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ABSTRACT
Sykes, L.R., 1972. Seismicity as a guide to global tectonics an4 earthquake prediction. In: A.R. Ritsema
(Editor), The Upper Mantle. Tectonophysics, 13(1-4): 3 9 3 - 4 1 4 .
Studies of the precise spatial distribution of earthquakes in island arcs, along mid-ocean ridges and
along transform faults have contributed significantly to recent theories and syntheses of global tectonics.
This paper reviews evidence from seismicity for transform faulting on ridges, underthrusting of the
lithosphère in arcs, and delineation of large lithospheric plates by the world-wide distribution of earthquakes. That earthquakes along fracture zones are restricted almost exclusively to the region between
two spreading ridge segments is one of the most compelling pieces of evidence for transform faulting
and sea-floor spreading. Seismic phenomena are generally explained as a result of interactions at or
near the edges of large lithospheric plates. Most seismic activity in island arcs is confined to a narrow
zone less than a few tens of kilometers thick that dips under the arc to depths as great as 700 km. This
activity approximately defines the configuration of downgoing slabs of luhosphere. The distribution of
hypocenters of earthquakes at depths greater than about 400 km indicates that the lithospheric slab is
contorted and deformed at these depths in most arcs. This greater deformation may be related to the
penetration of the lithosphère into a more viscous part of the upper mantle. Seismic activity in the
Tonga island arc of the southwest Pacific where two oceanic plates converge is extremely simple in
that nearly all of the activity is confined to a simple planar zone and little or no seismic activity is
found above the main dipping zone. Moderate seismic activity is found above the dipping seismic
zone in Japan, South America, Kamchatka, and New Zealand, where continental crust is being underthrust by an oceanic lithospheric slab. Some activity behind arcs may delineate a zone of extension
as proposed by Karig (1970), but the rear sides of some other island arcs are characterized by compressional mechanism solutions. Several zones of moderate to high seismic activity, such as in the
St; Lawrence valley in eastern North America and in the northeastern Indian Ocean, may represent
intra-plate deformation with high in-situ stresses.
In the second part of this report the mapping of the spatial extent of aftershock zones of large
earthquakes yields valuable clues to the prediction of earthquakes in island arcs and along transform
faults. The accurate mapping of aftershock locations (unlike the mere plotting of epicenters of large
earthquakes) approximately defines zones of rupture. Plate tectonic theory indicates that gaps in activity for large earthquakes for the past tens to hundreds of years are likely sites of future large earthquakes. These gaps are of high priority for study and instrumentation. Large earthquakes appear
to be much more regular than smaller shocks in their distribution with respect to space, time and size.
Aftershock zones of large earthquakes tend to abut without significant overlap, even for rupture zones
as long as 1200 km.
* Contribution 1689 by Lamont-Doherty Geological Observatory.
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INTRODUCTION

