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SEISMICITY
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Department of Geology and Geophysics, Yale University,
Box 6666, New Haven, Connecticut 06511

Introduction

The occurrence of seismicity at the surface of the globe largely along
preferential lines, now recognized as mid-oceanic ridges and subduction
zones, was key evidence for the development of the theory of plate tectonics
in the 1960s. Indeed, many plate boundaries, especially some of the
southern, less accessible ridges, were drawn, at least initially, on the basis of
this evidence alone. The mere concept of intraplate seismicity may then
appear as somewhat of a paradox, if not as a failure of the whole theory.
However, and as shown later in this paper, the relatively low level of this
seismicily warrants its consideration as a perturbation in the general
framework of nearly rigid plates. Additionally, intraplate earthquakes are
of great value since, in the oceanic environment, they are our only clue to
the state of stress of the lithosphere, thereby providing us with critical
insight into the forces responsible for its motion. Understanding para-
meters that control these earthquakes is made easier (with respect to a
continental situation) by the generally younger age of the ocean floor and
the much simpiified tectonic history of any given oceanic province. On the
other hand, seismic detection capabilitics are greatly reduced at sea,
because of both logistics and generally higher seismic attenuation ; thus, our
knowledge of many aspects of oceanic intraplate seismicity is still
rudimentary. It is in this general framework that the present paper reviews
the following points:

1. Definition of intraplate seismicity (What?)

2. The level of seismicity in the oceans {(How much?)

3. Location, including depth (Where and when?)

4, Mechanism of intraplate seismicity. Inferences about stresses {Why?)
3. Preferential siting of the stress release on the plate (How?)
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Definition of Intraplate Earthquakes (What?)

In characterizing intraplate earthquakes, we must recognize at once several
types of such events. The broadest definition of an intraplate earthquake
would be an event not involving displacement between two plates. As such,
ali stress-controlled events, even those located in the immediate vicinity of a
plate boundary, would qualify asintraplate. So would all decoupling events
(of the type of the 1977 Indonesian or 1933 Sanriku earthquakes), involving
rupture of the lithosphere seaward of the treach, in a zone where it
undergoes bending just prior to subduction. However, following Sykes &
Sbar (1974), we call this type of event “boundary-related,” and do not
include it in our definition. This category would also include smaller events
controlled by the flexure of the plate seaward of a trench, such as those
described by Chen & Forsyth (1978).

~ Additionaily, some earthquakes occurring inside oceanic plates, such as
the 1975 Kalapana event on Hawai, are clearly associated with volcanism.
Such events are not representative of the usual processes associated with the
evolution and cooling of the lithaspheric plate, and they are excluded from
the definition of intraplate earthguakes used in this paper. As discussed
tater, this exclusion is easily made for weli-documented seismicity in the
vicinity of well-known hotspots, but would be difficult to extend to low
magnitudes in poorly surveyed areas,

Finally, some areas of oceanic basins not involving major plate
boundaries have been found to exhibit substantial seismicity, at a level
clearly incompatible with the assumption of rigidity of the lithospheric
plate. Examples are the Ninetyeast Ridge arca in the Inde-Australian plate,
whose seismicity, compiled by Stein & Okal (1978), included several
magnitude 7 carthguakes since the 1910s, and the Caroline wedge of the
Pacific plate between New Guinea and the Mariana Trench (Weissel &
Anderson 1978). The amount of deformation documented in these areas
suggests that they involve genuine plate boundaries, leading to the concept
of two independent plates (Indian and Australian) in the case of the
Ninetyeast Ridge, and of a Caroline miniplate north of New Guinea.
Similarly, a 1964 event located east of the Caribbean arc (Liu & Kanamori
1980, characterized by NNW-SSE compression and a relatively deep focus
(23 km), may be representative of the convergence between North and
South America predicted by kinematic models such as Minster & Jordan’s
(1978). It is clear that these situations are peculiar, and that they define a
separate type of seismicity.

Thus, we adopt a very restrictive view, and define iniraplaie oceanic
earthquakes as events not controlled in their location and mechanism by
present plate boundaries or by phenomena of a clearly extraordinary
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nature in the morphology of the oceanic plate, such as hotspot voleanism or
farge-scale deformation.

Level of Intraplate Seismicity in the Oceans ( How much?)

The earliest attempt at recognizing the seismicity of the so-called stable
blocks, including the Pacific Ocean Basin, is found in Gutenberg &
Richter’s Seismicity of the Earth (1941). Since the recent progress in
detection brought about by the World-Wide Standardized Seismic
Network [WWSENT in the 1960s, we now have documented evidence for
magnitude 5 or greater carthquakes in all of the world’s oceans.

