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A comprehensive study of the observations of seismology provides widely based strong 
support for the new global tectonics which is founded on the hyptheses of continental drift, 
sea-floor spreading, transform faults, and underthrusting of the lithosphere at island arcs. 
Although further developments will be required to explain certain part of the seismological 
data, at present within the entire field of seismology there appear to be no serious obstacles 
to the new tectonics. Seismic phenomena are generally explained as the result of interactions 
and other processes at or near the edges of a few large mobile plates of lithosphere that spread 
apart at the ocean ridges where new surficial materials arise, slide past one another along the 
large strike-slip faults, and converge at the island arcs and arc-like structures where surficial 
materials descend. Study of world seismicity shows that most earthquakes are confined to nar- 
row continuous belts that bound large stable areas. In the zones of divergence and strike-slip 
motion, the activity is moderate and shallow and consistent with the transform fault hy- 
pothesis; in the zones of convergence, activity is normally at shallow depths and includes 
intermediate and deep shocks that grossly define the present configuration of the down-going 
slabs of lithosphere. Seismic data on focal mechanisms give the relative direction of motion of 
adjoining plates of lithosphere throughout the active belts. The focal mechanisms of about a 
hundred widely distributed shocks give relative motions that agree remarkably well with 
Le Pichon's simplified model in which relative motions of six large, rigid blocks of 
lithosphere covering the entire earth were determined from magnetic and topographic data 
associated with the zones of divergence. In the zones of convergence the seismic data provide 
the only geophysical information on such movements. 

Two principal types of mechanisms are found for shallow earthquakes in island arcs: The 
extremely active zone of seismicity under the inner margin of the ocean trench is characterized 
by a predominance of thrust faulting, which is interpreted as the relative motion of two 
converging plates of lithosphere; a less active zone in the trench and on the outer wall of 
the trench is characterized by normal faulting and is thought to be a surficial manifestation of 
the abrupt bending of the down-going slab of lithosphere. Graben-like structures along the 
outer walls of trenches may provide a mechanism for including and transporting sediments to 
depth in quantities that may be very significant petrologically. Large volumes of sediments 
beneath the inner slopes of many trenches may correspond, at least in part, to sediments 
scraped from the crust and deformed in the thrusting. 

Simple underthrusting typical of the main zone of shallow earthquakes in island arcs does 
not, in general, persist at great depth. The most striking regularity in the mechanisms of 
intermediate and deep earthquakes in several arcs is the tendency of the compressional axis to 
parallel the local dip of the seismic zone. These events appear to reflect stresses in the rela- 
tively strong slab of down-going lithosphere, whereas shearing deformations parallel to the 
motion of the slab are presumably accommodated by flow or creep in the adjoining ductile 
parts of the mantle. Several different methods yield average rates of underthrusting as high 
as 5 to 15 cm/yr for some of the more active arcs. These rates suggest that temperatures low 
enough to permit dehydration of hydrous minerals and hence shear fracture may persist even 
to depths of 700 km. The thickness of the seismic zone in a part of the Tonga arc where very 
precise hypocentral locations are available is less than about 20 km for a wide range of depths. 
Lateral variations in thickness of the lithosphere seem to occur, and in some areas the litho- 
sphere may not include a significant thickness of the uppermost mantle. 
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The lengths of the deep seismic zones appear to be a measure of the amount of under 
thrusting during about the last 10 m.y. Hence, these lengths constitute another 'yardstick' for 
investigations of global tectonics. The presence of volcanism, the generation of many tsunamis 
(seismic sea waves), and the frequency of occurrence of large earthquakes also seem to be 
related to underthrusting or rates of underthrusting in island arcs. Many island arcs exhibit 
a secondary maximum in activity which varies considerably in depth among the various arcs. 
These depths appear, however, to correlate with the rate of underthrusting, and the deep 
maxima appear to be located near the leading (bottom) part of the down-going slab. In some 
cases the down-going plates appear to be contorted, possibly because they are encountering a 
more resistant layer in the mantle. The interaction of plates of lithosphere appears to be more 
complex when all the plates involved are continents or pieces of continents than when at 
least one plate is an oceanic plate. The new global tectonics suggests new approaches to a 
variety of topics in seismology including earthquake prediction, the dete.ction and accurate 
location of seismic events, and the general problem of earth structure. 

INTRODUCTION 

This paper relates observations from the 
field of seismology and allied disciplines to 
what is here termed the 'new global tectonics.' 
This term is used to refer in a general way to 
current concepts of large-scale tectonic move- 
ments and processes within the earth, concepts 
that are based on the hypotheses of continental 
drift [Wegener, 1966], sea-floor spreading 
[Hess, 1962; Dietz, 1961], and transform 
faults [Wilson, 1965a] and that include var- 
ious refinements and developments of these 
ideas. A comprehensive view of the relationship 
between seismology and the new global tec- 
tonics is attempted, but there is emphasis on 
data from earthquake seismology, as opposed 
to explosion seismology, and on a particular 
version of the sea-floor spreading hypothesis 
in which a mobile, near-surface layer of 
strength, the lithosphere, plays a key role. Two 
basic questions are considered. First, do the 
observations of seismology support the new 
global tectonics in some form? To summarize 
briefly, they do, in general, give remarkable 
support to the new tectonics. Second, what new 
approaches to the problems of seismology are 
suggested by the new global tectonics? There 
are many; at the very least the new global 
tectonics is a highly stimulating influence on 
the field of seismology; very likely the effect 
will be one of revolutionary proportions. 

The mobile lithosphere concept is based 
partly on an earlier study [Oliver and Isacks, 
1967], but, as presented here, it incorporates 
ideas from Elsasset [1967], who independently 
developed a model with many similar features 
based on entirely different considerations, and 
ideas from Morgan [1968] and Le Pichon 

[1968], who pursued this concept further by 
investigating the relative motion in plan of 
large blocks of lithosphere. 

Figure I is a block diagram illustrating some 
of the principal points of the mobile lithosphere 
hypothesis. In a relatively undisturbed section, 
three fiat-lying layers are distinguished: (1) 
the lithosphere, which generally includes the 
crust and uppermost mantle, has significant 
strength, and is of the order of 100 km in 
thickness; (2) the asthenosphere, which is a 
layer of effectively no strength on the appro- 
priate time scale and which extends from the 
base of the lithosphere to a depth of several 
hundred kilometers; and (3) the mesosphere, 
which may have strength and which makes up 
the lower remaining portion of the mantle and 
is relatively passive, perhaps inert, at present, 
in tectonic processes. (Elsasset refers to the 
lithosphere as the tectosphere and defines some 
other terms somewhat differently, but the 
terminology of Daly [1940] is retained here. 
The term 'strength,' which has many defini- 
tions and connotations, is used here, following 
Daly, in a general sense to denote enduring 
resistance to a shearing stress with a limiting 
value.) The boundaries between the layers 
may be gradational within the earth. The 
thenosphere corresponds more or less to the 
low-velocity layer of seismology; it strongly 
attenuates seismic waves, particularly high- 
frequency shear waves. The lithosphere and 
the mesosphere have relatively high seismic 
velocities and propagate seismic waves without 
great attenuation. 

At the principal zones of tectonic activity 
within the earth (the ocean ridges, the island 
arc or island-arc-like structures, and the major 
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Fig. 1. Block diagram illustrating schematically the configurations and roles of the litho- 
sphere, asthenosphere, and mesosphere in a version of the new global tectonics in which the 
lithosphere, a layer of strength, plays a key role. Arrows on lithosphere indicate relative 
movements oœ adjoining blocks. Arrows in asthenosphere represent possible compensating flow 
in response to downward movement of segments of lithosphere. One arc-to-arc transform fault 
appears at left between oppositely facing zones of convergence (island arcs), two ridge-to- 
ridge transform faults along ocean ridge at center, simple arc structure at right. 

strike-slip faults) the lithosphere is discon- 
tinuous; elsewhere it is continuous. Thus, the 
lithosphere is composed of relatively thin 
blocks, some of enormous size, which in the 
first approximation may be considered infinitely 
rigid laterally. The major tectonic features are 
the result of relative movement and interaction 

of these blocks, which spread apart at the rifts, 
slide past one another at large strike-slip faults, 
and are underthrust at island arcs and similar 

structures •. Morgan [1968] and Le Pichon 
[1968] have demonstrated in a general way and 
with remarkable success that such movement 
is self-consistent on a worldwide scale and that 

the movements agree with the pattern of sea- 
floor spreading rates determined from magnetic 
anomalies at sea and with the orientation of 
oceanic fracture zones. McKenzie and Parker 

[1967] used the mobile lithosphere concept to 
explain focal mechanisms of earthquakes, vol- 
canism, and other tectonic features in the 
northern Pacific. 

Figure i also demonstrates these concepts 
in block diagram form. Near the center of the 
figure the lithosphere has been pulled apart, 
leaving a pattern of ocean ridges and trans- 
form faults on the surface and a thin litho- 

sphere thickening toward the flanks beneath 
the ridge as the new surface material cools 
and gains strength. To the right of the dia- 
gram the lithosphere has been thrust, or has 

settled, beneath an island arc or a continental 
margin that is currently active. At an inactive 
margin the lithosphere would be unbroken or 
healed. The left side of the diagram shows two 
island-arc structures, back to back, with the 
lithosphere plunging in a different direction in 
each case and with a transform fault between 
the structures. Whereas the real earth must 

be more complicated, particularly at this back- 
to-back structure, this figure represents, in 
a general way, a part of the Pacific basin in- 
cluding the New Hebrides, Fiji, Tonga, the 
East Pacific rise, and western South America. 

The counterflow corresponding to movement 
of the lithosphere into the deeper mantle takes 
place in the asthenosphere, as indicated sche- 
matically by the appropriate arrows in the 
figure. To what extent, if any, there is flow of 
the adjoining upper part of the asthenosphere 
in the same direction as the overlying litho- 
sphere is an important but open question, par- 
tially dependent on the definition of the bound- 
ary. A key point of this model is that the 
pattern of flow in the asthenosphere may largely 
be controlled by the configurations and motions 
of the surface plates of lithosphere and not by 
a geometrical fit of convection cells of simple 
shape into an idealized model of the earth. 
It is tempting to think that the basic driving 
mechanisms for this process is gravitational in- 
stability resulting from surface cooling and 



5858 ISACKS, OLIVER, AND SYKES 

hence a relatively high density of near-surface 
mantle materials. Thus, convective circulation 
in the upper mantle might occur as thin blocks 
of lithosphere of large horizontal dimensions 
slide laterally over large distances as they de- 
scend; a compensating return flow takes place 
in the asthenosphere. The process in the real 
earth must be more complex than this simple 
model, however. The reader is referred to 
Elsasset [1967] for a discussion of many points 
relating to this problem. 

Alternatively, the surface configuration might 
be taken as the complicated response of the 
strong lithosphere to relatively simple con- 
vection patterns within the asthenosphere. 
Thus, the basic question whether the litho- 
sphere or the asthenosphere may be thought 
of as the active element, with the other being 
passive, is not yet resolved. Probably, how- 
ever, there has been a progressive thinning of 
the convective zone with time, deeper parts 
of the mantle having also been involved dur- 
ing early geologic time. 

Figure 2, adapted from Le Pichon [1968] 
with additions, shows the plan of blocks of 
lithosphere as chosen by Le Pichon for the 
spherical earth and indicates how their move- 
ments are being accommodated on a worldwide 
scale. The remarkably detailed fit between this 
scheme, based on a very small number of rigid 
blocks of lithosphere (six) and the data of a 
number of fields, is very impressive. The num- 
ber and configuration of the blocks of litho- 
sphere is surely larger than six at present and 
almost certainly the pattern has changed within 
geologic time, but the present pattern must, 
in general, be representative of at least the 
Quaternary and late Tertiary. The duration 
of the current episode of sea-floor spreading 
is not known. Some evidence suggests that it 
began in the Mesozoic and has continued rather 
steadily to the present. Other evidence [Ewing 
and Ewing, 1967] indicates that the most re- 
cent episode of spreading began about 10 m.y. 
ago. This suggestion is considered here because 
it opens new possibilities for explaining certain 
seismological observations, particularly the 
configuration of the deep earthquake zones. 
Other explanations for such evidence are also 
considered, however. 

With this one very simple version of the 
new global tectonics as background it is pos- 

sible to begin considering the data, but in this 
process it soon becomes evident that much 
more detailed information on the earth is 

available and that the hypothesis and the earth 
model can be developed much further. These 
developments are presented later in the text 
as the relevant data are discussed. 

This paragraph gives a brief review of some 
of the developments leading to the new global 
tectonics. A number of contributions vital to 

the development of the current position on 
this topic are cited, but the review is not in- 
tended to be comprehensive. The literature 
bearing on this topic is voluminous, is wide- 
spread in space and time, and differs in degree 
of relevance, so that a thorough documentation 
of its development is a job for a historian, not 
a scientist. The hypothesis of continental drift 
had a substantial impact on the field of geol- 
ogy when it was proposed in 1929 by Wegener 
[1966], but until recently it had not received 
general acceptance, largely because no satis- 
factory mechanism had been proposed to ex- 
plain the movement, without substantial change 
of form, of the continents through the oceanic 
crust and upper mantle. When many new data 
became available, particularly in the fields of 
marine geology and geophysics, Hess [1962] 
and Dietz [1961] proposed that the sea floor 
was spreading apart at the ocean ridges so 
that new 'crust' was being generated there 
while older 'crust' was disappearing into the 
mantle at the sites of the ocean trenches. The 

driving mechanism for this spreading was 
thought to be convection within the mantle. 
The remarkable success with which the hy- 
pothesis of sea-floor spreading accommodated 
such diverse geologic observations as the linear 
magnetic anomalies of the ocean [Vine and 
Matthews, 1963; Pitman and Heirtzler, 1966], 
the topography of the ocean floor [Menard, 
1965], the distribution and configuration of 
continental margins and various other land 
patterns [Wilson, 1965a; Bullard, 1964; Bul- 
lard e• al., 1965], and certain aspects of deep- 
sea sediments [Ewing and Ewing, 1967] raised 
this hypothesis to a level of great importance 
and still greater promise. The contributions of 
seismology to this development have been sub- 
stantial, not only in the form of general infor- 
mation on earth structure but also in the form 

of certain studies that bear especially on this 
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hypothesis. Two specific examples are $ykes's hypotheses on global tectonics, for example, 
[1967] evidence on seismicity patterns and the expanding earth and the contracting earth 
focal mechanisms to support the transform hypotheses, have been far less satisfactory in 
fault hypothesis of Wilson [1965a] and Oliver explaining seismological phenomena. 
and Isacks's [1967] discovery of anomalous Certainly the most important factor is that 
zones that appear to correspond to underthrust the new global tectonics seem capable of draw- 
lithosphere in the mantle beneath island arcs. ing together the observations of seisinology 

There are many important seismological facts and observations of a host of other fields, such 
that are so apparent that they are commonly as geomagnetism, marine geology, geochemistry, 
accepted without much concern as to their gravity, and various branches of land geology, 
origin; they fall into place remarkably well under a single unifying concept. Such a step 
under the new global tectonics. For example, is of utmost importance to the earth sciences 
the general pattern of seismicity, which con- and will surely mark the beginning of a new 
sists of a number of continuous narrow active era. 