This paper discusses advances in the study of seismicity during the Upper Mantle Project.
In particular, I would like to describe the distribution of earthquakes as it bears upon problems of large-scale tectonics and earthquake prediction. The first half of the paper is largely a review of the important role seismicity studies have played in the development of concepts of plate tectonics. This paper seeks to update a recent review of the subject by Sykes
et al. (1971). This paper does not seek to review all of the material in that paper.
Is is now recognized that most of the world's earthquakes are concentrated in narrow
zones that define boundaries of major lithospheric plates. Evidence from the distribution
of earthquakes and from earthquake mechanisms are important evidence for the concepts
of sea-floor spreading, transform faulting, and underthrusting of the lithosphère in island
arcs. As better hypocentral locations become available for a larger number of earthquakes,
it is now possible to recognize that most earthquakes in arcs are confined to very narrow
zones that approximately coincide with large plates of lithosphère that have been underthrust to great depths in the mantle. The distribution of seismic activity in arcs in which two
oceanic plates of lithosphère converge, as in Tonga and the Marianas, is quite simple. This
may be contrasted with the distribution of earthquakes in South America, New Zealand
and Japan where a continental plate of lithosphère interacts with an oceanic plate. The interaction of two continental plates as in the Alpine-Himalayan-central Asian zone appears to be even more complex.
The installation of high-magnification seismographs on a more nearly worldwide basis
and the use of computers for hypocentral calculations have led to a vast increase in the
number of hypocentral locations that are now available for any given year. This does not
mean, of course, that earthquakes have increased in frequency, but only that we can now
detect and locate many more smaller shocks. Plate tectonic theory has also contributed to
studies of seismicity through the recognition of asymmetrical distributions of velocity,
particularly in island arcs. Unless a correction is made for these anomalous velocity disstributions, hypocentral locations based on teleseismic recording may be in error by several tens of kilometers.
Dense networks of very close seismograph stations, such as those now being operated
along parts of the San Andreas fault, are now yielding valuable information about details
of the distribution of earthquakes on a scale of a few tenths of a kilometer or larger. Microearthquakes are also a recent area of study that has a bearing on the distribution of earthquakes and on tectonic problems. For example, focal mechanism solutions for very small
earthquakes provide valuable results about the present tectonic regime in areas that rarely
experience large earthquakes.
In the second part of this report, I would like to discuss the role seismicity studies play
in the prediction of earthquakes. Seismicity studies can be used to define very precisely the
rupture zones of large earthquakes. It is difficult to map directly the rupture zones for
most earthquakes. In many areas of the world, however, the aftershocks of large earthquakes
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can be used to delineate the rupture zones as far back in time as about 1930. Large earthquakes, that is those of magnitude of about 7 or larger, contribute most of, the slip and
most of the total energy release along plate margins. Plate-tectonic theory has made an
important contribution to earthquake prediction by allowing us to estimate long-term
strain rates for most of the major seismic belts of the world. It appears that large earthquakes rarely, if ever, reoccur along the same part of a fault zone in a time shorter than a
few tens of years. If we examine the distribution of aftershock zones for the last tens to
hundreds of years for a given tectonic zone, we find several gaps in activity for large earthquakes. Plate-tectonic theory indicates that these gaps are unlikely to remain seismically
quiet. Instead, they are likely sites for future large earthquakes.
In this report the concept of seismicity gaps will be illustrated by the distribution of
aftershocks of large earthquakes in the Alaska-Aleutian.zone from 1930 to 1970. Kelleher (1972) has made a similar study of large earthquakes in western South America from
1900 to 1970 using data on aftershock locations, felt reports of earthquakes, and S-P times
at local stations. Kelleher and Sykes are completing a similar study of large earthquakes
in Central America and the Caribbean region. Using the rationale of plate tectonics, we
can now go back and reinterpret non-instrumental data on coastal deformation, the area
of tsunami generation, and felt reports to make more realistic inferences about the rupture
zones of large earthquakes for the last several hundred years.
Inferences about earthquake prediction from studies of rupture zones and repeat times
of earthquakes are probably most applicable to relatively simple plate boundaries such as
those in island arcs and along transform faults. These ideas are probably least applicable
to the interaction of two continental plates. For example, the Mediterranean—Central Asian-Himalayan zone of seismic activity is nearly a thousand kilometers wide and is made
up of a series of complex tectonic zones. An important question that remains is whether
the tectonics of this complex zone can be adequately modeled by the concept of plate tectonics. There is some indication that this can be done in the Mediterranean region but
only at the expense of invoking a large number of small plates (McKenzie, 1970; Ritsema,
1971).
I would like to very briefly discuss earthquakes that do not appear to be located along
plate boundaries but instead appear to be intra-plate events. Seismic activity such as that
in the St. Lawrence valley in eastern North America may be an example of intra-plate
earthquakes. The tectonics of this zone is still very much an enigma since very little seismic
work has been done. Our knowledge of earthquakes and tectonics in this region is so poor
that we cannot say that the earthquakes, in fact, occur along faults. There is an indication
from the high-frequency content of earthquakes in that zone that the region may be under
a high tectonic stress.
Another important area of study is that of the role of fluids in the triggering of tectonic
strain release. The role of fluid injection and reservoir loading has become one of the most
exciting areas of study in the earth science during the Upper Mantle Project. These topics
have been reviewed adequately elsewhere, and hence I will not attempt to do so in this
paper (Pakiser et al., 1969).
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PLATE TECTONICS