The systematic study of intraplate events, both continental and oceanic,
was initiated by Sykes & Sbar (1973), after focal mechanisms of interplate
carthquakes provided a spectacular qualitative confirmation of plate
kinematics. More recently, Bergman & Solomon (1980) compiled a catalog
of 159 oceanic intraplate events covering the period 1939-79. This catalog
can be used to estimate the fraction of the world’s seismicity located in the
interior of oceanic plates, although sich an estimate will be high since these
authors use a definition of intraplate events less stringent than ours. Using
Kanamori’s (1977) moment-magnitude relations, one finds a total seismic
moment release of 1.3 x 10?7 dyn-cm (or slightly less than 102 dyn-cm/yr)
for the portion of the Bergman & Solomon catalog corresponding to the
years since 1964, when the worldwide detection capabilities were upgraded
substantially. This figure is to be compared with 6 x 10°° dyn-cm (or
approximately 8 x 10%® dyn-cm/yr) for earthquakes of all types (but mostly
interplate) compiled from Kanamoris (1977} list for 1904-76. It is
immediately apparent that oceanic intraplate seismicity is only a minor
contribution to worldwide seismicity, representing small-scale deformation
in otherwise rigid plates, Similarly, Okal (1981) estimated that the
deformation taken up through intrapiate seismicity in the northern part of
the Antarctica plate was only 2% of the rate of accretion of the plate. These
figures warrant treating oceanic intraplate seismicity as a small pertur-
bation of the rigid plate framework, and actually save the plate tectonics
concept.

Oceanic intraplate seismicity is a universal feature of the world’s cceans,
occurring in all major plates, both wholly oceanic and continent-bearing.
Figure 1 is adapted from Bergman & Solomon’s paper, and was obtained
by removing from their catalog events clearly associated with either
volcanism or large-scale intraplate deformation. The epicenters removed
were mostly located in the Ninetyeast, Hawaii, and Caroline areas. Table 1
is a list of some of the most significant oceanic intraplate earthquakes. Tt is
not intended to substitute for a complete catalog of intraplate earthquakes
[for this, the reader is referred to Richardson et al (1979) or Bergman &
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Solomon (19803, and reminded once again of their less stringent definition
of intraplate seismicity], but merely presents data on the largest events
known in each oceanic area, and on a few earthqguakes of particular
importance that are used in this review. These epicenters are identified in
Figure 2, together with the plate boundary system. Of particular interest in
the Pacific plate are the seismic clusters at the so-called Regions A and C,
studied in detail by Okal et al (1980). Region A, east of the Line Islands, was

Pitcairn, underwent a swarm of 98 events during 1976-79, and has been
guiescent at the magnitude 3 level ever since. Except for event 2 mn the

s
)
L
2

N

BN

Figure I Oceanic intraplate seismicity of the Earth displayed on a Mollweide equal-area
projection. This map is adapted from Bergman & Solomen {§980) by excluding from their
catalog events associsted with hotspot volcanism and large-scale internal deformation of the
plates.
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Figure 2 Mercator projeciion map of significant oceanic intraplate earihquakes used in the
present review. Oceanic plate boundaries shown as dotted lines. Numbers refer to Table 1.
Events 15 and 19, in northern part of North American plate, are net shown.

casternmost part of the plate, these two regions have contributed more than
90% of the seismic energy release in the Pacific plate during the period
studied by Okal et al.

Magnitudes

The only magnitude 7 earthquakes confirmed inside oceanic plates are
events 15 and 16 at the continental margins of North America, event {1 in
the Indian Gcean (very little is known about this earthquake; see Okal
1981), and event 2% in the South Atlantic, a slow, complex earthquake
{Creaven et al 1979), whose mechanism, not fully understood, may invoive
an on-going ridge jump (Farmer et al 1982). On the other hand, Table 1
shows that most plates exhibit some magnitude 6 seismicity. Of particular
interest, however, is the case of the Pacific plate, by far the largest oceanic
one, where the only magnitude 6 or greater seismietty is concentrated in the
extreme southern tip of the plate (event 8), in the immediate vicinity of the
East Pacific Rise (events 2 and 3), an« at the southeastern tip of the Gilbert
Island chain {event 7; Okal & Lay 1982). No earthquake with a body-wave
magnitude m, greater than 5.5 is known elsewhere in the plate.

