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FOREWORD
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The science of seismology has made major contributions to human welfare. It has given us
our basic understanding of the interior of our earth, a scientific and technical base for ex-
ploration for the oil and mineral resources so necessary to our economy, the means for
lessening the hazards of earthquakes, and the scientific and technical knowledge essential
to certain international political interactions and military efforts. Recent scientific and
technological developments as well as changes in th base of support have made necessary
a review of the progress of the science. This report by the Committee on Seismology serves
that purpose and makes recommendations that, it is hoped, will increase the effectiveness
of seismology in service to the nation.

Philip Handler, Presider:t
National Academy of Sciences






PREFACE

Seismology is the study of earthquakes and attendant phe-
nomena. The past two decades have seen rapid growth in
the field of seismology as the science has been increasingly
called upon to help meet vital needs of the nation. Part of
this growth was associated with the general expansion of
scientific research and technology that followed Werld
War 11, coupled with an expanding exploration program for
petroleum. Much of this growth was spurred and under-
written by the Vela-Uniform Program of the U.S. Depart-
ment of Defense. And part of it was related to and grew
out of the vast International Geopliysical Year program of
multination cooperative scientific research and the subse-
quent program, the Upper Mantle Project, an intensified
investigation of the outermost 1,000 kilometers of the
earth.

The Vela-Uniform Program, begun about eight years ago,
has been a medium for major expansion of the field of
seismology. Its main purpose is to improve our nation’s cap-
ability to detect remote underground nuclear tests. Its pri-
mary scientific tool is seismology. It has contributed to the
growth of the science by stimulating and supporting a great
increase in the number and varicty of seismologic research
programs, in the improvement of instrumentation and tech-
niques, in our knowledge of the characteristics and behavior
of elastic waves in the earth, and in prospects for increasing
and improving the application of seismology in civil and
mining engineering, prospecting, and many other vital ac-
tivities of man.

Vela-Uniform activities have been undergoing reorien-
tation, with a changing program emphasis that markedly
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decreases support for basic research in seismology. The In-
ternational Geophysical Year ended a decade ago, and the
Upper Mantle Project is in its final years. These programs
have brought seismology in the United States to a position
of world leadership. But as 1hey end or are redirected, they
leave much of the field with decieasing support for worth-
while older objectives, while advances and potentials within
the field are leading to exciting and necessary new ones.
The hard core of seis.nologic manpower built during these
years is excellent in quality, and there have been large ad-
vances in equipment and technology. These assets should
not be dissipated now, for the nation requires today, more
than ever in the past, knowledge of the nature of destruc-
tive earthquakes and the means to cope with them, includ-
ing a comprehensive and effective observational network to
monitor current seismic events, a steady output of well-
trained seismologists to carry on the search for oil and min-
eral wealth, and an understanding of earth structure and
tectonic processes to prov.de a solid bx.se for man’s exploi-
tation of the earth’s resources and for safe and satisfying
use of the living environment it gives him. A revolution in
our understanding of earth processes appears to be in prog-
ress, a revolution that will affect all the earth sciences and
one in which szismology plays a key role. At such a time,

a strong basic program in seismology is vital.

For these reasons, the present appears to be a critical
tim.2 for seismology and for its potentials for service to the
nation. A fresh assessment of the status of the science seems
essential—its past, the present, and its prospects and orienta-
tion for the future.



This report has been prepared by the Committee on Seis-
mology of the Division of Earth Sciences, National Research
Council. The report is divided into two parts: Part I, Sum-
mary and Reconimendations; and Part 11, Problems and
Prospects. Each part is intended to be complete within the
context of its particular purpose.

Part I, Summary and Recommendations, summarizes es-
sential background iniurmation and lists the Committee’s
major recommendations and comments. Part I is intended
primarily for use of those for whom a concise version, em-
phasizing only the essentials, may be of special value.

Part IT, Problems and Prospects, reviews the history of
the science of seismology, in the United States in particu-

vi

lar; discusses the main areas of research effort and interest
and the main applicaiions of seismologic methods over the
years; and attempts to provide insights into new or insuf-
ficiently exploited areas of research and application that
can benefit the nation. Part Il is intended to give planners,
administrators, educators, and students who may be in-
terested in current and potential uses of seismology & rea-
sonably comprehensive overview of the science, including
1ts relationship to national purposes and its uses and po-
tentials with respect to achieving these purposes.

Jack E. Oliver, Chairman
Committee on Seismology
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SEISMOLOGY COMES OF AGE

From its rather modest beginning, centered around those
who had experienced destructive earthquakes and those few
scholars who sought the cause of earthquakes and the infor-
mation about the earth that earthquake studies could pro-
vide, seismology has blossomed into a full-fledged scientific
discipline with contributions and ramifications of interest to
much of society. The great intellectual challenges _3sociated
witl: the genesis of earthquakes and the nature of tue earth’s
interior still remain, but seismology has now aiso become
extremely important as a practical commercial tool—in the
search for oil and mineral wealth; in civil engineering and
the construction industry through their concern with earth-
quake-resistant design, vibration effects, and subsurface
characteristics; politically, socially, and militarily, through
the monitoring of nuclear explosions and of such effects of
natural earthquakes as tsunamis; and in many other applica-
tions.

On the intellectual level, where probing of the ecarth’s
interior is of primary interest, there is currently the air of
excitement that occurs in a scientific discipline only when a
major—in this case revolutionary—advance is being made.
This spirit now prevails throughout all of the earth sciences,
for it appears that man is on the verge of understanding at
last the vast tectonic processes that are responsible for most
of the surface features of the earth on which he lives. This
optimism is rooted in the recent widespread verification of
the sea-floor-spreading hypothesis, which proposes that the
active world rift system, lying largely beneath the sea, is a
source of new surface material that spreads away from the
rifts and ultimately sinks again beneath the earth’s crust.

Migration of “drifting” continents, creation of mountain
ranges and deep-sea trenches, volcanoes, earthquakes, and a
variety of other observed effects appear to ve manifestations
of this process, which probably involves massive, slow con-
vection in the subcrustal materials driven by heat from the
earth’s deep interior (see Figure 12 in Part I of this report).
Observations from the science of seismology, our prime
source of information about the earth’s interior, are vital to
the testing and development of these new theories of global
tectonics. Some crucial contributions have already been
made, but much remains to be done. The new understanding
of the earth’s tectonics, on the other hand, provide: fresh
stimulus for further seismological research. Appreciation of
the great mobility of the earth’s surface features and appr. ci-
ation of the relation between these features and the earth-

quake phenomenon will surely provide new inspi - . for
solution of the classical problems of seismology.
As another result of *the new tectonics,” with it

breadth and its capacity for unification, much greater cou-
pling between seismology and other disciplines of the earth
sciences must be anticipated. Information from one field
will be relevant to the concepts of another to a much greater
degree than in the past. This increased interplay between the
subject matter and the scientists of various disciplines will
have a healthy, stimulating ¢ffect on all of the earth sciences,
and particularly on seismology, which is so intimately in-
volved in this research area.

While the new tectonics commands much aitention among
seismologists, there are clear-cut indications of latent dis-
coveries of major importance in other areas. The structure
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of the earth’s core, for example, is not yet determined with
the precision that is within the capabilities of seismology.
The close relation between this structure and the properties
of matter under high pressure and temperature calls for direct
interaction between seismology and solid-state physics and
suggests an approach toward a better understanding of the
basic properties of matter as well as of the characteristics of
the earth.

For those whose prime interests lie outside the realm of
basic science, there are other stimulating iopics involving
seismology. Politically, the prospects for a comprehensive
nuclear-test-ban treaty improved markedly with the accept-
ance in mid-1968 of the nonprc . ration agreement. Seismo-
logical techniques will play ak  le in the negotiations

for such a treaty and in the monitoring that will be vital for
the protection of the signers of the treaty. Commercially,
the future of seismology as an exploratory method seems
bright. In spite of the advances made or anticipated as a re-
sult of the introduction of nuclear fuels, there is no indica-
tion of a slackening of petroleum consumption, and recent
major discoveries of oil reserves, and assessments of future
power needs indicate that it is far too soon tu discount the
value of fossil fuels as a power source.

The fo'owing chapters discuss the various aspects of the
field of seismology in greater detail. They demonstrate the
broad scope and range cf applications of the science, em-
phasizing its potenti- ' prom:se for the future.



EARTHQUAKE SEISMO1.OGY IN RETROSPECT

Historically, the science of seismology has been iargely the
science of natural earthquakes, although in the last few
decades artificial means of causing vibrations in the e.rth
have been used increasingly and with increasing effect.
Although natural earthquakes. together with volcanic erup-
tions, have always deeply impressed mankind, the scientific
study of earthquakes is a you.ig subject. The quantitative
side of seismology goes back only about seven decades, but
seismology has already provided 1m0st of the knowledge
available ab: t the physical properties of the earth’s interior.
Seismological theory and observations have given us the
ability to predict the regions in which strong earthquake
activity is highly likely; and, in mineral prospecting, seismo-
logical techniques have been developed that can locate buried
rock strata precisely.

In earthquakes, strain energy is released in the outer part
of the solid earth and seismic waves thus generated penetrate
the earth. As earthquake science has developed, its content
has come to have five main parts: the genesis of the strain;
the mechanism ot energy release; the nature of the ground
dynamics, particularly near the source; the nature of the
seismic waves; and the physical properties of the transmit-
ting medium.

The theory of waves in a deformable material has become
a highly developed part of mathematical physics. It attracted
the attention of such distingvished mathematicia.s < Pois-
son, Kelvin, Rayleigh, Lamb, Love, and Jeffreys,ea  of
whom worked on specifically seismological problems.

1t was recognized during the nineteenth century that if
an elastic solid is excited in any way, such as by hittin, it

with a hammer, waves are generated that leave the point of
excitation and travel through the body of the solid. If there
is a free surface to the solid—such as between the solid earth
and the atmcsphere—other waves are also generated that
travel around the surface of the solid rather than through its
body. The body waves are of two types—P waves, or com-
pressional waves, and S, or shear, waves. The shear waves
are produced essentially by the shearing or tearing motions
of earthquakes. The wave forms of the body waves and the
velocities of travel yield information about the nature of the
riedium through which they travel. At any interface, body
waves are reflected or refracted with or without change of
type. This possibility of change of wavt type at an interface
makes for complexity of the seisinic record, but it also pro-
vides additional information. Thus, it soon became clear that
informaticn on the earth’s internal structure could be de-
duced from the measurements of the arrival times, periods,
and amplitudes of the seismic waves recorded on the earth’s
surface. Moreover, the longer-period surface waves, which
are affected by the properties of the earth to a depth of
3,000 kim, permit us to look at the earth in a different way
than do the P and S bedy waves.

By 1907, papers by R. D. Oldham, M. P. Rudski, A.
Schmidt, « nd E. Wiechert were calling attention to the fact
that the speed of body waves increases generally with depth
in the earth and inferring the presence of discrete “shells”
in the earth—crust, mantle, and core—having different com-
pr ' " s ung characteristics. Somewhat later, it became ap-

3~ seismic waves could be used to obtain informa-
.lie dynamics of earthquakes themselves, including
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the energy released and the geometrical form and extent of
the source.

GREAT EARTHQUAKES

Nothing advances the study of earthquakes more than a
large shock in a populous region—provided the studies are
made by competent seismologists. In retrospect, certain
earthquakes stand ou: sharply as illustrations of this facet of
seismology’s development.

The great earthquake under the Iberian peninsula on
November 1. 1755, was felt over much of Europe; more
than 50,000 pecple were killed, and Lisbon was devastated
from the shaking, fires, and a series of tsunamis (seisr1ic sea
waves). This catastrophe inspired considerable scientific
speculation about earthquakes; it stimulated seismological
work by the Reverend John Michell, Professor of Geology
at Cambridge University, who invented the torsion balance
later used by Cavendish to determine the constant of uni-
versal gravitation and, from this, the mean density of the
earth. Michell, rather than relying on the writings of Aris-
totle, Seneca, and Pliny, as most earlier seismologists had
done. ap sroached his inquiries in terms of Newtonian me-
chanics.

Italian earthquakes have for centuries stimulated pioneer-
ing research by Italian and other European workers. The
Calabrian earthquakes of 1783, which killed over 35,000
people, led to one of the first “earthquake commissions,”
sponsored in this case by the Academy of Science of Naples.
Later, the Neopolitan earthquake of December 16, 1857,
was studied by the Irish engineer Robert Mallet; his writings
define not on'ly many of the seismological terms in use today
{c.g., seismic focus, isoseismal line, meizoseismal area) but
also many of the cardinal problems of seismology. He thought
of seismic vibrations a caused by “a wave of elastic com-
pression in any direction from vertically to horizontally,
through the surface and crust of the Earth....”

Japanese earthquakes have also played a historically im-
portant role in seismology. It is said that the Yokohama
earthquake of February 22, 1880, stimufated John Milne,
who had just been appointed Professor of Geology and Min-
ing at the Imperial College of Engineering, Tokyo, to devote
his life’s work to seismology and to play a leading role in
the founding of the Seismological Society of Japan, the first
professional seismological group in any country. In 1891,
further interest was aroused by a damaging earthquake in
the provinces of Mino and Owari, associated with substantial
faulting. Professor B. Koto of Tokyo University made one
of the first geological siudies of faulting as it appears just
after an earthquake. He ventured the opinion that “the sud-
den formation of the ‘great fault of Neo’ was the actual
cause of the earthquake. . . .” Although the theory that
fault rupture causes earthquakes has not appealed to many

leading Japanese seismologists, it became the most widety
held theory for earthquake genesis following the work of
H. F. Reid on the 1906 Califcnia earthquake.

The great California earthquake of 1906 definitely marked
the beginning of a new era in the history of seismology in
the Uniwed States. It was realized that the science was un-
organized in America, that seismographic stations were too
sparse and too widely located and generally not equipped
with the best modern instruments, and that an important
field of research exists concerned with the physical, geologi-
cal, and engineering aspects of earthquakes (see Figure 11,
Part I). The first effect of this realization was the organiza-
tion of the Seismological Society of Ame-ica in San Fran-
cisco in late 1906. This society has done much to further
seismology and continues to publish the only journal de-
voted solely to earthquake science in the English language,
the Bulletin of the Seismological Society of America.

Agitation grew for rew seismographic stations and im-
provement of those already in existence. Professor Andrew
C. Lawson, Chairman of the California State Earthquake
Investigation Commission that studied the 1906 earthquake,
printed a statement in 1907 pointing out the deficiencies in
knowledge of earthquikes, their causes, factors controlling
the distribution of intensity, the constant destructive effects,
the practical question of minimizing the loss of life and
property; and he also stressed the lack of sufficient numbers
of trained seismologists.

The Carnegie Institution of Washington became interested
in seismology during this period. In addition to supporting
the State Earthquake Investigation Commission, it arranged
with the California Institute of Technology to build a seis-
mological laboratory to serve as the center for the research
work in seismology for the Carnegie Institution, and also as
the central unit of a group of seismographic stations (later
to form a network maintained by the California Institute of
Technology).

Although not in the “great” category, two California
earthquakes that occurred more recently deserve mention.
A shock of magnitu ‘e 6.3 on the Richter scale occurred on
March 10, 1933, centered about 10 miles from Long Beact.;
120 people were killed and many schools damaged. Fortu-
nately, the schools had already closed for the day, but the
public realization that an awful calamity had been narrowly
escaped led the California State Legislature to pass the Field
Act, which regulates the construction of public schools (see
Figure 3, Part I). Earthquake provisions have recently been
incorporated into the building regulations of the State
Health and Safety Code (Assembly Bill Number 1136
[1965]).

A continuing engineering use of seismology is the meas-
urement of the kinematics of the ground near the centers of
large earthquakes under various soil and geologic conditions.
Despite the slow but steady spread of strong-motion re-
corders in the western United States, Japan, New Zealand,



and elsewhere, the ground azceleration near the source of a
great earthquake has not yet been recorded. The most widely
used records of strong motion were obtained by a U.S. Coast
- and Geodetic Survey instrument at El Centro, California,
during the Imperial Valley earthquake of May 18, 1940. The
shock had a Richter magnitude of slightly over 7, and the
crucially important records were obtained some seven miles
from the epicenter.

In the last decade, two truly great earthquake sequences,
both containing shocks with magnitudes exceeding 8%, have
contributed heavily to seismological knowledge. The first of
these sequences occurred along the coast of Chile in May
1960. Damage was widespread, the Chilean economy was
seriously affected, and over 1,500 persons were killed as a
result of the shaking and the tsunami. (The tsunami f-om
this earthquake caused loss of life in Japan, almost halfway
around the globe.) Many nove theoretica! and practical
studies have beei: made of this great sequence of shocks. A
series of eight papers (mainly on engineering aspects) was
published as a special volume of the Bulletin of the Seismo-
logical Society of America.

The most recent “great” earthquake, which occurred on
March 28 (6MT), 1964, near the head of Prince William
Sound, Alaska, has been the most studied earthquake in the
history of seismology (a comprehensive, multi-volume re-
port is in pre »aration by the Committee on the Alaska
Earthquake of the Division of Earth Sciences, Natiosial Re-
search Council). Painstakingly detailed investigations have
been carried out concerning all aspects of the earthquake,
from the effect on marine life to the effect on the upper
atmosphere, from the psychological reactions of the inhabit-
ants to the changes in glacier flow. Special volumes are being
published by the U.S. Geological Survey and by the Environ-
mental Science Services Administration as well as by the
National Academy of Sciences, and many special studies of
social, geological, engineering, and seismological interest
have been carried out. The earthquake was the most ener-
getic in the United States since the 1906 California shock,
and it occurred in a region of known recent seismological
activity. In retrospect, it is hard to understand why, given
the known history, more steps had not been taken both to
mitigate the earthquake hazard and to exploit scientifically
the occurrence of a large earthquake in Alaska. Building
codes were not restrictive enough to prevent construction
in unsuitable areas such as the Turnagain slide area and
waterside areas at Se-~'ard and Valdez. No strong-motion
accelerometers had been installed in Alaska at the time of
the earthquake, and there was a general lack of specially
equipped seismological observatories.

These two great earthquakes provided for the first time
unequivocal records of the free oscillation of the whole
earth. Since 1960, theoretical and observational wozk on
the free uscillations have expanded into a special branch
of seismology, called “terrestrial spectroscopy” by C. L.
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Pekeris, H. Jarosch, and Z. Alterman, who have made
notable contributions in this field. The frequency spectra of
the oscillations, recorded by special long-period instruments,
showed multiplets due to the earth’s rotation. Analogous
multiplets had aire 1dy been studied in quantum physics and
in astronomy in connection with the rotation of massive
stars.

FUNDAMENTAL SEISMOLOGICAL PROBLEMS

Throughout the history of the science, seismologists have
continued to give special attention to two central questions:
The first is the quest for a full understanding of the causes
of earthquakes and of their mechanism (or mechanisms);
and the second is a complete explanation of the elastic waves
recorded at seismographic observatories, in terms of wave
theory and the inferred structure of the earth.

There is as yet no fully worked-out description of earth-
quake genesis that will allow, for example, the prediction of
the occurrence of an earthquake in both time and space.
Indeed, the possibility cannoi yet be ruled out that earth-
quakes at different depths have different mechanisms. One
essential difficulty is that the global forces that deform the
earth are not well understood; two of the main competing
hypotheses are (a) radial contraction (or expansion) of the
earth as a whole and (b) slow convective motion of the ma-
terial in the earth’s upper regions. These regimes may, of
course, occur together or at different times. Recent findings
concerning sea-floor spreading and continental drift have
stimulated new thinking about these problems. Despite the
difficulties, statistical analyses have been made of the fre-
quency of occurrence of earthquakes; early seismologists
such as Knott, Montessus de Ballore, Omori, and Davison
devoted much time to the subject of earthquake prediction,
but no reliable periodicities have yet been detected.