belts dividing the earth's surface into a hum- In the remainder of this paper, the relation- 
ber of stable blocks, is in accord with this ship between the new global tectonics and the 
concept. In part this agreement is by design, field of seismology is discussed for a variety 
for the blocks were chosen to some extent on of topics ranging from seismicity to tsunamis, 
this basis, but data from other fields were used from earth structure to earthquake predic- 
as well. That the end result is internally con- tion. In each case what the authors judge to 
sistent is significant. Zones predicted by the be representative, reliable evidence from the 
theory to be tensional, such as ocean rifts, are field of seismology is presented. This judgment 
sites of only shallow earthquakes (the thin is based on the quality of raw data and their 
shallow lithosphere is being pulled apart; earth- analysis, not on the relation of the results to 
quakes cannot occur in the asthenosphere), the new global tectonics. Reasonable specula- 
and the general level of seismic activity and tion is presented where it seems proper. The 
the size of the largest earthquakes are lower organization of the paper is based not on the 
there than in the more active compressional classical divisions of seismology but on the 
features. In the compressional features (the principal effects predicted by the new global 
arcs) large, deep earthquakes occur and ac- tectonics and relevant to seismology. As a re- 
tivity is high as the lithosphere plunges into sult of the remarkable capacity of the new 
the deeper mantle eventually to be absorbed. global tectonics for unification, an obvious 
Deep earthquakes can occur only where former division of material among the sections was 
crustal and uppermost mantle materials are not completely achieved, however. 
now found in the mantle. Where one block of The first two sections present seismological 
the lithosphere is moving past another along evidence that the worldwide rift system and 
the surface at the zones of large strike-slip island arcs are the sources and sinks, respec- 
faulting, seismic activity is shallow, but occa- tively, for surficial material. The third section 
sional rather large shallow earthquakes are ob- on compatibility of movements on a worldwide 
served. Some zones combine thrusting and scale is closely related to the first two sections. 
strike-slip motion. The general pattern of earth- 

quake focal mechanisms is in remarkable agree- Fig. 3. (Opposite) Summary map of slip vec- 
ment with the pattern predicted by the move- tors derived from earthquake mechanism studies. 
ments of the lithosphere determined in other Arrows indicate horizontal component of direction 
ways and provides much additional informa- of relative motion of block on which arrow is 
tion on this process. The depth of the deepest drawn to adjoining block. Crests of world rift 

system are denoted by double lines; island arcs, 
earthquakes (about 700 km) has been rea- and arc-like features, by bold single lines; major 
sonably well known, but unexplained, for many transform faults, by thin single lines. Both slip 
years. The mobile lithosphere hypothesis offers, vectors are shown for an earthquakes near the 
at this writing, several possible alternatives to western end of the Azores-Gibraltar ridge since 

• rational choice between the two could not be 
explain this observation. Many similar points made. Compare with directions computed by Le 
are raised in the remainder of this paper. Other Pichon (Figure 2). 
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Evidence from seismology on the structure of 
the mantle in terms of a lithosphere, an 
asthenosphere, and a mesosphere is so volumi- 
nous and well known that the section on this 

topic, the fourth section, presents primarily 
additional evidence of particular relevance to 
the new global tectonics. The fifth section, on 
the impact of the new global tectonics on 
seismology, is less documented by data than the 
previous sections partly because the impact of 
the new global tectonics is quite recent. The 
natural lag.in pursuing this aspect is such that 
there has been to date relatively little emphasis 
in this particular field. This section is, then, 
somewhat speculative and, hopefully, provoca- 
tive. 

Few scientific papers are completely objective 
and impartial; this one is not. It clearly favors 
the new global tectonics with a strong prefer- 
ence for the mobile lithosphere version of this 
subject. In the final section, however, we report 
an earnest effort to uncover reliable informa- 

tion from the field of seismology that might 
provide a case against the new global tectonics. 
There appears to be no such evidence. This does 
not mean, however, that many of the data 
could not be explained equally well by other 
hypotheses (although probably not so well by 
any other single hypothesis) or that further 
development or modification of the new global 
tectonics will not be required to explain some 
of the observations of seismology. It merely 
means that, at present, in the field of seismol- 
ogy, there cannot readily be found a major 
obstacle to the new global tectonics. 

MID-0CEAN RIDGES--TIlE SOURCES 

Displacements along [racture zones. Recent 
studies of earthquakes have revealed several 
important facts about the nature of displace- 
ments on the ocean floor [Sykes, 1967, 1968]. 
The recognition of the worldwide extent of the 
mid-ocean ridge system (Figures 2 and 3) 
[Ewing and Heezen, 1956] led to a great in- 
terest in the significance of this major feature to 
global tectonics. Although the ridge system 
appears to be a continuous feature on a large 
scale, the crest of the ridge is actually discon- 
tinuous in a number of places (Figures 1, 2, 
and 3). These discontinuities correlate with the 
intersections of the ridge and the major fracture 
zones--long linear zones of rough topography 

that resemble major fault zones on the conti- 
nents. The apparent displacements along these 
fracture zones have been explained in at least 
three different ways, including simple offset of 
the ridge by strike-slip faulting IVacquiet, 
1962], in situ development of the ridge crests 
at separate locations accompanied by normal 
faulting along fracture zones [Talwani et al., 
1965b], and transform faulting [Wilson, 1965a]. 

Trans/orm [aults. Although the concept of 
simple offset tacitly assumes the conservation 
of surface area, the growth or the destruction 
of surface area is basic to the definition of the 

transform fault. In this hypothesis the active 
portion (BC in Figure 4) of a strike-slip fault 
along which large horizontal displacement has 
occurred ends abruptly at the erest of a growing 
ocean ridge. The horizontal displacement along 
the fault is transformed (or absorbed) by sea- 
floor growth on the ridge; the growing ridge is, 
in turn, terminated by the fault. Two separate 
segments of ridge erest can be joined (Figure 4) 
by a strike-slip fault of this type; these faults 
are called transform faults of the ridge-ridge 
type. 

Wilson [1965a] recognized that the sense of 

'vx 

Fig. 4. An idealized model of sea-floor spread- 
ing and transform faulting of the ridge-ridge type. 
Hatching indicates new surface area created dur- 
ing a given period of sea-floor spreading along the 
active ridge crests BF and CE. Present seismicity 
(indicated by crosses) is confined to ridge crests 
and to segment BC of the fracture zone AD. 
Arrows denote sense of shear motion along active 
segment BC. 
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shear displacement along transform faults of 
the ridge-ridge type would be exactly opposite 
that required for a simple offset of the two 
segments of ridge crest. He also pointed out that 
seismic activity along transform faults should 
be confined to the region between the two ridge 
crests (segment BC in Figure 4). If the crestal 
zones are being displaced by simple offset, how- 
ever, seismic activity should be present along 
the entire length of the fracture zone. 

Earthquake mechanisms. The first motions 
of seismic waves from earthquakes offer a means 
for ascertaining the sense and type of displace- 
ments on fracture zones. First-motion studies 

are often called 'fault-plane solutions' or 'focal- 
mechanism solutions.' Although many earth 
scientists have been disappointed by the large 
uncertainties involved in many first-motion 
studies, investigations of focal mechanisms were 
vastly upgraded by the installation of the 
World-Wide Standardized Seismograph Net- 
work [Murphy, 1966]. Reliable calibration, 
availability of data, high sensitivity, use of 
seismographs of both long and short periods, 
and greater geographical coverage are some of 
the more important characteristics of this net- 
work, which commenced operation in 1962. 
Various studies using data from these stations 
have confirmed that a double couple (or a shear 
dislocation) is an appropriate model for the 
radiation field of earthquakes [Stauder, 1967; 
Isacks and Sykes, 1968]. Hence, the first mo- 
tions observed at seismograph stations around 
the world may be used to determine the orienta- 
tion and the sense of the shear motion at the 

sources of earthquakes in various tectonic re- 
gions. Additional background information on 
earthquake mechanisms will be introduced in 
later sections as further clarification is required. 

Mechanisms along world ri)et system. Sykes 
[1967] examined the focal mechanisms of seven- 
teen earthquakes along various parts of the 
world rift system. In his study all the earth- 
quakes located on fracture zones were charac- 
terized by a predominance of strike-slip motion. 
In each case the shear motion was in the correct 

sense for transform faulting (Figure 4), but it 
was consistently opposite in sense to that ex- 
pected for simple offset. This is an instance in 
the earth sciences in which a yes-or-no answer 
could be supplied by data analysis. The sense 
of motion (left lateral) along one of the major 

fracture zones of the East Pacific rise (a branch 
of the mid-ocean ridge system) is illustrated in 
Figure 1. 

Sykes also showed that earthquakes located 
on the ridge crests (segments BF and CE in 
Figure 4) but not located on fracture zones are 
characterized by a predominance of normal 
faulting. Normal faulting on ocean ridges had 
long been suspected because of the existence of 
a rift valley near the crest of large portions of 
the ridge system [Ewing and Heezen, 1956]. 
More than fifty mechanism solutions (Figure 3) 
have now been obtained for the world rift system 
[Sykes, 1968; Tobin and Sykes, 1968; Banghat 
and Sykes, 1968]; they continue to confirm the 
pattern of transform faulting and normal fault- 
ing described by Sykes. Nearly the same tec- 
tonic phenomenon is observed for each of the 
major oceans. 

Seismicity. The distribution of earthquakes 
is another key piece of seismic evidence for the 
hypothesis of transform faulting. Nearly all the 
earthquakes on the mid-ocean ridges are con- 
fined either to the ridge crests or to. the parts of 
fracture zones that lie between ridge crests 
[Sykes, 1967]. Seismic activity along a fracture 
zone ends abruptly (Figure 4) when the frac- 
ture zone encounters a ridge; only a few earth- 
quakes have been detected from the outer parts 
(segments AB and CD) of most fracture zones. 
If the transform fault theory is correct, the 
areas of sea floor that are now bounded by the 
outer inactive parts of fracture zones were once 
located between two ridge crests; these blocks 
of sea floor moved beyond either crest as 
spreading progressed. Thus, the age of deforma- 
tion becomes older as the distance from an 

active crest increases. 

Earthquake swarms. The occurrence of 
earthquake swarms along the world rift system 
suggests that the crestal zone probably is char- 
acterized by submarine volcanic eruptions 
[Sykes et al., 1968]. Earthquake swarms are a 
distinctive sequence of shocks highly grouped 
in space and time with no one outstanding 
principal event. Although these sequences some- 
times occur in nonvolcanic regions, most of the 
world's earthquake swarms are concentrated in 
areas of present volcanism or geologically recent 
volcanism [Richter, 1958; Minikami, 1960]. 
Large swarms often occur before volcanic erup- 
tions or accompanying them; smaller swarms 
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may be indicative of magmatic activity that 
failed to reach the surface as an eruption. 

From the seismograph records at Palisades, 
New York, Sykes ei al. [1968] recognized more 
than twenty swarms of earthquakes occurring 
during the past 10 years. These swarms com- 
monly lasted a few hours or a few days. Al- 
though many of the larger earthquakes along 
the world rift system occur on fracture zones 
and are characterized by strike-slip faulting, 
nearly all the swarms are restricted to the ridge 
crests (segments BF and CE in Figure 4) and 
seem to be characterized by normal faulting. 
Swarms are commonly (but not always) asso- 
ciated with volcanic eruptions on islands or 
on or near the crest of the world rift system. 

From a simulation of magnetic anomalies 
Matthews and Bath [1967] and Vine and 
Morgan [1967] estimate that most of the new 
surface material along the world rift system is 
injected within a few kilometers of the axis of 
the ridge. In Iceland, where the rift may be 
seen and studied in detail, postglacial volcanism 
is confined largely to the median rift that 
crosses the island [Bodvarsson and Walker, 
1964]. The rift apparently marks the landward 
continuation of the crest of the mid-Afiantic 

ridge (Figures 2 and 3). 
The lack of weathering in rock samples, the 

young ages measured by radioactive and paleon- 
tologic dating of rocks and core materials, and 
the general absence of sediment as revealed by 
bottom photographs and by reflection profiling 
all attest to the youthful character of the 
crestal zones of the mid-ocean ridge [Ewing 
et al., 1964; Burckle ei al., 1967; van Andel 
and Bowin, 1968; Dymond and De#eyes, 1968]. 
Thus, the occurrence of earthquake swarms is 
compatible with the hypothesis that new surface 
materials are being eraplaced magmatically near 
the axes of the ocean ridges. The large earth- 
quake swarms (and perhaps some of the smaller 
swarms) may be indicative of eruptions or mag- 
matic processes in progress near the ridge crests. 
Nonetheless, more work is needed to ascertain 
if a causal relationship exists between the two 
phenomena. 

Synthesis o[ data [or ridges. Seismological 
evidence of various types seems to provide a 
definitive argument for the hypotheses of trans- 
form faulting and sea-floor spreading on the 
mid-ocean ridge system. These data are in 

excellent agreement with evidence of spreading 
from magnetic anomalies, ages of rocks, and the 
distribution of sediments [Vine, 1966; Heirtzler 
et al., 1968; Wilson, 1963; Burckle et al., 1967]. 
The world rift system must be recognized as 
one of the major tectonic features of the world. 
It is characterized nearly everywhere by exten- 
sional tectonics, sea-floor growth at its crest, 
and transform faulting on its fracture zones. 

The focal depths and the maximum magni- 
tudes of earthquakes, the narrowness of seismic 
zones, and the propagation of S• waves along 
ocean ridges and transform faults will be de- 
scribed in the sections on worldwide compara- 
bility of movements and on additional evidence 
for the existence of the lithosphere. 

Implications [or continental drift. The simi- 
larity of the earthquake mechanisms along 
nearly the entire length of the ridge system 
suggests that transform faulting and spreading 
have been occurring in these regions for ex- 
tended, but as yet unspecified, periods of time. 
The distribution of magnetic anomalies, paleo- 
magnetic investigations, and the shapes of con- 
tinental blocks that supposedly were split apart 
by spreading furnish a more complete history 
of the processes of sea-floor spreading and trans- 
form faulting. A question of particular interest 
is: Have the various segments of ridge grown 
in place; i.e., has the en echelon pattern of 
ridges and fracture zones prevailed throughout 
an episode of sea-floor spreading? 

Both the Gulf of Aden and the Gulf of 
California are thought to have opened by con- 
tinental drift during the last 25 m.y. [Hamilton, 
1961; Laughton, 1966]. If drift occurred in 
these areas, the displacements are at most a few 
hundred kilometers. If continental drift can be 
confirmed for these features, inferences about 
drift on an ocean-wide scale are placed on a 
much firmer basis. 

Figure 5 shows the distribution of structural 
features, earthquake epicenters, and earthquake 
mechanisms for the Gulf of Aden [Sykes, 1968]. 
Nearly all the epicenters are confined either to 
northeast-striking fracture zones or to the ridge 
that extends from a branch of the mid-ocean 

ridge (the Carlsberg ridge) near 9øN, 57øE to 
the western part of the Gulf of Aden near 12øN, 
43øE. This ridge coincides with the rough cen- 
tral zone in Figure 5. As in other parts of the 
world rift system the earthquakes occurring on 
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fracture zones are mostly restricted to the re- 
gions between ridge crests. Mechanism solutions 
for events 22 and 23 (numbers after Sykes 
[1968]) indicate transform faulting of the ridge- 
ridge type. 

If the opening of the Gulf of Aden was ac- 
complished through a simple process of sea- 
floor spreading and transform faulting, the 
fracture zones should join points in Arabia and 
in Africa that were together before the drifting 
commenced. Also, the fracture zones should not 
continue into the two continental plates. Laugh- 
ton [1966] has shown, in fact, that these faults 
do not continue inland. In addition, his pre- 
Miocene reconstruction, in which the two sides 
of the Gulf of Aden are moved together parallel 
to the fracture zones, juxtaposes a large num- 
ber of older structural features on the two sides 

of the gulf. The en echelon arrangement of 
segments of ridge is also mirrored in the stepped 
shape of the continental margins of Arabia and 
Africa. Hence, the present en echelon pattern 
seems to have prevailed since the initial breakup 
of these two blocks about 5 to 25 m.y. ago. 