A frequency-magnitude (b-value} investigation by Bergman & Solomeon
{1980} has revealed no significant departure from averages computed using
both intraplate and interplate earthquakes (b = 0.9), except in the Pacific
Ocean (b = 1.3). Higher b-values mean that stress release takes place
through smaller, but more numerous events {a property often interpreted as
weakening of the rock) that are known to be characteristic of volcanic
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seismicity (Mogi 1963). Because of the scarcity of magnitude 6 events in the
Pacific plate (Bergman & Solomon did not include events 3 and 8 in their
catalog), and of the extremely small range of magnitudes covered, their
conclusions must be taken with caution, Okal et al {1980) conducted local
b-value studies, using swarms of earthquakes at the most active locations
in the southcentral Pacific, including events down to local magnitudes
M, = 3.0. Their results show b-values that are, if anything, lower than
world averages, sugpgesting that Bergman & Solomon’s high Pacific
b-values are biased by their sampling. Okal et ai then used their results
(b < 0.86) to argue against a voleanic origin for the seismicity at Regions A,
B (event 5 in Figure 2), and C.

Detection and Location of Oceanic Intraplate Seismicity
(Where and when?)

One of the major problems encountered in assessing the seismicity of the
interior of oceanic plates is the poor detection capability provided by
present station coverage. At least three factors contribute significantly to
this situation. First, the great majority of permanent seismic stations are
still based on islands, and despite technological advances, this will probably
remain a fact of life for some time : ocean-bottom seismometers (OBSs) still
have recording capabilities strongly limited in time, and as such, have been
used primarily in aftershock campaigns (for instance, following the 1978
Bermuda earthquake), during submersible dives usually at mid-oceanic
ridges, and in the immediate vicinity of coastlines. Second, because of the
swell-generated noise in the 1-5 second band, most standard oceanic
stations operate at short-period gains considerably less than continental
ones. Finally, higher attenuation along occanic paths further reduces
detection capabilities. A notable exception to this pattern is provided by the
French Polynesian seismic network of 15 short-period stations. This
network, which was described in detail by Talandier & Kuster (1976) and
Okal et al (1980), uses narrow-band rejection filters to operate at gains of up
to 150,000 at 1 Hz, comparable to those achieved on continents, thus
allowing detection of M = 4 seismicity over an area of 1.5 x 107 km?, and
of My = 3 over 3 x 10° km?®. 1t has provided considerable insight into the
intraplate setsmicity of the southcentral Pacific. By contrast, in other
oceanic areas, the absence of adequate recording facilities prevents the
detection of any seismicity below the worldwide magnitude threshold of
about m, = 4.7

Through the use of high-gain teleseismic records, epicentral locations for
intraplate oceanic events can be achieved with reasonably good precision,
usually at the level of 15 km for my, = 5.0 earthquakes {Jordan &
Sverdrup 1981). Although this precision may not be sufficient to inter-
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pret the seismicity in the context of available bathymetry, it maust be con-
sidered good in view of the problems associated with hypocentral depth
determination.

Because of the general paucity of arrival-time data at short distances, the
trade-off between depth and origin time leads to singularity in hypocentral
inversions, and very little depth information can be obtained from arrival
times alone. Also, the rare arrival times at regional distances are of little if
any help, since crustal structure is often poorly known in remote parts of the
ocean, As a result, very little was known until recently about the depth of
oceanic intraplate earthquakes. As late as 1965, event 9 in the Mazca plate
was given a focal depth of 143 km by the US Geological Survey. Using
surface wave spectral characteristics, Mendiguren (1971) was able to
relocate this event no deeper than 13 km. A variety of techniques, inciuding
comparative surface wave excitation (Okal 1981), body-wave modeling
(Wang et al 1979), identification of water-reflected phases {Okal et al 1980},
and excitation of high-frequency interface waves controlled by sedimentary
layering {Okal & Talandier 1981) have been used to coanstrain intraplate
earthquake depths. All suggest that intraplate oceanic fodi are located in the
shallowest portion of the plate.