The immediate cause of earthquakes has been held by
some seismologists to be fast dilatation or compression of a
volume of rock and by others to be a sudden rupture of the
rock. The first theory goes back at least to the Greeks who
favored explosive sources, probably because of the proximity
of the Aegean volcanoes; in its present form, rapid phase
changes in a restricted region are postulated. The second
theory is the most commonly held in the United States; it
envisages the release of elastic strain energy by fracture of
previously strained rock. (Earthquakes occurring in the
neighborhood of volcanoes involve some special problems,
and volcanic earthquakes are usually treated separately from
tectonic shocks.) In the nineteenth century, Robert Mallet
wrote that earthquakes are generated by the sudden change
in constraints of the elastic materials of the earth’s crust ““or
by their giving way and becoming fractured.” It was Profes-
sor H. F. Reid who in 1906 formulated the theory in terms
of elastic rebound along a tectonic fault. Although only a
relatively small percentage of all earthquakes (but many de-
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structive earthquakes) have been accompanied by observable
faulting at the earth’s surface, this concept }.as proved a very
fruitful one and is the basis of much theore.ical and observa-
tional work. One argument that has been zdvanced against
the theory is that even at moderate depths in the crust the
overburden pressure becomes so great that orinary brittle
fracture becomes mechanically impossible. Work in rock
mechanics is now directed toward a oetter understanding of
the fracture of rocks at high temperatures and pressures and
of the nat' e and role of lubrication.

SEISMCMETRY

Before about 1880, attempts at recorarng were aimed at
showing only that an earthqu ke had occurred. The record-
ing devices were called seismoscopcs; th y often also indi-
cated the direction of the disturban :e, and a few attempts
were made to determine amplitudes. Professor L. Palmieri,
in his observatory on Vesuvius, intiuduced timekeeping in
1856. He arranged short pendulums so ¢hat the motion gen-
erated by an earthquake would cavse them to make an elec-
trical contact and so start or stop a clock.

At the end of the nineteenth century, a group of seismol-
ogists in Japan helped to open up m~dern observational
seismology. Notable among them were John Milne, J. A.
Ewing, and F. Omori. Tangible results were achieved in
designing horizontal pendulum seismographs thz: recorded
seismic waves continuously on a moving *trip of paper; the
system was wholly mechanical, but time marks were placed
on the records. Many instruments based on the pendulums
of Milne and Omori were to find their way to stations around
the world, and they contributed much to seismology.

About the turn of the century, instruments with more-
suitable magnification, timekeeping, and recording charuc-
teristics were constructed. Particularly important were the
Wiechert seismographs, developed in Germany, which
recorded both horizontal and vertical ground motion. The
San Francisco earthquake of 1906 was recorded by some 90
seismograph stations outside the United States, of which
eight were equipped with Omori or Bosch-Omori seismo-
graphs and over 15 with Milne instruments. (The Wiechert
instruments gave by far the clearest resolution of the seismic
waves.)

Most seismograms written by instruments of these types,
however, did not resolve the wave trains sufficiently to allow
the time of wave arrivals to be read reliably; instrumental
frequency responses were quite restricted, and, because of
low magnifications, only the larger or nearby earth-wakes
were recorded. Fundamental advances in seismoinetry came
with the work of B. B. Galitzin in Russia and H. Benioff in
the United States. Galitzin connected a galvanometer to a
transducer coil on the pendulum and recorded directly on
photographic paper, thus eliminating frictional drag between
stylus and paper. (Milne ¢1so used photographic recording

in Japan.) Galitzin also devised a method to calibrate his
seismograph and worked out a theory for it. Modified
Galitzin instruments were installed at a number of observa-
tories after the First World War. These seismographs recorded
with fidelity trains of earthquake-generated surface waves
with periods greater than 10 seconds, and opened the way
for research into the nature of these waves. The recording cf
shorter-period waves with high magnification of the ground
motion was achieved by Benioff about 1930, The basic
modification was to replace the “moving coil” with a “mov-
ing magnet” so that pendulum displacements varied the
reluctance of a magnetic circuit. These instruments, installed
in seismological observatories, led to an immediate improve-
ment in the precision of the measurement of travel times of
seismic body waves through the earth’s interior.

Later research in seismometry has been directed toward
the design of recording systeims with greater dynamic range,
bandwidth, and sensitivity and towad the development of
special devices to measure directly such elastic parameer.
as dilatation and strzin. A recent major advance has been the
development of large seismic arrays used in conjunction
with high-<pced data-processing equipment.

NETWORKS OF OBSERVATORIES FOR A GLOBAL
SCIENCE

Just as optical astronomy has depended primarily upon
astronomical observatories for the study of the universe, so
seismology has depended upon seismographic stations for
the study of the earth’s interior. The principal raw materials
of the science have been the seismograms from stations
distributed around the world. The need for a global network
was recognized by the early seismologists. John Milne wrote
in 1883, “It is not unlikely that every large earthquake
might, with proper instrumental appliances, be recorded at
any point on the land surface of our globe.” A few years
later Milne was responsible for a small worldwide network
of stations (many at astronomical observatories) equipped
with Milne seismographs. Nowadays, earthquakes as small

as magnitude 4 are recorded at all distances at well-equipped
observatories.

Hans Benndorf, in two papers published in 1905 and
1906, demonstrated how travel times of seismic waves give
information on the terrestrial structure; he computed veloci-
ties at certain depths from observed distance curves and
noted that shadow zones may arise from low-velocity shells.
His contemporary, R. D. Oldham, showed unequivocally
the power of this methed by using extensive empirical
travel-time curves for ¥ and S waves as a function of distance.
The curves were plotted using travel times of waves from
earthquakes to the first worldwide seismographic stations.
Based on these observations, Oldham inferred that the crust
could not be thicker than ten or twenty miles and that the
increase of wave speeds with depth is mainly due to changes



in temperature and pressure. He inferred a central core with
0.4 times the earth’s radius, with its outer boundary where
the speed of S waves seems to drop significantly.

Through such early findings, the global network took on
a clear geophysica! significance; improvements in the network
made it possible not only to compile much more complete
catalogues of the occurrence of earthquakes (previously,
earthquake atlases depended only on “felt” reports) but
also to work out the detailed structure of the earth. (A simi-
lar seismological development can now be contemplated for
the other terrestrial planets and the moon.) At the time of

"2 12€5 California earthquake, seismographic stations with
timekeeping capabilities to within a few seconds operated on
all inhabited continents of the world and on some Pacific
islands. Along with the rapid improvements in the science
of seismowmeuy after 1906, such as better resolution of the
waves and better timekeeping, came an increase in number
o1’ stay uns; in addition, by about 1930, radiotelegraphic
signals and radio time signals were being placed on the rec-
ords at some stations.

A useful contribution was made by a global network of
stations established by the Society of Jesus after about 1910.
Very carefully maintained Jesuit observatories at such places
as Manila (Philippines), Riverview (Australia), Zi-ka-wei
(China), and La Paz (Bolivia) proved crucial to much early
research. In the Urited States, a network of stations was
operated under the control of the Jesuit Seismological Asso-
ciation at a time when little government or university sup-
port for seismology existed.

An International Association of Seismology was founded
in 1905 and, after the dislocation caused by the First World
War, it sponsored the publication under the direction of
Professor H. H. Turner at Oxford of the International Seis-
mological Summary, which contains lists of earthquake data
computed from observations read from seismograms from
the global observatories. The 1.S.S. commences with earth-
quakes of 1918, and the lists continue to the present. The
International Association was renamed, in 1951, the Inter-
national Association of Seismology and the Physics of the
Earth’s Interior.

The work of the 1A, the Bureau Central Séismologique,
at Strasbourg, and national organizations such as the U.S.
Coast and Geodetic Survey in the United States has led to
thorough catalogues of instrumentally recorded earthquakes.
The most complete global catalogue remains that of Profes-
sors Gutenberg and Richter entitled Seismicity of the Earth—
a masterpiece of care and cvstematization; editions were
published in 1949 and 1954,

The processing of seismological observations now follows
a general pattern all over the world. Most stations make im-
mediate readings of the more legible waves and note them in
bulletins. If the stations are part of a regional (or national)
network, the regional center makes estimates of earthquake
locations and often of earthquake magnitude. Certain stations
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(including many of those of the World-Wide Standardized
Seismological Network), providing more-or-less worldwide
coverage, send their readings quickly to the U.S, Coast and
Geodetic Survey, where rapid determinations of earthquake
locations anywhere on the globe are made. There is a long-
standing tradition in seismology of free interchange of sta-
tion bulletins, seismograms, and other data. As Professor

K. E. Bullen has written, “This is the raw material from
which much of the knowledge of the Earth’s interior ulti-
mately emerges.”

SOME HIGHLIGHTS IN THE HISTORY OF SEISMOLOGY

The years between 1900 and the Second World War were
particularly fruitful and exciting in the history of seismology.
Great progress was made in Germany, particularly at the
Geophysical Institute in Gottingen, under Professor E.
Wiechert. In the papers “Uber Erdbebenwellen,” Wiechert
and his colleagues and students described methods for infer-
ring velocity distribution from travei-time curves and pre-
sented their results. (An analytical inethod for seismic-travel-
time inversion, based on the Abel integral transform, was
published by Herglotz in 1907.)

Wiechert thought that few earthquake foci were deeper
than 100 km and that most shocks were caused by faults.
By the 1930’s, studies of .he instrumental recordings of
seismic waves by H. H. Turner, K. Wadati, S. K. Banerji,

R. Stoneley, F. J. Scrase, and others showed that foci occur
at depths down to about 700 km, depending on the geo-
graphic region. The geophysical implications of this depth
distribution are only now beginning to be understood in the
light of the hypothesis of sea-floor spreading. There is still
no decisive evidence that faults are not the common cause
for tectonic earthquakes independent of depth.

Beno Gutenberg, a student of Wiechert and later Director
of the Seismological Laboratory, California Institute of
Technology, presented new curves from which he inferred
for the first time that the depth in the earth to the boundary
between a rigid mantle and nonrigid core is 2,900 km. All
later work has tended to closely confirm this value. Guten-
berg later (in California, in collaboration with C. Richter)
pioneered the identification of the complicated seismic
phases that arise from reflection and refraction at boundaries
within the earth.

In 1910, A. Mohorovicic published some historic discov-
eries. On the basis of data from local Balkan earthquakes, he
concluded that the top of the mantle is at a depth of 50 km
and that a major discontinuity exists between the mantle
and the crust. The nature of this discontinuity, since named
the Mohorovicic discontinuity, is still a geochemical puzzle.
A considerable number of seismological field investigations
have been carried out since then to determine the structure
of the earth’s crust. Reflection and refraction profiling meth-
ods using artificial explosions and surface-wave-dispersion
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techniques have become highly developed for this purpose.
(Robert Mallet used a gunpowder blast to measure a velocity
of propagation as early as 1851.)

Surface-wave studies first provided evidence that on the
average the crust is appreciably thinner under oceanic re-
gions than under the continents. The development of oceanog-
raphy has led to refraction shooting from ships in a great
many locations, particularly in the Pacific, Atlantic, and
Indian oceans; intercomparisons of the computed velocities
and thicknesses ai : leading to revolutionary speculations
about the geological history of the ocean basins.

During the period 1920-1940, the velocity distributions
of P and S waves and structural features below the crust were
wcrked out to a close first approximation. The principal
investigators were H. Jetfreys, Gutenberg, and Richter. By
1939, following exhaustive programs of research, tables and
curves of average travel times in the earth for all the main
seismic phases had been published both by Jeffreys (in col-
laboration with K. E. Bullen) and by Gutenberg and Richter.
In the main, there was agreement between the two solutions
and between the velocity distributions calculated from them.
Broadly speaking, these researchers showed that the earth
consists of a solid mantle some 2,900 km thick, between the
crust and the liquid core. They found no S waves that ap-
peared to have penetrated the core, although at the very
center of the earth there appeared to be an “inner core”
(first proposed by I. Lehmann), about 2,500 km in diameter,
that might be solid.

Conclusions of different seismologists in the 1920’s and
1930’s concerning the structural implications of the avail-
able observational material differed in detail. Gutenberg, for
example, construed his travel-time and amplitude me=3ure-
ments to imply a reduction in the speed of seismic waves at
a depth of about 80 km. Jeffreys, on the other hand, inter-
preted the evidence as being in favor of increasing velocities
at all depths in the mantle. In 1939, he computed the depth
of a first-order inivrease of velocity as 413 km; this solution
rested upon the adoption of a discontinuity in the travel-
time curves at an epicentral distance of 20°, first inferred by
P. Byerly in his 1925 study of a Montana earthquake. Many
seismologists in more-recent years have returned to these
controversial problems, and many independent techniques,
involving body waves, surface waves, and vibrations of the
whole earth, have been brought to bear on them. In particu-
lar, special research ventures were launched during the Inter-
national Geophysical Year, beginning in July 1957, and later
during the course of the International Upper Mantle Project.
The use of travel times from nuclear explosions near the
earth’s surface has been useful; knowing the location and
time of origin reduces the various uncertaintics considerably.
(The present evidence seems to favor a Gutenberg “low-
velocity layer,” at least in certain regions, and more definitely
for S waves; there is also additional suppor for a marked
velocity increase near the 400-km depth.)

Other currently controversial problems concern the na-

ture of the fine structure within the earth’s core and the
nature and extent of lateral variations in the physical proper-
ties of the mantle. The comyeting views are in part related
to the inductive nature of seismology. Because direct observa-
tion of structure is usually out of the question, special atten-
tion must be given to methods of inference. The use of
mathematical models, crucial tests, and measures of signifi-
cance have played an especially important role. Much of the
seismological interaction with probability theory and scien-
tific inference stems from the classical work of H. Jeffreys,
and the interaction is growing. As well as travel-time studies,
statistical methods have been developed and refined in seis-
mological studies of focal mechanism, time-series analysis of
earthquake occurrence, array design and processing, and
Fourier analysis of waves and vibrations.

Once global seismic velocity distribution functions are
established, it is possible to derive related distributions for
density, rigidity, and incompressibility in the earth. Despite
early attempts by Laplace, Wiechert, and others, based on
measurement of the earth’s mass and figu.e, it was not until
after seismology provided speeds of P and S waves as a func-
tion of depth that any detailed knowledge emerged about
the density and constitution of the earth. The work of L. H.
Adams, E. D. Williamsor: (both of the Carnegie Institution
of Washington), K. E. Bullen, and F. Birch on ihese psob-
lems is particularly significant.

U.S. Contributions

The first seismographic stations in the United States were
established in 1887 at Mt. Hamilton and Berkeley, California,
through the interest of E. S. Holden, President of the Uni-
versity of California and Director of the Lick Observatory at
that time. Holden considered it necessary to “keep a register
of all earthquake shocks in order to be able to control the
positions of the astronomical instruments.” He came to the
conclusion that “the most satisfactory instruments which 1
have see.. are those invented by Professor Ewing, F.R.S.”
One of the Ewing instruments gave the first measurement of
strong ground motion in America during the 1906 earthquake
(Figure 1).

Under the influence of the experiences of the 1906 earth-
quake, the two University of California stations were sup-
plied with modern equipment, and periodical publication of
their observations has been made in the Bulletin of Seismo-
graphic Stations (Janvary 2, 1912, to the present). Regional
stations were set up after 1925 in southern California, with
headquarters at Pasadena and under the supervision of H. D.
Wood and J. A, Anderson; these stations are equipped with
specially developed Wood-Anderson torsion seismographs.

For many yeais, the U.S, Coast and Geodetic Survey, now
part of the Environmental Science Services Administration,
has performed an important service in seismology in the
United States. Work with strong-motion seismographic instru-
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EARTHQUAKE INVESTIOATION COMMISSION

MT. HAMILTON, CAL. Ewing Three-Component Selsmograph.
(From hand-tracing; reduced 1:2.)

FIGURE 1 Record from early Ewing three-component seismograph at Mt. Hamilton, California, showing east-west component of strong-
motion acceleration duving the 1906 San Francisco earthquaké® (Courtesy of the University of California, Berkeley.)
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ments was started in 1932 and was considerably stimulated
by the destructive Long Beach earthquake of 1933. In 1936,
the work was officially organized as the Seismological Field
Survey. The Survey maintains a questionnaire program, col-
lects field data on important earthquakes, and is in charge of
the installation and operation of strong-motion seismographs
at various locations. The Environmental Science Services
Administration was responsible for the upkeep (in 1967) of
186 strong-motion accelerometers: 144 in California, 15 in
Alaska, and 27 elsewhere. The knowledge acquired about
local earthquakes is published in the yearly report entitled
“United States Earthquakes™ and in other publications of
the U.S. Coast and Geodetic Survey.

In any scientific activity it is always difficult (and often
invidious) to try to determine what is unique in the contribu-
tions of a particular country or particular scientists, Seismol-
ogists of the Uniied States have both learned from the work
of colleagues in other countries and contributed significantly
to the whole spectrum of seismological reseazch. By way of
illustration, we might select seismometry and studies of
earthquake mechanism and Iong surface waves as three parts
of the subject that owe much of their vitality to the work of
U.S. seismologists.

As we have noted, it was about 1930 that Professor Hugo
Benioff began work on earthquake instrumentation. His
first great success was the nigh-sensitivity short-period seis-
mometer with the variable-reluctance unit. He followed this
success by publishing in 1935 a description of an electromag-
netic linear extensom :ter that could measurc directly the
strain between two points in the rock. Benioff then invented
a variable-capacity transducer to measure the minute dis-
placements. Benioff strain seismometers that can measure
strain of 1012 are now in operation in the United States.

A particularly useful instrumental advance, the small tor-
sion seismometer with a period of 0.8 sec and station mag-
nification of 2,800, was designed by Wood and Anderson in
1922, The instrument was relatively inexpensive and recorded
local earthquakes clearly. A consequence of the existence
of the network of these seismometers in California was the
introduction by C. Richter in 1935 of an instrumental “mag-
nitude scale” for earthquakes. The success of the idea has
been extraordinary and has led to a great deal of research in
many cour.ries into the concept of magnitudes. Richter’s
original definitions have been extended with varying degrees
of success to magnitude scales that apply to earthquakes
outside California and are not necessarily recorded on Wood-
Anderson instruments. Part of the strong demand for mag-
nitude information comes from earthquake engineers who
wish to compare the “strength’ of earthquakes in the his-
torical record within and between seismic regions. Somewhat
faltering steps have been taken to correlate magnitude with
both earthquake intensity and the energy released by an
earthquake. Much remains to be done on these problems.

Attention has been given in the United States to the de-
sign of strong-motion accelerometers. The most successful

current instruments contain torsion pendulums of the type
used by Wood and Anderson, (Useful strong-motion seismo-
graphs have also been developed in Japan, New Zealand, and
the Soviet Union.)

In the last decade, two developments in observational
seismology have occurred in which the United States has
played a leading part. The first has been the design of sys-
tems with broad-band frequency-response characteristics for
recording, either analogue or digital, on magnetic tape. The
second has been the use of arrays of seismographs, linked by
telemetry, to enhance the signal-to-noise ratio and also to
study the behavior of wave fronts propagating across a region.
Although analogous systems had been introduced into seis-
mic prospecting much earlier, the necessary funds for earth-
quake seismology became available only through the Vela-
Uniform Program of the Advanced Research Projects Agency,
in which large federal support was given to general seismo-
logical research.