A similar pattern of en echelon ridges is pres- 
ent in the Gulf of California (Figure 6). Earth- 
quake mechanisms from this region are in- 
dicative of a series of northwesterly striking 
transform faults with right-lateral displacement 
[Sykes, 1968]. These transform faults, which 
are arranged en echelon to the San Andreas 
fault, connect individual segments of growing 
ridges in the Gulf of California. Hence, sea- 
floor spreading and transform faulting also were 
responsible for the displacement of Baja Cali- 
fornia relative to the mainland of Mexico. If 

these two blocks are reconstructed by horizontal 
displacements parallel to the northwesterly 
striking fracture zones, the peninsula of Baja 
California is placed in the indentation or 'hitch' 
of the mainland of Mexico near 21øN, 106øW. 
Thus, the two pieces appear to fit together in 
this reconstruction. Wilson [1965a] has pointed 
out that the stepped shape of the fracture-zone- 
ridge pattern in the equatorial Atlantic is 
mirrored in the stepped shape of the coastlines 
and the continental margins of Africa and 
Brazil. 

ISIsAND ARcs--T• S•NKS 

Almost anyone who glances casually at a 
map of the world is intrigued by the organized 

patterns of the island arcs. The close association 
of the major ocean deeps with these arcs is 
obvious and suggests exceptional subsidence in 
these zones, but other facts are equally striking. 
Nearly all the world's earthquakes in the deep 
and intermediate range, most of the world's 
shallow earthquakes, and the largest departures 
from isostatic equilibrium are associated with 
island arcs or arc-like structures, as shown by 
Gutenberg and Richter [1954]. Volcanoes, sea- 
level changes, folding, faulting, and other forms 
of geologic evidence also demonstrate the high 
level of tectonic activity of these features. A 
concept of global tectonics in which the arcs do 
not play an important role is unthinkable. If 
crustal material is to descend into the mantle, 
the island arcs are suspect as sites of the sinks. 

The asymmetrical structure of the arcs and 
the associated pattern of earthquake occurrence 
in the mantle led many investigators (e.g., 
Vening Meinesz [1954], Benio# V1954], Hess 
[1962], Dietz [1961]) to postulate that the 
structures are the result of compressive stresses 
normal to the arc and are the sites of vertical 
movements in various convective schemes. Al- 

though such ideas were supported by the in- 
vestigations of focal mechanisms of earthquakes 
made by Honda et al. [1956] and by the gravity 
studies of Vening Meinsz [1930] and Hess 
[1938], later analyses by Hodgson [1957] for 
focal mechanisms and by Talwani et al. [1959] 
and Worzel [1965] for gravity led to different 
conclusions. This section reviews the data and 

shows that there is strong support for the com- 
pressive nature of island arcs and for their role 
as sites where surface material moves down- 

ward into the mantle. In particular, a variety 
of evidence supports the model of the arc shown 
in Figure 1. In this model the leading edge of 
the lithosphere underthrusts the arc and moves 
downward into the mantle as a coherent body. 
The proposed predominance of strike-slip fault- 
ing in island arcs [Hodgson, 1957] is not in 
agreement with this model but appears, in view 
of recent and vastly improved seismic data, to 
be based on unreliable determinations of focal 

mechanisms [Hodgson and Stevens, 1964]. The 
extensional features of structures based on 

gravity and seismic data appear to be surficial 
and can be reconciled with, and in fact are pre- 
dicted by, the new hypothesis. 

High-Q and high-velocity zones in the mantle 
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beneath island arcs. The gross structure of an 
idealized island arc as shown in Figure i is 
based on the results of Oliver and Isacks [1967]. 
Their study was primarily concerned with the 
Fiji-Tonga area. Comparison of seismic waves 

generated by deep earthquakes in the seismic 
zone and propagated along two different kinds 
of paths, one along the seismic zone and one 
through an aseismic part of the mantle, demon- 
strated the existence of an anomalous zone in 
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the upper mantle. The anomalous zone was esti- 
mated to be about 100 km thick and to be 

bounded on the upper surface by the seismic 
zone. Thus, the zone dips beneath the Tonga 
are at about 45 ø and extends to depths of al- 
most 700 km. The zone is anomalous in that 
attenuation of seismic waves is low and seismic 

velocities are high relative to those of the 
mantle at comparable depths elsewhere. Recent 
studies of the Japanese are [Wadati et al., 
1967; Utsu, 1967] have confirmed the existence 
of such a structure for that region. Similar zones 
appear to be associated with other island arcs 
[Oliver and Isacks, 1967; Cleary, 1967; Molnar 
and Oliver, 1968]. 

The presence of a high-velocity slab beneath 
an island are introduces a significant azimuthal 
variation in the travel times of seismic waves. 

Such variations with respect to source anom- 
alies are shown by Herrin and Taggatt [1966], 
Sykes [1966], Cleary [1967] and are indicated 
by the data of Carder et al. [1967] all for the 
case of the Longshot nuclear explosion. With 
respect to station anomalies such variations are 
shown by Oliver and Isacks [1967], Utsu 
[1967], Cleary and Hales [1966], and Herrin 
[1966] from data from earthquakes. These 
effects must therefore be taken into account as 

sources of systematic errors in the locations of 
earthquakes and the construction of travel-time 
curves. The large anomaly of Q associated with 
the slab must play a very important role in the 
Q structure of the mantle, especially for studies 
based on body waves from deep earthquakes. 
Studies in which this effect is ignored [e.g., 
Teng, 1968] must be reassessed on this basis. 

Oliver and Isacks associated the anomalous 

zone with the layer of low attenuation near the 
surface to the east of Tonga. In their interpre- 
tation of the data, they correlated low attenua- 
tion with strength to arrive at the structure of 
Figure I in which the lithosphere, a layer of 
strength, descends into the mantle. This con- 
figuration suggests the mobility of the litho- 
sphere implied in Figure I and described in the 
introduction. Based on current estimates of 

lithosphere velocities and other parameters, the 
down-going slab would be much cooler than its 
surroundings for a long time interval. Although 
there is little evidence supporting a direct rela- 
tion between low attenuation and strength, an 
indirect relation based on the dependence of 

each parameter on temperature is reasonable. 
This point is discussed further in another sec- 
tion. 

Bending o[ lithosphere beneath an island arc. 
The evidence supporting the model in which 
the lithosphere plunges beneath the island arc 
is varied. To explore this point further, consider 
first the configuration of the upper part of the 
lithosphere in the vicinity of an island arc 
(Figure 7a). Seismic refraction studies of a 
number of island arcs have been made. In- 

variably they show the surface of the mantle, 
which is shallow beneath the deep ocean, deep- 
ening beneath the trench, as suggested by Fig- 
ure 7a. Although some authors suggest that the 
mantle merely deepens slightly beneath the 
islands of the arc and shoals again behind the 
arc, evidence for such a structure is incomplete. 
Mantle velocities beneath the islands, where 
determined, are low, and there is no case for 
which the data could not be interpreted as sug- 
gested in Figure 7a (see, e.g., Badgley [1965] 
and Offricer et al. [1959]). In fact, the difficulty 
experienced in documenting the model in which 
the mantle is merely warped beneath the islands 
is evidence against this model. The main crustal 
layer as determined from seismic refraction 
studies seems to parallel the surface of the 
dipping mantle beneath the seaward slope of 
the trench. In some interpretations the crustal 
layer thins beneath the trench; in others it 
thickens or remains constant. Perhaps these are 
real variations from trench to trench, but the 
data are not always definitive. 

Thinning of the crust has been interpreted by 
Worzel [1965] and others as an indication of 
extension, and there is considerable evidence in 
the structure of the sediments on the seaward 

slopes of many trenches supporting the hy- 
pothesis of extension (see, e.g., Ludwig et al. 
[1966]). Figure 8, one of Ludwig's sections 
across the Japan trench, demonstrates this point 
dramatically. Several graben-like structures are 
seen on the seaward slope of the trench. Al- 
though such evidence for extension has been 
cited as an argument against sea-floor spread- 
ing and convection on the basis that down-going 
currents at the sites of the ocean deeps would 
cause compression normal to the arcs, the argu- 
ment loses its force when the role of the litho- 

sphere is recognized. All the evidence for exten- 
sion relates only to the sediments and crust, i.e., 
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Figure 7 shows vertical sections through an island arc indicating hypothetical structures and 
other features. Both sections show down-going slab of lithosphere, seismic zone near surface 
of slab and in adjacent crust, tensional features beneath ocean deep where slab bends abruptly 
and surface is free. (In both sections, S indicates seismic activity.) (a) A gap in mantle portion 
of lithosphere beneath island arc and circulation in mantle associated with crustal material of 
the slab and with adjoining mantle [Holmes, 1965]. (b) The overriding lithosphere in contact 
with the down-going slab and bent upward as a result of overthrusting. The relation of the 
bending to the volcanoes follows Gunn [ 1947]. No vertical exaggeration. 

the upper few kilometers of the lithosphere. For 
the models pictured in Figure 7 in which a thick 
strong layer bends sharply as it passes beneath 
the trench, extensional stresses are predicted 
near the surface on the convex side of the bend 

even though the principal stress deeper in the 
lithosphere may be compressional. Earthquake 

activity beneath the seaward slope of the trench 
is, in general, infrequent and apparently of 
shallow depth. The focal mechanisms that have 
been determined for such shocks indeed indi- 

cate extension as predicted, i.e. normal to the 
trench, the axis of bending (Stauder [1968] 
and T. Fitch and P. Davis, personal communi- 
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Fig. 8. Seismic reflection profile across the Japan trench extending easterly along 35øN 
from point M near Japan to point N [after Ludwig et al., 1966]. Vertical scale represents two- 
way reflection time in seconds (i.e., I sec ---- I km of penetration for a velocity of 2' km/sec). 
Note block faulting along seaward slope of trench demonstrating extension in crust and inclu- 
sion of sediments in basement rocks. Also note shoaling of oceanic basement on approaching 
trench as suggested by work of Gunn [1937]. Vertical exaggeration ~25:1. 

cartons). Stauder demonstrates this point very 
well in a paper on focal mechanisms of shocks 
of the Aleutian arc. 

The extensional features also suggest a 
mechanism for including and transporting some 
sediments within the down-going rock layers. 
As implied by Figure 7a, sediments in the 
graben-like features may be carried down to 
some depth in quantities that may be very 
significant petrologically, as suggested by Coats 
[1962]. Probably not all the sediments carried 
into the trench by motion of the sea floor or by 
normal processes of sedimentation are absorbed 
in the mantle, however. There are large volumes 
of low-density material beneath the inner slope 
on the island side of most trenches [Talwani 
and Hayes, 1967] that may correspond to sedi- 
ment scraped from the crust and deformed in 
the thrusting. Unfortunately, the structure of 
these low-density bodies is not well explored, 
and, in fact, the very difficulty of exploring them 
may be an indication of their contorted nature, 
which results from great deformation. 

The above arguments apply to trenches that 
are relatively free of fiat-lying sediments, such 
as the Japan or Tonga trenches. The occurrence 
of substantial quantities of fiat-lying unde- 
formed sediments in some other trenches has 

been cited as evidence against underthrusting 
in island arcs [Scholl e• al., 1968]. Accumu]a- 

tion of underformed sediments depends on 
the ratio of rate of sediment accumulation 

to rate and continuity of underthrusting, 
and such data must be evaluated for each area 
with these factors in mind. The South Chile 

trench, for example, has a large sedimentation 
rate but no associated deep earthquakes, sug- 
gesting little or no recent thrusting. The results 
of Scholl et al. must be considered in this light. 
The Itikurangi trench (east of northern New 
Zealand), another example of a partially filled 
trench, is also thought to be in a zone of low 
convergence rate (see Le Pichon [1968] and 
Figure 2). 

Underthrusting beneath island arcs. The 
shallow earthquakes mentioned above that indi- 
cate extension normal to the are occur relatively 
infrequently and appear always to be located 
beneath or seaward of the trench axis. The 

earthquakes that account for most of the seismic 
activity at shallow depths in island ares are lo- 
cated beneath the landward slope of the trench 
and form a slab-like zone that dips beneath the 
island are [Fedotov et al., 1963, 1964; Sykes, 
1966; Hamilton, 1968; Mitronovas et al., 1968]. 
This point is illustrated in Figure 9, which 
shows a vertical section through the Tonga are. 
Note that, for a wide range of depths, foei are 
confined to a zone 20 km or less in thickness. 

In the focal mechanisms of the shallow 
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shocks along the slab-like zone of the Tonga- 
Kermadee are, Isacks and Sykes [1968] find 
consistent evidence for underthrusting of the 
seaward block beneath the landward block. 

Abundant evidence for a similar process for 
various island arcs of the North Pacific is 

found by Stauder [1962, 1968], Udias and 
Stauder [1964], Stauder and Bollinger [1964, 
1966a, b], Aki [1966], and Ichikawa [1966]. 
Critical evaluation of focal mechanism data by 
Adams [1963], Hodgson and Stevens [1964], 
Stauder [1964], and Ritsema [1964] shows that 
the generalization that strike-slip faulting is 
predominant in island arcs is based on unre- 
liable data and possible systematic errors in the 
analyses. The recent data, greatly improved in 
quality and quantity, indicate that, in fact, dip- 
slip mechanisms are predominant in island arcs. 
The thrust fault mechanisms characteristic of 

shallow earthquakes in island arcs thus appear 
to reflect directly the relative movements of the 
converging plates of lithosphere and the down- 
ward motion of the oceanic plate. The com- 
patibility of these motions as determined by 
focal mechanism data with the worldwide pat- 
tern of plate movements is discussed later and 
is shown to be excellent. 

Considerable evidence for underthrusting in 
the main shallow seismic zone exists in other 

kinds of observations. Geodetic and geologic 
studies of the Alaskan earthquake of 1964 
[Parkin, 1966; PlaCket, 1965] strongly support 
the concept of underthrusting. Geologic evi- 
dence also indicates the repeated occurrence of 
such thrusting in this arc during recent time 
[Plafker and Rubin, 1967]. Data from other 
arcs on crustal movements are voluminous and 

have not all been examined in light of the 
hypotheses of the new global tectonics. In fact, 
in many arcs the principal zone of underthrust- 
ing would outcrop beneath the sen and im- 
portant data would be largely obscured. One 
important point can be made. It is well known 
[Richter, 1958] that vertical movements in 
island arcs are of primary importance. This con- 
trasts with the predominantly horizontal move- 
ment in such zones as California, where strike- 
slip faulting predominates. 

Other shallow activity in island arcs. In 
some island arcs there is appreciable shallow 
seismic activity landward of the principal seis- 
mic zone. This activity, which is distinct from 

that of the deep seismic zone below it, appears 
to be confined mainly to the crust and to be 
secondary to the activity along the main seismic 
zone. The Niigata earthquake of June 16, 
1964, appears to be located in such a secondary 
zone of the North Itonshu arc. The mecha- 

nism of this earthquake [Hirasawa, 1965] indi- 
cates that the axis of maximum eompressive 
stress is more nearly horizontal than vertical 
and trends perpendicular to the strike of the 
North ttonshu are. It is interesting that this 
stress is also perpendicular to the trend of 
Neogene folding in North ttonshu [Matsuda 
et al., 1967]. These results might indicate some 
compressive deformation of the overriding 
plates in the models of Figure 7. 

Deep earthquakes: the down-going slab. The 
shallow seismic zone indicated by the major 
seismic activity is continuous with the deep 
zone, which normally dips beneath the island 
are at about 45 ø . The thickness of the seismic 

zone is not well known in most cases, but it 
appears to be less than about 100 km and some 
evidence suggests that it may, at least in some 
areas, be less than 20 km. Figure 9 illustrates 
this point for a section through the Tonga arc. 
Although the surface approximating the distri- 
bution of hypocenters may be described roughly 
as above, it is clear that significant variations 
from this simple picture exist and are important. 
For example, the over-all dips may vary from 
at least 30 ø to 70 ø, and locally the variation 
may be greater, as suggested by the data in 
Figure 9. For the Tonga-Kermadee arc, the 
number of deep events is large and the zone can 
be defined in some detail [Sykes, 1966]. Sykes 
was able to show, as a result of a marked curva- 
ture of the northern part of the Tonga are, a 
clear correlation between the configuration of 
the deep seismic zone and surface features of 
the arc, thereby demonstrating the intimate 
relationship between the deep and the shallow 
processes. 

