a typical station distribution.
(Right) Well located events {m, = 5.2) define a much smaller region and are apparently aligned with the main shock nodal planes.

and Richter (1954) (17°N, 115°W). The 90%
confidence ellipse, calculated using the procedure
of Flinn {1965), suggested unceriainties in latitude
and longitude of £0.2°. As the nearest plate
boundary, the Rivera Fracture Zone, is ~ 750 km
away, this relocation firmly establishes the intrap-
late nature of the event.

TABLE Ii

Other seismic events in the study area

2.3. Other events

We systematically searched the NOAA tape of
epicenters for all instrumental intraplate seismic-
ity in the area located between latitudes 10 and
25°N, and longitudes 135 and 105° W, for the
years 1900-1983, to detect any possible extension

Bate Origin time Latitude Longitude Number of rms Magnitudes
Year Month Day GMT (°N) (°W) stations residual (s} M
Confirmed

1945 06 30 05:31:20 16.6 1158 53 2.0 &3
1973 03 o7 16:27:13.1 16.65 116,12 77 4.7

1978 0§ 27 01:10:28.4 14.93 113.97 40 5.0 52
1983 03 ) 12:47:09.9 16.67 113.53 67 4.7 4.5
1986 03 24 19:43:23.4 18.01 113.44 37 5.0 5.1
Tentative

1930 09 22 05:01:47 15.08 11207 6 30
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TABLE III

Other intraplate epicenters in the Eastcentral Pacific

Date Origin time Latitude Longitude Number of £ms Magnitudes
Year Month Day GMT {°N) (° W} stations residual (s) m
Confirmed

1949 12 10 19:15:45 412 128.85 17 1.7 5%
1961 07 23 14:37:53 6.81 123.67 20 1.5 54
1963 10 06 08:48:12.4 219 1274 13 4.0

1966 09 24 08:57:10.2 120 130.8 38 5.2

1977 68 04 11:06:52.2 2.530 115.747 28 4.6

1983 06 12 18:30:06.5 4,654 132,061 8 4.6 4.3
1983 06 235 02:46:39.8 10530 130.324 21 4.6 43
Tentative

1933 01 04 21:10:45 28.42 126.99 17 22 60

of the seismic activity outside of the immediate
vicinity of the earthquakes studied. We eliminated
from the results all events related to the East
Pacific plate boundary, as well as a series of
earthquakes along the southern tip of the Baja
peninsula, which probably have their origin in a
localized stress field. * Because of the fundamen-
tally different epicentral accuracies involved, we
discuss separately the resulting datasets before
and after 1963.

For the period postdating 1963, Table II shows
that several small recent events have occurred in
the general region of the 1945 earthquake. An
m, =47 event occurred in 1973 within 40 km of
the 1945 epicenter, suggesting a possible reactiva-
tion of the same fault. Three events with m, =
4.7-5.0 also occurred east of the 1945 epicenter in
1978, 1985 and 1986 (Fig. 1}. The remainder of the
study area has been extremely quiet since 1963,
with only five events scattered over more than
4 % 10% km?,

The situation is much more uncertain regarding
the historical (pre-1963) earthquakes, In addition
to the 1945 event, our computer search of the
NOAA tape initially suggested 35 events. Among

* We also eliminated 12 or so Philippine earthquakes erro-
neously given on the NOAA tape a Western, rather than
Eastern, longitude of between 120 and 130°, While these
errors are obvious when confronted with ISS Hstings, they
stress the exireme caution to be used when interpreting
historical events from a single source such as the NOAA
tape.

those, eight were not listed in the ISS, 12 were
listed but with too few data, six relocations failed
to converge to a solution stable with respect to a
restriction of the dataset, and five relocated to the
plate boundaries. Among the four new intraplate
solutions found, two achieved tms residuals of 2 s
or less with a considerable number of arrival
times, giving these locations a degree of confi-
dence comparable to present-day locations. We
report them as ‘confirmed’ locations in Tables 11
and 1. The remaining two relocations had gener-
ally fewer reported arrivals and rms residuals of
between 2 and 3.5 s; past results suggest that these
locations may be in error by several degrees (Stein
et al., 1987). We label these two relocations (in
1930 and 1933) as ‘tentative’ in Tables I1 and II1.