The most ambitious seismic array to date is the Large
Aperture Seismic Array (LASA) built near Billings, Mon-
tana, under sponsorship of the Vela-Uniform Progra.m (see
Figure 16, page 56). The LASA experiment attempts to ex-
ploit in seismology techniques already used in radar, sonar,
and radioastronomy, such as signal processing and array
theory. This array consists of over 500 linked seismometers
distributed in 21 clusters over a 200-km aperture. The avail-
ability of digital data on magnetic tape now makes possible
processing and analysis by high-speed computers, signal en-
hancement by combinatorial and velocity filtering tech-
niques, and beam directivity.

There is little doubt that most quantitative work on
earthquake mechanisms has been crucially affected by the
conjectures of H. F. Reid, based upon the U.S. Coast and
Geodetic Survey triangulation measurements before and
after the 1906 earthquake and tested using models made of
jelly. Most mathematical treatments of the earthquake source,
m: -y of which have been developed by U.S. theoretical
seismologists, attempt to model the strain-release-by-rupture
mechanism of Reid, with additions such as the propagation
of dislocations, effects of the fault boundaries, and visco-
elasticity.

The study of seismic waves theruselves sheds light on the
source mechanism. Because the mathematical description ¢f
elastic waves from even such an elementary source as a point
impulse on the surface of a homogeneous elastic haif-space,
dealt with in 1904 by H. Lamb, is quite complicated, the
problem must be approached piecemeal. Laboratory experi-
ments employing seismic models have proved suggestive, as
have numerical approximations to the equations of motion.
Perhaps the most thoroughly developed technique involves
the determination »f the directions of onsets of the first P
waves at the earth’s surface. Early in the century, patterns of
first motions in individual earthquakes were plotted in Japan
by Omori, Shida, Kawasumi, and others. In 1923, H. Nakano
derived the mathematical representation of various force sys-



tems at an earthquake focus. P. Byerly examined the global
die.bution of P-wave polarity in an unsuccessful attempt to
de' - *mine the orientation of the plane of faulting in the
Montana earthquake of June 28, 1925; in 1938, he nresented
the stereographic-projection method of treating first P mo-
tions. The technique ard underlying theory of first-mo*ion
fault-plane analysis have been greatly elaborated in the cn-
suing years, and the focal mechanics of a great many earth-
quakes have been studied in this way. Recently, in order to
help remove an indeterminacy in the solutions using P

waves alone, Byerly and his students extended the method
to include the polarization of S waves. Additional work has
shown that the phase relations in the harmonic components
of surface waves can also be used, in certain circumstances,
to determine the orientation and extent of the fault and
even to obtain an estimate of the velocity of rupture. It is
likely that, with future refinements, focal-mechanism solu-
tions of small local earthquakes, as well as teleseisms, will
become an integral part of geological studies of contempo-
rary regional tectonics and even of global deformation.

For about the last two decades, U.S. seismologists have
had success in inv.stigation of the long-wavelength part of
the seismic-wave spectrum. In this work, the design and suc-
cessful operation of seismographs and gravimeters with stable
long-period response characteristics have been decisive.
Workers at the Seismological Laboratory of the Califoriia
Institute of Technology and at the Lamont Geological Ob-
servatory, Columbia University, have been in the forefront
of these developments. The modification of the Galitzin
instrument by F. Press and M. Ewing in 1955 enabled the
assembly of empirical data concerning the dispersion of
surface waves from earthquakes with periods as long as 500
seconds. Such waves involve significant particle motions
through much of the earth’s mantle, and by comparison
with appropriate mantle models, inferences on structure can
be made. The ability to construct realistic theoretical models
from the complicated equations that describe elastic waves
has hinged on the availability since about 1960 of high-spced
computers and on the development of a matrix computa-
tional algorithm for layered elastic media. The relevance o
seismology of transfer matrices, already used in strvctural
engineering analysis, was first seen by W. T. Thomson and
N. A. Haskell and subsequently has been greatly extended,
to both surface and body waves, by a number of seismolo-
gists.

With certain restrictions, it is possibie to investigate the
motion of the earth from earthquakes either in terms of
traveling waves or in terms of normal modes of oscillation.
The modal theory has proved increasingly valuable in seis-
mology. It has achieved particular success in the analysis of
the earth’s free oscillations. The problem was first treated
theoretically by Lamb in 1882. It was not until 1954, how-
ever, when H, Benioff described as a free oscillation an
oscillatory movement with a period of 57 minutes from a
great earthquake in Kamchatka, that the likelihood of ex-
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perimental confirmation was taken seriously. The renewal
of interest was reflected in the publication of many theoreti-
cal papers in the following years. The search for these free
oscillations of the earth had a final spectacular success with
the analysis of records from the great 1960 Chilean earth-
quake. In July and August 1960, three groups from the
United States presented preliminary communications of
observations of these graver modes at the Helsinki meeting
of the International Association of Seismology and the
Physics of the Luterior of the Earth.,

This branch of earthquake science continues to grow.
Since 1960, analyses made in the United States and elsewhere
of records from other earthquakes have isolated the com-
plete normal-oscillation frequency spectra (in the fundamen-
tal mode) for the two types of particle motion, from the
gravest period (54 minutes) down to periods usually asso-
ciated with body waves. Hand-in-hand with this work have
gone n.asurements of the attenuation of the vibrations and
waves. Such measurements lead seismology from the study
of a purely elastic earth to the behavior of a viscoelastic one;
preliminary estimates of the frictional dissipation as a func-
tion of depth in the earth have already been made.

Current seismological research is influenced by facilities
and techniques growing out of the Vela-Uniform program—
the World-Wide Network of Standardized Seismograph Sta-
tions (WwssN), for example; by the new concept of sea-
floor spreading; by the possibility of earthquake prediction;
and by powerful computer-aided analytic techniques designed
to study wave propagation.

Instrumental studies are being made in the higher and
lower frequency ranges—higher to study micro-earthquakes
and lower to overlap surface-wave with free-oscillation
studies. Measurement of earth strain is made over long time
periods for prediction purposes and also for short time inter-
vals to detect rapid strain changes associated with the earth-
quake source.

Many focal-mechanism studies are being made both to
achieve a better understanding of the mechanism and to ob-
tain the sense of motion at the source for comparison with
the the sry of sea-floor spreading.

A .01 revision of the seismic-travel-time tables has just
aeen completed. This work was partly the result of the great
nerease in the amount of data from WwSSN stations and
trom chemical and nuclear shots associated with the Vela-
Jniform program, and partly because of the need for better
tables to obtain more-accurate hypocenter locations.

Great strides are being made in determining lateral in-
homogeneities in the crust and upper mantle and in relating
these variations to differences in heat flow, gravity field.
and the concept of sea-floor spreading.

Powerful analytic techniques, usually computer-aided,
are making possible preparation of synthetic seismograms
for comparison with observed recordings. These will be of
increasing importance in unraveling focal mechanisms, lateral
inhomogeneities, and the structure of the deep interior.



EARTHQUAKE GEOGRAPHY

Earthquakes do not occur randomly either in time or in space
on the surface of the earth. Fundamental contributions of
the science of seismology during the first half of the twen-
tieth century were the documentation of the existence of
distinct earthquake belts in various parts of the world and
recognition of the fact that the occurrence of earthquakes

is closely related to mountain-building processes. Field geo-
logical studies during the same period demonstrated that
earthquakes tend to occur in regions having distinctive geo-
logical “earmarks,” and it is now possible to identify most
regions of high seismicity on geological grounds alone, even
in the absence of seismographic records. The recognition
that the cause of many earthquakes is fracturing, or faulting,
of rocks at depth in the earth’s crust is based part.. on geo-
logic observations of faulting that reached the earth’s surface
during large earthquakes, and many earthquake-producing
faults have now been identified and geologically studied in
detail.

THE CIRCUM-PACIFIC BELY

The great majority of the world’s earthquakes occur around
the rim of the Pacific Ocean (see Figure 2)—a belt that is

also characterized by abundant evidences of recent mountain-
building, such as active volcanoes, deep offshore oceanic
trenches, and rugged mountain chains underlain by highly
deformed young rocks. The westernmost continental United
States is clearly part of the seismic zone, as indicated by its
characteristic geologic features as well as the historic record
of large earthquakes in such states as California, Nevada, and
Alaska. Within this highly seismic circum-Pacific belt, many
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of the largest earthquakes have occurred because of displace-
ments along clearly defined through-going major fault zones,
such as the famous San Andreas fault of California. Most
earthquakes in this belt, however, have occurred beneath the
sea or in areas where the geology is inadequately known, so
that it is not yet clear to what extent faults such as the San
Andreas are typical of the entire circum-Pacific rim. Geolo-
gists have recognized similar features in Mexico, Chile, New
Zealand, the Philippines, Sumatra, and Taiwan, but it is pos-
sible that some highly seismic regions, such as Japan, are not
characterized by major through-going famt systems of this
type. One of the major challenges of seismic geology is to
try to understand the reasons for the differences and how
they affect the evaluation of local seismicity.

THE MID-OCEAN RIDGES

Another very significant belt of seismicity, in terms of our
understanding of the mountain-building process, is that asso-
ciated with the mid-ocean ridges, su-!. as the East-Pacific rise
and the mid-Atlantic ridge. One of the great triumphs of
modern earth science has been the combined attack by geol-
ogists, geophysicists, and oceanographers on the problems
concerning the nature and origin of the mid-ocean ridges;
the most recent major finding of these studies is that they
apparently represent the axes of material rising from deep
within the earth--slowly flowing rock that rises beneath the
ridges and then spreads out symmetrically on both sides of
them to form the ocean floors. Detailed studies of the earth-
quakes of the mid-ocean ridges, and especially the analysis
of seismic waves in order to infer source mechanisms, have



proved to be the clinching arguments in establishing the
theory that “sea-floor spreading” results from what is prob-
ably the dominant dynamic process within the earth; it
probably represents the beginning of the long-sought-for
answer to the problem of mountain-building (see Figure 12,
Part I).

The closely related concept of “continental drift” has in
the past been held alternately in favor and in contempt by
most geologists; not only does this concept seem at last to
have been demonstrated, but its mechanism appears to have
been virtually explained at the same time. Many aspects of
the problem, nevertheless, rema‘n perplexing—and opinions
on the subject are by no means unanimous. For example,
the Gulf of California represents one ol the very few places
in the world where a mid-ocean ridge (in this case the East-
Pacific rise) goes “astray” and intersects a continental mar-
gin; thus, Culifornia and Nevada apparently share some of
the characteristics of both the circum-Pacific seismic belt
and a mid-ocean seismic belt. How the San Andreas fault and
other geologic structures of the Pacific Coast region are re-
lated to these two global features remains a major enigma
that is currently being attacked on many fronts.

SEISMICITY IN THE UNITED STATES

[ espite the concentration of the world’s seismic activity in
well-defined belts, almost all parts of the world have occa-
sionally experienced earthquakes. Damaging earthquakes in
the United States (see Figures 3 and 4) have occurred most
frequently in California, Nevada, and Alaska, but two of the
largest and most disastrous historic earthquakes have been in
Missouri and South Carolina (New *1adrid, 1812; Charleston,
1886; (see Figures 5, 6, and 7)—regions characterized by rela-
tively infrequent shocks. Not only is this a perplexing prob-
lem for geologists, who «.re as yet unable to relate these
events to obvious geologic causes, but it also puts engineers
in the very difficult position of having to decide whether
these areas are really any more hazardous than other parts
of the eastern United States that do not happen to have ex-
perienced similar carthquakes within the relatively short
veriod of historic time. Could a great earthquake like the
Cha:leston earthquake ~f 1886 strike Washington, D. C., or
New York, or Baltim ,.¢, tomorrow? (A small earthquake
was widely felt in Philadelphia in late 1968.) This problem
will probably not be solved until we gain a much more
thorough understanding of exactly how and why earthquakes
occur.

Some of the most detailed studies of seismicity within an
active seismic belt have been carried out in California and
Nevada. These studies reveal some important conclusions
both for the earth scientist and for the engineer, as well as
pointing up some conspicuovs gaps in our understanding.
Although small earthquakes occur in almost all parts of these
areas, virtually all large earthquakes have occurred in close
association with major faulting. Likewise, the majority of
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future large earthquakes will probably be limited to areas of
active faulting, and most active faults in this region can be
recognized by physiographic features such as scarps, elongate
closed depressions, linear rift valleys, groundwater effects,
and displaced stream channels (see Figure 8). Indeed, the
geologist is often in a better position to delineate these areas
of possible large earthquakes than is the seismologist, who
must necessarily work with a relatively short history of in-
strumental records.

PREDICTION

Despite the completeness of the history of seismicity in
California since 1800—for the last 3% years based on the
records of many local seismograph stations—there are many
reasons for believing that this history does not constitute a
statistically adequate sainple for extrapolating into the future,
To achieve reliable extrapolation of hisiorical seismicity in-
formation into the future. many hundreds of years of data
must be available. Similarly, a recent study of micro-earth-
quakes at ma.ly sites along the San Andreas fault system in-
dicates that micro-earthquakes share the same statistically
unreliable distribution as the larger shocks and are not better
indicators of future activity. Parts of the San Andreas fault
that have experienced further slippage during great earth-
quakes as recently as 1857 and are prime candidates for
future great earthquakes, nevertheless show a virtual absence
of micro-earthquakes today. Segments or active faults charac-
terized by occasional very large earthquakes may, in the in-
tervening periods, have extremely low seismicity, possibly
owing to some “locking” mechanism. At the same time, seg-
ments of fault characterized by the absence of very large
earthquakes may experience more or less continuous seismic
activity on a smaller scale. In any given area, it will take the
close cooperation of geologists and seismologists to arrive at
the best evaluation of potential seismicity, tut engineers and
planners must recognize that precise evaluation is impossible
at the presen? ctate of the science. The same problem, of
course, plagues attempts to construct “seismic zoning maps.”
Although we are in a position to say that some large regions
are clearly more hazardous than others, it is not possible to
say that there is no hazard in any particular region, and de-
tailed zoning maps must be interpreted with this in mind.

RESEARCH NEEDED TO IMPROVE PREDICTION

It is clear that because the historic record alone cannot give
us the answers to the problems of delineating seismicity and
constructing seismic-hazard maps, the need for a better
understanding of the mechanism of earthquakes is even more
pressing. It now seems apparent that our best possibility for
predicting earthquakes—or at least for estimating seismicity
in a given area—depends more on a true physical understand-
ing of how and why earthquakes occur than it does on the
statistical extrapclation of past seismic events. Four particu-
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FIGURE 3 Damaging earthquakes in the United States through 1967. The Modified Mercalli Scale of earthquake intensity is used. The fol-
lowing is a slightly reduced and adapted version of the MM scale:

VI.

Vil

VIILL

XI.
Xl

Not felt.

Feit by persons at rest, on upper floors, or favorably placed.

Felt indoors. Hanging objects swing. Vibration iine passing of light trucks

Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jolt. Standing automobiles rock. Windows, dishes, doors
rattle. Glasses clink. Crockery clashes, Wooden walls and franes may creak.

Felt outdoors; direction estimated. Sleepers awakened. Liquids disturbed, some spilled. Small unstable objects displaced or upset. Doors,
shutters, pictures move.

Felt by all. Persons walk unsteadily. Windows, dishes, glassware broken. Knickknacks, books, etc., fall off shelves; pictures off walls,
Furniture moved or overturned. Weak plaster and average-quality masonry cracks. Small bells ring (church, school). Trees, bushes shake.
Difficult to stand. Noticed by drivers of automobiles. Hanging objects quiver. Furniture broken. Damage to weak masonry. Weak chim-
neys broken at roof line. Fall of plaster, loose bricks, stones, tiles, cornices, etc. Waves on ponds; water turbid with mud. Small slides
and caving-in along sand or gravel banks. | arge bells ring. Concrete irrigation ditches damaged.

Steering of automobiles affected. Damage to average masonry; partial collaps2. Some damage to good, partly reinforced masonry; none
to good, fully reinforced masonry. Fall of stucco and sorme masonry walls. Twisting, fall of chimneys, factory stacks, monuments,
towers, elevated tanks. Frame houses moved vn foundations if not bolted down; loose panel walls thrown out. Branches broken from
trees. Changes in flow or temperature of springs and wells. Cracks in wet ground and on steep slopes.

General panic. Weak masonry destroyed; average masonry heavily damaged, sometimes with complete collapse; good, partly reinforced
masonry seriously damaged. Frame structures, if not bolted, shifted off foundations. Serious damage to reservoirs. Underground pipes
broken. Conspicuous cracks in ground. In alluviated areas sand and mud ejected, earthquake fountains, sand craters.

Most masonry and frame structures destroyed with their foundations. Some well-built wooden structures and bridges destroyed. Serious
damage to dams, dikes, embankments. Large landslides. Water thrown onto banks of canals, rivers, lakes, etc. Sand and mud shifted
horizontally on beaches and flat land. Rails bent slightly.

Rails ben* greatly. Underground pipelines completely out of service.

D+, 1age nearly total. Large rock masses displaced. Lines of sight and level distorted. Ob;ects thrown into the air.
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larly important svenues of rescarch related 1o gadning tas
urederstanding are discussed below,

* The stedy of canthouake snd faultaodels, both i the
laboratory and tromethe theoretical point obview. hus ne
cently produced muny exciting resulls amd hiolds gieat prome
1se for the future, Foreulabion of theorotical elashe and dis
tovation fault models s sdready given much insightinne
what might regsorably be expected within the earth and has
pointed up such imporient paramctors as faudt offser, peak
accsleration, and rock strenpth that shoudd be moasured iy
the ficld and in the laborarory, Wis boped tha, sindlariy,
Laboratory studies of rock fuflure ot bigh pressureswill be

able to duphcate sone of those dspects of carthguake pre

duction that cunnot be coserved divectly i the field Already,

some pinosical changes precusony to rock twlure bave been
sugpested in luboratory experimentsyhiese s in tum, suggest
tield exporiments that mughtdead toa bettey understanding
of expecied seismicity in wgiven aren.

® Much has aiready been learned through field geologic
and eodetic studies of eurthiguake covironments. Such
studies must be continued and expanded. Much van be
temned i the future concerning eartliquake mechanisms by
studving ancient tauil zonesand by studying surface sl

Lig during comdemporary carthquakes Fisdd studies of the
19406 San Francisco earthquake (see Figure 93, for example,
stimulated much new thinking sbout carthquake mechanisms.

Studies of stross and strain associoted with active fuults are
particutarly inportant. Althougl these studies have been
dependent primanly on clessical geodetic surveying ech-
migues it past, most of the pew and nnaginative 1nstng
mrenis avd echpiques are being developed by selbsmviogists
andd geologists. Laser distance-measuring devices and supersen-
setive tiltmeters are two examples. The e sind measuremeny
ol stress, particularty ar deptho i bore holes, s alsocurrently
heing vigorousiy pursued by senologists and geologias and
reprosents @ particulanly cntical experment

& Seismological studies of carthquake source mechunisms
based on the interpretationeod selsmic waves have plaved an
inportant part o contivming the Bultrupture theory of
earthguake genests and i promoting understandmg of the
regional stress systerms of individual earthguake sovinon-
ments Severa] inmaginative new techniques bused onanalyvses
of various parts of the seismic spectrum have been developed
iy recent yeses, and 1815 clear that this is an ared in which
new instrumentation and new snalvticat and computationsd
technigues will bring divicends in idw futuie,

® Seismoeraphic observations mustbe continued on an
expan ed scale in active sreas such as Califoria, Nevada,
and Alaska, both 1o increase the statistical base from which
we may sonteday be better able 1o extrapolye into the
future, and. by using more and better instruments. 10 gain
2 more thorough understanding of the relationship between
seismicity and tocal geologic environmenis

FIGURE 4 Davage to builldings on
Howard Street, San Francisco, resulting
frorm 1808 sarthyuake, IPhotograph
from University of California, Berkeley.)
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FIGURE & lsoseismal map of sarthquake at Charleston, South Caroling, August 31, 1886 The Rossi-Forel Scale, 1878, is used. The follow

ing is a shightly reduced and adapted version of the R E scalp:

« Micraseismic shock. Hecorded by 3 single seismograph or by seismographs of the same madel; shock foit by an experienced observer,

. Extremely tesble shock. Recorded by several seismographs of different kinds; Telt by 8 few persons at rest

. Wery feeble shock. Falt by severs! persons at rest; duration appreciabie. ano direction may be estimated.