Using long-period body-wave modeling to constrain the depths of 18
teleseismically recorded oceanic earthquakes in the magnitude 6 range,
Wiens & Stein (1983) have shown that the seismically active layer of the
lithosphere thickens with age to a maximum of about 40 km. Thus, it
coincides with the elastic layer, as defined by the lithosphere’s response to
loading over long periods of time {Watts et al 1978, McNutt & Menard
1978), and is much thinner than the 100 km or so associated with the
response to faster loading, in the frequency range of seismic waves. Wiens &
Stein have shown further that they can interpret this downward boundary
of the occurrence of seismicity as the 600°C isotherm, corresponding to the
100 MPa olivine failure limit. Studies of smaller events, in the magnitude 5
range, have indicated even shallower foci (Harkrider & Okal 1982), located
in the first 2-3 km of hard rock below sediments. It should be mentioned
that some of the deeper earthquakes sampled by Wiens & Stein belong to
deformed areas, such as the Caroline minipiate; this could act to bias their
study slightly toward a thicker seismically active layer.

Exceptions to the pattern of very shallow oceanic intraplate seismicity
are found mostly in cases involving continental margins (event 15 in Baffin
Bay) or hotspot structures (a priori eliminated from this study).

Since only the uppermost part of the oceanic lithosphere is capable of
rupture, and the fault width is thus strongly reduced, earthquake scaling
laws (Gelier 1976) are violated by oceanic intraplate earthquakes. Indeed,
recent studies (Liu & Kanamori 1980) have suggested that stresses released
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inintraplate earthquakes are larger than their interplate counterparts; asa
result, oceanic earthquakes exhibit a definite m,: M, anomaly, their 20-s
surface wave magnitude M, being deficient by as much as 0.5 unit with
respect to their 1-s body-wave magnitude m, (Wiens & Stein 1983).

Mechanisms of Oceanic Intraplate Seismicity

and Interpretation { Why?)

Sykes & Sbar (1974) were the first to gather focal mechanism data for
oceanic intraplate earthquakes. Their studies were entirely based on first-
motion P-wave data. In the oceanic environment, one generally faces a lack
of stations at short distances ; additionally, at regional distances, oceanic P,
is usually emergent and of very little use. This results in the concentration of
most of the data at the center of the focal hemisphere. Under these
conditions, Sykes & Sbar usually obtained only the general character of the
event (normal, thrust, or strike-slip}, but in many cases could not constrain
the orientation of the focal planes. Their results indicated that while normat
fault carthquakes are found in the youngest part of the oceans, most oceanic
intraplate seismicity is of the thrust fault type once the plate has reached the
age of approximately 15 m.y.

Later studies, involving the polarization of § waves (Forsyth 1973),
modeling of surface waves {Mendiguren 1971) or body waves (Stewart &
Helmberger 1981), or a combination of these techniques along the lines of
Stein & Okal (1978), have not only confirmed the predominance of thrust
fault solutions, but have allowed for the determination of the full
earthquake mechanisms and of their principal stress axes. Because of
greater station distances, it should be noted that the absolute threshold for
reliable focal mechanisms remains around m, = 4.8 for solutions relying
purely on body waves; Stein {1979) has extended surface wave radiation
pattern methods down to M, = 5.2, below which results can be expected to
be strongly affected by local (and often unknown) crustal structure. In the
well documented Caribbean area, Kafka & Weidner (1979) have used event
pair inversion techniques for events down to M, = 4.7. Significant focal
mechanisms are indicated (by type of faulting) in Table 1 and sketched in
Figure 3.

A number of studies, in particular Okal et al {1980, have shown that
while focal mechanisms can vary at a given seismic locality, they usually
share a common direction of principal compressional stress over large
areas, indicating that these earthquakes involve the release of horizental
tectonic compressional stress accumuiated in the plate as a result of large-
scale plate dynamics. A correlation between the azimuth of the axis of
compressional stress and the direction of motion of the plate away from the
ridge has been reported in the following areas: Antarctic plate panhandie



OCEANIC INTRAPLATE SEISMICITY 205

(Forsyth 1973), Bellingshausen Sea (Antarctic plate; Okal 1980), south-
central Pacific (Okal et al 1980), Nazca plate {Mendiguren 1971), Canary
Basin (Alfrican plate; Richardson & Solomon 1977), Brazil Basin (South
American plate; Mendiguren & Richter 1978). Other events, incloding
event 2, close to the East Pacific Rise, and event 19, in the Arctic Ocean
(Bergman & Solomon 1980), have thrust fault mechanisms which, although
not fully constrained, are compatible with this pattern. Many small events
have thrust fault mechanisms, whose focal planes cannot be constrained
{Okal et al 1980).