The picture emerging from this compilation is
the following:

(1) the 1984-1985 swarm and its 1986
aftershocks make up an isolated cluster of seismic-
ity;

(2) two events (in 1973 and 1985) are aligned
with the 1945 shock along an east-west line, which
we will see coincides with the strike of the fault
plane;

(3) a diffuse patch of seismicity comprising four
events exists along the Mathematicians Ridge and
its western slope (1978, 1985, 1986, and possibly
1930); and

(4) the rest of the Eastcentral Pacific is an
extremely quiet seismic zone.

It should be noted that we have taken the
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DECEMBER 2, 1984
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Fig. 5. Mechanism determination for the December 2, 1984 mainshock. (Upper left) Grid search for the mechanism best fitting the
polarities and P and SH amplitudes for a dip of 55°; grid searches for other dips showed higher errors. (Right) P and SH focal
mechanisms, with some waveforms, along with synthetic seismograms computed for the chosen mechanism and depth and a total
time function duration of 7 5. SH polarity foliows Kanamori and Stewart’s (1976) convention. (Lower left) Normalized squared error
as function of focal depths for WWSSN P waves, indicating a depth of 14 km.

conservative approach of deleting all historical
events for which relocation results were too poor
to ensure an intraplate character; however, we
cannot, in several occasions, affirm that those
carthquakes are interplate; therefore, there re-
mains the possibility of additional small historical
intraplate earthquakes in the area.

2.4. Focal mechanisms

Three events from the 1984-1985 swarm proved
large enough for a study of their mechanism: the

December 2, 1984 mainshock (m, =6.0; M =
6.2, the largest foreshock on October 5, 1984
{my=356; M =46}, and the May 28 1986
aftershock (m, = 5.5; M,=5.1). Figure 5 shows
the mechanism determination for the mainshock;
P and SH first motions from GDSN stations and
several stations in California and Mexico provide
tight constraints and suggest a normal faulting
mechanism with nodal planes oriented northeast—
southwest. Study of P and SH waves from GDSMN
stations using standard body wave modeling tech-
niques (e.g. Langston and Helmberger, 1975) fur-
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ther constrain the mechanism and provide a good
fit to the data. In addition to fitting the wave-
forms, "we used a grid-search technique to de-
termine the solution best fitting the P and SH
amplitudes by finding the mechanism which pro-
duced the least variance between moments de-
termined from different waveforms (Fig. 5, top
left). The seismic moment, 4.9 X 10% dyn-crm, sug-
gests that this is one of the largest recent oceanic
intraplate earthquakes.

To constrain the depth and source time func-
tion of the event, and because the long-period
nature of the GDSN instrument response limits
the resolution of these parameters, we also in-
verted the P waveforms from seven azimuthally
distributed WWSSN stations. The inversion con-
sists of deconvolving the suite of seismograms
using a variation of Kikuchi and Kanamori’s
(1982) algorithm, and kernels generated for several
depths. The best-fitting centroid depth and source
time function are obtained as those minimizing
the deconvolution error. Tests with synthetics
{Stein and Wiens, 1986) have shown that this is a
robust method for determining depth and time
function, even in the presence of source complex-
ity or small errors in mechanism. Since this method
determines the depth without a priori assumptions
on the source time duration, it helps resolve the
partial trade-off often found between these
parameters for shallow earthquakes (Wiens, 1985).

Figure 5 shows some waveforms and synthetics,
as well as a plot of error vs. depth for WWSSN P
waves. The centroid depth indicated by the error
minimum is 14 km; we estimate the uncerfainty as
+2 km. The deconvolution indicates a simple
source time function of 7 s duration. We also
examined possible trade-offs between depth and
focal mechanism parameters by inverting the data
with other possible mechanisms, and found this
depth to be robust with respect to small changes
in mechanism parameters.