. Feeble shock. Felt by persons in mation; disturbance of movable ubjects, doors, windows; cracking of ceilings.

- Shock of moderats intensity. Felt generally by everyone; furniture, bads, etc.. disturbed: some bells ring

. Fairly strong shook. General awakening of those asleep; general ringing of betls; chandeliers pscillate: clocks stop; trees and shrubs shake
vigibily,

. Btrong shock. Movable obiscty averthrown, plaster falls: church hells ring: general panic, without demage to biildings.

. Very strong shock. Chimnave Fall: cracks in busifding walls,

Extremely strong shock Partial or total destriction of some buitdings

10. Bhock of extreme intensity. Great disaster; ruing: disturbance of the strata. fissuros in the groung, rockfalls from moauntains
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FIGURE 6 Ol Gusrd House at
Charleston, South Caroling, following
the parthquake of August 1886 (U8,
Coast and Geodetic Survey.)

FIGURE 7 Tradd Street. Charleston,
South Caroting, after the August 1888
sarthaueke. (U 5 Coast and Geodetic
Survey )
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FIGURE B Trace of Ban Andreas
faudt rear Simmier, California looking
north. {Courtesy of John § Shelwn}

FIGURE 9 Ofteey ot 21 feet in s
roadk gt the south erad of Tamales Bay,
Catiformia, resulting from the 1808
parthguake, Road segment at ooy
et was formerty joined 1o partly
obscurad segrEnt in Bxact center,
{Bhotograph brom Unwersity of
Calitornia, Berkelpy




SEISMOLOGY AND OTHER BRANCHES

OF EARTH SCIENCE

No branch of science stands alone. Seismology draws
heavily on physics and applied mathematics. It requires en-
gineering skills in wide va.iety. It commonly grades so
smoothly into other branches of earth science that any
attempt to fix sharp limits to the field of seismology must
be arbitrary. This chapter discusses some of these bordering
fields of science and some of the relevant topics within them.

Many of these disciplines are brought together in the study
of the earthquake mechanism, a fundamental problem of
seismology. Information drawn from analysis of seismic
waves, such as location of the focus movement along the
fault surface, stress drop, and size of the focal zone, must be
understood not only in terms of simplified mathematical
models but ultimately in terms of the real rocks of the earth.
Thus, laboratory data concerning rock deformation under
stress drawn from rock mechanics information are essential
to seismology. This field must be developed to explain rock-
deformation characteristics throughout the range of pres-
sures, temperatures, and rock types likely to be found
throughout the seismic zones.

The observations of field geology are essential not only
following a large earthquake, when spectacular effects are
immediately visible, but also to determine the past deforma-
tional history of the area through the techniques of struc-
tural geology or geomorphology and to uncover information
about current deformation through the study of fault creep
or slippage. Studies during the past ten years have demon-
strated, particularly in California, the great importance of
fault creep in the tectonic process; such studies may well
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provide the key to earthquake prediction and perhaps even
prevention, and they must be acceierated.

Measurements of earth deformation using the techniques
of geodesy are also of great importance to seismology. Level-
ing and triangulation by conventional methods, as well as by
more-modern devices such as tiltmeters and gradiometers, on
the continental scale, on the scale of a single state, and even
on the scale of a single building, play a vital role in under-
standing the earthquake mechanism.

Geophysical information from gravity, geomagnetism,
and heat flow studies is also likely to provide important clues
to the earthquake process.

The seismologist concerned with earthquake mechanisms
and effects must work closely with the eartiiquake engineer,
for their fields of interest overlap markedly. The source
mechanism, the propagation of seismic waves near the source,
the effects of various earth structures on seismic waves, and
temporal and spatial properties of seismic activity are inter-
ests common to both and subjects to which each can con-
tribute essential information.

Finally, on the grand scale of global tectonics, in which
man seeks the answer to the long-standing but most funda-
mental questions of geology, seismology relates closely to
almost all of the various disciplines of geology. Recent devel-
opments in this field have been spectacular, and many earth
scientists are convinced that a single unifying concept is being
developed, a concept that will explain why the earth’s surface
is divided into continents and oceans, why mouuntains grow
in some regions and deep sea trenches are formed in others,



why we have garthquakes, why there are volcanoes, and why
the earth has gone through the complex deformations that
are evident from the geological record.

If this concept of earth tectonics proves coirect, it will
unify the earth sciences. The data of seismology will be di-
rectly related, for the first time, to such widely different
areas of study as the petrology of volcanic rocks in an island
arc, isotope geochemistry, the geomorphology and struc-
tural geology of tectonic arcs, the marine geology of the
ocean floor, stratigraphy, even certain aspects of paleontology,
and certainly economic geology. If such a major advance in
ow: understanding of the earth is indeed in progress, then an
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inescapable consequence is that our ability to find mineral
deposits of economic value will be strongly enhanced.

Thus, many aspects of seismology are closely linked with
other disciplines of the earth sciences. The student of seismol-
ogy is frequently the student of other disciplines as well.
This coupling effect, which we can easily lose sight of in our
efforts to classify and organize our efforts, is an intrinsic
property of our science, and its importance to earth science
and its potential benefits both scientifically and in terms of
man’s practical needs are of inestimable, but clearly very
great, importance.



THE INTERIORS OF THE EARTH AND PLANETS

THE EARTH

Seismic waves penetrate to all parts of the body ot the
earth and are our principal tool for exploring and mapping
the earth’s interior. Just as thorough analysis of starlight and
other electromagnetic radiations is giving us a comprehensive
understanding of the universe beyond our own planet,
thorough analysis of seismic waves is revealing the nature of
the earth’s interior.

As a result of seismic studies, the general structure of the
earth is well known. There is a crust, generally 30 to 40 km
thick in continental areas and only about 6 km thick beneath
the deeper parts cf the ocean. Below the crust lies the solid
mantle, extending to a depth of 2,895 km,; then the liquid
outer core, extending to about 5,150 km; and finally the
solid inner core to the center of the earth, at a depth of
6,371 km. (See Figure 13, Part I.)

The Near-Surface Region

In many areas, the shallow layers of the earth’s crust have
been studied extensively in the course of seismic exploration
for oil. A U.S. innovation was the use of the seismic-reflec-
tion method for oil prospecting. In this method, seismic
pulses generated by shallow explosions or by other types of
energy sources are reflected from subsurface rock layers,
recorded, and interpreted in terms of oil-producing geologic
structure (see Figure 14, Part I). The oil industry provided
the stimulus needed to develop the present sophistication of
this method—which now includes multiple arrays of instru-
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ments, complex digital processing of data, powerful analyti-
cal methods and informative displays of results. Reflections
at narrow angles of incidence at or near total crustal depths
have been observed on occasion, but no systematic continu-
ous profiling of the kind that has served the oil industry so
well has been used in crustal-structure studies except at sea;
and even at sea, depths of penetration of more than two or
three kilometers are not common. The continuing applica-
tion of these techniques to studies of the total crust of the
earth is necessary if we are to extend our knowledge beyond
its present rather broad-brush stage.

Studies of crustal structure have thus far been based al-
most exclusively on refraction methods, and through their
use during the past few decades, substantial progress has
been made in understanding the entire crust of the earth.
The programs of various universities and cooperative studies
of the Carnegie Institution of Washington and the Crustal
Studies Branch of the U.S. Geological Survey, such as the
Lake Superior Seismic Experiment and the East Coast
Onshore-Offshore Seismic Experiment, have led to more-
detailed knowledge of the crust of North America. Perhaps
the most surprising result of these and other studies has been
the finding that the crust in the basin-and-range province of
the western United States. with mean elevations of two or
more kilometers, is thinner (20-25 km) than that in the cen-
tral plains (40-50 km). It had been thought that the major
isostatic compensation takes place at the boundary between
the crust and the mantle. Thus, it was expected that the crust
would be found to be much thicker in the mountainous re-
gions than in the plains. The contrary finding implies that



much of the compensation of some of the elevated regions
in the western United States is provided by lower densities
within the mantle rather than at its boundary.

A good understanding of the shape and character of the
crust-mantle mterface would illuminate the processes by
which the earth has been formed. It would be extremely
worthwhile to find out whether major faults penetrate the
Mohorovicic discontinuity, and it would be interesting to
know in general how much relief there is at that interface.
Our knowledge of certain special regions, such as the con-
tinental margins, is vague. The recent increase of interest in
continental drift raises the question of whether there are
systematic differences between the leading and trailing edges
of the continents. There are regions of the world whose geo-
logic structure is little known. Knowledge of the structure of
some of these regions is crucial to the broad comparative
studies that must form the basis of any complete understand-
ing of earth history. Examples are the African Rift valleys
and the greatest of the mountain ranges on earth, the
Himalayas.

The Deep Interior

Thus far we have discussed only those seismic measurements,
involving surface distance ranges of 300-400 km, that are
basic to an understanding of crustal structure. Great progress
has been made in establishing travel times for the distance
range of 400 to 2,500 km. Since 1955, large-scale chemical
and nuclear explosions have made possible detailed studies
far superior to earlier studies. It has been established beyond
doubt that there are significant regional differences in the
travel times in this distance range, and thus there are signifi-
cant regional differences in the structure of the upper mantle.
It now appears probable that there is a low-velocity layer for
S waves, and perhaps for P waves, at depths of about 100-
300 km beneath parts of the western United States; and
there appears to be no doubt also that any low-velocity layer
beneath the central United States is insignificant in size in
comparison with that beneath the western United States.
But there are no efforts of comparable scope and precision
elsewhere in the world, and such efforts are essential for
comparative studies of structure, which must form the basis
of our goal of understanding the internal processes of the
earth. 1t is especially important that we should be able to
observe travel times beneath the oceans. This goal is within
our technical capability, but more research is needed.

Recent studies have established that there are at least two
zones of very rapid change of velocity in the upper mantle,
one at a depth of about 350 to 400 km, the other at about
650 km. These changes of velocity are so rapid that it seems
likel: that there are first-order discontinuities at these depths,
probably related to changes of phase, i.e., changes in the
crystal structure of the minerals to higher-density and higher-
velocity arrangements of the atoms. Careful study, particu-
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larly using arrays, should sharpen our knowledge of the
behavior of travel times near these zones of rapid velocity
change to the point where we will be able to place very close
limits on the depth range over which the changes occur and,
it is hoped, detect differences in depth from one region to
another.

During the past decade, seismologists have come to the
firm conclusion that there are considerable regional varia-
tions in upper-mantle structure, and methods by which these
variations can be determined have been developed. It is gen-
erally believed that regional variations are intimately related
to the processes that are shaping the earth today and that
shaped it in the past. Thus, we see the need to extend de-
tailed seismological studies, previously carried out only in
limited areas, 1o the whole of the surface of the earth and
especially to those areas covered by the oceans.

Careful study has shown the travel times measured before
1955 to have been quite accurate. Since then, significant
further advances in the study of travel times at teleseismic
distances have been made, and it has been shown that these
times too have a regional component.

Surface Waves Great advances have been made in the siudy
of surface waves. These advances rest on two developments:
seismographs with greatly improved long-period response and
electronic computers. As a result of the second development,
it has been possible to calculate phase and group velocities
of waves as functions of wave period for realistic earth models.
Thus, careful comparison of theoretical models and observa-
tions has been made possible.

Surface-wave studies established very early that there is a
low-velocity layer for shear waves in the upper mantle, as in-
ferred by Gutenberg, and that its nature beneath the con-
tinents differs from its nature beneath the oceans. Surface-
wave studies demonstrated the existence of zones in which
shear velocity changes rapidly. It is not only in terms of ve-
locity, however, that surface-wave studies have thrown light
on the properties of the earth. Another important property
of any solid material, such as the rocks of the crust and
mantle, is its resistance to long-term creep. A measure of this
resistance is the proportion of the energy of a wave passing
through the material that is absorbed and converted into
heat. Resistance to creep is extremely difficult to determine
from body-wave studies because of severe problems in deter-
mining and allowing for amplitude changes associated with
such factors as reflection and refraction at interfaces. Studies
of the attenuation of surface waves have led to the specula-
tion that the low-velociiy zone is a major region of weakness
in the earth, that it is possibly in this zone that the earth
accommodates itself to changes of shape and perhaps also
that the relative changes in the positions of the large land
masses take place.

Spectacularly successful as surface-wave studies have been,
there is much more still to be done. The methods of deter-
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mining the velocities from the records can be greatly im-
proved by digital processing techniques.

Earthquakes and Processes in the Earth’s Interior 1t is not
only the velocity structure of the earth that has attracted the
attention of seismologists. An earthquake is a complex phe-
nomenon in which large quantities of stored elastic energy
are released (for a large earthquake about as much energy as
could be generated by a 1,000-megawatt power station in 20
years). Comparatively recently, it has been found possible to
make estimates of two important parameters—the physical
length of the faulting involved in large earthquakes and the
speed of rupture. For large carthquakes, the faults involved
have been found to be many hundreds of kilometers in
length. Still more recently, it has been found that the earth
undergoes a significant and “permanent” change of shape
when a large earthquake occurs. Study of the ground motion
close to a large earthquake over the full range of wave fre-
quencies, extending to the zero-frequency component, will,
it is hoped, lead to better understanding of the failure proc-
ess and to a firm basis for estimating hazards in active earth-
quake zones; it is also hoped that these studies will provide
some inkling of the processes deep in the interior that store
tie vast energies released in the earthquake. One interesting
question still to be resolved is that of the nature of the failure
in earthquakes centering at depths between 300 and 700 km.
It is difficult to conceive of failure of the kind that occurs
near the surface taking place under the enormous pressures
existing at these depths. Studies of the shape of the impulse
over a very wide range of frequencies may resolve this ques-
tion.

Free Oscillations

The development of new forms of earth-measuring equip-
ment, such as the strain seismometer and the tidal gravimeter,
has led to the recogmitinn that the earth is set into free oscil-
lation by very large carthquakes. The periods of the free
oscillations were wesi determined for the first time in studies
of records of the Ciulean earthquake of 1960. There is, in
general, good agreement between the observed free-oscillation
periods and those calculated for models of the earth. There
are, however, some discrepancies for the graver modes,

which have led to suggestions that either changes are re-
quired 11 our models of the density distribution in the lower
mantle or our estimate of the core radius should be increased.
Observaticn of the free-oscillation periods of the earth is im-
portant because it provides some degree of controt for the
determination of the density distribution at depth.

Theoretical Stuglies

Theoretical studies have gone hand in hand with observa-
tional developments. Theoretical studies of body waves have

thus far been based mainly ox ray theory, whereas surface-
wave and free-oscillation theoretical studies rest on mode
theory. The two approaches are necessarily closely related,
and studies of these relationships are being carried out. "1
one development, theoretical seismograms arc being calcu-
lated. In others, the effects of crustal and upper-mantle
structure on seismic-wave velocity and motion are being
studied—i.e., the transfer function of the crust and mantle is
calculated for model structures.

Sea-Floor Spreading and Continental Drift

During the past decade, a perhaps revolutionary new under-
standing of earth dynamics has been achieved, and in its

- further elucidation seismology will play a very significant

role. This is the recognition  « continuing process of “sea-
floor spreading” associated with drifting of the continents.

The earth sciences have only recently reached a state at
which we are beginning to see the overall patterns of how the
evolution of the earth is controlled. Classical geologic studies
were able to examine only surface processes. These exhibited
great diversity, and failed, until recently, to fit any recog-
nizable worldwide systematic pattern. Two of the most
readily cbserved geologic processes, which have been under-
stood in some detail for many decades, are the steady de-
struction of the continents by erosion and the formation of
new rocks by some sort of cyclic system of igneous intrusion.
Why the erosional mechanism did not long ago completely
level all continents and what controls the pattern of igineous
activity were not and still are not completely clear. In the
past few years, however, it has been discovered that there is
a worldwide pattern of deformation going on, slowly but at
a measurable rate, that is probably capable of renewing the
continents and explaining igneous activity. The clearest sur-
face expression of this process is the spreading of the ocean
floors, now recognized as characteristic of the Atlantic,
Pacific, and Indian Oceans, and probably present in all oceans.
This observation strongly supports the concept of thermally
driven mass currents as the dominant process in the evolu-
tion of the earth. Many lines of evidence, such as island-arc
arrangements, seismic focal patterns, some spatial variations
in the magnetic field, and the structures of the continents
and of mountain ranges, can be consistently explained by
this hypothesis.

It is clear that the earth sciences may be on the verge of
achieving a consistent overall picture of the earth—as a heat
engine in which a large proportion of the details of geology
can be explained as focal consequences of the larger patiern.
The possibility of such a major adv...ce in geology has ex-
cited earth scientists throughout the world. If this systematic
treatment can be achieved, then a whole series of break-
throughs can be expected in problems such as that of deter-
mining the control mechanisms of ore deposition. The capa-
bility of long-term prediction of seismic and volcanic events



may be another breakthrough, Ultimate understanding of
the basic causes of these events is conceivable—in the distant
future perhaps, followed by control.

Some traditional forms of scismological research have ai-
ready contributed findings related to the theory of sea-floor
spreading. Studies of the direction of first motion of earth-
quakes have contributed significantly to our understanding
of large-scale tectonic probiems. These, in turn, have led to
the recognition of systematic patterns in the circum-Pacific
earthquakes and have made it possible to assert that the fault-
ing associated with the spreading of the Atlantic Ocean floor
is one of the type called “transform” by J. T. Wilson (1965),
a finding of importance to our understanding of the process
by which the spreading occurs.

THE MOON AND PLANETS

The character of the earth’s surface is the result of a complex
chain of processes. Some of these are obvious—ci:anges
wrought by wind and water are so rapid that we can observe
them going on today—but these simple, direct processes are
the consequences of other processes that have acted through-
out the history of the earth in its deep interior. Ii is already
clear from the results of the space explorations of the past
decade that the atmospheres and surfaces of the other planets
differ remarkably from those of our own planet. These dif-
ferences may have arisen in many ways, but we may be cer-
tain that processes in the deep interiors of these planets have
played a most significant role in their development. The air
we breathe and the water of the sea, for example, came Tom
the interior as part of the same process in which the rocks of
the earth’s surface were formed.

The growth and advance of space technology over the
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past two decades have made the exploration of our moon
and the planets of our solar system a realizable goal. Scien-
tific experiments included in the Apollo manned lunar land-
ing program, for example, involve measuring the moon’s
seismicity and determining its geologic structure with seis-
mographs. These and other lunar and planetary investigations
should yield information of considerable importance to our
understanding of the evolution of our solar system and its
components. An understanding of the data obtained from
such experiments, however, depends on the scientific meth-
ods, techniques, and knowledge developed through investiga-
tions of the earth.

As soon as it was realized that geophysical measurements
on the moon are feasible, plans were made for a seismometer
to be part of the earliest set of equipment. It was taken al-
most for granted that a determination of the seismic state of
the moon must be one of the earliest geophysical experi-
ments. The structure of the near-surface layers of the moon
may be of such a nature that small-scale seismic work of the
geophysical prospecting type will be essential to its study.