On continents, it has been possible to use independent in situ stress
measurements to confirm that stresses derived from earthquake focal
solutions are indeed representative of the ambient tectonic stress accumu-
lated in the plate as the result of its motion over the asthenosphere (Shar &
Sykes 1973, McGarr & Gay 1978). Similar measurements cannot be taken
in the oceanic environment ; however, the consistency of the compressional
stresses released by intraplate oceanic earthquakes over large distances is
taken as a strong argument for postulating that they are indeed representa-
tive of the tectonic state of stress of the lithosphere. This is also supported by
the generally good agreement found in continent-bearing plates between

29 28 1

Figure 3 Focal mechanisms of oceanic intraplate earthquakes, shown by stercographic
projections of lower-hemisphere focal quadrants (compressional areas in black ; dilatational
ones in white). N unconstrained normal fault mechanism: T: unconstrained thrust fault
mechanism. Numbers refer to Table 1 and Figure 2,
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the direction of compressional stresses released during oceanic intraplate
earthguakes, and of the tectonic stresses in their contingntal parts, as
determined by either seismology or in situ measurements. Typical examples
are North America (Sbar & Sykes 1977) and South America (Mendiguren
& Richter 1978).

Stresses obtained from oceanic intraplate focal mechanisms may then be
used to infer the relative importance of the forces involved in driving the
plates. In a recent study, Richardson et al (1979) used finite element
technigues to obtain estimates of the various forees acting on the plates.
They were able to confirm earlier results by Forsyth & Uyeda (1975)
suggesting that forces resistive to slab penetration nearly balance the strong
gravitational pull of the slab at subduction zones; this leaves the state of
stress in the plate controlled largely by ridge-push (a simple name for the
complex process of gravitational sliding of the lithosphere as it ages away
from the ridge; see Frank 1972) and by whatever drag forces exist on the
lithosphere-asthenosphere boundary. Data from the Bellingshausen Sea
earthquake in the Antarctic plate {(which has no subduction zones and is
practically fixed in the hotspot frame of reference) suggest that ridge-push is
the dominant contributor (Gkal 1980), a theory also upheld by the vari-
ation of the stress inside continental North America (Sbar & Sykes 1977).

However, as pointed out by McKenzie (1969), in the presence of fossil
structures acting as preferential fault planes, there can be a significant
deviation of the direction of refeased stress from the ambient one. Raleigh et
al (1972) quantify this effect to a maximum +25°. An example is believed to
be event 1 (Stein 1979); another one could be the Bermuda earthguake
{event {7), for which compressional stress is 23° away from the direction of
ridge-push {Stewart & Helmberger 1981). Thus, the fact that a favorable
morphology of the ocean floor may affect the direction of stress release must
be kept in mind when interpreting earthguake mechanisms.

Another potential source of compressional stress in the plate could be
asthenospheric drag in the direction of the plate’s absolute motion over the
mantie. Richardson et al (1979) have shown that this force is passive and has
little effect on oceanic Hithosphere. However, Wesnousky & Scholz (1980)
have proposed that in the vicinity of a continent the craton’s deeper roots
distort the stress field in the oceanic lithosphere. Such a mechanism may be
involved in a number of large, poorly known events at continental margins
{Sykes 1978). In the case of motionless Antarctica, however, Okal (1980) has
shown that the stress released in the Beilingshausen Sea earthquake, in the
vicinity of the continental shelf, could be interpreted cnly by ridge-push.

Stresses in plates with little or no ridge boundaries must be of a different
origin: these include the Caribbean and Philippine plates and the South
China Sea portion of the Eurasian plate. In the Caribbean plate, event 31,
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studied by Kafka & Weidner (1979), shows release of a compressionai stress
oriented WNW-ESE, whose origin is probably related to subduction at the
Lesser Antilles and convergence with South America along the Venezuclan
coast. Similarly, Bergman & Soiomon’s {1980) solution for event 30 inside
the Philippine plate involves compression along the NW-SE axis, repre-
sentative of the convergence involved at the Mariana and Philippine
trenches, after allowing for possible reorientation of the released stress by
the Palau-Kyushu Ridge. Wang et al’s {1979) focal solution in the Scuth
China Sea, an area where spreading stopped 17 m.y. ago, was also
interpreted in terms of convergent tectonics.

Most earthquakes whose mechanism is not explained by ridge-push or
convergence have been interpreted as phenomena associated with con-
tinental margins (e.g. Baffin Bay seismicity; Stein et al 1979), large
intraplate asthenospheric flow (near Kerguelen Island; Okal 1981}, or
continued deformation along a major bathymetric feature (Chagos Bank ;
Stein 1978). This is probably also the case of the recent Gilbert Islands
earthquake swarm: event 7 is located at the southeastern tip of the island
chain, and its tentative focal solution is a thrust fault involving NNE-S5W
compressional stress (Okal & Lay 1982).