For most arcs, however, the number of deep 
events, particularly since the World-Wide 
Standardized Seismograph Network has been 
in operation, is relatively small; therefore, the 
deep zones cannot be defined as precisely as one 
might desire. Nevertheless, sufficient information 
is available on the pattern of seismic activity so 
that the concept of the mobile lithosphere can 
be tested in general, and it must be assumed 
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that subsequent detailed studies of other island 
arcs may reveal contortions in the seismic zone 
comparable with the contortions already found 
in Tonga-Fiji. 

Focal mechanisms. The simple underthrust- 
ing typical of the shallow earthquakes of the 
principal zones does not, in general, persist at 
great depths. For shocks deeper than about 100 
km the orientation of the focal mechanisms 

varies considerably but exhibits certain clear-cut 
regularities. To understand these regularities, it 
is important to recall what is determined in a 
focal mechanism solution. The double-couple 
solution, which appears to be the best repre- 
sentation of most earthquakes, comprises two 
orthogonal nodal planes, either of which may 
be taken as the slip plane of the equivalent 
shear dislocation. Bisecting these nodal planes 
are the axis of compression, P, in the quadrants 
of dilatational first motions and the axis of 

tension, T, in the quadrants of compressional 
first motions. The axis formed by the intersec- 
tion of the nodal planes is the null, or B, axis 
parallel to which no relative motion takes place. 
If one nodal plane is chosen as the slip plane, 
the pole of the other nodal plane is the direction 
of relative motion of the slip vector. It is im- 
portant to realize that the primary information 
given by a double-couple solution is the orien- 
tation of the two possible slip planes and slip 
vectors. The interpretation of the double-couple 
mechanisms in terms of stress in the source 

region requires an assumption about the failure 
process. The P, T, and B axes correspond to the 
maximum, minimum, and intermediate axes of 
compressive stress in the medium only if the 
shear dislocation is assumed to form parallel 
to a plane of maximum shear stress in the me- 
dium, i.e., a plane that is parallel to the axis of 
intermediate stress and that forms a 45 ø angle 
to the axes of maximum and minimum stress. 

Patterns of focal mechanisms for deep earth- 
quakes. The most striking regularity in the 
orientation of the double-couple focal mecha- 
nisms of deep and intermediate earthquakes is 
the tendency of the P axes to parallel the local 
dip of the seismic zone. Figure 10 illustrates 
this point for the three zones (Tonga, Izu- 
Bonin, and North Itonshu) for which reliable 
data are most numerous. This figure also shows 
that, although the orientation of the axes of 
tension and the null axes tend to be less stable 

than the compressional axes, these axes are not 
randomly oriented. The axis of tension tends to 
be perpendicular to the seismic zone; the null 
axis, parallel to the strike of the zone. These 
generalizations are shown schematically in Fig- 
ure 11. The slip planes and slip directions are 
thus systematically nonparallel to the seismic 
zones; the orientations are therefore difficult to 
reconcile with a simple shearing parallel to the 
seismic zone as suggested by the common con- 
cept of the zone as a large thrust fault. Sugi- 
mura and Uyeda [1967] sought to reconcile the 
observations with that concept by postulating 
a reorientation of crystalline slip planes per- 
pendicular to the axis of maximum compressive 
stress, such that in the case of horizontal com- 
pression the slip planes would tend to be vertical. 
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Fig. 10. Orientations of the axes of stress as 
given by the double-couple focal mechanism solu- 
tions of deep and intermediate earthquakes in the 
Tonga arc, the Izu-Bonin arc, and the North 
ttonshu arc. Open circles are axes of compression, 
P; solid circles are axes of tension, T; and crosses 
are null axes, B, all plotted on the lower hemi- 
sphere of an equal-area projection. The data, se- 
lected from available literature as the most reli- 
able solutions, are taken from Isacks and Sykes 
[1968], Honda et al. [1956], Ritsema [1965], 
and Hirasawa [1966]. The data for each of the 
three arcs are plotted relative to the strike of the 
arc (Tonga arc, N 20øE; Izu-Bonin, N 15øW; 
North ttonshu arc, N 20øE). The dips of the zones 
vary between about 30 ø and 60 ø, as indicated by 
the dashed lines in the figure. Note the tendency 
of the P axes to parallel the dip of the seismic 
zone and the weaker tendency for the T axes to 
be perpendicular to the zone. 
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Fig. 11. Vertical sections perpendicular to the strike of an island arc showing schematically 

typical orientations of double-couple focal mechanisms. The horizontal scale is the same as 
the vertical scale. The axis of compression is represented by a converging pair of arrows; the 
axis of tension is represented by a diverging pair; the null axis is perpendicular to the 
section. In the circular blowups, the sense of motion is shown for both of the two possible 
slip planes. The features shown in the main part of the figure are based on results from the 
Tonga arc and the arcs of the North Pacific. The insert shows the orientation of a focal 
mechanism that could indicate extension instead of compression parallel to the dip of the zone. 

Alternatively, Isacks and Sykes [1968] show 
that, if it is assumed that the slip planes form 
at angles with respect to the axis of maximum 
compressive stress that are not significantly 
different from 45 ø, then a very simple interpre- 
tation can be made on the basis of the model 

of Figure 1. In this interpretation the axis of 
maximum compressive stress is parallel to the 
dip of the seismic zone (i.e., parallel to the 
presumed motion of the slab in the mantle), 
and the axis of least compressive stress is per- 
pendicular to the zone or parallel to the thin 
dimension of the slab. 

The tendency for the compressire axes to be 
more stable than the other two axes can be 
interpreted to indicate that the difference be- 
tween the intermediate and the least principal 
stresses is less than the difference between the 
greatest and the intermediate principal stresses. 
In general, the stress state may be quite vari- 
able owing to contortions of the slab, as sug- 
gested by Figure 9. Possibly large variability 
in the orientations of the deep mechanisms 

would, therefore, be expected, especially near 
parts of the zone with complex structure. 

The important feature of the interpretation 
presented here is that the deep earthquake 
mechanisms reflect stresses in the relatively 
strong slab of lithosphere and do not directly 
accommodate the shearing motions parallel to 
the motion of the slab as is implied by the 
simple fault-zone model. The shearing deforma- 
tions parallel to the motion of the slab are pre- 
sumably accommodated by flow or creep in the 
adjoining ductile parts of the mantle. 

Do the stresses in the slab vary with depth ? 
In particular, the axis of least compressive 
stress, the T axis, may be parallel to the dip 
of the zone if the material at greater depths 
were sinking and pulling shallower parts of the 
slab [Elsasset, 1967]. In the Tonga, Aleutian, 
and Japanese arcs, the focal mechanisms indicate 
that the slab is under compression parallel to its 
dip at all depths greater than about 75 to 100 
km. In these arcs, therefore, any extension in 
the slab must be shallower than 75 to 100 kin. 
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Very limited evidence from the Kermadec 
[Isacks and Sykes, 1968], New Zealand (North 
Island) [Adams, 1963], South American (A. R. 
Ritsema, personal communication), and Sund• 
(T. Fitch, personal communication) arcs sug- 
gests, however, that mechanisms indicating ex- 
tension of the slab, as shown in the insert of 
Figure 11, may exist at intermediate depths in 
some arcs. Further work is required to dis- 
tinguish such mechanisms from the under- 
thrusting type of mechanism characteristic of 
earthquakes at shallow depths or from complex 
mechanisms related to changes in structure or 
contortions of the slab. 

Process o• deep earthquakes. The idea that 
deep earthquakes occur in downgoing slabs of 
lithosphere has important implications for the 
problem of identifying the physical process re- 
sponsible for sudden shear failure in the en- 
vironment of the upper mantle. That deep 
earthquakes are essentially sudden shearing 
movements and not explosive or implosive 
changes in volume is now extensively docu- 
mented (see Isacks and Sykes [1968] for refer- 
ences). Anomalous temperatures and composi- 
tion might be expected to be associated with 
the down-going slab, either or both ot• which 
may account for the existence of earthquakes at 
great depths. 

Several investigators [Raleigh and Paterson, 
1965; Raleigh, 1967] concluded that dehydra- 
tion of hydrous minerals can release enough 
water to permit shear fracture at temperatures 
between about 300 ø and 1000øC. Although 
Griggs [1966] and Griggs and Baker [1968], 
assuming normal thermal gradients, suggested 
that these reactions would not take place for 
depths greater than about 100 km, rates of 
underthrusting as high as 5 to 15 cm/yr sug- 
gest that temperatures low enough to permit 
these reactions to occur may exist even to 
depths of 700 km. Certainly a re-evaluation of 
these processes is in order. 

The lowest temperatures, the largest tem- 
perature gradients, and the largest composi- 
tional anomalies would probably be most 
marked near the upper part of the slab, i.e. 
the part corresponding to the crust and upper- 
most mantle in the surficial lithosphere. Thus, 
the seismic activity associated with these anom- 
alies might be expected to concentrate near the 
upper part of the slab, as is suggested in Fig- 

ures 7a and 11 and supported by the data shown 
in Figure 9. Although catastrophic phase 
changes may be ruled out as direct sources of 
seismic waves on the basis of the radiation 

pattern of the waves, the possibility remains 
that the stresses responsible or partly respon- 
sible for shear failure may result from some- 
what slower phase changes. 

Seismic activity versus depth. Frequencies 
of earthquakes versus depth for several island 
arcs are shown in Figure 12. There are two 
main results emerging from these analyses. (1) 
In all island arcs studied the activity decreases 
in the upper 100 to 200 km approximately 
exponentially as a function of depth with a 
decay constant of about 100 km [Sykes, 1966]. 
(2) At greater depths the seismic activity in 
many (but not all) island arcs increases rela- 
tive to the exponential decay extrapolated from 
shallower depths, and the seismic activity shows 
a fairly well-defined maximum in some depth 
range in the upper mantle. The variation of 
seismic activity with depth is thus grossly cor- 
related with the variation of seismic focal 

mechanisms with depth and supports the gen- 
eralization that deep earthquake mechanisms 
have a different relationship to the zone than 
shallow mechanisms do. In this correlation the 

earthquakes that define the shallow exponential 
decay in seismic activity are characterized by 
the underthrusting type mechanisms, whereas 
the deeper earthquakes appear to be related to 
the stresses in the down-going slab. 

There is an approximate correlation of the 
decrease in seismic activity versus depth with 
a similar general decrease in seismic velocities, 
Q, and viscosity in the upper 150 km. These 
effects may be related to a decrease in the differ- 
ence between the temperature and local melting 
temperature. Thus, the decrease in activity with 
depth may correspond to an increase in the 
ratio of the amount of deformation by ductile 
flow to that by sudden shear failure. An impli- 
cation of this interpretation is that the ex- 
ponential decay constant of 100 km may 
roughly indicate the thickness of the overthrust 
plate of lithosphere. This interpretation is illu- 
strated in Figure 7b, in which the overriding 
plate of lithosphere is in 'contact' with the 
down-going plate along the seismic zone. As 
shown in a later section, the assumption that 
the depth distribution of shallow earthquakes 
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Fig. 12. Number of earthquakes per 25-km depth intervals as function of depth for several 

island arcs. Except for Japan, data are from Sykes [1966]. Data for Japan expressed as percent- 
age of events per 50-km depth intervals [Katsumata, 1967]. Since the various curves were not 
normalized for the sample lengths and for the lower limit of detectability in each area, only 
the relative shapes and not the absolute levels of the various curves should be compared with 
one another. The number of earthquakes per unit depth within the upper 200 km of all 
these island arcs is approximately proportional to exp (--Z/100), where Z is the depth in 
kilometers. Peaks in activity below 200 km appear to fluctuate both in amplitude and in depth 
among the various arcs. 

rectly beneath and behind the arc as shown in 
Figure 7b. Oliver and Isacks [1967] and Molnar 
and Oliver [1968] show that high-frequency $• 
does not propagate across the concave side of 
island arcs, which probably indicates that the 

of the mid-ocean rift system yields a measure 
of the thickness of the lithosphere is not an 
unreasonable one. 

Several lines of evidence do not, however, 
support the existence of thick lithosphere di- 
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uppermost mantle there has low Q values. This 
result is in agreement with the low P, velocities 
generally found beneath islands of many arcs. 
Also, the active volcanism and high heat flow 
eharacetristie of the concave side of island arcs 

[Uyeda and Horai, 1964; Sclater et al., 1968] 
suggest that the lithosphere may be thin there. 
These data are qualitatively fitted by the model 
shown in Figure 7a. One implication of this 
figure is that at least part of the shallow earth- 
quake zone might not result from the contact 
between two pieces of lithosphere but might 
instead indicate an embrittled and weakened 

zone formed by the downward moving crustal 
materials [Raleigh and Paterson, 1965; Griggs, 
1967]. In this case the exponential decay in 
activity might reflect changes in the properties 
of the earthquake zone as a function of depth. 
Thus, both models in Figure 7 must be re- 
tained for the present. 

Although in some arcs such as the Aleutians 
or Middle America the exponential decay in 
activity appears to be the only feature present 
in curves of activity versus depth, most arcs 
exhibit a more or less well-defined maximum in 

activity in the mantle, as illustrated in Figure 
12. The approximate ranges of depth of these 
maxima are shown in Figure 13 for several 
island arcs. The main point of this figure is to 
show that the depths of these maxima vary 
considerably among the various ares and do not 
appear to be associated with any particular level 
of depth in the mantle, contrary to general 
opinion. As shown in Figure 13, the depths of 
the deep maxima are approximately correlated 
with the rates of convergence in the arcs as cal- 
culated by Le Piehon. As will be shown later 
(see Figure 16), the correlation is considerably 
better between the rate of convergence and the 
length of the zone measured along the dip of the 
zone. Thus, the simplest explanation, one direct 
consequence of the model of Figure 1, is that 
the deep maxima are near the leading parts of 
the down-going slabs. 

Two features of the distributions shown in 

Figures 12 and 13 may be related to certain 
levels of depth in the mantle. Although the 
length of the seismic zone measured along the 
dip of the zone exceeds 1000 km for several 
cases, no earthquakes with depths greater than 
720 km have ever been documented. The U.S. 

Coast and Geodetic Survey (USCGS) has lo- 
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Fig. 13. Depth range of maxima in the seismic 
activity (numbers of earthquakes) as a function 
of depth in island arcs and arc-like structures for 
which data are sufi%iently numerous. The data 
are from Gutenberg and Richter [1954], Katsu- 
mata [1967], Sykes [1966], and listings of earth- 
quakes located by the USCGS in the preliminary 
determination of epicenters (PDE). The numbers 
at the bottom of the figure give the rate (in 
centimeters per year) of convergence for the arc 
as plotted in Figure 2. Note that the maxima 
occur over a wide range of depths and that the 
depths appear to correlate, in general, with the 
calculated slip rate. 

cared no earthquakes with a depth greater than 
690 km during the period 1961-1967. These 
depths are near the region of the mantle in 
which gradients in the variation of seismic 
velocities may be high [Johnson, 1967]. Ander- 
son [1967a] argues that this region corresponds 
to a phase change in the material. These depths 
may therefore be in some way related to the 
boundary of the mesosphere as shown in Fig- 
ures I and 14 and as discussed in the next sec- 
tion. The second feature is the absence of 

maxima around 300 km. Thus, in a worldwide 
composite plot of activity versus depth, a mini- 
mum in activity near this depth generally ap- 
pears. 