The power of seismology to probe the interior of a planet
is such that even though the mnon may not prove to be
strongly seismic, early attempts are being made to determine
velocities in the interior using shocks from meteorites or
rocket impacts, and, until accomplished, the establishment
of a network of seismographs on the moon will have high
priority with geophysicists.

All that has been said regarding seismology and the moon
applies with equal if not greater force to the planets. The
greater difficulties in sending man to them, and their simi-
larities and differences with the earth, make the emplace-
ment of seismographs on them one of the great scientific
challenges of the century.



SEISMIC SOURCE MECHANISMS

Despite the large advances in seismological knowledge during
the past few decades, the fundamental problem of what
physical process is taking place at the earthquake source re-
mains only partially solved. There are many seismological
and geological reasons for believing that most earthquakes—
particularly shallow ones, at depths of less than about 60
kilometers—involve the sudden fracturing of rocks. The exact
mechanism by which this takes place, however, is a matter
of considerable debate. And even more problematical than
the question of Aow the failure takes place is the question of
why it takes place.

t is safe to say that the concept of faulting as the imme-
diate cause of most shallow earthquakes rests on a much
firmer scientific basis than does our understanding of wlLy
faulting should occur at all. Furthermore, it is now thought
that a few earthquakes—particulaily thase originating at great
depth—are not caused by fracturing in the normal sense, but
instead by some physical process involving abrupt changes in
velume and density, such as might be related to sudden phase
changes of earth materials at ve, high pressures.

This subject of the focal mechanism of earthquakes is so
fundamental to the entire science of seismology that it clearly
deserves very high priority in the overall seismological re-
search effort, and much of the potentially valuable spin-off
to applied fields such as engineering seismology awaits a more
- finitive solution of the focal-mechanism problem.

Earthquakes that cause damage to structures and loss of
life usually have shallow foci, and many, such as the 1906
California earthquake, the 1891 Mino-Qwari earthquake, the
1964 Alaska earthquake, and a number of earthquakes along
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the Anatolian fault iu: Turkey, are accompanied by fresh sur-
face faulting. The theory of fault origin of carthquakes ; .tu-
lates that sudden displacement starts at a peint of rupture
somewhere along a fault. The rupture then propagates along
the fault plane; the greater the extent of fault rupture, in
general, the greater the wave motion from the earthquake.
The actual source of the wave trains is a matter of contro-
versy. One view is that they are the direct consequence of
the “fling” or rebound along the fault; the alternative is that
the elastic waves are generated at numerous places along the
fault by friction just as “vibrations ot a viulin string are
caused by the friction of the bow” (Reid, 1910). The hazard
to man in the vicinity of the fault is probably different for
the two cases, and there is an urgent need to settle the issue
for engineering design purposes alone.

Many attacks are under way at present and deserve in-
.~eased support. They include theoretical studies based on
dislocation theory and solid-state physics, laboratory studies
of rock failure at high pressures, geologic field studies of fauit
zones and of earthquake sites where faulting has reached the
ground surface, thorough instrumentation of fault zones in
order to improve definition of the stress-and-strain fields
associated with the earthquake-producing forces, seismo-
graphic observations close to earthquake foci, and sophisti-
cated analytical efforts to determine source functions from
seismic waves recorded at som~ distances from earthquake
epicenters.

Much new work, some of considerable mathematical so-
phistication, concerned with the problem of seismic source
mechanisms has recently begun. The indications are that



gleat steps forward will be made in this field within the next
decade. it must be emphasized that the focal-mechanism
problem is at the very core of seismology and represents one
of tne most challenging and most promising of current re-
search offorts. It is clear that these physical processes must

be better understood if the science of seismology is to con-
tinue to move forward and if its contributions to more-applied
fields such as earthquake engineering are to continug to be
pertinent and significant. in this field particularly, geclogists
and seismologists must continue to work closely together.

One of the surg.ising recent discoveries in the field of
earthquake mechanisms has beer the field observation of
continual clippage or “crecp” along several active faults in
California. Aithough we do not yet fully understand this
phenomenon, it is clear that it has many ramifications im-
portant to the long-term effort to predict and perhaps pre-
vent earthquakes. Furthermore, fault creep, together with
the recently documented triggenng of movement on one
fault by displacement on another nearby fault, emphasizes
the growing problem of the engineering of structures that
.nust cress or straddle active faults. It is essential that instru-
mental measurement of creep and asseciated effects be
greatly improved and expanded, and this is well within
present technologiczal capability.

The process by which an explosion in the earth generates
sersmic waves is understood quantitatively to a much greater
extent than is the earthquake process. In the explosion prob-
lem, the total amount of energy deposited in the earth at
the moment of detonation can be measured, and instruments
that measure the response of the materials arouna the energy
source provide the data from which the distribution of the
energy can be calculated. The observations provide the fac-
tual information against which theoretical treatment can be
tested. A complete, closed-form solution to the p.oblem has
not been achieved, but numerical methods using finite-
difference techniques have been successful in predicting
ground effects that are 1 . reasonable agreement with those
observed. Research into this problem has been conducted in
several laboratories, chiefly the Sandia Corporation and the
Lawrence Radiation Laboratory. The results of this research
has direct application to nuclear-tcst monitoring and to
siudies of nuclear-weapons effects as well as to the develop-
ment of improved techniques in the use of explosives as
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energy sources in seismic exploration, in mining and quarry-
ing, and in the construction industry.

Experience with explosive seismic sources gives some idea
of how much information about a seismic source can be
recovered {rom dis 1nt seismic signals. Although not all de-
tails of the wave-generating mechanism of a buried explosion
are understood quantitatively, the fact that observations of
ground .notion have been made in the close-in region pro-
vides an empirical check on attempts to recover source pa-
ra. 1eiers from seismic waves. Because the processes in the
source region ate nonlinear and irreversible, only an equiva-
lent source can pe reconstructed by the analysis of linear
phenomena in the region of small motions. The results of
this work give some measure of the confidence to be placed
in attemnpts to reconstruct the physical processes in an earth-
quake source from the radiated seismic energy.

Wiih regard to the remaining problems of the explosion
source, the greatest need is for better equation-of-state data,
valid over a wide range of pressures, for the earth materials
within which the detonations took place—and perhaps revi-
sion of the failure criteria to be applied in each zone near the
source. In addiiion, the interaction of the shock wave with a
nearby free surface, the direct generation of seismic waves by
fracturing, and the effects of pre-existing strain on the ,adi-
ated scismic energy are all topics that call for more research.

Other sources of seismic energy include those of a repeti-
tious nature (weig™t drops on land, and “spark” or gas in
water) and are us: .ily used in the oil-exploration industry.
These sources introduce seismic signals into the earth at
closely spaced points, and echoes (reflections) are obtained
from the interfaces of subsurface rock layers. By mapping
the attitudes of these interfaces, possible “traps” for oil and
gas are located. The repetitive nature of the signals makes it
possible to correlate the reflections received it one position
on the surface of the earth with those received at another
position. A continiuous record of the reflections is sometimes
produced that simulates a cross section of the geology. This
type of seismic-energy source also offers a very good opportu-
nity for experimentation with the transmission of messages
through ihe solid earth. Some research on this problem is
being carried on by the Army, and more should be encour-
aged.



SPECIAL EFFECTS

All earthquakes involve to some degree the propagating dis-
turbances within the solid earth called seismic waves. Some
earthquakes, for one reason or another, cause certain addi-
tional special effects that either present a special hazard to
man or provide a different means for probing the earth.
Among these special effects are tsunamis, the frequently
destructive seismically caused sea waves that can inundate
coastal regions halfway around the world from their sources;
submarine landslides and turbidity currents; and subaerial
landslides, mud flows, fault scarps, fault creer, and other
permanent deformations of the earth. In addition, seismic
tremors themselves may be generated by volcanic activity.

TSUNAMIS

Tsunamis are of considerable importance because of the

great damage and loss of life they often cause (see Figure 10).

These gravity waves in water are generated in the vicinity of
the earthquake epicenter and propagate with small ampli-
tudes across the deep sea, building up to destructive heights
upon reaching a seacoast of appropriate configuration. The
slow specd of these waves (~400 mph), compared to that of
seismic waves in the earth, makes advance warning possible
if the danger area is far enough from the source and «f ade-
quate seismic data are available and can be collectad at an
analysis center. This is the basis for the Tsunami Warning
System of the Pacific, operated by EssA. This system, estab-
lished in 1948, has been very effective and valuable, but in
the course of cfforts to improve and expand the system,
several difficulties have become evident. One is the high in-
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cidence of false alarms, a result of the inability to determine
from seismic evidence alone whether a given earthquake has
generated a tsunami. Another is the poor capability to pre-
dict the scale and effects of a tsunami for localities that have
not experienced earlier tsunamis coming froin a particular
source atea. A third is the difficulty of predicting tsunami
and tsunami effects near an earthquake epicenter. Solutions
to these problems seem to be within present capability if
appropriate effort is expended.

The applications of modern high-speed data processing
to information from a suitable network of stations should
increase warning time for nearby events. A combination of
empirical, experimental, and theoretical studies should im-
prove our ability to predict tsunami effects under a given set
of local conditions and tsunami characteristics. Studies of
seismic-wave character and improved methods of collecting
sea-wave data at stations near the epicenters of earthquakes
may also increase the reliability of prediction. To predicr
tsunamis for coastal regions lacking appropriately located
stations, instruments on the floor of the deep sea may be
required. In some areas, an additional measure of protection
against tsu.iamis could be provided by the constcuction of
barriers or similar structures.

One cause of concern is the possibility that locations that
have not experienced a destructive tsunami in historical times
may do so in the future. Most tsunamis sirike coastlines
along the borders of the Pacific Ocean or the Pacific islands,
partly because most large earthquakes occur in the Pacific
and partly because the coastal sub-bottom configurations
there are generally conducive to tsunami intensification.
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What might happen following a very large earthquake beneath
some other ocean, such as the Atlantic or the Arctic, is a
question that merits investigation, particularly in view of the
high population density along most of the Atlantic shoreline.
Whether the broad continental shelf along much of the At-
lantic coastline of the United States would reduce the long
tsunami waves sufficiently to diminish their effect is a key
question.

OTHER SPECIAL EFFECTS

Earthquake-triggered Jandslides have often been the cause of
greater loss of life and property damage than the direct struc-
tural effects of earthquake shaking (see Figure 11). A some-
what similar phenomenon—spectacularly demonstrated dur-
ing the 1964 Alaska earthquake—is the earthquake-triggered
submarine landslide; such slides, moreover, usually generate
locally damaging waves. In combating seismic hazards, it is
imperative that we gain a better understanding of such sec-
ondary effects of earthquakes and that seismic zoning prac-
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tices take these phenomena into account to a greater degree
than in the past.

EARTHQUAKES AND VOLCANISM

In contrast to the special effects caused by earthquakes, seis-
mic tremors can themselves be a special effect of volcanism.
Short-term prediction of impending volcanic eruptions based
on the analysis of consanguineous seismicity is being done

by the U.S. Geological Survey’s Hawaiian Volcano Observa-
tory. This is an example of geologists and seismologists work-
ing together in an effort to preserve lives and property as well
as to gain valuable scientific information about the interior
of the earth. This is extremely important work, but more
research is needed if we are to gain the improved understand-
ing of the tectonic framework of volcanic areas that we re-
quire in order to improve our ability to predict volcanic
activity. It should be emphasized that it is important to
conduct research and monitoring programs of this kind in
many volcanic regions of the world.



EARTHQUAKE ENGINEERING

One of the major motivations for the development of the
science of seismology has been the desire to relieve mankind
from the hazard of destructive earthquakes. One of the main
products of seismological investigations is knowledge of
near-source earthquake phenomena. The translation of this
knowledge into practical design and construction techniques
for earthquake-resistant structures is the responsibility of
structural engineers and especially of those who have spe-
cialized in earthquake engineering.

The reduction of the hazards suffered by the community
as a result of major earthquakes has been discussed in four
recent reports. These are:

Earthquake Prediction. Report of the Ad Hoc Panel on Earthquake
Prediction, Office of Science and Technology, 1965. (Panel
Chairman, Frank Press.)

Proposal for a Ten-Year National Earthquake Hazards Program.
Report of ihe Ad Hoc Interagency Working Group for Earthquake
Research, Federal Council for Science and Technology, 1968.
(Working Group Chairman, William T. Pecora.)

Toward Reduction of Losses from Earthquakes. National Academy
of Sciences, 1969. An advance summaty report of the conclusions
and recommendations of the Committee on the Alaska Earthquake,
Division of Earth Sciences, National Research Council, NAS-NAE.

Report of the Committee on Earthquake Engineering Research. Na-
tional Academy of Sciences~National Academy of Engineering,
in preparation,

Research in the field of earthquake engineering has pro-
duced some substantiated advances: in particular, special
mathematical techniques have been developed that enabie
strong wiotions of the ground to be modeled by high-speed
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computers in order to simulate realistic soil and geological
conditions. There are already strong indications that such
methods, particularly that of finite element analysis, will
provide the key to the prediction of wave motions in a thor-
oughly heterogeneous viscoelastic earth. One of the oldest
seismological problems, that of the marked variation among
carthquakes in the intensity of ground shaking, also appears
ready to succumb to these methods. Further crucial testing
of the theoretical predictions through analysis of actual
ground motions awaits more-adequate field records from
strong-motion seismographs following earthquakes.

AIMS OF EARTHQUAKE ENGINEERING

The ultimate objectives of earthquake engineering are to en-
sure that in the event of an earthquake anywhere in the
world there will be no injury or loss of life, and that, on the
average, the cost of repairs of earthquake damage will not
exceed the initial costs of the kind of design and construc-
tion that would prevent damage. In addition to public safety,
therc are thus strong economic considerations that will play
a dominant role in the development of this field.

These socioeconomic aspects of destructive earthquakes
are, from the engineering point of view, examples of broader
problems related to the response of society to disasters of all
kinds (see Figures 1-7, 10, and 11, Part I). Society reacts in
characteristically different ways to different kinds of disas-
ters. It appears willing, ror example, 10 tolerate a large annual
loss of life from automobile accidents, while an earthquake
death tell that is considerably smaller than this would be



viewed as a major disaster. Evidently, the public reaction is
smaller if the deaths occur a few at a time and are related to
activities that have become common in everyday life. In
addition, people everywhere have an almost instinctive fear
of large, natural, catastrophic phenomena, which gives a de-
structive earthquake an almost unique psychological impact.
These factors, along with the very real social and economic
losses involved, have induced the United Nations Economic
and Social Council to consider earthquakes to be the single
most important natural disaster with which wueir organiza-
tion is concerned.

Much of the basic information needed by the earthquake
engineer is deiived directly from seismology. In particu’ar, it
is from the worldwide network of seismological stations
that the engineer learns about the numbers of earthquakes
of various sizes that occur in various parts of the earth. From
this information, the basic distiibution of seismic risk can be
estimated, with the ultimate objective of ascertaining for any
region of any size the likelihood of occurrence of earthquakes
of different magnitudes during a specific time interval. It is
thus of the utmost importance to the engineer that the
worldwide instrumentation capabilities of seismology be not
only maintained but constantly improved and extended. It
is also important that seismological studies aimed at achiev-
ing the most meaningful descriptions of the magnitudes and
effects of earthquakes be expanded, since an accurate meas-
ure of seismic evenis in terms that can be correlated with
structural damage is an essential starting point for any ra-
tional development of earthquake-resistant design.

Another seismological subject of direct importance to
earthquake engineers is the study of the basic mechanisms
of earthquakes and of the generation and propagation of
seismic waves. The damaging surface motions of earthquakes
must be intimately related to these basic mechanisms, and
an understanding of fundamental principles is needed in
order to generalize the knowledge obtained from past earth-
quakes. Recent advances in the understanding of fault mo-
tions, for example, will most likely result in improved meth-
ods of using geological information to assist in the assessment
of seismic risk. As another example, recent recognition that
the Alaska earthquake of 1964 was a multiple event, with
repeated shocks, throws new light on the engineering inter-
pretation of damage. Such examples indicate clearly that
even the most fundamental investigations of seismologists
can have a very direct influence in matters of practical en-
gineering application.

Strong-Motion Seismol. ,,

Some problems in seismology have been of minor interest to
many seismologists and yet are of major importance to earth-
quake engineering. Research into these problems must often
be initiated and carried out by earthquake engineers them-
selves. Chief among them are the measurement and detailed
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investigation of the large ground motions responsible for
damage. The instruments used in the worldwide network of
seismographic stations are not suitable for the measurement
of destructive ground motions. These instruments are too
sensitive, too independent of local geologic conditions, and
too widely spaced to give the basic data needed vy earthqiake
engineers. Earthquake engineers have, therefore, developed
and deploy-=d special strong-motion accelerographs to record
destructive ground motions. These studies are in early stages
of development and need to be greatly expanded. For the
following recent important destructive earthquakes, for ex-
ample, not ever one measurcment of strong ground motion
is available: Mexico (1957); Chile (1960); Agadir, Morocco
(1960); Iran (1962); Skopje, Yugoslavia (1963); Alaska
(1964); and Turkey (1966). The absence of such basic infor-
mation has made it difficult if not impossible to explain
many important features of these earthquakes. Only for the
Pacifi. ¢ »ast states of the United States and for Japan does
anyth: . approaciiing an effective strong-motion instrumen-
tation network exist.

Seismologists have a .- wing interest in strong-motion
seismology. It is evident that measurements of true ground
motion near faults will be essential for a full understanding
of earthquake mechanisms. Effective cooperation can and
should be established between seismologists and earthquake
engineers for the measurement of strong ground motion
genesated by earthquakes.

Micro-earthquakes

Small earthquakes occur much more frequently than large
earthquakes, and there are thus many more opportunities to
study small earthquakes than large ones. For this reason,
many investigative techniques have been developed based on
the very small ground motions associated with micro-earth-
quakes and small earthquakes. In interpreting the resuits of
such studies, the earthquake engineer must always consider
very carefully the extent to which certain conclusions might
be extrapolated from such small motions to the motions
several orders of magnitude larger involved in destructive
earthquakes. It is known that strongly nonlinear effects may
often be involved. This is clearly another study area for which
closer cooperation between seismologists and earthquake
engineers is not only desirable but essential.

Artificial Earthquakes

Another subject on the boundary line between seismology
and earthquake engineering is that of und:rground explo-
sions. With nuclear explosions, man can produce artific.al
ground motions that are comparable in many respects to
natural earthquakes. Although it would be a formidable and
expensive task to explode such devices deep in the earth’s
interior. ¢ is within the bounds of current technology to
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reach depths comparable to those of many Cali{ornia earth-
Juakes. Such artificial earthquakes are of interest to the
earthquake engineer for at least two reasons.

The damage potential of underground nuclear explosions
has many points of similarity to the damage potential of
earthq 1akes, and protection against underground nuclear
blasts can, therefore. involve many principles of earthquake-
resistant design. Officials of the AEc Flowshare Program for
the peaceful uses of nuclear energy recently have said that
the risk of seismic damage to cities is at present the most
uncertain factor, and hence the limiting factor, in the use of
nuclear explosions for large-scale excavation. This problem
exists in a particularly acute form in the studies for nuclear
excavation of a possible Central American canal connecting
the Atlantic and Pacific Oceans.

A second aspect of interest to earthquake engineers is the
possibility that ground motions from underground nuclear
explosions could be used as a realistic test for large struc-
tures. In view of the great difficulty of providing proper
force inputs for dynamic tests of full-scale structures, no
reasonable sources should be overlooked. Little work of this
kind has been done in the past, although the AEC has indi-
cated a willingness to cooperate in such tests to the extent
of making available underground explosions that are planned
primarily for other purposes.