Worldwide distribution of earthquakes
Fig.l (after Barazangi and Dorman, 1969) illustrates the seismicity of the earth for shallow earthquakes for a recent seven-year period, The computed depths are between 0 and
100 km. This map illustrates the great increase in our ability to detect and locate events
on a worldwide basis. Nearly 30,000 locations of earthquakes were used in compiling this
figure.The general pattern of the distribution of earthquakes is surely one of the most important pieces of data that must be explained by any theory of large-scale tectonics. It
should be noted that earthquakes are by no means distributed at random over the surface
of the earth. Most of them are confined to very narrow belts that are nearly continuous
and that appear to define the boundaries of very large, nearly aseismic areas.
Seismic activity follows the mid-ocean ridges where activity is low compared to that
in the island arcs. Activity along the ridges is very shallow. The depth of seismic activity
along the ridges and transform faults is one of the important future problems in seismology. Ocean bottom seismographs will be needed to ascertain these depths precisely.
It appears likely from the extremely shallow depths of earthquakes along the San Andreas
fault, in the northern part of the Gulf of California and in Iceland that activity along the
submarine parts of the mid-ocean ridge system is of extremely shallow depths. It will be
extremely interesting to find out if these earthquakes are all confined to the thin oceanic
crust or if, in fact, some activity is present in the upper mantle beneath ridges.
There are some significant departures from the concept of narrow seismic belts and
nearly aseismic plates. For example, seismic activity can be seen within the Pacific plate
near Hawaii. Activity within continents, particularly that in the central Asian—Himalayan
zone, in East Africa, in central Alaska and in parts of western North America, are more
complex in spatial distribution. The interaction of two continental plates of lithosphère
appears to be much more complex than that found in most island arcs or along submarine
parts of the mid-ocean ridge.
Fig. 2 is a schematic model that attempts to incorporate evidence from the worldwide
distribution of earthquakes, from focal mechanism solutions of earthquakes, from the
distribution of earthquakes in island arcs, and from the attenuation of high-frequency
seismic waves. This model involves three basic building blocks. The lithosphère, which is
here taken to be approximately 50-100 km thick, is thought to be relatively cold; when
it deforms, earthquakes occur. The lithosphère overlies the asthenosphere,a layer of low
long-term strength. This layer approximately coincides with the low-velocity seismic zone
inferred from various types of seismological data. In this model the lithosphère is relatively
undeformed except at its boundaries..
There are three major classes of boundaries. Along spreading ridges the lithosphère is
created, and plates on either side move apart as illustrated by the solid arrows. Island arcs
and deep-sea trenches are here taken to be centers of plate consumption and underthrusting of large slabs of lithosphère to great depths in the mantle. Evidence for underthrusting
comes from focal mechanism solutions, from the occurrence of intermediate and deep-

Fig. 1. Locations of shallow-focus earthquakes, depths 0 - 1 0 0 km, for a recent seven-year period (1961-1967) as determined by the Coast and Geodetic Survey of E.S.S.A. After Barazangi and Dorman (1969). Note that most earthquakes are confined to narrow belts that define the boundaries of
nearly aseismic plates.
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focus earthquakes, and from the very high Q of high-frequency seismic waves that are
propagated along deep seismic zones in island arcs. A third type of feature is the transform
fault along which plates slide by one another horizontally but without the creation or destruction of surface area.

Fig. 2. Model of upper 700 km of the earth in a schematic section extending from South America on
the right hand side across the Peru-Chile trench, the East Pacific rise, and Tonga trench of the southwest Pacific, showing relative motions of the lithosphère. Model consists of the lithosphère, a relatively
cold layer about 50-100 km thick underlain by the asthenosphere, a layer of low long-term strength
which roughly coincides with the low-velocity seismic zone. Dotted arrows in the asthenosphere only
indicate a general return flow. After Isacks et al. (1968).

This schematic model illustrates a cross-section of the upper 700 km of the earth extending from South America on the right hand side across the Peru-Chile trench to the
East Pacific rise and thence to the Tonga trench near the left hand side of the figure. The
dashed arrows in the asthenosphere are added merely to show some type of return flow.
Evidence for the relative movements of the lithosphère comes from magnetic anomalies,
from focal mechanism solutions of earthquakes, and from the lengths of the downgoing
seismic zones in island arcs. In contrast, very little evidence now exists for the movements
below the lithosphère.
Transform faults
The hypothesis of transform faulting of Wilson (1965) is one of the most important
concepts advanced during the Upper Mantle Project. It has been recognized for more
than ten years that a number of great linear zones of rough topography or fracture
zones, intersect the crest of the mid-ocean ridge system. At these intersections the ridge
crest is offset as is indicated by the double line in Fig. 3. Most early attempts to explain
the pattern of ridg; segments and transform faults involved simple offset or transcurrent
faulting. In this hypothesis the ridge crest was assumed to have been continuous and to
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have been offset more recently along the entire fracture zone. In the transform fault
model, however, material is hypothesized to be added by sea-floor spreading along two
ridge crests that have remained displaced throughout a long period of spreading. In this
model the distance between the two ridge crests remains constant.
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B

Fig. 3. Sense of shear movements for transform (A) and transcurrent (B) (simple offset) faults. Note
that shear motion on fracture zones is opposite in the case of transform and transcurrent faults.
Double lines denote ridge crests; single lines denote fracture zones. After Sykes (1967).