As the source time function provides informa-
tion on the extent of the rupture, we can put
constrainis on the stress drop Ao from the formula
Ao =C M°2 (1)

Lw

where C is a constant depending on the fault

geometry and Poisson ratio of the material (~ 1 in
most common cases), M, is the seismic moment,
and L and ¥ are the length and width of a
rectangular fault (Kanamori and Anderson, 1975).
Both the source time function (assuming a rise
time of 1 s, and a rupture velocity of 0.8 times the
shear velocity) and the extent of the swarm’s
epicentral area (restricted to well-located earth-
gquakes; m, = 5.2) suggest a maximum fault length
L = 45 km. The width of the fault is limited by the
extent of the brittle zone for oceanic lithosphers
this age, giving W <20 km. Thus, a punimum
value Ao =25 bar is obtained, Very low stress
drops, such as those observed during volcanic
events such as the Fernandina caldera collapse (1
bar, Kaufman and Burdick (1980)), would require
either unrealistic fault lengths, or fault widths
extending deep into the ductile zone of the mantle,
or both. In brief, this earthquake does not exhibit
anomalously low stress drop.

The dataset for the October 5 foreshock was
much more limited, since the signal was near the
notse level at many GIDSN stations, and no clear
first motions were observed for stations outside
North America, Figure 6 shows the mechanism
determined for the October 5 event, along with
observed and synthetic body waves. The proce-
dure was the same as for the December 2 event,
using waveform modeling and a grid-search fit to
the P and SH amplitudes. The poor station-distri-
bution for this event resulted in greater uncertain-
ties in the mechanism. The fault strike has particu-
larly large uncertainties, acceptable strikes range
from ~N30°E to NY90°E, but the best fitting
solution is basically that of the December 2 event.
The waveforms were best fit by a model depth of
13 km (with fairly large uvncertainties resulting
from the long period nature of the GDSN instru-
ment response) and a moment of 1.4 x 10** dyn-
cm. Figure 7 similarly shows results for the May
28, 1986 aftershock. The focal parameters ob-
tained are, again, very similar to those of the main
shock. '

Results recently obtained by an automated mo-
ment tensor inversion of long period body waves
{Dziewonski et al., 1585) are in general agreement
with the focal mechanisms determined in this
study. The Harvard mechanism for the main shock
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OCTOBER 5, 1984
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Fig. 6. Mechanism determination for the October 5, 1984 foreshock. Methodology follows that of the man shack (see caption to Fig.
3). Poor station-distribution results in larger uncertainties.

MAY 28, 1986
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Fig. 7. Same as Fig. 6 for the May 28, 1986 aftershock.
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JUNE 30, 1945
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Fig. 8. Mechanism determination for the June 30, 1945 earthquake, (Top left) Moment variance results giving the mechanism best
fitting the polarities and P, SH, Love, and Rayleigh wave amplitudes (Wiens, 1986}, Dips other than 40 © showed higher errors. (Top
right) Inferred P wave focal mechanism. Large symbols denote distinet impulsive first motions from actual records, small symbols
show pelarities reported to the ¥8S. (Bottom) Body wave modeling for the 1945 evenl. The synthetics provide a good fit to the data at
a depth of 12 km with a total time function duration of 6 s.

(strike =427, dip = 66 °, slip = 268° ) has a steeper Figure 8 shows the focal mechanism determina-
dip for the southeast dipping nodal plane. The tion for the June 30, 1945 event. Impulsive P wave
mechanism determined here provides a better fit first motions from western U.S. stations indicate
to several of the SH waveforms, to P wave dilata- compression, whereas P waves from Weston, San
tions recorded in South America, and to the strong Juan, and La Paz indicate dilatation. However, the
compressional P wave first motion recorded at P wave first motions alone are insufficient to
Pusadena. The Harvard solution for the October 5 determine a unique focal mechanism.

foreshock (strike = 83°; dip = 61°; slip = 282°) To refine our solution, we used the moment
and the May 28, 1986 aftershock (strike = 53°; variance technique, as introduced by Wiens (1986).
dip = 64°; slip=271°) are also consistent with This is a particularly robust method for obtaining

OUrs.



focal mechanisms from sparse data sets. It de-
termines a focal mechanism through a grid search
analysis optimizing the fit to a dataset which may
inchude P wave first motions, P, SH, Love, and
Rayleigh amplitudes, and 8§ wave polarizations.
The advantage of this method is that it uses a
large number of constraints simultanecusly to de-
termine the best fitting mechanism, thus minimiz-
ing the reliance on an mdividual datum; it also
allows the model space to be examined for local
minima, which may be a problem with sparse data
sets. Tests with data from recent earthquakes of
known mechanism show that this procedure can
accurately determine focal mechanisms given data
from as few as one or two stations (Wiens, 1986).