Downward movement of lithosphere in the 
mantle: some hypotheses. Although the con- 
cept is so new that it is difScult to make 
definitive statements, a brief speculative dis- 
cussion is in order to emphasize the importance 
of these results in global tectonics. Figure 14, 
four hypothetical and very schematic cross sec- 



5878 ISACKS, OLIVER, AND SYKES 

Fig. 14a. Length l is a measure of the amount 
of underthrusting during the most recent period of 
sea-floor spreading. 

Fig. 14b. Lithosphere is deformed along its 
lower edge as it encounters a more resistant layer 
(the mesosphere). 

Fig. 14c. Length of seismic zone is the product 
of rate of underthrusting and time constant for 
assimilation of slab by upper mantle. 

//////////// 
Fig. 14d. A piece (or pieces) of the lithosphere 

becomes detached either by gravitational sinking 
or by forces in the asthenosphere. 

Figure 14 shows four possible configurations of 
an underthrust plate of lithosphere in island arcs. 
Solid areas indicates lithosphere; white area, 
asthenosphere; hatched area, mesosphere. 

tions of an island arc, illustrates some points 
that should be considered. 

Figure 14a shows a case in which the litho- 
sphere has descended into the mantle beneath 
an island arc. In this model the lithosphere has 
not been appreciably modified with regard to 
its potential for earthquakes and the length of 
the submerged portion, l, and hence the depths 
of the deepest earthquakes are dependent on 
the rate of movement down dip and the dura- 
tion of the current cycle of sea-floor spreading 
and underthrusting. 

In Figure 14b the leading edge of the descend- 
ing lithosphere has encountered significant re- 
sistance to further descent and has become 

distorted. In this situation, the depth of the 
deepest earthquakes in such a zone depends on 
the depth to the mesosphere. Sykes' [1966] 
analysis of the relocations of earthquakes in the 
Tonga arc (see also Figure 9) reveals the pres- 
ence of contortions of the lower part of the seis- 
mic zone which might indicate a phenomenon 
similar to that pictured in Figure 14b. This 
model has the interesting consequence that a 
cycle of sea-floor spreading might be termi- 
nated or sharply modified by the bottoming of 
the lithosphere at certain points. 

Figure 14c indicates schematically that the 
depths of the deepest earthquakes might de- 
pend on modification of the lithosphere by its 
environment. In this model the depth of the 
deepest shocks depends on the rate of descent 
and the rate of modifications or absorption of 
the lithosphere. 

In Figure 14d the lower portion of the des- 
cending part of the lithosphere is not connected 
with the upper portion, possibly because it has 
pulled away as a result of a large density con- 
trast between the sinking part of lithosphere 
and the surrounding mantle. Another possibility 
is that the lower piece represents a previous 
episode of movement, so that the break be- 
tween the pieces then represents a period of 
quiescence in the surface movements. For ex- 
ample, the Spanish deep earthquake of 1954 
[Hodgson and Cock, 1956] and the very deep 
earthquakes beneath the North Island of New 
Zealand [Adams, 1963] might indicate isolated 
pieces of lithosphere. A variant of Figure 14d 
is the case in which movements of the ductile 

material of the asthenosphere, movements that 
could be quite different from the movements 
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of the surficial lithospheric plates, could deform 
the slabs and possibly break off pieces. For 
example, the marked contortions of the deep 
seismic zone of Tonga may be explained by 
such deformation. Thus, although the evidence 
is at present only suggestive, such evidence is 
important because of the implications of the 
hypotheses with regard to the dynamics of 
the system within the asthenosphere. Various 
combinations of the effects illustrated in Fig- 
ure 14 may also be considered. 

Lateral terminations of island arcs. The dis- 
cussions above are based on, and apply largely 
to, the structure of an island arc taken in a 
vertical section normal to the strike of an arc. 
The three-dimensional configuration of the arc 
must also be considered. The plate model of 
tectonics provides, in a simple way, for the 
termination of an island arc by the abrupt or 
gradual transition to a transform fault, by a 
decrease in the rate of convergence to zero, or 
by some combination of these. In the first case 
the relative movement that is predominantly 
normal to the zone of deformation changes to 
relative movement that is predominantly paral- 
lel to the zone. In the second case the pole 
governing the relative motion between the 
plates may be located along the strike of the 
feature. Isacks and Sykes [1968] describe what 
may be a particularly simple case of the first 
possibility. The northern end of the Tonga arc 
appears to end in a transform fault that strikes 
approximately normal to the arc. In this case 
evidence is also found for a scissors type of 
faulting in which the downgoing Pacific plate 
tears away from the part of the plate remain- 
ing at the surface. 

Summary o• data on island arcs. The litho- 
sphere model of an island arc thus gives a 
remarkably simple account of diverse and im- 
portant observed features of island arcs. The 
existence and distribution of earthquakes in 
the mantle beneath island arcs, the anomalous 
transmission properties of deep seismic zones, 
and the correspondences in the variations of 
seismic activity and the orientations of the focal 
mechanisms as functions of depth are all in 
agreement with the concept of a cooler, rela- 
tively strong slab moving through a relatively 
ductile asthenosphere. The bend in the slab re- 
quired by this movement provides a simple 
means of reconciling the conflicting evidence 

for extension and compressional features of 
island arcs. The results suggest that there are 
two basic types of focal mechanisms. The first 
type is apparently confined to shallow depths 
and directly accommodates, and therefore indi- 
cates the direction of, the movements between 
the plates of lithosphere. The second type indi- 
cates stress and deformation within a plate of 
lithosphere and includes, besides the deep and 
intermediate earthquake mechanisms, the nor- 
mal-faulting mechanisms at shallow depths 
beneath the axis of the trench and, possibly, 
the shallow earthquake mechanisms located 
landward of the underthrust zone. The deep 
earthquake zones may provide the most direct 
source of information on the movement of mate- 

rial in the asthenosphere and on the basic 
question of the relative importance of the litho- 
spheric and asthenospheric motions in driving 
the convective system. The global pattern of 
motions between the plates, derived in part 
from the shallow focal mechanism in island arcs, 
provides a severe test of the hypothesis of plate 
movements in general and provides in particular 
key evidence for the conclusion that island arcs 
are the major zones of convergence and down- 
ward movements of the lithospheric plates. 
This evidence, including observations of direc- 
tions as well as rates of movement, is discussed 
in the next section. 

COMPATIBILITY OF MOVEMENTS ON A 

WORLDWIDE SCALE 

In this section deformations along the world 
rift system and along island arcs and major 
mountain belts are examined for their internal 

consistency and for their global compatibility. 
The major finding is that these displacements 
can be approximated rather precisely by the 
interactions and the relative movements of 

large plates of lithosphere, much of the defor- 
mation being concentrated along the edges of 
the plates and relatively little deformation being 
within the individual plates themselves. It has 
long been recognized that recent deformations 
of the earth's surface are concentrated in nar- 

row belts. These belts, which largely coincide 
with the major seismic zones of the world, 
include the world rift system, island arcs, and 
such island-arc-like features as active mountain 

belts and active continental margins. These 
major tectonic features do not end abruptly; 
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they appear to be linked together into a global 
tectonic scheme. 

Continuity of seismic belts and distribution of 
seismic activity. Figure 15, a compilation of 
about 29,000 earthquake epicenters for the 
world as reported by the U.S. Coast and Geo- 
detic Survey for the period 1961 to 1967 [Bara- 
zangi and Dotman, 1968], shows that most of 
the world's seismic activity is concentrated in 
rather narrow belts and that these belts may be 
regarded as continuous. Thus, if global tectonics 
can be modeled by the interaction of a few large 
plates of lithosphere, this model can account 
for most of the world's seismic activity as effects 
at or near the edges of the plates. Figure 15 
also shows that the earthquakes occur much 
more frequently, in general, in the zones of 
convergence, the arcs and arc-like features, than 
in the zones of divergence, the ocean ridges. 
Along the ocean ridges, where the less compli- 
cated processes of tectonics are apparently 
occurring, the zones are narrow; on the con- 
tinents, where the processes are apparently 
more complex, the zones are broad, and dis- 
tinctive features are not easily resolved. I)eep 
earthquake zones, indicated in Figure 15 only 
by the width of epicentral regions behind arcs, 
correspond to the zones of underthrusting. 
Thus, all the major features of the map of 
seismic epicenters are in general accord with 
the new global tectonics. No other hypothesis 
has ever begun to account so well for the dis- 
tribution of seismic activity, which must rank 
as one of the primary observations of seismol- 
ogy. The details of the configuration of the 
seismic belts of Figure 15 are discussed further 
in other sections of this paper. 

Slip vectors. Figure 3 illustrates the distri- 
bution of these major tectonic features and 
summarizes azimuths of motion as indicated by 
the slip vectors determined from various studies 
of the focal mechanisms of shallow-focus earth- 

quakes. I)eep and intermediate earthquakes as 
well as shallow earthquakes with normal fault- 
ing mechanisms near trenches were not repre- 
sented in this figure, since these mechanisms 
are not thought to involve the relative displace- 
ments of two large blocks of lithosphere. Earth- 
quake mechanisms were included in Figure 3 
only when, by careful examination of the first- 
motion plots, we could verify that the slip 
vectors were reasonably well determined. These 

data were taken from Stauder [1962, 1968], 
Stauder and Udias [1963], Stauder and Boll- 
inger [1964, 1966a, b], Harding and Rinehart 
[1966], Ichikawa [1966], Sykes [1967, 1968], 
Banghat and Sykes [1968], Isacks and Sykes 
[1968], and Tobin and Sykes [1968]. Although 
no attempt was made to ensure that the collec- 
tion of mechanism solutions represented all the 
reliable previous work, nonetheless, the data are 
thought to be representative; no attempt was 
made to select the data by criteria other than 
their reliability. In some cases such as the 
aftershocks of the great Alaska earthquake of 
1964 and the aftershocks of the large :Rat 
Islands earthquake of 1965 [Stauder and Boll- 
inger, 1966b; Stauder, 1968], only representa- 
tive solutions were included, since the number of 
solutions for these regions was too large to 
depict clearly in Figure 3. Solutions cited as 
reliable by Ritsema [1964] as well as those of 
Honda et al. [1956], for example, were not used 
because they pertain to subcrustal shocks. 

From each mechanism solution used one of 

two possible slip vectors was chosen as indica- 
tive of the relative motions of the two interact- 

ing blocks of lithosphere. For each slip vector 
the arrow depicts the relative motion of the 
block on which it is drawn with respect to the 
block on the other side of the tectonic feature. 

Since the double-couple model (or shear dis- 
location) appears to be an excellent approxi- 
mation to the radiation field of earthquakes, it 
is not possible to choose from seismic data alone 
one of the two possible slip vectors as the actual 
motion vector (or alternatively to choose one 
of two possible nodal planes as the fault plane). 

Nevertheless, the choice of one vector is not 
arbitrary but is justified either by the orienta- 
tion of the vectors with respect to known tec- 
tonic features such as fracture zones or by the 
consistency of a set of vectors in a given region. 
For earthquakes located on such major trans- 
form faults as the oceanic fracture zones, the 
San Andreas fault, and the Queen Charlotte 
Islands fault (Figure 3), one of the slip vectors 
is very nearly parallel to the transform fault on 
which the earthquake was located. Observed 
surface breakage and geodetic measurements in 
some earthquakes, the alignment of epicenters 
along the strike of major transform faults, the 
lineartry of fracture zones, and petrological 
evidence for intense shearing stresses in the 
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vicinity of fracture zones constitute strong evi- 
dence for making a rational choice between the 
two possible slip vectors [Sykes, 1967]. The 
choice of the other possible slip vector (or nodal 
plane) for many of the oceanic fracture zones 
would indicate strike-slip motion nearly parallel 
to the ridge axis. On the contrary, earthquakes 
along the ridge crest but not on fracture zones 
do not contain a large strike-slip component but 
are characterized by a predominance of normal 
faulting. 

Evidence •or motions o• lithospheric plates. 
One of the most obvious features in Figure 3 is 
that the slip vectors are consistent with the 
hypothesis that surface area is being created 
along the world rift system and is being de- 
stroyed in island arcs. Along the mid-Atlantic 
ridge, for example, slip vectors for more than 
ten events are nearly parallel to one another 
and are parallel to their neighboring fracture 
zones within the limits of uncertainty in either 
the mechanism solutions (about 20 ø ) or the 
strikes of the fracture zones. 

Morgan [1968] and Le Pichon [1968] showed 
that the distribution of fracture zones and the 

observed directions and rates of spreading on 
ocean ridges as determined from geomagnetic 
data could be explained by the relative motions 
of a few large plates of lithosphere. They deter- 
mined the poles of rotation that describe the 
relative motion of adjacent plates on the globe. 
Our evidence from earthquake mechanisms 
and from the worldwide distribution of seismic 

activity is in remarkable agreement with their 
hypothesis. Although their data are mostly from 
ridges and transform faults, earthquake mecha- 
nisms give the relative motions along island 
arcs as well as along ridges and transform 
faults. 

Le Pichon used data from ocean ridges to 
infer the direction of motion in island arcs. IIis 

predicted movements (Figure 2), which are 
based on the assumption of conservation of 
surface area and no deformation within the 

plates of lithosphere, compare very closely with 
mechanism solutions in a number of arcs. This 

agreement is a strong argument for the hy- 
pothesis that the amount of surface area that is 
destroyed in island arcs is approximately equal 
to the amount of new area that is created along 
the world rift system. Thus, although modest 
expansion or contraction of the earth is not 

ruled out in the new global tectonics, rapid ex- 
pansion of the earth is not required to explain 
the large amounts of new materials added at the 
crests of the world rift system. This approxi- 
mate equality of surface area is, however, prob- 
ably maintained for periods longer than thou- 
sands to millions of years, but minor imbalances 
very likely could be maintained for shorter 
periods as strains within the plates of litho- 
sphere. More exact knowledge of these im- 
balances could be of direct interest to the 

problem of earthquake prediction. 
Figure 3 suggests that nearly all the east- 

west spreading along the East Pacific rise and 
the mid-Atlantic ridge is taken up either by 
the island arcs of the western Pacific or by the 
arc-like features bordering the west coasts of 
Central and South America. Much of the north- 

south spreading in the Indian Ocean is ab- 
sorbed in the Alpide zone, which stretches from 
the Azores-Gibraltar ridge across the Mediter- 
ranean to southern Asia and then to Indonesia. 

Relative motions in the southwest Pacific. 
Le Pichon's computed directions of motion in 
the Tonga and Kermadec arcs of the south- 
west Pacific agree very closely with mechanisms 
we obtained from a special study of that region 
[Isacks and Sykes, 1968]. Mechanisms south of 
New Zealand along the Macquarie ridge [Sykes, 
1967; Banghat and Sykes, 1968] indicate a com- 
bination of thrust faulting and right-lateral 
strike-slip motion. These data suggest that the 
pole of rotation for these two large blocks is 
located about 10 ø farther south than estimated 

by Le Pichon [1968]. Although the Pacific plate 
is being underthrust in the Tonga and Kerma- 
dec arcs and in northern New Zealand, this plate 
is apparently being overthrust along the Mac- 
quatie ridge (see also Summerhayes [1967]). 
In this interpretation the Alpine fault is a 
right-lateral transform fault of the arc-arc type 
that connects two zones of thrusting with op- 
posing dips. Computed slip vectors for this 
region also indicate a component of thrust fault- 
ing either along the Alpine fault itself or in 
other parts of the South Island of New Zea- 
land. Wellman's [1955] studies of Quaternary 
deformation, which indicate a thrusting com- 
ponent as well as a right-lateral strike-slip com- 
ponent of motion along the Alpine and asso- 
ciated faults, seem to be in general accord with 
this concept. 
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Likewise, the Philippine fault appears to con- 
nect a zone of underthrusting of the Pacific floor 
near the Philippine trench with a region of 
overthrusting west of the island of Luzon near 
the Manila trench. Also, the existence of a deep 
seismic zone in the New Hebrides arc that dips 
toward the Pacific rather than away from the 
Pacific as in the Tonga arc [Sykes, 1966] is 
understandable if the Pacific plate is being over- 
thrust in the New Hebrides and underthrust in 

Tonga (Figure 1). The ends of these two arcs 
appear to be joined togther by one or more 
transform faults that pass close to Fiji, but 
additional complications appear to exist in this 
area. 