Seismic activity is concentrated along that part of the fracture zone between the
two ridge crests, and the fracture zone grows in length leaving a "mole trail" to mark
a connection between two points that were once together before spreading. An important difference between transform faulting and simple offset is that the sense of shear
motion along the transform fault between the two ridge crests is exactly opposite for
the two models. Also, for the simple offset model seismic activity should continue
along the fracture zone well away from the two ridge crests. However, in the transform
fault model (Fig. 4) activity will only be found along the ridge crests B-F and C-E
and along the active part of the fracture zone B-C.
Evidence from the distribution of earthquakes and focal mechanism solutions are
in remarkable agreement with the transform fault model, but they are the opposite of
the predictions made for a model of simple offset. Fig. 5 illustrates the distribution of
earthquakes and focal mechanism solutions in the equatorial Atlantic. Nearly all of the
earthquakes are located along either ridge crests or those portions of fracture zones
between two ridge crests. Long segments of fracture zones that have been mapped
bathymetrically display either no seismic activity in this figure or only occasional activ-
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Fig. 4. Earthquakes (X's) along a transform fault A-D offset by centers of sea-floor spreading along
double lines B-F and C—E. Double arrows denote sense of shear motion along transform fault.
Hatched regions denote area of sea floor added during a process of sea-floor spreading.

Fig. 5. Location of earthquakes and earthquake mechanism solutions for the equatorial Atlantic.
In this region a number of great fracture zones intersect the crest of the mid-ocean ridge and allow
it to remain median around the large bulges of Africa and South America. Note that nearly all
earthquakes on fracture zones are confined to the part of the fracture zone between two ridge
crests. Earthquake mechanism solutions indicate strike-slip motion of the transform fault type with
motion parallel to the fracture zone. Earthquake 19 on a ridge crest is characterized by a predominance of normal faulting. After Sykes (1968).
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ity. Focal mechanism solutions for earthquakes along the fracture zones are characterized by strike-slip motion with the sense of motion being that predicted for transform faulting. Solutions along a given fracture zone for example 1 and 18, and 2 and 3, are consistent with one another and indicate a direction of motion that is very nearly parallel
to the mapped strike of the fracture zones. Solutions for earthquakes along ridge crests
themselves, as that in solution 19, are characterized by a predominance of normal faulting with the axis of tension very nearly horizontal and approximately perpendicular to
the ridge crest.
Distribution of earthquakes in island arcs
Precise locations of earthquakes in island arcs provide important information about
details in the configuration of the downgoing seismic zone on a scale of 10-1,000 km.
Fig. 6 illustrates a vertical section through the Tonga island arc of the southwest
Pacific. Activity within the upper 400 km is mostly confined to a narrow tabular zone
that is less than about 50 km thick. Using a local network of stations in Tonga Mitronovas et al. (1969) showed that the thickness of the seismic zone in the upper 200 km is
finite in thickness, about 25—50 km. At depths below 400 or 500 km the seismic zone
in this and most other island arcs is more complex. These complexities may be related
to the deformation of the downgoing slab of lithosphère as it encounters a more viscous
layer at depth. This layer of greater strength is called the mésosphère in Fig. 2.
The distribution of seismic activity in the Tonga island arc is one of the simplest
patterns yet discovered for island arcs and arc-like zones. At very shallow depths activity is found near the deepest part of the Tonga trench and along the inner wall of the
trench. In an examination of nearly 1,000 small earthquakes no activity was found
within the hatched region in Fig. 6. This may be contrasted with moderate seismic activity in a similar position behind the island arcs in Japan, Kamchatka, New Zealand, and
South America. The simple pattern in Tonga may be related to the interaction of two
oceanic plates of lithosphère and to the marked two-dimensionality of this island arc.
Fig. 7 and 8 (after Katsumata and Sykes, 1969) illustrate vertical sections through
the Izu-Bonin (Fig. 7) and the Mariana arc (Fig. 8) of the western Pacific. In Fig. 7
some activity is found above the dipping seismic zone near the volcanic arc which is
indicated by the symbol V. A focal mechanism solution denoted by the two diverging
arrows in this region indicates an extensional tectonism. Karig (1971) reports a variety
of evidence for extension behind the Mariana and Tonga island arcs. Focal mechanism
solutions in Japan in a similar position behind that arc, however, indicate compressional
tectonism rather than extension at the present time. The tectonics of the rearside of
island arcs is not well understood and form a major problem for future work.
Fig. 8 illustrates an unusual section through the Mariana arc at a location where the
arc has its maximum curvature. The seismic zone has a shallow dip within the upper
100 km of the arc and is nearly continuous with a nearly vertical dip for depths from
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Fig. 6. Vertical section oriented perpendicular to the Tonga arc. Circles represent earthquake locations projected from 0 to 150 km north of the section; the triangles correspond to events from 0
to 150 km south of the section. In a study of approximately 1,000 smaller shocks none were detected from the hatched area near the station in Tonga. The insert shows enlargement of the region indicated by dotted line. Note the simple tabular nature of the zone from depths from 0 to 400 km
and the greater complexities at greater depths. Diagram A indicates the bathymetry of Tonga
trench. After Sykes et al. (1969).