Figure 8 (top left) shows the moment variance
results using P waves from La Paz and Weston,
SH waves from Weston, and Love and Rayleigh
waves from Weston, Pasadena, and Christchurch.
The figure represents a slice through the model
space at a constant dip of 40° with minima in
moment variance outlined. Both minima represent
normal faulting on east-west frending planes.
Similar analyses were performed with other dips;
they resulted in higher errors. The best fit to the
amplitudes was achieved for the focal mechanism
shown in Fig. 8.

The normal faulting mechanisms provided an
excellent fit to the body waves, as shown in Fig. 8
{bottom). The body waveforms are well matched
by models generated for a depih of 12 km, and a
simple trapezoidal time function with a duration
of & s. The median moment obtained from the
body and surface wave analysis is 1.1 X 10%° dyn-
om.

TABLE IV

Source parameters determined in this study
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The 1973 and 1978 events in the immediate
vicinity of the 1945 epicenter were too small to
produce identifiable long period body waves, and
we could not find enough clear short period P
wave first motions to justify an attempt at focal
mechanism determmation., However, the small
aumber of distinct first motions available are con-
sistenit with normal faulting mechanisms. Source
parameters obtained in this study are summarized
in Table IV,

3. Local tectonics and SEASAT data
3.1, Tectonic context

In this section, we discuss the general tectonic
framework of the epicentral areas. We base our
study on the detailed tectonic reconstruction and
maps by Klitgord and Mammerickx (1982) and
Mammerickx and Klitgord (1982}, Figure 1 is
adapted from these authors® plates, and correlates
the epicenters with their data. In addition, we use
SEASAT altimetry data, to investigate the geoid
signature of a number of local features in the area.
SEASAT coverage of the area is shown in Fig. 9.

As mentioned earlier, this part of the Pacific
Ocean floor has undergone a number of complex
spreading reorientations and ridge jumps since the
Mid-Miocene. In particular, the oceanic litho-
sphere in the epicentral area of the 1984-1985
swarm was produced just before the change in
spreading direction along the Mathematicians
Ridge from NNW-S8SE to WNW-ESE at about
12 Ma (Mammerickx and Klitgord, 1982).

A major tectonic feature in the area is the

Date Focal mechanism

Depth Seismic moment

Year Month Day

(k) {16%° dyn-cm)

Strike Dip Slip P Axis T Axisg
[+] (4] o
) ) ) Plange Azimuth Plunge Azimuth
") ") ] €%)

1945 06 30 80 40 270 85 170 5 350 1244 11.0
1984 10 as 60 45 290 76 33 2 316 1343 0.14
1984 12 a2 50 33 270 80 320 10 140 14+2 4.9
1986 05 28 40 50 280 81 3 5 123 15+5 0.28
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Fig. 9. SEASAT coverage of the area under study, superimposed on bathymetry by Chase et al. (1970). The large dots are the

epicenters of the 1943 and 1984 events.

Clarion Fracture Zomne, well identified in the
bathymetry and magnetics from our study area all
the way to the Line Istands (165°W). In our
region of interest, it features a South to North
drop in the geoid of 60 cm (see Fig. 10}. Accord-
ing to various models of the thermomechanical
evolution of the lithosphere (e.g. Cazenave and

Okal, 1986), and for an ocean floor on the average
12 Ma in age, this offset corresponds to an age
gap of 6 Ma between the two sides of the FZ, in
agreement with the magnetic anomaly offset
mapped by Klitgord and Mamrmerickx (1982) (e.g.
5c and 6 at 117° W). Further east, both the bathy-
metric expression and the SEASAT signature of
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Fig. 10. Residual geoid height along selected ascending
SEASAT tracks across the Clarion FZ. Note disappesrance of
signal East of 116° W, Linear trend over range of latitudes
plotted has been subtracted from data, Fach track is offset
{inearty in loagitude.