However, some problems remain unsolved. They are basically of two
types: tensional events involving normal faulting, and thrust mechanisms
whose compressional axes do not fit known stress fields, even when
adjusted 25° or less for preferential release along existing faults. Tensional
events are usually found close to the ridges (e.g. the 1955 earthquake near
Easter Island). This prompted Sykes & Sbar (1973) to propose that the plate
remains under tensional stress for about 10 to 20 m.y., until it cools down
sufficiently and goes to a compressional state of stress. However, as shown
by the data in Table 1, thrust events are found in extremely young
lithosphere {event 2 is only 200 km, or 3 m.y., west of the East Pacific Rise;
the large 1947 earthquake, event 8, is 300 km, or 8 m.y,, from the South
Pacific Ridge: and event 18 is 100 km, or 10 m.y., from the Mid-Atlantic
Ridge); in contrast, normal events are found as far as 10 m.y. away from
ridges (event 3). Thus the cooling process invoked by Sykes & Sbar (1974)
cannot be uniquely dependent on age, as opposed to many other cooling-
controlled phenomena (Tréhu et al 1976). One cannot discard the
alternative possibility that normal fault events reflect local factors, such as
increased asthenospheric flow, or volcanism, potentially of “plume” origin,
which may also be responsible for features such as gravity and bathymetry
highs, especially in the vicinity of volcanic islands, such as Easter. As
discussed by Okal & Bergeal (1983), event 3 is indeed located in the vicinity
of seamounts. It is also unlikely that such tensional stresses are due to
loading effects (in the absence of major island chains) or to membrane
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tectonics (Turcotte & Oxburgh 1973), since the lithosphere involved in the
case of event 3, for example, has basically remained at the same latitude
since it was created.

Some thrust events also exhibit compressional stress directions that are
incompatible with the direction of motion of the plate away from its ridge:
The 1971 event on the Guinea Fracture Zone, in the African plate, exhibits a
compressional axis more or less perpendicular to the fracture zone (Liu &
Kanamori 1980), whose origin must le in locally created conditions, poorly
understood at present.

Additionally, a few strike-slip events, whose mechanisms are not readily
interpreted in the context of known tectonic stresses, add to the complexity
of the picture : Event 101in the Cocos plate north of the Galapagos Ridge (in
an area about 9 m.y. oid) has a compressional axis trending approximately
N70°E (Okal & Stewart 1982), about 60° away from the direction of ridge-
push; event 21, northeast of the South Sandwich Islands, in the South
American plate, has a vertical strike-glip mechanism with compressional
axis N1357E (Creaven et al 1979), 45° away from ridge-push. Both of these
events exhibit “slow” mechanisms, characterized by an increase of magni-
tude with period and a complex source rupture process, which have led
Okal & Stewart {1982) to propose that large-scale intraplate deformation,
possibly related to hotspot or other magmatic activity, may be taking place
in these areas.

In conclusion, we now understand most of the stresses responsible for
oceanic intraplate seismicity. Ridge-push plays an apparently predominant
role; convergent tectonics at the plate boundaries also contribute to
horizontal compressional stresses inside the plates. The nature of occasion-
ally observed tensional stresses, as well as the origins of some isolated cases
of strike-stip faulting of an apparent local natuore, remain unclear.

Finally, we should repeat that the above discussion is limited to
earthquakes of magnitude m,, > 4.8. In continental areas, focal mechanism
solutions have been found consistent across the magnitude scale (Shar &
Svkes 1977); however, an interpolation of the above results to lower
magnitudes may not be warranted in the oceanic environment. In
particular, volcanic seismicity, at a level escaping teleseismic detection
except in the form of T waves, has been documented, notably at Macdonald
Volcano (Johnson 1970). Despite some present insight into the charac-
teristics of volcanic seismicity {e.g. Klein 1982), the identification of the
origin of a seismic source as tectonic or voleanic remains a difficult problem
in the case of low-level seismicity in unsurveyed areas. Such identification
involves a study of the bathymetric characteristics of the epicentral area,
and is best discussed in the framework of the next section.
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Siting of Seismicity in Correlation with Bathymetry (How?}
Having described what is now considered a reasonably well understood
picture of the stresses involved in major oceanic intraplate earthquakes, we
must now address the question of the factors governing the siting of
seismicity on the plate, in other words “How is the stress released?”