North Pacific. The uniformity in the slip di- 
rections and the distribution of major faults 
along the margins of the North Pacific (with 
perhaps some systematic departure in the slip 
directions off the coast of Washington and Ore- 
gon) indicate that only two blocks are involved 
in the major tectonics [Tobin and Sykes, 1968; 
Morgan, 1968; McKenzie and Parker, 1967]. In 
this scheme, the San Andreas fault, the Queen 
Charlotte Islands fault, and a series of north- 
westerly striking faults in the Gulf of Cali- 
fornia are interpreted as major transform 
faults [Wilson, 1965a, b]. The observed rates 
of displacement along the San Andreas as de- 
termined geodetically [Whirten, 1955, 1956] 
are very similar to the rates determined from 
the seismicity by means of a dislocation model 
[Brune, 1968]. These rates are in close agree- 
ment with the rates inferred from magnetic 
anomalies for the region of growing ridges at 
the northwestern end of the San Andreas fault 

[Vine and Wilson, 1965; Vine, 1966]. Esti- 
mates of the total amount of offset along the 
San Andreas [Hamilton and Meyers, 1966] 
are comparable to the amount of offset needed 
to close the Gulf of California and to the width 

of the zones of northeasterly striking magnetic 
anomalies off the coast of Oregon and Wash- 
ington [Vine and Wilson, 1965]. 

Thus, the present tectonics of much of the 
North Pacific can be related to the motion of 

the Pacific plate relative to North America 
and northeastern Asia. The slip vectors strike 
northwesterly along the west coast of the 
United States and Canada, represent nearly 
pure dip-slip motion in southern Alaska and 
the eastern Aleutians, and have an increasingly 

larger strike-slip component along the Aleu- 
tian arc as the longitude becomes more westerly. 
]Displacements in the Kurile, Kamchatka, and 
Japanese arcs are nearly pure dip-slip and 
represent underthrusting of the Pacific plate 
beneath the arcs. 

The system of great east-west fracture zones 
in the northeastern Pacific (Figure 2) appar- 
ently was formed more than 10 m.y. ago. Since 
that time the directions of spreading changed 
from east-west to their present northwest- 
southeast pattern [Vine, 1966]. The more west- 
erly strike of the slip vectors along the Juan 
de Fuca and Gorda ridges is consistent with 
the hypothesis that the area to the east of 
these ridges represents a small separate plate 
[Morgan, 1968; McKenzie and Parker, 1967] 
that was underthrust beneath the coast of 

Washington and Oregon to form the volcanoes 
of the Cascade range. A few earthquakes that 
have been detected in western Oregon and 
Washington are apparently of a subcrustal 
origin [Neumann, 1959; Tobin and Sykes, 
1968]. The tectonics of this block appears to 
be quite complex. Internal deformation within 
this block, as indicated by the presence of 
earthquakes [Tobin and Sykes, 1968], and the 
small number of subcrustal events previously 
mentioned suggest that the tectonic regime in 
this region is being readjusted. 

Depths o/ earthquakes, volcanism, and their 
correlation with high rates o/ underthrusting. 
The depths of the deepest earthquakes, the 
presence of volcanism, and the occurrence of 
tsunamis (seismic sea waves) seem to be related 
closely to the present rates of underthrusting in 
island arcs. In the series of arcs that stretches 

from Tonga to the Macquarie ridge the depths 
of the deepest earthquakes generally decrease 
from about 690 km in the north lo less than 

100 km in the south [Hamilton and Evison, 
1968]. The rates of underthrusting computed 
by Le Pichon also decrease from north to south. 
Volcanic activity, which is prominent north of 
the South Island of New Zealand, dies out when 
the deepest part of the seismic zone shoals to 
depths less than about 100 to 200 km. Simi- 
larly, the depth of deepest activity in the 
Aleutian arc and the number of volcanoes 

(Figure 2) appear to decrease from east to 
west as the rate of underthrusting decreases. 
In this arc the rate of underthrusting decreases 
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because the slip vectors become more nearly in Hawaii [Gutenberg and Richter, 1954]. 
parallel to the arc. Volcanism and the depth Other generating mechanisms, such as volcanic 
of seismic activity increase spectacularly as the eruptions and submarine slumping, cannot be 
slip vectors change from a predominance of excluded as the causative agents for at least 
strike-slip motion in the western Aleutians to some tsunamis. 
largely dip-slip motion in Kamchatka, the Gutenberg [1939] argued that the epicen- 
Kurile Islands, and Japan. Most of the world's ters of several earthquakes generating tsunamis 
active volcanoes are located either along the were located on land. Although the epicenter, 
world rift system or in regions that contain which represents the point of initial rupture, 
intermediate-depth earthquakes. Hence, the may be located inland, the actual zone of rup- 
latter volcanoes are presumably located in the ture in great earthquakes is now known to 
regions where the lithosphere has been under- extend for several hundred kilometers. In many 
thrust to depths of at least 100 km. of the great earthquakes associated with island 

Tsunamis. Although some prominent sets- arcs and with active continental margins at 
mologists (e.g., Gutenberg [1939]) have argued least a portion of the zone of rupture is located 
that some of the largest tsunamis (seismic in water-covered areas. Hence, the location of 
sea waves) are generated by submarine slides, the epicenter itself is not an argument for the 
many other geophysicists maintained that sud- absence of significant vertical displacements in 
den dip-slip motion along faults during large nearby submarine areas. Utsu [1967] has 
earthquakes is the principal generating mecha- shown that, as a result of the anomalous zones 
nism for most of the world's more widespread in the mantle beneath island arcs, locations of 
tsunamis. L. Bailey (personal communication), shallow shocks based on teleseismic data are 
following a lecture by Sykes, suggested that usually landward of the actual location. Both 
tsunami generation might correlate with areas improved locations based on a better knowl- 
of large dip-slip motion. This suggestion may edge of seismic wave travel times in anoma- 
have considerablemerit. lous regions such as island arcs and rapid 

Figure 2 shows the epicenters of earthquakes determinations of focal mechanisms may be 
for which tsunamis were detected at distances of substantial value in tsunami warning sys- 
of 1000 km or greater [Heck, 1947; Gutenberg rems. 
and Richter, 1954; U.S. Coast and Geodetic Length o• seismic zones in island arcs. The 
Survey, 1935-1965]. The distance criterion was systematic changes in the seismic zones in the 
used to eliminate waves of more local origin, Aleutians and in the southwest Pacific suggest 
some of which actually may be related to that the lengths of zones of deep earthquakes 
seiches or to submarine slides. Although this might be a measure of the amount of under- 
compilation undoubtedly is not complete even thrusting during the last several million years. 
for the present century, the conclusions drawn Using the maps of deep and intermediate-depth 
here should not be seriously affected by the earthquakes prepared by Gutenberg and Richter 
choice of data. [1954], Oliver and Isacks [1968] estimated 

Since most of the earthquakes generating the area of these zones and divided the total 
tsunamis are located in regions that are char- area by the length of the world rift system 
acterized by a high rate of dip-slip motion (about two great circles) and by 10 m.y., 
(Figure 2), the two phenomena appear to be which is the duration of the latest cycle of 
c,•usally related in many cases. Although most spreading based on data from ocean-floor sedi- 
of the world's largest earthquakes occur in ments and from magnetics [Ewing and Ewing, 
these areas and are characterized by a large 1967; Vine, 1966]. They obtained an average 
component of thrust faulting, large earthquakes rate of spreading for the entire rift system of 
along major strike-slip faults near the coasts 1.3 cm/yr for the half-velocity. This value is 
of southeast Alaska and British Columbia have reasonable for the average velocity of spread- 
not generated sea waves that were observable ing along the world rift system. 
at distances greater than about 100 km. An The hypothesis that the lengths of deep 
earthquake located off the coast of California seismic zones are a measure of the amount of 
in 1927, however, generated a wave detected underthrusting during the past 10 m.y. is 
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examined in greater detail in Figure 16 and in 
Table 1. Figure 16 illustrates the lengths of 
the seismic zones in various arcs and the cor- 

responding rates of underthrusting as calculated 
by Le Pichon [1968] from observed velocities 
of sea-floor spreading and the orientation of 
fracture zones along the world rift system. In 
nearly all cases the regions with the deepest 
earthquakes (and hence the longest seismic 
zones as measured along the zones and perpen- 
dicular to the arcs) correspond to the areas 
with the greatest rates of underthrusting; re- 
gions with only shallow- and intermediate- 
depth events are typified by lower rates of 

underthrusting. Since the calculated slip rates 
and some of the measured lengths may be 
uncertain by 20% or more, the correlation be- 
tween the two variables is, in fact, surprisingly 
good. 

Although six points fall well above a line of 
unit slope, which represents an age of 10 m.y., 
all but one of the lengths are within a factor 
of 2 of the lengths predicted from the hy- 
pothesis that these zones represent materials 
underthrust during the last 10 m.y. Three of 
the more discrepant points, which are denoted 
by crosses on the figure, represent a small num- 
ber of deep earthquakes that are located in 
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Fig. 16. Calculated rates of underthrusting [Le Pichon, 1968], and length of seismic zone 
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(crosses), and for Southern Chile (diamond). The solid line indicates the theoretical locus of 
points for uniform spreading over a 10-m.y. interval. 



5886 

TABLE 1. 

ISACKS, OLIVER, AND SYKES 

Comparison of Estimated Slip Rates for Three Island Arcs 
Values are in centimeters per year. 

Island Arc 

Slip Rate from 
Shallow-Focus 

Seismicity, after 
Brune [1968] 

Calculated Slip Rate, 
Data from Ocean Ridges, 

after Le Pichon [1968] 

Slip Rate* Assuming 
Length Seismic Zone 

Measures Amount 

Underthrust during 
Last 10 m.y. 

Tonga 5.2 7.6 8.4 
Japan 15.7 8.8 16.3 
Aleutians 3.8 6.1 4.0 

* Corrected for azimuth of slip vector using data of Le Pichon [1968]. Rates given for the three methods 
are the magnitudes of the total slip vectors and not the magnitudes of the dip-slip components used in 
Figure 16. 

unusual locations with respect to the more ac- 
tive, planar zones of deep earthquakes. They 
include the unusual deep Spanish earthquake 
of 1954, three deep earthquakes in New Zea- 
land, and a few deep events under Fiji that 
appear to fall between the deep zones in the 
Tonga and New Hebrides arcs. 

Other estimates o[ slip rates in island arcs. 
Slip rates for Tonga, Japan, and the Aleutians 
(Table 1) were calculated (1) from the disloca- 
tion theory using data on the past occurrence of 
earthquakes [Brune, 1968], (2) from the ob- 
served spreading velocities along ocean ridges 
assuming that all of the spreading is absorbed 
by underthrusting in island arcs [Le Pichon, 
1968], and (3) from the lengths of the seismic 
zones assuming these lengths are a measure of 
the amount of underthrusting during the last 
10 m.y. For each arc the three rates are within 
a factor of 2 of one another. 

The 10-m.y. isochron. Two hypotheses may 
explain the correlation between the length of 
seismic zones and the computed rate of under- 
thrusting (Figure 16). One theory, which was 
mentioned earlier, assumes that the present seis- 
mic zones in island arcs were created during 
a recent episode of spreading which began 
about 10 m.y. ago (Figure 14a). In the other 
hypothesis, 10 m.y. is regarded as the approxi- 
mate time constant for assimilation of the 

lithosphere by the upper mantle (Figure 14c). 
Since the zone of anomalously high heat flow 
on ocean ridges appears to be confined to re- 
gions less than about 10 m.y. old [McKenzie, 
1967; Le Pichon and Langseth, 1968], 10 m.y. 
is a reasonable time constant for the creation 

of the normal oceanic lithosphere. Hence, this 
value is not an unreasonable first approximation 
to the time constant for assimilation of the 

lithosphere in island arcs. It should be recog- 
nized, however, that the time constant for 
ocean ridges may be uncertain by more than 
a factor of 2 because of scatter in heat flow 

data. At present, it does not seem possible to 
ascertain which of the two alternative pro- 
posals (Figure 14a or 14c) governs the lengths 
of seismic zones in island arcs. 

With the exception of the data for south- 
ern Chile (the diamond in Figure 16) there 
are no points lying significantly below the 10- 
m.y. isochron. A reduction in slope at the 
higher spreading rates might occur if the litho- 
sphere were suddenly modified at a given depth 
through warming or a phase change that would 
prevent deeper earthquakes from occurring. 
These processes apparently have not led to 
significant decreases in the lengths of the se;_s- 
mic zones compared with those predicted by 
the 10-m.y. isochron in Figure 16. 

Southern Chile. In southern Chile between 

46 ø and 54øS, the absence of observable deep 
activity, the near-absence of shallow seismicity, 
and the presence of a sediment-filled trench 
[Ewing, 1963; Hayes, 1966] are in obvious 
conflict with the predicted length of the seis- 
mic zone. Le Pichon's omission of two very 
active features, the West Chile ridge and the 
Galapagos rift zone (Figure 15) in his analysis 
may, however, explain this discrepancy. Wilson 
[1965a] argued that since Antarctica is almost 
surrounded by spreading ridges, the coast of 
South America south of its juncture with the 
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West Chile ridge at 46øS should not be seismi- or the typical island arcs, occupies a very broad 
cally active. An alternative explanation for the region (Figure 15). Spreading in the Indian 
near-absence of shallow seismicity is that activ- Ocean is apparently being absorbed in several 
ity during the past 70 years of instrumental seis- subzones within the Alpide belt. This conclu- 
mology is not representative of the long-term sion is supported by the widespread distribu- 
activity. This explanation is, however, difficult tion of large shallow earthquakes and by the 
to apply to the hypothetical deep seismic zone relatively small number of intermediate- and 
that is predicted from Le Pichon's calcula- deep-focus earthquakes [Gutenberg and Rich- 
tions. Hence, we feel that either Wilson's pro- ter, 1954]. 
posal or some other explanation is needed to Although, in principle, it seems reasonable 
account for the tectonics of southern Chile. to describe the tectonics of Eurasia by the 

Departures from the 10-m.y. isochron. Sev- interaction of blocks of lithosphere, it is not 
eral factors could explain the six points that yet clear how successful this idea will be in 
fall well above the 10-m.y. isochron in Figure practice because of the large number of blocks 
16: (1)Some pieces of lithosphere became de- involved. The interaction of blocks of litho- 
tached from the main dipping zones of deep sphere appears to be much more complex when 
activity by active processes, such as gravita- all the blocks are continents or pieces of con- 
tional settling of slabs of lithosphere or con- tinents than when at least one is an oceanic 
vection currents in the asthenosphere (Figure block. In addition to activity in the Alpide 
14d). (2) The initiation of underthrusting and belt, earthquakes in East Africa, northern Si- 
spreading was not simultaneous in all regions. beria, and western North America (including 
(3) Some or M1 anomalous deep events may be Alaska) are more diffused in areal extent (Fig- 
related to previous episodes of underthrusting. ure 15). In contrast, seismic zones associated 
(4) The computed slip rates are not correct. with ocean ridges, island arcs, and many active 
(5) If the thermal time constant for assimi- continental margins appear to be extremely 
lation of the lithosphere is generally about 10 narrow and well defined. Several factors may 
m.y. (Figure 14c), the anomalous points may explain these differences: (1) The lithosphere 
represent pieces of lithosphere with anoma- may be more heterogeneous in some or all con- 
lously high time constants so that they are tinental areas and, hence, may break in a 
not completely assimilated. more complex fashion. (2) Old zones of weak- 