the Clarion FZ die out around 116 °W. This rapid
decrease in age offset around the time of anomaly
5 was related to the transfer of spreading from the
Farallon system to the Mathematicians Ridge.
The 1984 epicenter falls 80 km north of the
Clarion system, in the immediate vicinity of a
smaller fracture zone identified in the magnetic
record by Klitgord and Mammerickx {1982) con-
tinuously from 117°W eastward, These authors
map it as continuous with the southern boundary
of the Rivera Fracture Zone. West of 117° W, this
‘Proto-Rivera’ FZ is offset a few kilometers to the
North. its age offset, ~ +1 Ma to the North in
ihe epicentral area, changes polarity (to +1 Ma to
the South) west of 120° W. Thus, the Proto-Rivera
FZ behaved as a minor ‘zero-offset-transform’
during the Miocene, and may have controiled the
process of stabilization of the Rivera TF at its
present location. While it could be tempting to
wterpret this feature as a zone of weakness re-
sponsibie for preferential stress release, we must
keep in mind that its offset (¥ Ma) would create a
bathymetric signature of <100 m and a geoid
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Fig 11. Residual geoid height along SEASAT track 269 pass-
ing over 1984 epicenter. Mote absence of significant signal.
Lincar trend over range of latiudes plotted has been sub-
tracted from data.

signal of ~ 10 cm, both of which would go unde-
tected with present technelogy. 1t is indeed doubt-
ful whether bathymetric accidents on such a small
scale are the exception or the norm on the ocean
floor. In any case, the geoid signature along track
269 passing exactly above the 1984 epicenter re-
veals ne ancmalous signal {Fig, 11).

In the arca of the 1945 shock, Mammerickx
and Klitgord's (1982) reconstruction shows litho-
sphere approximately the age of anomaly 5b (15
Ma), having been generated at the Pacific—Guada-
lupe Ridge. As shown in Fig. 12, seven SEASAT
tracks consistently reveal a prominent step-like
feature at ~ 16.8° N. Its geoid signature on tracks
128, 248, 58, 149, 168, 288 and 190 is typical of a
fracture zone, and we tentatively interpret it as a
short ‘Downwind—Shimada’ F7Z, which we name
after two bathymetric features which grossly delin-
cate its extension (the Downwind Seamount and
the Shimada Bank). Its polarity is down (older) to
the South; its offset Ak in the geoid is 70 em,
which would correspond to an age offset Aa of
6.5 Ma, using an average Ah/Aa =105 cm a™'
{Cazenave and Okal, 1986). The Downwind-
Shimada FZ is recognized from 118 to 114.5°W,
indicating that it was active along the Pacific—
Guadalupe Ridge only from 19 Ma to the re-
organization at the Mathematicians Ridge at 12
Ma. Possibly because of this short period of activ-
ity, it is not mapped in Klitgord and
Mammerickx’s (1982) study.
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The 1973 event (m, = 4.7) also maps along the
Downwind--Shimada FZ. The 1985 event (m, =
4.7} is located in the prolongation of the Down-
wind--Shimada FZ, but in an area where its sig-
nature has vanished from the geoid.

The tentative locations of the 1930 earthquake,
and the well-located 1985 and 1986 epicenters fall
along the line separating, on present-day Pacific
plate, lithosphere generated at the Guadalupe-
Pacific Ridge and at the Mathematicians Ridge.
Such borders have been tentatively identified
elsewhere as lines of weakness, where seismicity
can be preferentially sited (Okal and Bergeal,
1983). Among the scattered epicenters revealed by
our wide scale search, the 1961 earthquake
relocates to the vicinity of the Siqueiros FZ, and
the 1977 earthquake to the fossil Farallon Ridge
segment between the Galapagos and Sigueiros Fifs.
The other epicenters cannot be associated with
known bathymetric features. The level of correla-
tion between these earthquake epicenters and
topographic features is in line with worldwide
results (Bergman and Solomon, 1980; Okal, 1983).