In a monumental review paper, Sykes (1978} examined the question of
the preferential location of intraplate seismicity, and other forms of
tectonism, onto otherwise “stable” blocks, and concluded that there exist
zones of weakness, such as sutured fracture zones, representative of
previous cycles of active tectonism, along which a number of phenomena,
such as intraplate seismicity and kimberlites, occur preferentially. His study
was, however, mainly concerned with continents. In the oceanic environ-
ment, it has also been suggested that zones of weakness, such as fracture
zones outside of their active transform segments, may be areas of
preferential intraplate seismicity. The Ninetyeast Ridge, one of the longest
known suture zones, Is indeed the preferred site of large-scale deformation
induced in the Indo-Australian plate by the Himalayan collision (Stein &
Okal 1978). Other areas of preferential weakness could include former plate
boundaries and the traces of former hotspots, evidenced in present-day
bathymetry as seamount chains. This has prompted Bergman & Solomen
(1980) to investigate systematically the correlation between seismicity and
bathymetry for a data set of 83 intraplate oceanic earthquakes. Their results
suggest that the larger earthquakes are often associated with old fracture
zones, but that the correlation with other large bathymetric features is
poor; their most compelling results, however, are taken from the
Ninetyeast area of the Indian Ocean, which is not fully representative of
genuine intraplate oceanic seismicity. A good correlation of intraplate
oceanic seismicity with major fracture zones has also been reported for
events 11, 14, 17, 21, and 24, ail of them major shocks. Smaller events were
found by Bergman & Solomon to correlate less significantly with known
bathymetry.

Olkal (1981) has shown that a number of earthquakes in the northern
panhandie of the Antarctic plate are aligned in the vicinity of the line of
maximum age of the plate, which is the wake of the Easter Island triple
junction, and as such a zone of suture and of potential weakness. More
recently, Okal & Bergeal (1983) have shown that at least 6 foci in the
southcentral Pacific (including Region C) are focated on the boundary line
of lithosphere generated at the old Farallon Ridge, before it jumped and
reoriented itself along the present East Pacific Ridge sometime in the early
Miocene (Herron 1972). This boundary is a fine of age discontinuity on the
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present Pacific plate, and probably represents a zone of weakness.
Epicenter 9 and two other seismic sites belong to a similar boundary in the
Nazca plate. Stein (1979) has also discussed preferential occurrence of
seismicity along fossil features such as the Emperor Trough, but indicated
that the stress field released in their vicinity may be considerably distorted
with respect to the tectonic stress in the plate. Under some circumstances, it
may become difficult to distinguish between mechanisms believed to be
distorted by the bathymetry and mechanisms involving local stress regimes,
such as in the Chagos area.

However, old fracture zones and other weak lines are far from being the
only repositories of oceanic intraplate seismicity, Most of the seismic
localities identified by CGka!l et al {1980} in the southcentral Pacific lack a
definite correlation with bathymetric features; one of the most active sites,
Region A, east of the Line Islands, was the target of an on-ship survey in
1979, which failed to reveal any substantial bathymetric feature, let alone a
major fracture zone. This region {the second most active in the southcentral
Pacific) lies about 130 km south of the large Galapagos Fracture Zone, and
some 60 km north of a much smaller one, and is not apparently associated
with these features (Sverdrup 1981). Similarly, the large-scale bathymetry in
Region C was explored by Sailor & Okal (1983) at long wavelengths, using
satellite radar altimetry; they discovered only one fracture zone, located
about 70 km to the south, too far away to permit an association with the
epicenter. As discussed by Sverdrup (1981), the geomorphological features
present in Region A are oriented paraliel to the local regime of fracture
zones, derived from the old Farallon Ridge, at approximately 45° from the
tectonic stress created by the present East Pacific Ridge. This favorable
situation may explain the relatively low magnitude level of the seismicity at
Region A and the strike-slip focal solutions.

In particular, it is interesting to note that this discrepancy between
existing large-scale tectonic directions and the orientation of present stress
can exist only in a plate having undergone a change in its accretion pattern.
In practice, this applies only to the bulk of the Pacific plate, which was
generated at the old Farallon Ridge. Significantly, as mentioned earlier, the
only magnitude 6 events known in the Pacific plate are focated in areas that
did not go through the reorientation process : the young, easternmeost fringe
of the plate, generated since the ridge jump (events 2 and 3); the region
south of the Lousville Ridge (event 8); and the Gilbert Islands area,
generated at the Pacific-Phoenix boundary (Hilde et al 1977). This could
provide an explanation for the absence of magnitude 6 events in the bulk of
the Pacific plate, and for the low b-values obtained by Bergman & Solomon
{1980) in this plate.
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Correlation with Volcanism?