Although some of the computed spreading ness in continental areas may be reactivated. 
rates may be in error (particularly the values (3) •Because of its relatively low density, it 
for Indonesia and South America may be in may not be possible to underthrust a block of 
error because the magnetic data in the Indian continental lithosphere into the mantle to 
Ocean are poor and because the West Chile depths of several hundred kilometers. This 
ridge and the Galapagos rift zone (Figure 14) third point is supported by the relatively large 
were not included in Le Pichon's analysis), it areas of older continental rocks. 
is difficult to argue that these rates are greatly As much of the sea floor appears to be rela- 
in error for each of the six anomalous points. tively young, plates of oceanic lithosphere 
The possible ramifications of the various al- probably do not contain a large number of 
ternative proposals should be exciting enough zones of weakness, whereas the continental 
to encourage further study of these new ap- plates, which are older, seem to contain many 
proaches to the distribution of deep earth- zones of weakness. Except for a few earth- 
quakes. quakes along the extensions of fracture zones, 

Interaction of continental blocks of litho- the ocean basins are extremely quiet seismi- 
sphere. The Alpide belt, which comprises cally. Continents, however, exhibit a low level 
much of the Mediterranean region, the Middle of activity in many areas that do not appear 
East, and large parts of central and southern to be undergoing strong deformation. This con- 
Asia, was not included in Figure 16 because trast in activity does not appear to be an 
it is very difficult to define the total amount artifact of the detection system but rather 
of underthrusting. Seismic actvity in the Alpide appears to be related to the different charac- 
zone, unlike that along either the ocean ridges ter of the oceanic and continental lithosphere. 
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One exception to this rule is the near-absence African rift valleys; if spreading from the east- 
of observable activity in Antarctica. Unlike ern flank of the East Pacific rise near Mexico 
the other continents, Antarctica is almost sur- is absorbed only a few hundred kilometers 
rounded by ocean ridges that are probably from the rise in the Middle America trench, 
migrating outwardly [Wilson, 1965a]. Hence, it is difficult to imagine how materials on 
the antarctic plate may not be subjected to the western flank of the rise travel more 
stresses as large as the stresses occurring in than 10,000 km before they are absorbed 
other continents. in the trenches of the western Pacific. A1- 

Summary o• evidence •or global movements. though some of the fracture zones on ocean 
The concentration of seismic activity and the ridges may be as long as 1000 km, some 
consistency of individual mechanism solutions of these zones are less than 50 to 100 km 
for mid-ocean ridges, for island arcs, and for apart. It is almost impossible to believe that 
most of the world's active continental margins these long narrow strips reflect the shape of 
indicate that tectonic models involving a few independent convection cells. These and sev- 
plates are highly applicable for these areas. eral similar dilemmas may be resolved if a 
Since individual mechanism solutions in a layer of greater strength (the lithosphere) 
given region are highly coherent, each solution overlies a region of much lesser strength (the 
may be regarded as an extremely pertinent asthenosphere). 
datum. It is not necessary to resort to complex The configuration of the asthenosphere and 
statistical methods for analyzing the relative of the various pieces of lithosphere may in 
motions of these large blocks. For these re- some ways be analogous to blocks of ice float- 
gions much of the scatter in many previous ing on water. Although the surface pattern of 
mechanism studies appears to be largely a re- the ice may be very complex, the pattern of 
sult of poor seismic data and errors in anal- convection in the water below or in the air 
ysis. Although the concept of interacting blocks above may be very simple, or it may be com- 
of lithosphere may not be as easily applied to plex and of a completely different character 
the complex interactions of continental blocks than that of the motions of the ice. This anal- 
in such areas as the Alpide belt, a consistent ogy may be relevant to the more complex non- 
(but complex) tectonic pattern may yet emerge symmetrical tectonic pattern exhibited by the 
when the pattern of seismicity is well defined earth's surface. A lithospheric model readily 
and when a sufficiently large number of high- accounts for the asymmetrical structure of is- 
quality mechanism solutions is available. Thus, land arcs and for the symmetrical configura- 
the new global tectonics among other things tion of ocean ridges. It also explains the rather 
appears to explain most of the major seismic smooth variations in rates of spreading in a 
zones of the world, the distribution and con- given ocean. 
figuration of the zones of intermediate and deep In this model the ridges and island arcs are 
earthquakes, the focal mechanisms of earth- dynamic features, and hence they appear to 
quakes in many areas, and the distribution of move with respect to one another. Thus, a 
a large number of the world's active volcanoes. region of extensional tectonism may be located 

between two spreading ridges. What is de- 
ADDiTiOnAL EWDE•CS fOR EX•STS•CS or L•T•O- manded in this model, however, is that sur- 

srI-I•R•, ASTI-Im•osrI-I•R•, AND M•sosrI-I•R• face area be conserved on a worldwide basis. 
Complex tectonic patterns near the earth's To what extent the motions of large plates of 

surface. A number of objections have been lithosphere are coupled to motions in the 
raised to models of sea-floor spreading that asthenosphere remains an unsoIved problem. 
involve simple symmetrical convection cells ex- Depths o• earthquakes along the world ri/t 
tending from great depths to the surface of system. The existence of a layer of strength 
the earth. They include such statements as: near the earth's surface is compatible with the 
Since the Atlantic and Indian oceans are both observation that all earthquakes on the ocean 
spreading, the tectonics of Africa should be of ridges are apparently of shallow focus (i.e., 
a compressional nature rather than of an ex- less than a few tens of kilometers deep). Using 
tensional nature, as reported for the East a dislocation model, Brune [1968] estimated 
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that the zone of earthquake generation for [1968] observed that ridges with spreading 
some oceanic fracture zones appears to be less rates higher than about 3 ½m/yr are typified 
than 10 km in vertical extent. by fairly smooth relief, a thin crest, and the 

The San Andreas fault of California appears absence of a median rift valley. Ridges with 
to be a major transform fault connecting grow- lower spreading rates are, however, ½haracter- 
ing ocean ridges off the west coast of Oregon ized by high relief, a thick crust, and a well- 
and Washington with spreading ridges in the developed median valley. van Andel and Bowin 
Gulf of California (Figure 3). Observed sets- [1968] suggest that materials undergoing brit- 
mi½ activity along the San Andreas system is tie fracture may be thin at sites of faster 
confined to the upper 20 km of the earth, and spreading because higher temperatures might 
much of this activity is confined to the upper occur at shallower depths. The crest of the 
5 or 10 km [Press and Brace, 1966]. Most East Pacific rise is characterized by heat flow 
estimates of the depths of faulting in the great anomalies that are broader and apparently of 
San Francisco earthquake of 1906, the Imperial greater amplitude than the anomalies assoct- 
Valley earthquake of 1940, and the Parkfield ated with ridge crests in the Atlantic and In- 
earthquake of 1966 are within the upper 10 to dian oceans [Le Pichon and Langseth, 1968]. 
20 km of the earth [Kasahara, 1957; Byefly Thus, higher temperatures beneath the East 
and DeNoyer, 1958; Chinnery, 1961; McEvilly Pacific rise may suppress the buildup of stresses 
et al., 1967; Eaton, 1967]. Since displacements large enough to generate observable seismic 
of at least 100 km (and probably 300 to 500 activity. 
km) probably have occurred along the San If the occurrence of earthquakes and the 
Andreas fault [Hamilton and Meyers, 1966], presence of a median rift valley correlate with 
it is almost certain that deformation by creep high strength and their absences (in spite of 
without observable earthquake activity must large deformations) correlate with low strength, 
be occurring at depths greater than 20 km. the lithosphere may be very thin or almost 
Thus, an upper layer of strength in which nonexistent near the crest of the East Pacific 
earthquakes occur associated with a zone of rise. The lithosphere must be present, however, 
low strength below seems to be demanded for within a few tens of kilometers or less of the 
California and for other parts of the world crest to account for the much higher seismic 
rift system. activity along fracture zones. It is possible that 

Variations in thickness o• the lithosphere seismic activity along the crest of the East Pa- 
along the world ri•t system. Although earth- cific rise may occur mainly as small earth- 
quakes on the mid-Atlantic, mid-Indian, and quakes that either are not detected or are 
Arctic ridges occur along the ridge crests them- rarely detected by the present network of 
selves as well as along fracture zones, observ- seismograph stations. A microearthquake study 
able seismic activity along much of the East using either hydrophones or ocean-bottom sets- 
Pacific rise is concentrated almost exclusively mographs could furnish important information 
along fracture zones [Menard, 1966; Tobin about the mode of deformation at the crest 
and Sykes, 1968]. With the exception of the of these submarine ridges. 
Gorda ridge off northern California, which ap- High-•requency $,, waves crossing ocean 
pears to be spreading relatively slowly, earth- ridges. Molnar and Oliver [1968] studied $• 
quakes are only rarely recorded from the crest propagation in the upper mantle for about 
of most of the East Pacific rise. Since evidence fifteen hundred paths; they did not observe 
from magnetic anomalies indicates a relatively any high-frequency S• waves for ocean paths 
fast rate of spreading (greater than 3 cm/yr that either originate at or cross an active ridge 
for the past 1 m.y.) along much of the East crest. Their observations also suggest that the 
Pacific rise [Heirtzler ei al., 1968] and since uppermost mantle directly beneath ridge crests 
earthquakes are present on the bounding trans- is not included in the lithosphere but that the 
form faults, much of the crest of this rise ap- uppermost mantle must be included in the 
pears to be spreading by ductile flow with lithosphere beyond about 200 km of the crest 
little or no observable seismic activity. in order to explain the propagation of high- 

Menard [1967] and van Andel and Bowin frequency $• from several events on some of 
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the larger fracture zones. The distance for any mic energy in earthquakes; island arcs and 
given ridge may depend on the spreading rate, similar arcuate structures contribute more 
but the data were inadequate to confirm this than 90% of the world's energy for shallow 
assumption. The thinning or near-absence of earthquakes and nearly all the energy for deep 
lithosphere in a zone near the ridge crest would earthquakes [Gutenberg and Richter, 1954]. 
be compatible with the magmatic emplace- The relatively small amount of seismic activity 
ment of the lithosphere near the crests of on the ridge system and its largely submarine 
ocean ridges and with a gradual thickening of environment probably explain why the signifi- 
this layer as it cools and moves away from canoe and the worldwide nature of this tee- 
the crest. This thinning may also explain the tonic feature were not clearly recognized until 
maintenance of near-isostatic equilibrium over about 12 years ago. 
ocean ridges [Talwani et al., 1965a]. Although Richter [1958] lists more than 175 

Thickness of the lithosphere from heat flow very large earthquakes (magnitude M greater 
anomalies. If the spreading rates inferred than or equal to 7.9) as originating in arcs and 
from magnetic anomalies are accepted, the arc-like features, he reports only 5 events of 
calculated heat flow anomaly over ridges for this size for the world rift system. Whereas 
a model of a simple mantle convection current the largest event on the ridge system was of 
that extends to the surface is not compatible magnitude 8.4, the largest known earthquakes 
with the observed heat flow anomaly [Langseth from island arcs were of magnitude 8.9. This 
e• al., 1966; Bott, 1967; McKenzie, 1967]. difference in magnitude corresponds to about 
These observations are, however, compatible 8 times as much energy in the larger shocks. 
with the computed heat flow for a simple Most (and perhaps all)of the earthquakes on 
model of cooling lithospheric plate approxi- the ridge system with magnitudes greater than 
mately 50 km thick [McKenzie, 1967]. In this about 7 appear to have occurred along major 
model the heat flow anomaly results from the transform faults. 
cooling of the lithosphere after it is emplaced Thus, the maximum magnitudes of earth- 
magmatically near the axis of the ridge. Be- quakes during the last 70 years for various 
cause of the scatter in the heat flow data and tectonic features may be summarized as fol- 
because of the simplifying assumptions used lows: island arcs, 8.9; major fracture zones, 
to obtain the estimate of 50 km, the value for 8.4; ridge crests in the Atlantic, Indian, and 
the thickness either may be uncertain or may Arctic oceans, about 7; most of the crest of 
vary by a factor of 2 or more. The occurrence the East Pacific rise (with the exception of the 
of earthquakes as deep as 60 km beneath Gorda ridge), few (and possibly no) events 
Hawaii [Eaton, 1962] may also be used as an larger than 5. The relative frequencies of very 
estimate of the thickness of the lithosphere. large earthquakes and possibly the upper lim- 
Orowan [1966] tried to fit the observed heat its to the sizes of earthquakes appear to be 
flow pattern for ridges with models in which related to the area of contact between pieces 
the crust is stretched on the ridge flanks and of lithosphere that move with respect to one 
the rate of spreading is a function of distance another. On the crest of the East Pacific rise 
from the ridge. His model does not appear to the zone of contact between brittle materials 
be compatible either with the symmetry of is either absent or is confined to a thin sur- 
magnetic anomalies close to the ridge or with ficial layer; at the crests of other ridges the 
the narrow width of the seismic zones on most lithosphere appears to be somewhat thicker. 
ocean ridges. For fracture zones the thickness of the litho- 

Maximum sizes o] earthquakes. The sizes sphere may be as great as a few tens of kilo- 
of the largest earthquakes along ocean ridges meters; thus, the maximum magnitudes may 
and along island arcs may be related to the be limited by the length of the fracture zone 
thickness of the lithosphere in each of these and by the thickness of the lithosphere. In 
tectonic provinces. The world rift system (in- island arcs the thickness of the lithosphere may 
eluding California, southeast Alaska, and east be greater than that on the ridges because the 
Africa) accounts for less than 9% of the world's temperatures beneath ridges are higher and 
earthquakes and for less than 6% of the seis- perhaps because some material is added to the 
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bottom of the lithosphere as it moves away estimates represent real differences in thick- 
from a ridge crest. Since the dip of seismic hess or merely differences in the relations 
zones in island arcs usually is not vertical, the tween thickness and the various physical 
area of contact between plates of lithosphere rameters measured. 
may be increased by this factor alone. For The asthenosphere in the three-layered model 
example, the zone of slippage in the great shown in Figure I also roughly coincides with 
Alaska earthquake of 1964 appears to dip the low-velocity zone for S waves [Gutenberg, 
northwesterly at a shallow angle (about 10 ø) 1959; Dotman ei al., 1960; Anderson, 1966; 
and to extend for about 200 km perpendicular Ibrahim and Nuttli, 1967], regions of either 
to the Aleutian island arc [PlaCket, 1965; low velocity or nearly constant velocity for 
Savage and Hastie, 1966]. Since the dip is P waves [Lehmann, 1964a, b] and of low den- 
shallow, this zone does not extend more than sity or nearly constant density [Pekeris, 1966], 
about 40 km below the surface at its deepest a region of high attenuation for seismic waves, 
point. Thus, it is not unreasonable that much particularly S waves [Anderson and Archam- 
greater amounts of elastic energy can be stored beau, 1964; Anderson, 1967b; Oliver and 
and released along isIand arcs than along the Isacks, 1967], and a low-viscosity zone in the 
mid-ocean ridges. upper mantle [McCo•nell, 1965]. Although 

Since single great earthquakes apparently these observations yield very little information 
have not involved a rupture that extended about the actual mechanisms of dissipation, 
along the entire length of the larger island arcs they are consistent with the hypothesis that 
[Richter, 1958], some other factor appears to the asthenosphere is a region of low strength 
limit the length of rupture and hence the maxi- bounded below by the mesosphere, a region of 
mum sizes of earthquakes. Tear faults (i.e., greater strength. The simplest explanation for 
transform faults of the arc-arc type) within these phenomena is that the closest approach 
the upper thrust plate may divide island arcs to melting (or partial melting) occurs in the 
into smaller subprovinces that are not com- asthenosphere. That relative displacements of 
pletely coupled mechanically. the earth's surface may be modeled by a series 