4. Discussion

Previous studies have suggested several proces-
ses which can cause concentration of normal fault-
mng seismicity in oceanic lithosphere, Such earth-
quakes have been commonly found in the younger
parts of oceanic plates { Wiens and Stein, 1984;
Bergman and Solomeon, 1984) and recent models
such as Bratt et al.’s (1983) have interpreted them
as the release of thermal stresses due to the rapid
cooling of the plate as it moves away from the
ridge. Alternatively, concentrations of large ‘in-
traplate’ earthquakes, some of them featuring nor-
mal faulting, can represent deformation along a
diffuse plate boundary, e.g., in the Indian Ocean
(Wiens et al., 1985). Finally, intraplate volcanism
has been known to cause swarms of normal fault-
ing earthquakes (e.g. the 1968 Fernandina caldera
collapse (Filson et al., 1973).

Evidence suggesting that thermoelastic stresses
may be important sources of seismicity in the
young oceanic lithosphere includes the decrease in
the intraplate seismicity rate with lithospheric age
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(Wiens and Stein, 1983), and the agreement of the
inferred stress orientations and depths of intrap-
jate earthquakes in young lithosphere with the
predictions of thermoelastic stress calculations
(Turcotte, 1974; Bergman and Solomon, 1984;
Wiens and Stein, 1984; Bratt et al, 1985). The
Eastcentral Pacific events show several similarities
to the young lithosphere events generally associ-
ated with thermoelastic stress. Klitgord and Mam-
merickx’s (1982} magnetic anomaly identifica-
tions, interpreted 1n the chronology of Harland et
al. (1982), show that the earthquakes occurred in
lithosphere of ages 18 and 15 Ma, Also, the earth-
quakes are located at mantle depths (12-15 km),
where the greatest tensional stresses are predicted.
Turcotte (1974) suggests that thermoelastic
stress should give rise to tensional stresses ori-
ented parallel to isochrones (ie. parallel to the
spreading ridge and perpendicular to the trend of
fracture zones}. Systematic surveys show that the
tensional axes of intraplate earthguakes in young
oceanic lthosphere are preferentially aligned in
this direction, although a large scatter is observed
(see Fig. 5 of Wiens and Stein (1984)). In the case
of the 1945 event, the ortentation of the tensional
axis (N10° W) is nearly parallel to the isochrones,
and thus to the predicted direction of thermoelas-
tic stress. The location of the 1945 event along the
geoid feature tentatively identified as a fracture
zone suggests that it may represent a perfect ex-
ample of the thermal ecrack model of fracture
zones (Turcotte, 1974; Sandwell, 1986). The ten-
sional axes of the 1984-1986 swarm events {~
N40° W) show a greater deviation from the pre-
dicted direction of thermal stress; however, this
deviation is well within the scatter found for other
events in young lithosphere. Thus, it is in principle
possible to propose thermoelastic stress as a mech-
anism for the Eastcentral Pacific events.
However, there are difficulties with applying
the thermoelastic stress model to the Eastcentral
Pacific. First, as illustrated by the mere size of the
earthquakes, this seismucity adds up to an
abnormally high seismic moment release: the 1984
mainshock studied here is itself one of the largest
oceanic intraplate events since the advent of the
WWSSN network., Among normal faulting oc-
eanic mtraplate earthquakes, only the 1983 Chagos
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event was larger than the 1945 shock, and an
event near Deception Island in 1971 comparabie
in size; both of those were clearly associated with
processes other than thermal stresses: the former
with the diffuse Indian Ocean boundary, the fatter
occurred within a major rift zone (Pelayo and
Wiens, 1986). The concentration of large events
within a small region observed in the Eastcentral
Pacific is difficult to explain using thermoelastic
stresses, which should be relatively uniformiy dis-
tributed owing 1o the uniformity of the tempera-
ture of the oceanic lithosphere. Furthermore, the
highest concentration of thermoelastic stress
should be in the youngest hthosphere. For in-
stance, Bratt et al’s (1985) model shows that
stresses in very young lithosphere should be several
times the stresses in lithosphere of age 15--20 Ma;
indeed in other oceanic provinees, most near-ridge
seismicity occurs in lithosphere younger than 15
Ma, while in the Eastcentral Pacific evenis occur
in lithosphere of age 15 and 18 Ma.

With this remark in mind, we first address the
question whether the intense 1984-1985 could be
due to a burst of intraplate volcanism. Although it
1s difficult to totally rule out this possibility, several
lines of evidence argue against it.