Man-Triggered Earthquakes

Several examples are now available of earthquakes that have
apparently been triggered by artificial disturbances of the
earth’s crust. The most recent is the Koyna (southern India)
earthquake of December 11, 1967, which occurred near the
site of a large dam and storage reservoir in a region generally
supposed to be very little subject to earthquakes. Over a
period of several years after the construction of Koyna Dam
and the filling of the reservoir, a sequence of small earth-
quakes was recorded in the region, similar in size and in dis-
tribution in time and space to those that followed the forma-
tion of Lake Mead. After about five years, an earthquake of
magnitude 6.5 occurred in exactly the same epicentral region,
causing considerable loss of life and a large economic loss.
Although one would perhaps not want to conclude that the
reservoir “caused” the earthquake, it seems likely that some
interesting relationships existed. Similar situations (without
the large earthquake) have resulted from oil withdrawals,
from deep mining excavations, and in a recent notable ex-
ample in Denver, from pumping fluid waste products into a
deep well.

SEISMIC ZONING MAPS

Another important subject that involves many interactions
between geology, seismology, and earthquake engineering is
the preparation of seismic risk or zoning maps (see Figure 8,
Part I). The recognition that certain areas of the world are

more subject to earthquake hazard than others immediately
creates the desire for a seismic risk map that would indicate
for any given locality the relative danger from carthquakes.
Such maps must reflect local geological and soil conditions,
which are known to have important influences on earthquake-
resistant design, as well as considerations of the number of
earthquakes of various sizes likely to occur in a given region
in a prescribed time period.

At present, attempts are being made to base such seismic
risk maps on measurements of small, frequent earthquakes,
both to indicate relative seismicity of a region and to com-
pare relative ground motions under different conditions of
local geology. As indicated above, extrapolations of any kird
from small earthquakes to large destructive earthquakes must
be treated with the utmost caution, particularly from the
viewpoint of earthquake-resistant design. If good modern
maps are not avauable, the engineer’s work is seriously
hampered.

EARTHQUAKE ENGINEERING RESEARCH

In addition to problems of the type mentioned above, which
excite the interest of both seismologists and earthquake en-
gineers, there are many special problems of great practical
importance to the engineer but of little or no relevance to
seismology. The increasing recognition of such problems has
convinced earthquake engineers that they must pursue much
more vigorous research programs in the future than has been
customary in the past. Several of these specific areas are dis-
cussed below.

Soils and Foundation Engineering

Ordinary soil, which forms the foundation material for many
engineering structures and which constitutes the construction
material for such important structures as dams and embank-
ments, is a highly complicated material whose mechanical
properties are not well understood. Such dynamic proper-
ties as stiffness and strength are known only very approxi-
mately for even simple loading conditions, not to mention
the complicated transient loadings involved in earthquakes.
Under certain conditions of ground shaking, soils can drasti-
cally change their mechanical properties; sometimes they
may even “liquefy” to the extent of behaving almost like a
fluid. Similarly, it is known that earthquake excitations may
have a major influence on dynamic processes of landsliding,
consolidation, and subsidence. Although such phenomena
may be understood roughly in a quaiitative sense, little in-
formation is at hand that would permit meaningful design
calculations. New methods of analysis involving high-speed
computers and finite-element soil models are now being
tes{ed. These methods may revolutionize our understanding
of the old seismological problem of variation in the intensity
of ground shaking.



Soil properties are known to be related to earthquake
damage in at least two fundamentally different ways. First,
the local properties of soil layers and other configurations
may modify the ground motion itsel£ as the seismic waves
move through the medium. Second, modifications of the
s0il by the earthquake may result in foundation deformations
or failures that can in tuin cause major structural damage.
The absencc of strong-ground-motion measurements for most
past earthquakes has made it difficult to distinguish between
these two effects, with resultant confusion as to the exact
role played by soils in the earthquake-damage process.

It must also be remembered that soils are highly nonlinear
materisis, which greatly complicates theoretical and analyti-
cal treatments of the subject.

The basic lack of understanding of dynamic soil behavior
must be considered as one of the major obstacles in the ra-
tional development of earthquake engineering, and a greatly
increased research effort in this direction is essential. Because
of the critical influence such soil behavior may have on the
surface manifestations of crustal movements, these problems
are also of interest to geophysicists studying the mechanics
of earthquakes.

Dynamics of Structural Response

Even with a known earthquake ground motion as an input
function, the engineer is faced with a formidable problem

in determining the response of actual structures to such com-
plicated exciting forces. Although structural-response calcu-
lations are in principle straightforward, in practice they are
rendered laborious and inexact by the complicated geometric
shapes of actual structures and structural members, which
means that large numbers 01 degrees of freedom must be
considered; by the presence of significant local effects in
joints and connections, which means that “average” condi-
tions have little significance; by uncertainties as to the true
dynamic properties of structural materials and structural
configurations; by complicated interactions between struc-
tures and foundations; and by pronounced nonlinearities in
structural behavior.

Because of the difficulties and expense of conducting
dynamic tests of full-scale structures and of the many un-
certainties involved in model tests, there has been little op-
portunity to assess the validity of analytical studies that have
been made. In this respect, it must be pointed out that prac-
tically all civil engineering structures are unique systems—
each building, bridge, or dam is different—and rarely can
such structures be tested to damage levels. This makes civil
engineering structural design very different from, for exam-
ple, aircraft design, where one is justified in the testing to
destruction of full-scale prototypes to prove all aspects of a
design that will eveniually be produced in a number of iden-
tical units.

Such structural-dynamics problems are, of course, the
special province of the structural engineer and the research
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investigator in the field of applied mechanics. Closely related
problems arise in structures subjected to wind loads and to
blast loadings.

Building Codes for Earthquake-Resistant Design

The activities of earthquake engineers must ultimately find
their expression in simpiified building codes that can be given
legal force by individual municipalities to ensure safe con-
struction. Although such matters are primarily the responsi-
bility of the engineer, seismologists are often brought closely
into the deliberations involved because of their special knowl-
edge of earthquake phenomena. It is thus important for the
seismologist to be aware of some of the basic problems that
face the earthquake engineer in this complicated aspect of
the subject.

It is useful to keep in mind several general principles that
govern the preparation of earthquake-resistant-design codes.

The code is not a technical treatise on earthquake-
resistant design, but is a concise statement of currently
accepted professional practice. It does not attempt to re-
lieve the individual structural engineer of the need to exer-
cise a high degree of judgment in design details. In general,
the code is more an expression of desired results than a set
of instructions as to how to attain them.

Earthquake-resistant-design codes are not intended to
insure against damage to structures. It is assumed that large
earthquakes will cause heavy damage (see Figures 1-7, 10,
and 11, Part I), but it is intended that they will not cause
building collapse with conseguent loss of life and injury.
The code thus contains an implicit economic judgment as to
a reasonable balance between repair costs and initial costs.
Since such judgments will depend very much on local condi-
tions, it would be expected that different countries and dif-
ferent areas in the same country might well have very dif-
ferent codes.

All codes are in a constant state of development and
improvement. As new research knowledge becomes available,
as experience from destructive earthquakes accumulates,
and as various social and economic changes appear, it be-
comes necessary to modify the code. A reasonable degree of
flexibility in formulation, interpretation, implementation,
and revision thus becomes important.

All experience has convincingly demonstrated that codes
themselves are of little use unless they are backed by a power-
ful enforcement agency and a comgprehensive inspection
SCrvice.

To the earthquake engineer, the legal philosophies of
regulation and control must ultimately be of as much im-
portance as seismological information. Such legal problems
can be permanently solved only in the presence of an in-
formed public opinion, and this is an aspect of the problem
in which seismologists can be of direct assistance.
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It must always be remembered that no matter how effec-
tive codes become or how efficient earthquake-resistant
design can be made, there will be for a long time a large
number of existing old structures that cannot be brought up
to an acceptable strength standard. In the United States
alone there are about 200,000 hazardous structures in
Zone 3 (most hazardous) seismic areas. In many parts of the
world with high population densities and at early stages of
economic development, this problem is especially trouble-
some.

EARTHQUAKE PREDICTION

Cu:rent speculations on the ultimate possibilities of earth-
yuake prediction have stimulated a considerable amount of
interest in the subject, among the public as well as among
the experts. Because of the important implications of predic-
tion for earthquake engineering, it would be well to sum-
marize here the engineer’s point of view on the matter.

A rough form of prediction is being made, of course,
every time anyone consults a seismic zoning map or repeats
the well-known remark that “a major earthquake is to be
expected in California every 100 years.” In the present con-
text, one would mean by earthquake prediction a significant
narrowing-down of the time and area involved. The earth-
quake engineer would probably not consider prediction as
significantly different from present capabilities unless the
time were narrowed to the order of days, or even weeks, and
the area to about 1,000 square miles.

It is difficuli at this time to estimate how much the eco-
nomic loss due to a major earthquake would be reduced by
a successful short-range prediction capability. It is of course
not possible to remove buildings and dams from the danger
area. However, although prediction would not contribute to
the reduction of losses resulting from major structural col-
lapse, many precautions can be taken by householders and
others that would greatly reduce the damage to the contents
of the buildings.

The successes of the hurricane- and tsunami-warning
schemes are good examples of how useful short-term warn-
ings can be in reducing the loss of lifc due to natural phe-
nomena.

Furthermore, it is clear from the report of the NaAS Com-
mittee on the Alaska Earthquake that many more people
would have lost their lives, or been injured, had that earth-
quake occurred at a different time of the year or of the day.
Certainly, a short-iterm prediction capability would permit
the evacuation of buildings known to be hazardous, or of
areas in which there are many hazardous structures, and thus
would substantially reduce the loss of life in a major earth-
quake.

There can be no doubt, moreover, that the incieased
knowledge of earthquakes that would be iriplied by an en-
hanced predictive capability would b of immense denefit

to earthquake engineers in dealing with all aspects of the
earthquake-hazards problem. In this sense, prediction itself
would be but an incidental factor in the development of
knowledge of all aspects of earthquake phenomena.

EARTHQUAKE INSURANCE

The feasibility of a more complete and rational system of
earthquake insurance is being closely examined, and it is
clear that a really comprehensive study of this matter would
be extremely desirable. Insurance for such unpredictable
hazards as fire, accident, and disease have been highly devel-
oped, taking full advantage of the possibilities of a sound
statistical foundation. Thure would appear to be no funda-
mental reasons why a similar approach could not be used for
such natu:al disasters as earthquakes, although it must be
realized that at present a similar statistical base is lacking.
The fire insniance industry has millions of policies in force,
and pvs off on thousands of fires each year in many dif-
ferent places. Each earthquake insurance policy heid in a
given aiea, however, is insvring against the same earthquake,
so that from the point of view of the insurance company the
number of potential clients is more like the number of cities.

1t is thus clear that private companies cannot be expected
to handle earthquake insurance on the same basis as fire in-
surance. This probably means that the federal government
would have to play some backup role if an adequate earth-
quake insurance program is to be established. There is a
precedent for such federal government re-insurance for
nuclear disasters, and the extent to which the federal gov-
ernment played a major role in the recovery of Alaska after
the 1964 earthquake is well known.

GEOLOGIC HAZARDS

Engineers are now actively considering a whole range of
geologic hazards, of which earthquakes are just the most
spectacular example. Local cubsidence, tectonic deforma-
tion, landslides, fault slippage, and a host of other problems
are playing important roles in major construction projects
involving such structures as dams, aqueducts, and nuclear
power pl.i:s. A1 of these problems are, of ourse, intimately
connected with each other and with ~.ithquakes, and it is
to be hoped that close workine sssociations of geologists,
geophysicists, seismologists, soils and foundation engineers,
and structural engirsers can be continued and expanded.

THF EARTHQUAKE HAZARD AND POPULATION
GROWTH

Earthquakes are the result of geologic processes that involve
very long periods of time, aud :t ¢annot be expected that
there will be a significant redurtion in seismic activity in the
next few hundred or thn:sand years. On the other hand



the population of the world is steadily increasing, and even
more important, industrialization with its ever more elabo-
rate structures is increasing even faster. It is thus clear that
with each year that passes the world’s economy becomes
more vulnerable to the attack of destructive earthquakes
(see Figures 1-7, 10, and 11, Part 1). Many of the major
earthquakes of the past occurred in uninhabited regions
where there was no economy to destroy. This will hardly be
possible in the future, as the world fills up with people and
their works. A greatly increased program of research in all
aspects of seismology and earthquake engineering is required
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if we are even to hold the earthquake hazard to its present
high level.

It is fortunate that major earthquakes are comparatively
infrequent events. However, the very rarity of the events
makes it important that the greatest possible amount of in-
formation be assembled for each major earthquake that does
occur. For this reason, the Committee on Seismology rec-
ommends the very closest cooperation with those groups
studying prediction and reduction of hazards in other coun-
tries subject to major earthquakes, and especially with the
very active group working on these problems in Japan.



SEISMOLOGY AND NUCLEAR ENERGY"

Nuclear energy was introduced to the world with awesome
suddenness in the summer of 1945 when the atomic explo-
sions in Japan quickly brought World War II to an end in the
Pacific. Although the first uses of nuclear power were mili-
tary—and this has remained the use that is most in the world’s
thoughts—the development of methods to turn this immense
force to the service of man has proceeded almost from the
first. Such developments have taken several directions. By
far the most importantis the use of nuclear reactors, involv-
ing the controlled release of nuclear energy to produce elec-
trical power. The devi-lopment of reactors has proceeded
rapidly, and a number of them are already in use throughout
the world, some having operated a decade or raore. [n the
United States, experimentation nas for some years also been
carried out in the use of nuclear explosions for excavation—
largely under the Plowshare Program of the Atomic Energy
Commission.

Seismology has been closely associated with the world’s
efforts to control the testing and prevent the use of nuclear
weaponry, since this is the only method doveloped thus far
that can detect large underground explosjons. Such explo-
sions generate seismic waves in the earth that are very similar
to those generated by earthquakes, Seismology is also a vital
tool, in various ways, in advancing the peaceful uses of nu-
clear energy—primarily in site selection for nuclear reactors

*The discussions in this chapter are not intended as a complete his-
torical account of the interplay between seismology and the use of
nuclear energy, but only to give important highlights.
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and in monitoring the eff: ~t- of test explosions for rapid
excavation.

NUCLEAR-TEST DETECTION

During the last ten years, because of international discus-
sions and negotiations regarding a nuclear-test-ban treaty,
seismology has become associated with nuclear-weapon:
policy. Few laymen, or scientists, recognize clearly the na-
ture of this association or why, because of it, the advance-
ment of the science of seismology has become essential to
our national interest.

The Development and Proliferation of Nuclear Weapons

It became obvious very soon after World War II that other
major powers would strive to develop similar weapons, their
scientists and engineers being encouraged by the technical
successes of the United States. In this country, two policy
groups developed almost immediately—one dedicated to
complete control of nuclear encrgy and to the banning of
the usc oi nuclear weapons, and the other advecating a great
intensification of reseurch and development in nuclear weap-
onty, arguing that we must maint.;+ superiority in the tech-
nology of nuclear warfare. These differeaces of viewpoint,
evident in both public opinion and official actions, continue
in a modified form to this day. They have cften led to bitter
discussions in the United Na :_.1s and the Geneva Disarma-



ment Conference as well as in the public forum. In July
1946, fcr example, public d - >~ eations were held in
Times Square protesting a!l gapons tests while an
atomic we-~on wasbeing*- . 2rwater at 3ikini Atoll.

At the «nd of 19406, a United vations commission of 11
natiors ;ecoinmended the “Raruch Plan” for the interna-
tiona! contre! and inspection of the use of atomic energy.
1.us plan failed vecause the Scviet Union refused to allow
inspection of its tetritories by international commissions.

In August 1949, much carlier than had been expected by
most experts, the Soviet Union tested a nuclear device. After
an exlensive, classified study, often marked with bitter policy
conflicts, President Truman authorized development of a
fusion weapon, the “hydrogen bomb.” In July 1952, “Ivy
Mike,” a thermonuclear fusion device with a yield of 10.4
megatons, hundreds of timmes more powerful than the fir:
atomic weapons, was detonated over the Pacific Ocean by
the United States. During the previous three years, the United
States and the Soviet Union had conducted extensive series
of tests with fission devices, and the United Kingdom had
entered the “nuclear club.” I August of 1953, the Soviet
Union also detonated a fusion device, and the U.S. monopoly
in thermonuclear weaponry soon disappeared.

In the absence of international control of nuclear weapons,
each major power ptrsucd a progrzm of nuclear-weapons
development. The largest therinonuclear devices considered
to be practical were tested in tie atmosphere. In March 1954,
the U.S. tested a 15-mesatca device at Bi' -arinkling
Marshall Islanders wit": dangerous amoun-. . .adioactive
fallout. Tw. weeks la.:.. 2 Japanese fishing boat, inapprcpri-
ately named “The Fortunate Dragon,” docked in Yaizu
Harbor with 23 fisherman sick from radioactive fallout.
International attention was focused - - the problem of at-
mospheric contamination from nuclear tests. Representatives
of the British Labor Party and the Japanese Sodialist Party,
Indian Prime Mini “er Nehru and Indonesian Premier
Sastroamicjojo, supported by such distinguished individuals
as Albert Schweitzer, urged unconditional cessation of nu-
clea- tests. Poilution of the atmosphere was clearly against
the interests of all nations, but those that were uncommitted
in the “cold war” between East and West naturally were
most strongly opposed. International pressure continued to
grow, but nuclea. tests continued at an increased rate through-
out the next three years.

In 1957, Great Britain became a thermonuclear power
after ail at.ompfs to establish a ban on nuclear tests had
failed The United States would not consider a test ban
without foolproof inspections, and the Soviet Union would
not cons 'der intrusion into its territories by aternational
inspectors.

Along with Jie development of nuclerr Cevices, an applied
science had developed concernad wi ™~ 1 ymitoring explosions.
Large nuclear detonations emit =lectrs magnetic and acoustic
ene.gy that can be detected at great distances, and, ~* ourse,
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the radioactive debris from explosions can be detected and
sampled as it driits through the atmosphere.
By 1958, it anp.cured to many scientists and politicians

nat a ban on nuclear tests might be feasible without onssite
inspections —that scientific techniques were sufficiently de-
velopec to allow supervision of a test-ban treaty from remote-
sensing posts. In January 1858, Dr. Linus Pauling sent to the
United Nations a petition signed by 11,000 scientists from
49 countries urging the immediate adoption of an interna-
tional test ban. Political pressure for such a treaty increased
throughout the winter, and in April President Eisenhower,
in a letter to Premier Khrushchev, suggested that technical
talks be held concerning the scientific and political require-
ments for policing a test ban. Khrushchev accepted this
proposal. In July of 1958, a “Conference of Experts” con-
vened in Genevs, attended by scientists and government rep-
resentatives frora the United States, the Soviet Union, the
United Kingdom, France, Carada, Czechoslovakia, and
Rumanis

Underground Nuclear Testing and Early Attempts at
Monitoring

'n 1357, the U.S. exploded underground in Nevada a 1.7-
kiloton nuciear device, code-named RAINIER. This experi-
ment proved that underground tests were both feasible and
uscful. This kind of test, moreover, need not release radio-
active materials into the atmosgplere, and the acoustic and
electromagnetic waves emitted ar2 not detectahle at signifi-
cant distances. An underground explosion can be detected
only at remoie-sensing stations by recording the resulting
seismic waves. The questions arose: Could a network of seis-
mic stations detect clandestine underground nuclear tests, or
would the seismic records from such tests » obscured by
signals from earthquakes? Representative.  the “Confer-
ence of Experts” concluded that a 180-station control net-
work covering the globe could provide tentative identifica-
tion of underground cxplosions as small as five kil~tons, but
that only ou-site inspections could unequivocally demon-
strate whether « nnclear explosion had or had not taken
place. Many scieiitists expressed coubt concerning these
conclusions. They emphasized the uncertainties ot the Jata,
the lack of development of the science of seismolog) , and
the scarcity oi trained scientists to man such a detection
network. It was clear that a small segment of U.S. scientists,
previously concerned primarily with the scademic study of
earthquakes and earth structure, could not provide the tech-
nical a ice required by the United States Government to
enable it to make wise policy decisions concerning such
grave matters.