200 to 700 km. A focal mechanism solution, which is indicated by the pair of converging arrows, shows that the axis of maximum compressive stress is very nearly parallel to the local dip of the downgoing seismic zone. This unique section suggests that
gravitational sinking is an important motive force at least on a local scale.
Fig. 9 and 10 depict vertical sections showing seismic activity in the Kuril-Kamchatka arc of the northwest Pacific. These data are based on reports from local stations
established by Russian investigators to study the detailed distribution of earthquakes
in this highly active area (Fedotov et al., 1964; Fedotov, 1965 a). In both cases the
dipping seismic zone is readily apparent. In Kamchatka seismic activity is also very
high beneath the deepest parts of the trench. Some activity is also found behind the
island arc.
Compressional velocities of seismic waves in the mantle beneath the Kuril arc are low
at shallow depths beneath the Kuril Islands. Higher compressional velocities are found
beneath the M discontinuity seaward of the trench. It is interesting that high seismic
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Fig. 7. Vertical section through Izu-Bonin arc of the western Pacific. Circles denote earthquakes;
T = trench; V = zone of historic volcanism. Note the greater complexity of seismic zone compared
to that in Tonga; more activity is found at shallow depths beneath the volcanoes where an earthquake mechanism of the normal fault type is indicated by the diverging arrows. Greater complexities are also noted at depths greater than about 400 km. Two converging arrows indicate axis of
maximum compression as inferred from an earthquake mechanism solution. This axis is very nearly
parallel to the local dip of the seismic zone. After Katsumata and Sykes (1969).

Fig. 8. Vertical section through the Mariana arc of the western Pacific. Symbols same as in Fig. 7.
Note simple tabular nature of seismic zone which has a shallow dip in the upper 100 km and becomes very nearly vertical at depths greater than 200 km. Converging arrows indicate axis of
compression from a focal mechanism solution. After Katsumata and Sykes (1969).
velocities are again encountered beneath the Kuril arc at the depth of the seismic zone.
Thus, the high P velocities appear to be confined to a zone that dips beneath the arc
much like that in the lithospheric model of Fig. 2.
Seismic activity within the upper 200 km of most active island arcs (Fig. 11) appears to be very similar from arc to arc. Activity decays nearly exponentially with
depth within the upper 200 km. In some arcs, like Alaska, the Aleutians, the Caribbean,
Central America and Mexico, activity continues to diminish at an exponential rate at

404

L.R. SYKES

Fig. 9. Vertical section through southern end of Kuril island arc showing distribution of seismic
activity and inferred seismic velocities. Note that most earthquakes are confined to a simple tabular
zone that dips to the west. After Fedotov (1965a) k = energy class in Joules.