First, no topographic feature is known at the
location of the 1964 swarm, either from shipboard
bathymetry or from satellite altimetry. While large
normal faulting earthquakes occasionally occur as
part of documented volcanic episodes, these have
been interpreted as expressing the tectonic read-
justment of large volcanic edifices, either islands
or large seamounts showing up prominently in the
geoid. No such feature is known in the epicentral
area of the 1984 swarm. Furthermore, swarms
associated with volcamsm typically have anoma-
lous frequency—magnitude relations, with & values
ranging from 1.4 to more than 3 (McNutt, 1983),
whereas our 1984 swarm had a » value of 1.05+
0.26. However, this b value alone should not be
taken as a definite proof against a volcanic nature
of the swarm: the earthquakes recorded at a tele-
seismic distance could conceivably represent the
final, ‘tectonic’, stage of a major volcanic swarm
whose magmatic events featuring the increased b
value, but being of a lower magnitude, would have
escaped detection (see, for example, Talandier and

Okal (1984) for a discussion in the case of a
weil-documented volcanic swarm). Finally, the
alignment of the major, well-located, events of the
swarm along one of the fault planes determined
from the focal mechanism study argues strongly
for a tectonic process.

Other concentrations of intraplate seismicity
are apparently related to regions of enhanced
tectonic stress or regions of preferred stress re-
lease. Okal et al. (1980) suggest that concentra-
tions of smaller magnitude seismicity in the
south-central Pacific released ‘ridge-push’ stresses.
Seismicity on the Cocos plate west of the Panama
Fracture Zone, including a swarm in March, 1976
(Wiens and Stein, 1984) may be related to diffu-
sion of strike-slip motion from the Panama Frac-
ture Zone to ‘inactive’ fracture zones to the west.
Okal et al. (1986) have interpreted the seismicity
at the site of the Gilbert fslands swarm as due to
the early stages of the reorganization of the South-
west Pacific subduction zone. However, in none of
these cases has the seismicity featured the release
of horizontal tensional stresses.

Another possibility would be to associate the
earthquake concentration in the Eastcentral Pacific
with major, plate-wide, processes, such as diffuse
plate boundaries, as exemplified by the seismicity
of the Indian Ocean near the Ninetveast Ridge
and Chagos Bank (Stein, 1978; Stein and Okal,
1978; Wiens, 1986). (Earthquake concentrations in
the Caroline Basin region (Weissel and Anderson,
1978; Hegarty et al., 1983) and in the Atlantic
Ocean between the Caribbean plate and the Mid-
Atlantic Ridge {Stein et al., 1982) also appear to
result from tectonic deformation associated with
diffuse plate boundaries.) However, our sys-
tematic search of intraplate seismicity in neighbor-
ing areas has failed to document any potential
piate-wide process, and emphasized the lLimited
extent of this region of concentrated seismicity. In
this respect, this area differs substantially from the
region bordering the Southeast Indian Ridge in
the Indian plate, whose enhanced normal faulting
setsmicity has been successfully explained in terms
of plate-wide processes, such as stress perturba-
tions in the Australian plate (Cloetingh and
Wortel, 1983) or thermoelastic stresses (Bratt et
al., 1985},



in conclusion. the mosi important result of this
study is the coz‘rcmz"utim} of farge normal fauliing
carthguakes e the Bastcentral Pacific, a paliern
previously ohserved only in the Indian Ocean. The
tectonie sigmficance of these earthguakes remains
uncertam. While thelr individual moechanisms can
e explained from thermoe  slic siresses. their ap-
parent concentration within : region a few hundred
kilometers in dimension may indicae thai such
carthguakes result from localized sivess perturba-
tions from as yet undiscovered sources. Alterna-
tively, they may indicate that the effect of thermo-
clastio stresses on seismicity 1s modified by local
slress perturbations which tend 0 concentrate
carthquakes within small regions, or that the re-
fease of thermoselastic stress is extremely non-uni-
form and synchronized i time over regions on the
scale of hundreds of kilometers. Further analvsis
of current and  lustorical oceanic  intraplate
seismicity will be necessary for a more delinitive
interpretation.
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