In Avust 1958, President Fisenhower announced a uni-
lateral, vne-year moratorium on U.S. nuclear testing. During
the month before the moratorium was to begin, the United
States completed 18 nuclear tests, the Hardtack 11 series.
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Four of these were detonated underground. A study of data
from the underground tests indicated that the “Conference
of Experts” had overestimated the capability of the proposed
180-station network to detect underground nuclear explo-
sions and to distinguish them from earthquakes. The earlier
conclusions of the experts had been based upor very few
data, and most of the experts had no experience in discrimi-
nating tctween underground explosions of any kind and
small earthquakes. These results, obtained during the winter
of 1959, torced the United States to reconsider its position
in the negotiations then in progress in Geneva. A reduction
in the cstimated capability of the detecting network meant
that a large number of on-site inspections would be required
in any year in the Soviet Union. As before, the Soviets were
reiuctznt to allow even a few such inspections.

The Vela-Uniform Program

Early in 1959, President Eisenhower asked that a “Panel on
Seismic Improvement”™ be convened to study ways of in-
cieasing our ability to detect and identify underground nu-
clear exp-osions and to advance the state of the art in seismol-
ogy. In March 1959, this panel, chaired by Dr. Lloyd Berkner,
reported tc the President’s Science Adviser, and, in accord-
ance with its recommendations, Vela-Uniform, a large-scale
program of research and development in seismology, was ini-
tiated under the direction of the Department of Defense.
Spurred by the Vela-Uniform program, the university and
industriel research effort in applied seismology and related
fields was increased tenfold during the next five years. The
World-Wide Network of Standardized Seismograph Stations
was established, and support for basic research in seismelogy
was begun at a large number of universities.

Many cbservers have criticized the goverr.ment for begin-
ping this project so late. Certainly, the nation would have
been better served if such a project had existed throughout
the 1950’s. Let us hope that an important lesson was learned.
No significant segment of science can be #llowed to 1ag be-
hind. The government must provide for continuing, well-
balanced growth of all basic sciences.

A number of scientific problems that arose during the
1959 negotiations appear to have been solved. Others have
not. Underground tests are exempt from the 1963 limited
test-ban treaty.

Our newly developed research capability in seismology
should not be permitted to decline. The scicnce has been
strengthened and many new scientists have been trained as
a resuit of the Vela-Uniform program. The problem of polic-
ing an underground-nuclear-test ban is still with us, howevei.
New negotiations are inevitable. The nation must not be
placed again in th- negotiating positior of 1959, when diplo-
mats were forced to act *vithout adequate scientific prepara-
tion. Atter years of searching for effective deteciion methods,
che seismograph still remains the only instrument capable of

remote detection and identification of underground explo-
sions.

PEACEFUL USES

Nuclear Reactors

The problem of finding sites that are essentially free from
earthquake hazard for the construction of large nuclear reac-
tors has become extremely impoitant. This difficult problem
again focuses attention on the national need for a continuing
strong program of research and training in seismology and
its allied fields.

The United States as a whole must double its electrical-
power production in the next 10 to 12 years to keep up with
the growing demand. California wul reed to double its power
production in the next 8 to 10 years. It is estimated that by
1980, nuclear reactors will provide about one-fourth of all
electrical power in the United States. No fossil-fuel power
plants are planned for California after 1972; all new produc-
tion will be nuclear-powered. Present plans call for the build-
ing of about 20 nuclear plants in California by 1977, most of
them to be located near the coasts and many in areas that
have experienced earthquakes in recent times. However,
major geophysical problems have arisen in siting recent nu-
clear plants in California.

What is the margin of safety required in the design of a
nuclear reactor or in the selection of a site for a large nu-
clear power plant? As larger plants are more efficient, we
can assume that public utilities will prefer the largest feasible
reactors. But these ieactors contain large quantities of ex-
tremely radioactive nuclides capable of destroying life in
vast areas should they escape. Most reactors now in use con-
tain radioactive iodine, which, if a major accident were to
occur, might escape mostly as vapor harmful to life. The
damage and loss of life that would resuit from a nucleas
accident involving a large reactor might be great, and the
probability of an accident must therefore be reduced to ap-
propriate levels. A dam or a bridge can be designed to with-
stand a 50-year or 100-year “worst flood” and allow for the
possibility that a still-worse flood might -xceed design speci-
fications. A large nuclear reactor, on the sther hand, must be
designed to accommodate the biggest naturel disturbance
known 1w be possible at the Jite.

Sites can be chosen 5o as to miiniin.ze such hazards as
floods and landslides, but tiie earthgoake risk is much harder
to define. Protection against eart’ quakes is vhe most diffi-
cult problein encountered in designing and siting reactors in
California. A reactor can be constructed to resist the shaking
resulting from an earthquake, but a great protlem is the pre-
vention of damage to the reactor caused by motion along a
fault directty beneath the reactor. This problem is closelv
related to that of earthquake prediction; the vital question is
not when the earthquake will occur, however, but whether



there is even a small probability that significant fault motion
will occur at a given site.

Old faults are common geological features in most con-
tinental areas. Which of these faults are potentially active?
The seismologist, working closely with structurz] geologists,
must share the responsibility of answering this question.
Nuclear 1eactors shouid be constructed at the safcst sites
that can be found, and the risks associated with possible
reactor sites must be carefully evaluated. We cannot afford
to make mistakes in the selection of reactor sites.

Nuclear Exg'nsions for Excavation and Similar Uses

The use of nuclear explosions for peaceful purposes has
seemed a possibility for over a decade. The great yield from
a small package, in terms of the equivalent in tons of high
explosive, makes nuclear devices attractive to the canal and
harbor builder, the petroleum engineer who wishes to loosen
a “tight” oil or gas reservoir, or to the mining engineer who
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needs to fracture a large low-grade ore body to recover the
metal by leaching.

To use such devices safely, the nuclear engineer must
reduce the nuclear radiation to safe limits and he must have
the help of the seismologist to make sure there will be no
damaging seismic effects.

Large-yield nuclear devices such as those tested in recent
years produce earthquakes with body-wave magnitudes in
excess of 6 and surface-wave magnitudes in excess of 5. Not
only must tests of engir.eering uses of such devices be planned
S0 as to minimize the direct seismic effects of the shock, but
the possibility must also be considered that such an intense
and concentrated source will release some of the stored tec-
tonic strain in the vicinity of the explosion. This possibility
is now under active study and it must be pursued with vigor
if the full benefits of nuclear energy are to be realized. The
relationship of these studies to the whole problem of the
focal mechanism of natural earthquakes is obvious.



THEORETICAL SEISMOLCGY

The interpretation of seismological observations rests on a
set of mathematical results derived from theoretical models
of the mechanical behavior of continuous media, both solid
and fluid. In this light, theoretical seismology is a special
branch of applied mathematics; it depends mostly on classi-
cal theories of mechanics and elasticity and also on very
recent developments in dislocaticn theory and in informa-
tion theory for nonlinear viscous media.

In addition, special methods in statistics, numerical analy-
sis, and high-speed computation are required more and more
in the treatment of seismological obseivations.

The history of the subject shows that theoretical seismol-
ogy is one of the most fruitful parts of applied mathematics.
From the beginning, it has attracted such oustanding mathe-
maticians as Rayleigh, L.amb, Love, and Sezawa. In the areas
of probability and statistics, it has stimulated developments
by Jeffreys, Tukey, and others. Perhaps nowhere else in geo-
physics can there be found such an array of physical prob-
lems to test the ability and ingenuity of mathematicians.

.+ few examples of the main lines of present theoretical
work are presented in the follo .ing sections.

COMPUTATION OF VELOCITIES IN THE EARTH FROM
OBSERVED TRAVEL TIMES

One of the fundamental transforms of theoretical seismicity

is a form of Abel’s integral equation thet permits, under
certain conditions, velocity-depth functions to be derived
froun travel-time curves. (More recently, the same technique
has beenu 1 to derive attenuation functions with depth.)
The firsy solutions were given by Herglotz and Bateman.
Recent attention has focused on the limitations of the method
(the velocity must . ary with depth in an appropriate way)
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and on the uniqueness of the derived velocity functions,
especially in cases where the functions decrease in value
through a range of depths. The method has been extended
so that not only travel-time functions but also their first
derivatives (“slownesses™) and second der vatives (ampli-
tudes) can be included analytically. Because of lack of suit-
able observational material, even for P waves, the full
promise of the theory for globally valid solutions is not yet
clear; measurements of gradients across arrays have led, how-
ever, to a marked increase in precision in the P velocity
distribution in the mantle.

ESTIMATION OF THE POSITION OF THE SEISMIC
SOURCE

The two main theoretical problems here involve the auto-
matic identification of phases as indicated in seismograms
and the development of optimum methaods of reducing the
variability resulting from measurement errors and path in-
homogeneities. Algorithms have been developed and pro-
gramed for high-speed computers that permit the location
of earthquakes in groups by the use of the analysis of vari-
ance. These methods take into account the variations in the
distribution of available stations through the estimation of
station and source adjustmeants.

FILTER THEORY

The problem of discriminaticn between underground nu-
clear explosions and natural earthquakes has led to a great
deal of attention in seismology to the enhancement of signal
over noise. Problems of this kind in seismic prospecting

were previously much studied in the oil industry. The usual



approach is to design arrays of a given number (N) of seis-
mometers so that the resulting geometries allov optimum
enhancement of signal according to an appropriate stochastic
theory. In this work, seismology has drawn heavily on an-
tenna theory developed in communications and radioastron-
omy.

Recent designs of spatial filters (seismic arrays) range
widely; the most modest is the “Geneva-type” array (aper-
ture 2-5 km), which gives roughly a /N improvement in the
signal-to-noise ratio. Next in scale is the linear-cross array
with arm length of about 20 km, which ahows velocity
filtering to enhance individual phases. The most elaborate
array is the Large Aperture Seismic Array (LASA) of aper-
ture 200 km in Montana. Each of the channels from LAsA
may be prefiltered and the combined signals from each of
the 21 subarrays given time delays; the procedure is equiva-
lent to steering an antenna to receive electromagnetic waves.
The operation of these arra;’s has led to the construction of
“maximum-likelihood” filters, appropriate for different
seismic phases.

Filter theory is also finding application in other branches
of seismology. For example, the precise measurement of the
free periods of oscillation of the earth require Fourier analy-
ses of many days of appropriately filtered data; at the other
end of the seismic-frequency spectra, periodograms of only
a minute or so of signal from a conventional seismograph
have Yeen used to estimate the properties of the crust uader
the recording station.

COMPUTATION OF SYNTHETIC SEISMOGRAMS

Various methods have been developed, some complemen-
tary, to produce synthetic seismograms for certain earth
models. The two main approaches have been numerical
methods of integrating directly the differential equations
and analytical methods based on the complex-variable
techniques of Lamb, Cagniard, and Scholte. These methods
have been most successful in explaining further details of
seismograms, such as “leaky mode” waves {e.g., PL) and
diffracted seismic waves around the core boundary and along
the Mohorovicic discontinuity (e.g., Sn).

The linear theory of mathematical operators is also be-
coming a widely used mathematical technique in seismology.
The frequency function (“wave train”) recorded on the seis-
mogram is regarded as a combined effect of separate functions
of frequency representing particular physical subsystems
(seismograph, crust, mantle, source). By rearrangement of
terms and by deconvolution, any one uof the functions in the
time domain can, under appropriate conditions, be derived.

MODAL THEORY

It has long been known that ground motions can be built up
by the superposition of the normal modes of the subsurface
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geological structure. It has now been clearly demonstrated
that high-speed computers make this method a practical one.
It has been particularly successful in explaining the longer-
period motions on seismograms, especially those recorded at
some distance from the earthquake source. Spherical har-
monics covering hundreds of orders have been combined in
such studies.

The normal-mode approach has also been developead by
those interested in the response of soils and alluvium to
earthquake waves. The distribution of the intensity of shak-
ing across a region can be computed if sufficient subsurface
properties are known. Such predictions are useful to earth-
quake engineers in their attempts to mitigate structural and
other damage during large earthquakes.

SEISMIC WAVES IN STRUCTURED MEDIA THAT
DEVIATE FROM IDEAL CONDITIONS

The transfer-matrix methods introduced into seismology so
successfully by Haskell for plane-parallel boundaries have
been extended to treat the properties of seismic waves on
reflection and refraction at interior (spherical) boundaries
of the earth.

More recently, other mathematical algorithms have proven
successful in analyzing more-complex structural systems.
Although the governing differential equations of two-
dimensional structures have been known, it has not proven
possible to obtain many closed-form solutions that are of
practical value. Finite-difference methods are now receiving
more attention as a way of obtaining numerical approxima-
tions. In these methods, the derivatives in the differential
equations and boundary conditions are replaced by difference
equations.

A variation of the usual difference methods, called the
“finite element method,” permits assumptions on plasticity
to be introduced through special elastoplastic stress-strain
relations. The elastic continuum is replaced by a system of
discrete elements that are interconnected at nodal points.
This model approximates an infinite-degree-of-freedom sys-
tem by one having a finite number of degrees of freedom.
The partial-differential equations of a continuum are then
replaceable by ordinary differential equations. With proper
cioice of elements there is little restriction on the structural
geometry of the region.

THE EIGENVIBRATIONS (OR FREE OSCILLATIONS)
OF THE EARTH

A whole new area of seismology has come i 1to being in
recent years, particularly following the observations of funda-
mental motions of vibrations of the whole earth after the
1960 Chilean earthquake. The theory of the free vibraticas
of an elastic sphere is classical applied mathematics, but
complete solutions for realistic earth models required the
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development of special numerical methods for use with
high-speed computers. These solutions involved, in particu-
lar, the derivation of energy integrals for the various modes
of oscillation and the treatment of the effect of asymmetries
in the figure and the physical properties of the earth. Strict
mathematical demonstrations have been given for the effect
of the earth’s ellipticity and rotation on the eigenspectra.
The splitting of spectral peaks has been studied, under the
name “terrestrial spectroscopy,” in order to throw light on
the earthquake source mechanisms and the frictional attenu-
ation in the earth.

THEORY OF REPRESENTATION OF SEISMIC SOURCES

Outstanding work concerned with seismic source mechanisms
is now under way. Much of the early work on source rep-
resentations was derived from the theories of Stokes and of
Love. This work gave an exact solution for the displacement
field resulting from a single force in an infinite elastic me-
dium. A number of methods were devised by Love and
others to build up from this elementary form the solutions
for dipoles, couples, dilatations, and various combinations

of these models. The algebraic results are so complicated
that the extensions have been done on a piecemeal basis. In
the last decade, a different approach to this problem has
been introduced irto seismology using the formalism of
Somigliana and Volterra. This work provides a general theory
for dislocations with arbit 1y orientation and for multipolar
static sources at any dept! 1n a layered half-space. Much
theoretical development re mains to be done.

Dynamic sources have ¢1so been treated to some extent,
and a few comparisons with observations have been carried
out. So far, theoretical n- odels appear highly simplified when
compared with geological conditions along faults. The analy-
ses have, however, provided useful formulas for estimating
average rupture velocities and the partition of elastic energy
following the dislocation.

Attempts have also been made to generalize the methods

of fault-plane solutions developed on a global scale by Byerly.

Rather than reading onty first motions, the frequency spectra
of P and S (and sometimes other) seismic phases are com-
puted from seismograms written at stations distributed
around the globe. These spectra can then be referred back
to a focal sphere surrounding the earthquake source. Spheri-
cal harmonic analyses then lead to the construction of ap-
propriate source models in terms, say, of a multipolar source.
Like many problems in seismology, the mathematics must
account for distribution of measurement errors, so the prob-
lem is not a completely deterministic one. Combinatorial
statistics are being considered that enable groups of earth-
quakes in one ¢ '~~ical province to be analyzed together in
order to .z v srchahilities.

SURFACE WAVES

There has been a dimirution in the amount of seismological
research concerned with surface waves, despite the avail-
ability of more-extensive observations of surface-wave disper-
sion and the usc of tilter theory to estimate the dispersion
parameters better. -

The main difficulty hindering surface-wave analysis is on
the theoretical side. Until now, the inferential procedures
used have been based on simplified crustal and upper mantle
models with plane horizontal structural interfaces. The impor-
tance of dipping layers and transition complexities, between
oceans and continents for example, has been recognized.
Despite ingenious theoretical work, however, algorithms that
give close approximations to the dispersion of surface waves
through wedgelike structures have not yet been entirely satis-
factory. Theoretical work using finite-element analysis gives
some hope of improving on the present methods.

The inference of structure from the observed dispersion
is one of the examples of inverse problems in seismology.
These problems have received a great deal of attention, with
varying degrees of success. In the case of travel times, the
inversion of observed travel times to a consistent velocity
structure can often be made rather precisely with the
Herglotz-Bateman integral method. In the case of surface
waves and free oscillations of the earth (which can be rep-
resented as very-long-period surface waves), inverse proce-
dures (using linear adjustments based on partial derivatives
of the appropriate parameters) have proved successful in
only a restricted sense. Monte Carlo techniques to determine
the range of possible solutions have been tried. Sharper pre-
cision would seem to require the combination of the funda-
mental and higher modes from boih Love and Rayleigh waves
using specially derived maximum-likelihood estimators.

SEISMICITY ANALYSIS

One of the oidest concerns of seismology has been the oc-
currence of earthquakes in space and time. The results that
flow from studies of this topic are often of public concern
as well, and they must therefore be stated with extreme
care. As an illustration, recurrence relations in seismicity

are important for engineering purposes and regional planning.
The recurrence curves lead to prediction of seismic risk in a
given region and to seismic zoning ordinances. On a broader
scale, seismicity studies provide ciucial information about
the present deformation of the whole earth; precision is now
such that earthquake patterns have been used io delineate
such features as offsets along the mid-oceamc rises.

The statistics of earthquakes on both a global and a re-
gional basis and the properties in space and time of aftershock
sequences throw light on the mechanics of earthquakes and
on possible triggering mechanisms. The main theoretical in-
terest in this field is in statistical studies. The choice of an



appropriate stochastic model is often not clear and the data
are often internally correlated, and special tests must be
derived.

SEISMOMETER THEORY AND DESIGN

Perhaps the fundamental advance in seismometry following
the introduction of electromagnetic coupling by Galitzin
came with the inspired work of Benioff in the 1930’s. The
subsequent modification of the Galitzin seismograph at the
Lamont Geological Observatory provided long-period seismo-
graphs with highly satisfactory performance. Generally, the
theory of the pendulum seismograph uas been well worked
out, at least for the instruments now in operation. Similarly,
an adequate theory for strain extensometers is available.

The broadening of the response of the long-period instru-
ments has drawn attention to theoretical problems connected
with earth tilts during the passage of seismic waves. Theo-
retical work is also being done on more-elaborate types of
pendulum seismographs, which provide stable high amplifi-
cation in certain period ranges. Aithough the theory of the
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experimental rrototypes is known, no successful routine
recording by auatometer or rotational seismograph has yet
been obtained.