Some properties o• the lithosphere and as- of moving plates is a strong argument for a 
thenosphere. Thus far we have defined the region of low strength (the asthenosphere) in 
lithosphere as a layer of high strength and the the upper mantle. Nevertheless, the physical 
asthenosphere as a layer of low strength. Since properties and configuration of the astheno- 
the rheological properties of the mantle are sphere and the lithosphere may vary from place 
not at all well understood, we have purposely to place. In fact, variations of these types seem 
used the term strength in a general sense with- to be required to account for many of the com- 
out being more specific about the actual mecha- plexities of the outer few hundred kilometers 
nisms of deformation. Thus, it is not at all cer- of the earth. The evidence for such lateral 
rain that various techniques for measuring the variations is now so strong as to demand re- 
thickness and the presence of the lithosphere evaluation of studies of velocity and Q struc- 
necessarily yield comparable values since these ture based on models that consist only of con- 
methods probably sample different physical centric spherical shells. 
parameters. It is encouraging, however, that 
estimates of the thickness of the lithosphere COnFLiCTinG S•SMOLO6•CA• EWD•CE 
from analyses of heat flow anomalies, the ab- A•D SoME PROblEMS 
sence of earthquakes (in spite of large defor- The new global tectonics, in one form or 
mation), the requirements of isostasy and the another, has been remarkably successful in ex- 
maintenance of mountains [Daly, 1940], the plaining many gross features and observations 
amplitudes and wavelengths of gravity anoma- of geology, but its development must be con- 
lies [McKenzie, 1967], the propagation of tinued in an effort to establish a theory that 
high-frequency S• waves, and a transition in is effective throughout the earth sciences at 
the types of earthquake mechanisms in island levels of increasingly greater detail. Many 
arcs are about 100 km or less. It is not clear, dif•cult problems remain. A quantitative under- 
however, to what extent the variations in these standing of the processes in the mantle that 
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result in the observed surface features is ur- does not readily fit into the new global tec- 
gently needed. The roles of the earth's initial tonics at present does exist, however. For ex- 
heat, gravitational energy, radioactive heat, and ample, the locations of the Spanish deep earth- 
phase changes must be understood. The me- quake and certain deep shocks in New Zealand 
chanics of flow in the mantle is little known. and Fiji are not easily explained by current 
The history of sea-floor spreading through geo- thinking, as has been pointed out above. The 
logic time and the relation between the vast patterns of minor seismicity, including an 
quantities of geologic observations and the casional large earthquake in certain continental 
hypotheses must be worked out. A vital un- areas such as the St. Lawrence Valley and the 
answered question is why island arcs and ocean Rocky Mountains and broad regional scatter- 
ridges have their particular characteristic pat- ing of epicenters as in east Africa, are not 
terns. These grand questions are of concern simply explained as yet, nor is the almost corn- 
to seismologists, not only because there is gen- plete lack of earthquakes in the oceanic litho- 
eral interest in the hypotheses but also because sphere, which presumably can and does trans- 
the solutions may very well be dependent on mir stress over large distances. The occurrence 
evidence from seismology. In the absence of of large active strike-slip faults that trend 
all but the most preliminary attempts to solve along the arc structure, such as the Alpine fault 
these problems, however, it is difficult to spec- in New Zealand, the Philippine fault, the North 
ulate on the direction and force of the evi- Anatolian fault in Turkey, and the Atacam• 
dence. At the present there appears to be no fault in Chile, ofters some diffculties. Tentative 
evidence from seismology that cannot eventu- explanations have been proposed for the Alpine 
ally be reconciled with the new global tectonics and Philippine faults; therefore, this matter 
in some form. Some traditional views that once may be resolved. Perhaps related to this prob- 
would have appeared contradictory (such as, lem is the occurrence in island arcs of occasional 
for example, the assignment of substantial earthquakes with large strike-slip components 
rigidity to the entire mantle over a long time along faults subnormal to the arc. The tec- 
interval because of efficient propagation of tonics of the arc can hardly be as simple as 
shear waves with periods of about 10 sec) that implied by Figure 1. 
have long been discounted on the basis of in- A general problem involving seismology con- 
formation on glacial rebound, gravity, and, cerns contrasts between continental and oce- 
more recently, creep along long strike-slip anic areas [MacDonald, 1964, 1966]. Some 
faults, such as the San Andreas fault. That studies [e.g., Brune and Dotman, 1963; Tok- 
deep earthquakes generate shear waves and sSz and Anderson, 1966] show corresponding 
radiate waves in a pattern characteristic of a structural differences to depths of several hun- 
shear dislocation can hardly be taken as evi- dred kilometers. Are such differences contrary 
dence for strength throughout the mantle in to the new global tectonics? Might the obser- 
that depth range in light of a hypothesis that vations be equally well satisfied by other 
suggests that the mantle in the deep earth- models that are compatible with requirements 
quake zones is much different from the mantle of the new hypotheses? A serious difficulty 
at comparable depths elsewhere. may arise here if they cannot. Comparable and 

The arc-like patterns of the active zone is related problems arise in other disciplines. 
but one of the problems of a subject that might Observation suggests that heat flow per unit 
be termed 'lithosphere mechanics.' Others are area is about the same under the oceans as 
the shape of the deep zones, which sometimes under the continents. If it is assumed that the 
appear to be near-planar after turning a rather heat flux is largely due to radioactive decay 
sharp corner near the surface; the distribu- and that radioactivity is heavily concentrated 
tion of stress and strain in the lithosphere, in certain continental rocks, lateral hetero- 
not merely in active seismic areas but through- geneity of the upper mantle is required and the 
out the world; the interaction of lithosphere mixing predicted by the new tectonics may 
and asthenosphere; and flow in the astheno- be so great as to destroy such heterogeneity. 
sphere. Perhaps the amount of radioactivity in the 

Some specific evidence from seismology that earth has been highly overestimated, as has 
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occasionally been suggested [Verhoogen, 1956], 
and much of the heat lost at the surface is 

transported from the deep interior by convec- 
tion. More accurate determination of deep 
structure by seismological techniques is thus 
relevant to the problem of the amount of 
radioactivity in the earth and its distribution. 
Seismology is also vitally linked with heat flow 
in the island arcs, where low heat flow values 
appear to correlate with zones of descending 
lithosphere but anomalous high values appear 
over the deep seismic zones, and at the ocean 
ridges, where high heat flow may correspond 
with low strength and hence low seismic ac- 
tivity. 

Other disciplines are also involved. The new 
structures based mainly on seismological infor- 
mation must be tested against gravity data. 
The record in the ocean sediments surely pro- 
vides the most complete history of the ocean 
basins and hence must provide insight into 
seismological processes. Perhaps the crucial 
evidence on the validity of new global tectonics 
will come from cores of the entire sedimentary 
column of the ocean floor. 

In petrology an interesting question concerns 
the origin of the belts of andesitic volcanoes. 
Coats [1962] proposed that ocean crust and 
sediments were thrust into the mantle under 

the Aleutian arc and subsequently erupted with 
mantle rock to account for the petrology of 
those islands. Can all the andesires of the active 

tectonic belts be explained in this manner ? Are 
there any young (less than 10 m.y.) andesires of 
the same type that are not associated with 
active deep earthquake zones and arcs? Can 
this sort of information be used to identify 
ancient arcs ? 

The important problems arising from the new 
global tectonics are many; some are crucial. 
Evidence from seismology against the new 
global tectonics appears, however, to lack force. 

EFFECTS OF NEW GLOBAL TECTONICS ON 
SEISMOLOGY 

That seismology is providing abundant and 
important information for testing the new 
global tectonics is demonstrated in other sec- 
tions of this paper and elsewhere. To date, most 
of the seismological work related to this topic 
has been so directed. The countering impact of 
the new global tectonics on seismology must also 

be carefully and thoroughly considered for indi- 
cations of new directions for, and new attitudes 
toward, seismological research. This section is 
largely speculative and some of the points may 
seem farfetched. If, however, a basic under- 
standing of global tectonics is imminent, even 
the most imaginative and wisest forecast of its 
effect on seisinology is likely to be too conserva- 
tive. Nor is seismology alone in this regard, for 
all branches of geology and geophysics related 
to the earth's interior will be comparably 
affected. The assumption that a major advance 
in our understanding of global tectonics has 
been achieved is tacit in the following. 

Seismicity is an important branch of seis- 
inology and one that will be strongly affected by 
the impact of the new global tectonics. Such 
basic questions as why earthquakes occur 
largely in narrow belts separated by large stable 
blocks, why these belts are continuous on a 
worldwide scale, why they branch, why certain 
details of their configuration are as they are, 
why intermediate and deep earthquakes occur 
in some areas and not others are in the process 
of being answered today. There is every indica- 
tion that the relation between seismic activity 
and geology will soon be understood to a much 
greater extent than contemplated heretofore. 
Improved accuracy in hypocenter location re- 
sulting from a better knowledge of velocity 
structure will facilitate this development. It 
will also assist in solving seismology's chief 
problem of a political nature, distinguishing be- 
tween earthquakes and underground nuclear ex- 
plosions. The self-consistent worldwide pattern 
of focal mechanisms will also be valuable here. 

Perhaps location of new seismograph stations 
in the proper relation to high-Q zones within 
the earth will result in improved detection 
capability. Important questions still remain. 
For example, why have the earthquake belts 
and the associated tectonic belts assumed their 

present configuration? What can be learned 
about palcoseismicity and its relation to mod- 
ern seismicity? How can the pattern of minor 
seismicity, including the occasional major earth- 
quake outside the established seismic belts, be 
fit into the new global tectonics? 

Closely related to the distribution of seismic 
events in time and space and to tectonics is 
the focal mechanism of the earthquake. Data 
of quality and quantity from modern observing 
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stations can provide information for determina- 
tion of focal mechanisms that severely test the 
new hypotheses and are crucial to their devel- 
opment. It appears that with only modest 
advances in technique properly documented 
earthquakes will provide reliable detailed in- 
formation on tectonic activity. Focal mechanism, 
stress drop, slip, and orientation of prineipaI 
stresses should be available from individual 

earthquakes, and singly or eumulatively these 
data will be integrated with the tectonic pattern. 

Implicit in the new global tectonics is a new 
attitude toward mobility of the earth's strata. 
Measurements of fault creep and other forms of 
earth strain over recent short intervals of time 

are based on a variety of measuring techniques 
that include geodetic surveying, tide and strain 
gaging, and measurements of earthquake slip. 
Various methods of field geology give data ex- 
tending over varying but greater intervals of 
time. When all these data are reduced to veloci- 

ties that describe the motion of one point in the 
earth relative to another point located in an 
adjacent relatively underformed block, values 
are obtained that are in the same range as the 
velocity values associated with sea-floor spread- 
ing determined through analysis of geomagnetic 
data. This range is from about I to perhaps 10 
cm/yr or more. These values are considerably 
higher than the values usually assumed in the 
past by most earth scientists considering de- 
formation of this type; hence, new attitudes 
toward old problems must be anticipated. A 
prime example in seismoIogy, cited above, is the 
association of the length along the dip of a deep 
seismic zone with the amount of relatively re- 
cent underthrusting in a region. 

With the new global tectonics, interrelation- 
ships on a large, perhaps worldwide, scale can 
be predicted and perhaps observed. Thus, major 
seismic activity in one area could be related to 
that in an adjoining, or perhaps distant, area 
associated with the same lithospheric unit or 
units, for, although the propagation time for the 
effect may be long, stress may be transmitted 
over large distances through the lithosphere. Of 
special interest is the new insight into the sub- 
jeer of earthquake prediction, even prevention. 
Although an empirical method of prediction 
could by chance be found in the absence of an 
understanding of the process, an effective 
method is much more likely to be achieved if 

a basic understanding of the earthquake phe- 
nomenon is established. The new global tectonics 
offers great promise for such an achievement. 
It has already provided a theory that predicts 
over-all strain rates in tectonic areas throughout 
the world. It suggests a means for predicting 
the maximum size of an earthquake in a given 
region. It provides a framework in which to 
relate measurements of distortion, such as 
strains, tilts, and sea-level changes, with obser- 
vations on the mechanism of the earthquake. It 
has established the continuity of active zones and 
has shown that apparently inactive segments of 
otherwise seismic belts must, indeed, be active, 
either by subsequent earthquakes or by creep. 
Refinements and further developments must be 
anticipated. 

Seismology has long been the principal source 
of information on the structure of the earth's 

interior and is likely to continue in that role, 
with or without the new global tectonics. The 
new hypotheses will, however, certainly stimu- 
late radically new approaches to the exploration 
of the earth's interior. A common and powerful 
technique of seismology involves the use of 
simplified earth models for prediction of certain 
observed effects. The new global tectonics ealls 
for an entirely new kind of model. Layered 
models in which the shells are spheriealIy sym- 
metric are now outdated for many areas of the 
earth. Models based on the effect of spreading 
and growth of the lithosphere at the rifts and 
underthrusting at the island ares must be tested 
against observation. The conventional division 
of the earth's surface into oceanic and conti- 

nental areas, or oceanic, shield, and tectonic 
areas, requires a new look when the lithosphere, 
with its lateral variations, is involved. New 
models in which the age and the thickness of 
the lithosphere, as well as other properties, are 
taken into account are required. 

In the new tectonics, information on prop- 
erties and parameters such as attenuation, 
strength, creep, viscosity, and temperature is 
eritieally needed. Further efforts must be made 
to understand the relation between such prop- 
erties and the seismic properties that are meas- 
ured in a more straightforward manner. At the 
island ares, where cold exotic materials are 
descending into the mantle, nature is perform- 
ing the experiment of subjecting what are nor- 
mally near-surface materials to the higher tem- 
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peratures and pressures of the asthenosphere, an 
experiment in many respects much like the ones 
being performed in various laboratories. As our 
techniques for measuring the composition of 
the material and the dynamic and environ- 
mental parameters of this situation improve, 
this experiment should yield important informa- 
tion on many topics. Of great interest to seis- 
mologists is the long-standing problem of the 
mechanism of deep earthquakes. The radiation 
patterns of seismic waves from many events 
present a reasonably consistent pattern but one 
that cannot readily be explained in detail by 
existing hypotheses. The variation of seismic 
activity with depth is another source of infor- 
mation. Are the focal mechanisms of earth- 

quakes at depth really as much like those in 
near-surface brittle materials as they seem? 
What is the role of water, of other interstitial 
fluid, of partial melting? Are phase changes in 
the exotic mantle materials important, perhaps 
not as sources of seismic waves but as con- 

centrators of stress that leads ultimately to 
rupture? How are the seismic observations of 
focal mechanism, spatial and temporal distribu- 
tion, energy, etc., related to the material of the 
mantle and what can we learn about that mate- 

rial? How are these data related to the general 
configuration of the seismic zone and of the 
geology of the island arc? These are some of 
the topics on which this experiment may pro- 
vide information. 

Surely, the most striking and perhaps the 
most significant effect of the new global tec- 
tonics on seismology will be an accentuated 
interplay between seismology and the many 
other disciplines of geology. The various dis- 
ciplines which have tended to go their sepa- 
rate ways will find the attraction of the unifying 
concepts irresistible, and large numbers of re- 
freshing and revealing interdisciplinary studies 
may be anticipated. For example, the geomor- 
phology of an area of raised beaches takes on 
new light for those interested in paleoseismicity; 
the tectonic significance of a feature of the 
ocean floor is determined by its seismicity and 
by the mechanism of the earthquakes; the 
petrology of a volcano of an island arc is re- 
lated in a meaningful way to the seismic activity 
below; the worldwide phenomena of seismology 
provide crucial evidence on the basic processes 
of the earth's interior that have shaped and 
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are shaping the surficial features of interest to 
classical geology. Even if it is destined for 
discard at some time in the future, the new 
global tectonics is certain to have a healthy, 
stimulating, and unifying effect on all the earth 
sciences. 
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