Fig. 10. Vertical section perpendicular to Kamchatka and north Kuril arc. Note dipping seismic zone
and presence of abundant shallow-focus activity beneath the deepest part of the trench which is
indicated by hatched region. After Fedotov et al. (1964).

depths below 200 km, and no activity has been recorded for depths greater than 300
km. In other arcs, like Tonga, Fiji, Kuril-Kamchatka, Japan, and South America, a
secondary maximum is found at greater depths. Isacks et al. (1968) infer that the se-
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Fig. 11. Annual number of earthquakes as a function of depth for several island arcs. Note that
activity dies off nearly exponentially in each arc within the upper 200 km of the earth. Note absence of detectable seismic activity in South America for depths between 350 and 525 km. After
Sykes and Hayes (in preparation).

condary maximum is related mainly to earthquakes located within the downgoing slab,
whereas the activity within the upper 200 km represents predominantly the interaction
of two lithospheric slabs. The exponential decrease within the upper 200 km suggest
that slip becomes increasingly more accommodated aseismically as the depth increases.
Seismic activity as a function of depth below 200 km varies considerably from arc
to arc even within individual arcs. In portions of the Tonga, Mariana, Izu-Bonin, and
north Honshu (Japan) arcs activity is nearly continuous from the surface to depths
of 600 km or greater. A study of earthquakes in South America for a 15-year period
by Sykes and Hayes (in preparation) found no observable activity for depths of
350-525 km. Herron (1972) reports a significant reorganization of the pattern of seafloor spreading on the East Pacific rise to the west of South America between approximately 5 and 20 m.y. ago. The deep zone of seismic activity in western South America, thus may be related to the earlier period of sea-floor spreading and to a different
pattern of underthrusting than that prevailing at the present time.
Sykes and Hayes (in preparation) find that the distribution of earthquakes in some
parts of western South America is much more complex than that found in the Tonga
island arc. Fig. 12 represents a diagramatic section (A) through northern Chile and (B)
through central Peru. The section through northern Chile and into Bolivia is very simi-
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Fig. 12. Inferred patterns of underthrusting of the lithoshere in northern Chile (A) and central Peru
(B). Schematic distribution of earthquakes is denoted by X's. After Sykes and Hayes (in preparation).

lar to that in Tonga in that earthquakes are mainly confined to a tabular zone of moderate dip. Historic volcanism is abundant where the dip is moderate and where abundant
intermediate-depth seismic activity occurs. In central Peru, however, earthquakes of
depths of 150 km are found nearly 700 km back from the Peru trench. Sykes and
Hayes (in preparation) infer that the lithosphère in this area may not descend at moderate dip as in northern Chile, but may be of nearly double thickness in central Peru
(see also Ritsema, 1970). Molnar and Oliver (1969) found that high-frequency S waves
(S n ) are highly attenuated in passing behind most island arcs, including the said areas in
northern Chile and Bolivia. These waves, however, do propagate readily from central Peru to
eastern South America. These observations are consistent with the two models of lithospheric underthrusting suggested in Fig. 12. Historic volcanism is also absent in central
Peru. This absence may be attributed to the lack of a well-developed asthenospheric
channel directly beneath the upper slab in central Peru or to a high compressive stress
in the upper slab that prevents magma from reaching the surface.

INTRA-PLATE EARTHQUAKES

Seismic activity in continental areas is often much more complex than that found in
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Fig. 13. Seismicity of the western Indian Ocean, the Gulf of Aden, the Red Sea, and East Africa.
Note activity along mid-Indian ridge is confined to a narrow linear zone whereas that of East Africa
has a very wide areal distribution. Arrows denote focal mechanism solutions. After Sykes (1970).

island arcs or along mid-ocean ridges. For example, in Fig. 13 the seismic activity along
the mid-Indian ridge on the righthand side of the figure is confined to a very narrow
zone that is not multi-branched. In East Africa, however, seismic activity is spread over
a zone nearly 1,000 km wide. While some of the earthquakes are located along well
defined rift valleys, it is not clear that many of the other shocks are, in fact, directly
related to surficial rifting. It is not clear if this process is related to the initial breakup
of a continent (which may be complex), to the presence of previously existing zones
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Fig. 14. Seismic activity in the central and northern Indian Ocean showing diffuse zone of activity
between Ceylon and western Australia. After Sykes (1970). Arrows denote focal mechanism solutions.