The association of seismicity with smail-scale bathymetric features such as
seamounts is even more difficalt to investigate because the mapping of
seamounts in remote areas of the oceans is still very incomplete : Seismic
swarms were responsible for the discovery of Macdonald Volcano in 1967
{Johnson 1970) and of the suspected volcanoes Rocard and Moua Pthaa in
the Tahiti-Mchetia area (Talandier & Kuster 1976). Recent seismic swarms
in the Society Islands aiso suggest volcanic activity on the flanks of Mehetia
{Talandier 1981) and at Teahitia, only 65 km east of Tahiti (Talandier &
Okal 1982). It is then possible, at least in principle, to suspect a similar
phenomenon in the case of a sustained swarm of seismicity in an uncharted
oceanic area, such as Regions A or C. Geophysicists can make use of two
major tools to assert the volcanmic vs tectonic origin of seismicity:
knowledge of the geomorphology and bathymetry in the epicentral area, or
analysis of the patterns of recorded seismicity, followed by comparison with
well-documented volcanism, such as that of Kilauea and Loihi in Hawaii
fKlein 1982). The former kind of information is nonexistent for most
oceanic seismic foet, but large-scale bathymetry could be obtained at little
cost from satellite data (Sailor & Olkal 1983); the latter will require precise
knowledge of the setsmicity at low magnitudes, and in particular of the
hypocentral depths,

The complexity of this issue can best be judged on the example of Region
C: Sailor & Okal {1983} have rejected the possibility of a major volcanic
edifice, a result also confirmed by an on-site survey (Francheteau, personal
communication, 1981}, which has, on the other hand, indicated topography
on the order of 500 m and an unusually high level of low-magnitude, largely
unexplained, seismic activity (Pascal, personal communication, 1981). Itis
clear that the concentration of seismic activity (which at them, = 5.2level is
compatibie with release of tectonic, ridge-push type stresses) at Region Cis
presently not understood.

Conclusion: Our State of Ignorance, and
Recommendations for Future Research Orientation

Despite the fundamental progress made over the past 12 years in our
knowledge and understanding of oceanic intraplate seismicity, including
the origin of the stresses released in the major events, at least one major
problem remadins unsolved : What is the level of low-magnitude seismicity in
the ocean basins, far away from plate boundaries, hotspot edifices, and other
islands? High-gain local networks have not been deployed permanently in
the oceanic environment, with the exception of the French Polynesian
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array, whose existence has allowed the recognition of some 30 unsuspected
epicenters. Consequently, we have no estimate of the seismicity below
magnitude 4.7 for most parts of the ocean floor. For example, no seismicity
other than event 11 1s known east of Kerguelen in the Antarctic plate all the
way to Balleny Islands, and the question of whether this pattern of a “quiet”
zone extends to lower magnitudes remains open. Instrumentation of more
oceanic islands with high-gain permanent stations is thus a primordial step
in furthering our knowledge of oceanic intraplate seismicity. Had not
comparable networks existed on continents, the seismicity of such areas as
New England would be practically undocumented.

OBSs have until now been deployed mostly in areas of major geophysical
interest, such as mid-oceanic ridges, continental margins, fracture zones, or
epicentral areas of major earthquakes, and always for limited periods of
time. The relatively low level of intraplate seismicity 1s such that only a
permanently deploved network can retrieve significant information about
it. It would be extremely useful to develop an OBS system capable of
permanent recording, and to run a prolonged OBS campaign in “average”
arcas on the floor of an oceanic basin, in order to get a clear picture of the
tevel of the low-magnitude (m,, = 2-4) seismicity of the interior of the plate,
independently of any disturbing tectonic influence. This potential seis-
micity presently escapes detection.

Assuming that we can improve our knowledge of oceanic iniraplate
seismicity down to this level of magnitudes, its interpretation will be
possible only in the context of other aspects of marine geophysics, in
particutar of the small-scale bathymetry of the ocean floor. This is a second,
and formidable, unknown; but we have seen that the large-scale bathym-
etry, available now at little cost from satellite data, does not always provide
a clue as to the siting of the seismicity in the plate. Only detailed knowledge
of the geomorphology and of the tectonic history of such areas as Region C
will allow a better understanding of the relationships between oceanic
seistnicity, volcanisin, and possibly other forms of active tectonism of a
lesser intensity, which may be involved along weak lines, as suggested by the
microseismicity recorded at Region C.
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