of weakness, or to the near proximity of this activity to the center of rotation for
western and eastern Africa. The simplicity of the seismic zone south of New Zealand,
which is also located near a center of rotation, suggests that the proximity to a pole of
opening is probably not responsible for the complex areal distribution of activity in
East Africa.
Seismic activity along the northern extension of the Mid-Atlantic Ridge in the Arctic
Ocean is also concentrated in a very narrow zone. As soon as the zone crosses the continental shelf of Eurasia and continues inland, activity becomes much more diffused
areally. Likewise, seismic activity in western North America is by no means concentrated
solely along the San Andreas fault system. Many large earthquakes extend into western
Nevada.
Sykes (1970) has pointed out an unusual seismic zone in the Indian Ocean between
Ceylon and Australia (Fig. 14). Unlike most seismic zones in oceanic areas, this zone
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is several hundred kilometers wide. Sykes suggested that this feature may represent a nascent
zone of tectonism, possibly the initial stage of the development of an island arc system.
Activity in this zone may be interpreted as intra-plate rather than related to the boundary
of two distinct plates.
A zone of moderate seismic activity of comparable width is found in the St. Lawrence
valley of eastern North America. Gutenberg and Richter (1954) reported a magnitude
of 7 for the St. Lawrence earthquake of 1925 near the city of Quebec. Felt reports indicate that even larger earthquakes occurred in this zone historically. Surface faulting has
not been observed in any of the earthquakes in this zone. Very little work has been done
in studying the earthquakes in this area. Hence, it is not even possible to ascertain whether
the earthquakes are located along faults, much less to determine a tectonic mechanism.
For this reason and because of the proximity of the seismic zone to many large cities, the
zone deserves careful study.

EARTHQUAKE PREDICTION

It is now recognized that large earthquakes account for a large percentage of the
slip and energy release along the major tectonic zones of the earth. Earthquakes of
magnitudes near 7 commonly have rupture lengths of about 100 km, and those of
magnitude 8 commonly have dimensions of several hundred kilometers to more than
one thousand kilometers. The area or length of the zone of rupture is a much more
meaningful physical quantity than the mere position of the epicenter of the mainshock.
The epicenter only represents the point of initial fracture. The rupture zones of most
large earthquakes cannot be mapped from surface breakage alone since many are in
submarine areas and some apparently do not break the surface. The distribution of
aftershocks of a large earthquake, however, appears to be a reliable guide to the area
of rupture of the mainshock.
When the rupture zones of large earthquakes as inferred from the distribution of
aftershocks is examined, a number of regularities appear in the distribution of great
earthquakes. Fedotov (1965b) and Mogi (1968) have attempted to map the rupture
zones of very large earthquakes in the northwest Pacific using the locations of aftershocks, areas of felt intensity, and the inferred areas of tsunami generation. They find
(Fig. 15) that the aftershock zones of large earthquakes tend to abut without significant overlap. Plate-tectonic theory indicates that gaps in activity for large earthquakes
along a given plate margin are unlikely to remain seismically quiet for periods of hundreds or thousands of years. In fact, most of the world's great earthquakes appear to
be located along those parts of plate margins that have not been active for the past
tens to hundreds of years. In Fig. 15, for example, the 1968 earthquake filled in a gap
between large earthquakes in 1933 and 1952. This gap had been inactive for large earthquakes for at least the last 70 years.
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Fig. 15. Aftershock zones and inferred rupture zones of great earthquakes near northern Japan. The
1968 earthquake filled in a gap of activity between the 1933 and 1952 earthquake sequences.
The zone that was filled by the 1968 earthquake had been a gap in activity for great earthquakes
for at least the last 70 years. Locations of 1933, 1952 and 1968 sequences taken from Mogi (1968)
and area of 1897-1901 sequence was inferred by Fedotov (1965b).

Aftershock zones of all earthquakes of magnitude 7.0 and larger in the AlaskaAleutian zone from 1930 to 1970 have been relocated, and the results are shown in
Fig. 16 and 17. Individual aftershocks are denoted by the various symbols in Fig. 16,
and the areas of the aftershocks are indicated by the hatched areas in Fig. 17. The
lengths of the aftershock zones are indicated as a function of time in the lower part of
Fig. 16.
It can be recognized that nearly the entire Aleutian arc between 146°W and 171°E
has ruptured in a series of large earthquakes since 1938. Five of these six earthquakes
form a regular space—time pattern that begins with the 1938 earthquake in the eastern
Aleutians and proceeds in time to the western Aleutians. This pattern of activity is
very similar to the regular westward progression of activity along the north Anatolian
fault since 1939. It can be seen from Fig. 16 that the area of the great 1964 Alaska
earthquake was very quiet for large earthquakes from 1900 to 1964. Only one earthquake of magnitude 7.2 occurred in this region during this period. Its rupture zone is
negligible compared to that of the 1964 earthquake.
Three gaps in activity for large earthquakes are denoted in Fig. 16 and 17. They are
located in southeast Alaska, in southern Alaska near the site of a sequence of large
earthquakes in 1899 and 1900 and in the western Aleutians. These gaps are regarded
as likely sites of future large earthquakes. The instrumentation of these gaps by geo-
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Fig. 16. Aftershocks of magnitude 7.0 and larger earthquakes in the Alaska-Aleutian zone and
along the coast of British Columbia and southeast Alaska from 1930 to 1970. Note that aftershock
zones of major earthquakes tend to abut one another without significant overlap. Rupture zones
are indicated below as a function of time by solid lines. Symbols denote location of main shocks
and numbers denote magnitude. Note that three gaps in activity for large earthquakes are indicated:
southeast Alaska, southern Alaska, and the western Aleutians. Region of great 1964 Alaska earthquake was a seismic gap from at least 1900 to 1964. Q.C.I, indicates Queen Charlotte Islands; F.Z.
denotes fracture zones mapped on the floor of the Pacific Ocean south of the Aleutian arc.
After Sykes (1971).

Fig. 17. Aftershock areas of earthquakes of magnitude 7.0 and larger in the Alaska-Aleutian zone
since 1930. Numbers denote dates and magnitudes. After Sykes (1971).
detic and seismic methods would appear to be a project of high priority for studies of
earthquake prediction.
Kelleher (1970) noted that the area involved in the 1938 earthquake near the Alaska peninsula is very quiet for moderate size earthquakes at the present time. From a
S p a c e _time sequence of earthquakes he inferred that this area is also a likely site of a
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future large earthquake. Kelleher (1972) has also mapped the rupture zones of large
South American earthquakes from 1900 to 1970. He finds a progression of activity in
large earthquakes from north to south along the coast of Chile. He also reports several
gaps in activity for large earthquakes along the west coast of South America.
CONCLUSION

In summary, I have tried to present evidence from seismicity studies for several aspects of plate-tectonic theory, including the ideas of sea-floor spreading, transform
faulting and underthrusting of the lithosphère in island arcs. Recent advances in
seismic instrumentation, the use of computers in earthquake location, and the installation of local networks of instruments have vastly increased the data available for
seismicity studies. Most of the world's earthquakes are located in very narrow zones
along active plate margins. They are intimately related to global processes in an extremely coherent manner.
Some earthquakes, however, are apparently located in the interiors of plates. Most
of these shocks have received very little study since these areas are not among the most
active zones on earth. A number of questions remain: What is the tectonic significance
of these shocks within plates? Are they of the high-stress type? What are their depths,
focal mechanism and relationships to faults? Another important question is that of the
Alpine-Himalayan-central Asian zone which is much more complex than that of most
island arcs. Can the Alpine zone be modeled in terms of plate-tectonic theory?
The regions immediately above and behind the dipping zone in several island arcs deserve careful study because of the apparently contrasting tectonic styles in which compression is evident in some regions and extension in others. The role of fluids and reservoir loading have become recognized as important mechanisms for the release of
tectonic strain and for the triggering of earthquakes. These mechanisms may be particularly important in the areas of high stress in the interiors of lithospheric plates.
Gaps in activity for large earthquakes along active plate margins indicate that these
areas are likely sites of future large earthquakes. Plate tectonic theory provides a rationale or model for attempts to make increasingly more reliable predictions of earthquakes. It now appears that large earthquakes in arcs and along transform faults are
very regular in their distributions with respect to space, time and size. Large earthquakes rarely, if ever, reoccur along the same portion of a fault in a time less than a
few tens of years, that is within a time necessary for significant strain accumulation.
One unknown factor is the importance of creep or aseismic slip in relieving strain accumulation in these gaps. Some of the gaps have a history of previous large earthquakes.
Thus, future large shocks can be expected. Gaps in activity for large earthquakes are
often quiet for moderate size earthquakes and even for shocks as small as micro earthquakes. An important question that still remains unanswered is: Do these gaps become
more active for a period of years, weeks or days prior to the occurrence of large earthquakes? Monitoring as many of these seismic gaps as possible would appear to be a
very important goal for seismology and geodesy.
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