TECTONIC PRYSICS—EQUATIONS OF STATE

A number of seismologists have maintained an interest in the
equations of state that might apply to various regions of the
deep interior of the earth. Theorciical results from solid-
state physics must be compared with standard models that
come froni the derived distribuiions of seismic waves in the
earth. Although no satisfactory theory exicts for the physi-
cal behavior of complicated compounds, such as siiicates, at
the temperatures and pressures of the deep interior, certain
empirical relations have been derived that involve elastic
parameters. Results of deformation measurements and shock-
wave analysis carried out in high-pressure .aboratories have
recently allowed impoitant extensions of these studies. A
number of assumptions are made, however, aud there is no
theory that can be tested by seismological means that pro-
vides clear cut results concerning the physics o1 the interior.



SEISMOLOGY AND INDUSTRY

By far the greatest industrial application of seismology is
that of the petroleum industry. The effort is huge. Current
annual expenditures for exploration and development by
U.S. companies amount to some $1.5 billion. Approximately
3,000 professionals, i.e., holders of the bachelor’s degree or
above, are engaged in this effort. The importance of seismol-
ogy to the oil industry is fundamental, as most of the costs
are for work of a seismic nature. In 1967, the industry paid
$1.7 biilion to the federal government for leases of offshore
areas. The oil company decisions concerning purchase of
these leases were based largely on the results of seismic ex-
ploration. The figure of $1.7 billion does not, of course, in-
clude royalties to be paid subsequently on production from
these areas. In 1967, the oil industry paid some $275 mil-
lion to the federal government in royalties on oil and gas
production.

The vast petroleum industry spawns a host of supporting
companies, many of which are engaged in construction of
the instruments and other tools required for seismological
exploration. These companies have grown with time, as
seismic-exploration techniques have become more elaborate
and more sophisticated in the search for deposits that are
more and more difficult to find. The gain-ranging digital
field-recording system is one example of a recent develop-
ment for small-motion recording in the frequency range
from below 1 Hz to over 100 Hz with a dynamic range of
approximately 130 dB. Such a field system is priced at
$100,000-$150,000, and one supplier alone sold 41 of them
during a recent 12-month period. The oil-exploration indus-
try spends $50-55 million a year for seismic instruments
alone.
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The processing of the data obtained by the seismic crews
engaged in oil exploration requires the use of large high-speed
computers; hence the computing industry has become heav-
ily involved. The total effort, including programming, is
difficult to estimate, but is probably in the neighborhood
of $40-50 million annually.

The support industries do perhaps $100 million worth of
business per year in the seismic phase of their activities in
connection with oil exploration.

Seismic exploration has been an important aid to the
mining industry, although expenditures for this purpose are
dwarfed by those of the petroleum industry. Many of the
tools are identical, and it is therefore difficuit to separate
the expenditures for seismological hardware by the mining
companies from those cited above for petroleum. It must be
anticipated, however, that the importance of, and expendi-
tures for, seismic exploration for mineral resources will in-
crease steadily with time as the search for minerals becomes
more difficult and the need more pressing.

In recent years, a scaled-down version of the seismic tech-
nique has been applied with increasing frequency to explora-
tion in relation to sites for construction of highways, buildings,
dams, sewers, water-supply facilities, and many other p1oj-
ects requiring shallow subsurface information. The methods
are cheap, quick, and reasonably accuraie, and often provide
very substantial savings over the cost of drilling. Exploration
of areas covered by shallow water is included. The work is
done largely by construction companies or related small
firms or by government agencies. No figures for annual ex-
penditures are readily available, but such expenditures prob-
ably come to at least a few million dollars,



The explosives industry, the construction industry, the
quarrying industry, and insurance companies have a strong
interest in the measurement and control of potentially dam-
aging earth vibration generated by blasting and other sources
such as trains, machinery, and pile drivers. Blasting is regu-
larly monitored in populated or built-up areas by specially
designed seismographs. A few small companies and parts of
various larger companies specialize in this field. Annual ex-
penditures of perhaps some tens of millions o.” dollars are
involved. It is difficult, if not impossible, to estimate the
savings that result from efficient use of explosives to mini-
mize or optimize the resulting seismic vibrations, but the
amount is undoubtedly considerable. At least two companies
in the United States provide specialized instruments for
measuring vibrations caused by blasting.

In the field of earthquake or large-explosion seismology,
industry provides both instruments and services. Companies
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supply nct only seismograph components but auxiliary
equipment such as tape recorders and crystal clocks. Serv-
ices include the processing and analysis of seismic data and
the installation and operation of seismic instruments and
auxiliary equipment. This effort is measured in terms of
some tens of millions of dollars.

In addition to those discussed above, there are many in-
dustries peripheral to the field of seismology itself that derive
some business from seismology. The construction of spe-
cially designed vehicles to transmit oil cornpany seismic crews
through difficult terrain is one example. Construction of
special drilling rigs and of unique machines for generating
seismic waves are others. There are many more.

Thus, the field of seismology has a very substantial effect
on the economy of the United States, an impact far in excess
of government expenditures in this field, and the impact on
the future is likely to be still greater.



INSTRUMENTATION AND FACILITIES

Measurements that accurately describe the phenomena of
interest are the foundation of any of the natural sciences.
Hypotheses are formulated ¢nd tested in terms of data pro-
vided by various kinds of messuring and recording instru-
ments. Man’s understanding of his physical environment has
grown with the growth of his ability to develop and operate
instruments of greater and greater precision and capacity in
an ever-increasing variety of locations and environments.
Seismology, along with other sciences, has followed this pat-
tern of development.

Basically, the function of seismological instrumentation
is to provide measurements of the motions of points at the
earth’s surface or within the earth relative to the earth as a
whole. The motions to be measured may be the effects of
earthquakes, explosions (prospecting seismology, nuclear
detonations, commercial blasting), tide-producing forces, or
industrial operations (vibrations produced by machinery).
The range of amplitudes of these motions is large, from
inches or feet for large events down to small fractions of a
wavelength of light—i.e., interatomic dimensions for certain
teleseismic phases and for background noise in some fre-
quency bands.

A complete seismograph system provides a permanent
record of the variation with time of the kinds of ground
motion being measured (e.g., displacement, strain), with a
time scale that permits the determination of the time of
occurre' e of any recorded event, either with respect to
Grer . wich Mean Time or with respect to the moment of
occurrence of the even{ The record must be in a form con-
venient for analysis.

Because seismic-wave propagation is a global phenomenon,
effective analysis requires data from observatories distributed
widely over the earth’s surface. International cooperation in
the exchange of seismological data has been traditional since
the earliest days of instrumental observations.

SEISMOLOGICAL INSTRUMENTS

Little information of value can be ventured about the origin,
nature, and meaning of seismic waves until the wave motion
is adequately recorded by instruments. Detailed recording is
by no means easy because peviods of interest range from 0.05
sec to 54 min (the period of the gravest free oscillation of
the earth), and even as much as a day if the tidal response of
the solid earth is included. In the same way, the amplitudes
of seismic waves of interest may vary from Angstrom units
to tens of centimeters, depending upon the magnitude of,
and the distance from, the earthquake.

Seismological research requires measurements in three
different regions during a seismic event: in the source region
itself, in the region of strong motions near a high-energy
source, and at points far removed from the source region.
The instruments required to provide useful data in each of
these regions necessarily differ because the character of the
phenomena is different in each region and because different
uses are made of the observations. Instruments at large dis-
tances from an earthquake must observe motions of the
earth’s surface that result from the sequential arrival of
trains of waves with periods ranging from about 1 sec to
1,000 sec, with amplitudes ranging from a few millimicrons



to a few centimeters (surface waves from very strong earth-
quakes), and coming from completely arbitrary directions.
In the strong-motion region, there is a short-duration burst
of energy in which wave periods of about 0.01 to 1 sec

are predominant and amplitudes are large, ranging from a
few millimeters to several centimeters. Instruments covering
six decades of frequency, with a dynamic range of 120 dB,
are required. No single instrument with this capability has
been developed yet.

Within the scurce region of an earthquake, measurements
are needea of slow displacements or strains during the inter-
va! before the event, large transient displacements of perhaps
a few meters during the event, and permanent displacements
or strains after the event. For explosive seismic sources,
measurements have been made of large motions and of
shock-wave velocities within the close-in region of high
stress, encompassing the zone of hydrodynamic behavior as
well as the regions of crushing and cracking. Concurrent
measurements of other, nonseismic geophysical parameters
are also required for a complete understanding of earthquake
physics.

In the past, few measurements have been possible within
the source regions of earthquakes. Because earthquakes are
geological events, it is essential that direct observations of
large-scale phenomena with permanent aftereffects be made
at the place of occurrence. However, the hypocentral regions
of most earthquakes are inaccessible, either because they are
too deep within the earth or because they are under the sea,
or both. Modern hypotheses concerning the source mech-
anism of earthquakes are based largely on the properties of
seismic-wave motjon at points distant from the source. Data
from observations in the hypocentral zone at the few places
at which such observations .re possible provide invaluable
control for these hypotheses. These data have been obtained
through experiments employing nuclear devices as seismic
sources. Much of our confidence in the validity of conclu-
sions about the source mechanism, as derived from observa-
tions of the seismic signal at a distance, comes from the
quantitative understanding of the wave-generating process
provided by these experiments.

Instruments for the observation of explosion-generated
waves at svorf ranges have been developed to a sufficiently
advanced .tate that improvements in technology are incor-
porated quickly T*e incentive for instrument development
in this area of se¢ gy has been provided largely by the
applicability of sucn equipment to oil-finding. Research re-
lated to the detection and identification of underground
nuclear explosions has provided an additional motive for
improving these kinds of instruments.

Design of Seismological Instruments

The m¢  urement of motion is one of the oldest problems
in expe rimer *~! physics. The measurement of transient

INSTRUMENTATION AND FACILITIES 49

ground motjon presents some unique problems, however,
because the entire environment is in motion. Only two basic
quantities have proven applicable to seismic measurements:
the motion of an inertial element relative to a supporting
frame to which it is loosely coupled (see Figure 12), when
the frame moves with the ground; and the change in distance
between two points that is associated either with the passage
of a seismic wave or with a permanent deformation of the
earth (see Figure 13). These two measurable quantities of
seismic motions have been recognized since the beginning of
the use of modern seismic instruments in the late nineteenth
century, and no fundamentally different principle on which
to base an instrument has been successfully developed.

In most scismometers, the mechanical energy represented
by the motion of the suspended inertial element relative to
the supporting frame is used to produce the seismogram or
instrumental record. This may be done either by directly
coupling the energy to the recording surface through a lever
system—mechanical, optical, or both—or by converting the
energy into an electrical signal, through a transducer, and
then recording this electrical signal. Direct-recording instru-
ments have low sensitivity, and the principal modern appli-
cation of such systems is for measurements of strong earth
motions.

Several physical effects have been employed as the basis
for the design of seismic transducers. Electromagnetic induc-
tion is the principle most often used, applied either through
the motion of a coil in the field of a permanent magnet or
through changes in the reluctance of a magnetic circuit. The
changes in capacitance resulting from a change in the separa-
tion of two parallel conducting plates is also used to detect
the relative motion of the suspended mass. The piezoelectric
effect on crystals has been used, experimental instruments
using lasers as transducers have been built, and experiments
with other physical effects are in progress.

When the seismic signal is in the form of a variable voltage,
processing of the signal becomes easier. The energy can be
amplified, filtered, telemetered, converted to digital form,
or otherwise transformed to give the seismologist the infor-
mation he seeks in a form most useful to him.

Measurement of the change in distance between two points
anchored in the earth, the other kind of seismic measurement,
is done with strain seismographs, or extensometers. In this
method, the two points, marked by “piers” embedded in
the ground, are some tens of meters apart and a rigid rod
fastened to one reaches almost to the other. A tiansducer
produces a signal that is proportional either to the relative
velocity of the two piers (electromagnetic) or to the relative
displacement (capacitance). Strain meters equipped with
displacement transducers measure strains in the earth caused
by the tide-producing forces, as well as secular and abrupt
permanent strains. The tidal component is often filtered out,
and the instruments are used primarily for measuring tran-
sient strains associated with the passage of seismic waves.
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LOKG FERIOD
SEISMOREYERS

SHORTY PERIDD
SEISMOMETERS

FIGURE 12 Long-perind (A and shortperiod (B] seismpmeters Each photugraph shows one vervical and two horizontsl seismpmeters used
i World-Wide Standardized Seismograph Stations to detect earthguakes. (U8 Coust and Geodetic Survey )

The environment in g sessmic observatory must be cons
trofled, especially with regard 1o temperature and humidity.
Instruments for observing long-peniod sipnals are especially
sensitive 1o temperalire variations. Long-period vertical-
contponent seismographs are sensttive to atmuospheric-
pressure changes, and either such changes must be compen-
sated Tor or the instruments must be sealed.

The measurement of strong earth motions presents addi-
tional problems. The nrimary application of this data is 1o
carthguake-resist asign of structores. Both displaces
ments and accelesutions of the ground are measured. Because
the motions ure large, rugged instruments of low mugnifica-
tien are required. The motion to be measured 15 nch i high
frequencies, so a fast chart-speed is needed if photographic
or stylus recorders are emploved. 1t isnot cconomical to
aperate recorders at high speeds 24 hours g day while wait-
ing for an occasional strong carthguake, although this i now
being done at certain specially equipped observatories using
magnetic tape. Therefore, strong-motion seismographs are
equipped with starter devices that are activated by the initial
sarthquake motion. The onset of the mutions Tost in this
wehnigue, and while this lows represents Hittie of value to the
earthquake engineer, it is 4 severe one £ the seismologist,
Even this weakness of the system can bevvarcorms by using
a continuously recording magnctic-tape loop in a delaydine

artangement Laal permits the tniggering sional 10 be recorded

bus the eost of strongamotion stations 3% greatly increased by
such additions. The need for additional ropp-motion stu-
tons in many places in the United States, especinlly outside
the state of Calilornia, 5 preat.

Advances since World War 14

Important sdvances have boen made in saismological instry-
mentution since World War 1, b (hese have all involved the

application of newly developed technology toward exploit-
ing one of the two basic principles in a better way. Flexible
systems ot tugh sen ty amd reliability have emerged
through the developatent of better transducers; stable, low:
noise de amplifiess: lowsfrequency magnetic-tape recorders
with longoperating times; snd direct digital encoding of
teansducer outputs, instruments have been dev. loped that
are capable of operating in hostile environments—such ag in
4 bore hole, on the ocean bottom, and on the lunar surface.
These instruments are Himited in pass-band and dynamic
range. Lunarinstruments are only now receiving their first
tests in their working environment. Ocean-botton: instru-
ments have been operated successfully, bul must still be
considered in the developmental stage.
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Groups of instruments have been combined to form seis-
mic airays. An array, taken as a whole, is in a sense a single
instrument with capabilities exceeding those of the individual
elements of which it is composed. When combined with com-
puter control and processing of the outputs of the array
elements, an array is a powerful tool for seismological in-
vestigations.

The use of telemetry tc permit recording, at a central
observatory, of the signals reccived from remote seismic
detectors has led to new precision in seismological research.

The important advances in instrumentation cutlined
above pertain mostly to instruments for recording short-
period ground motions {1 sec and less). Stable instruments
with high sensitivity in the very-long-period range (longer
than 100 sec) have not heen developed. Very-long-perio
motions have been detected, but only as an =ffect of infre-
quent, very strong earthquakes.

Instrumental Needs for the Future

Experience in the physical sciences has taught that the
ability to make measurements in previously unexplored
environments or in a previously unexamined range of values
of a physical parameter almost invariably leads to important
new discoveries or to the drastic modification of carlier
hypotheses. Extrapolation into regimes beyond the range of
observaiion is always uncertain in view of the limitations of
man’s knowledge of the behavior of matter. Rut such extrap-
olation is often the only way open to the investigator.
Subsequent measurements may show that theory was indeed
far ahead of experimental capability, or, conversely, that
theory when applied to untested regions led to conclusions
not in accord with nature.

As applied to seismology, this experience dictates that
future development of instrumentation be directed toward
an increased capability to emplace and operate instruments
in locations other than the land surface of the earth, and

ward improved response characteristics, especially in the
very-long-period part of the spectrum.

The importance of ocean-bottom seismographs capable of
providing routine data in the same way that land stations
now do is immediately evident from a glance at a map of the
world showing the distribution of epicenters and seismological
observatories. Most seismic energy is released around the
perimeter of the Pacific Ocean. There is, therefore, always
at least one quadrant in the intermediate range of distances
in which no observations are available from the present
global network of observatories. Both research into the
earthquake mechanism and routine determination of epi-
center locations will benefit from a network of ocean-bottom
instruments.

The study of micro-earthquakes is still in its early stages.
Results thus far indicate that these small events can reveal
important facts about the seismicity cf a region and may
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prove useful for earthquake forecasting. Results of micro-
earthquake research can be extended to ocean basins only if
sugh-sensitivitv ocean-bottom instruments are developed. A
high-sensitivity ocean-bottom network, along with major
facilities on the Mid-Atlantic Ridge, would undoubtedly
produce data of great value.

The potentiai scientific value of seismological observa-
tions on the moon and other planers is large. It is important
to know whether seismic events occur on these bodies, for if
they do, they will provide new knowledge about the internal
structure and composition of the planets and about the his-
tory of our solar system. Even instruments limited in pass-
band and dynamic range will yield sorae information. This
information may shed furiher light on the internal constitu-
tion of the earth i.self; cur understanding of the earth’s
interior and of its physical evolution may have to be modi-
fied in the light of the new know:edge gained through plane-
tary seismology.

The need to place instruments within the source regions
of earthquakes has been emphasized above. Here, the em-
placement of the instrumenis is a mu~h harder problem than
their devélopment. In orly a few plazes, such as along the
San Andreas fault in California. does the source region =x-
tend to the surface of the earth. Much of the research effort
aimed at gaining a better understanding of the physics of
earthquakes is now concentrated in such places. Although
other seismogen:c structures similar to the San A~dreas fault
are known, it is not known whether the physical processes
of such sources are typical of all earthquake scurces, 2iid to
what extent conclusions based on observations i such places
can be transferred. The ability to place sensors at great
depths in seismogenic regions will be of inestimable value.
Quantitses to be observed include not only strains and dis-
piavcments but also such related parameters as heat flow,
geomagnetic vaiiations, and changes in electrical conductivity
of t1e rocks. Only through data provided by instruments
within the source region can the full power of our knowledge
of physics and chemistry be brought to bear on the question
of the earthquak * mechanism. Such fundamental informa-
tion as the energy budget of a natural earthquake, now well-
understood for buried artificial explosions, cannot be
obtained with the data now available.

Another area in which additional work is required is in
the development of recording media and methods of presen-
tation of data. In this field also, the exploration seismologists
have played a role of leadership. For example, the presenta-
tion of reflection seismograph data in variable-density dis-
plays is enormously suggestive to the interpreter. The same
information is contained, of course, in other forms of pres-
entation, but the variable-density display gives the seismol-
ogist special aid in discerning features of interest. Such
techniques have not becn adequately employed in studying
earthquakes.

Direct digital recording is now used extensively in ex-
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ploration seismology, but in only a few earthguake observ-
atories. The routine application to earthquake records of
powerful techniques, such as time-series analysis carried out
by machine computation using detailed amplitude in addi-
tion to time information, is feasible where data are available
in digital form. This is not to suggest that digital recording
should repiace analogue recording, but it provides an impor-
tant supplement.

FACILITIES

To make the most effective use of the instruments of seismol-
ogy and of the skills and efforts of seismologists, various
kinds of facilities are essential. These facilities range from
single instruments to networks of permanent observatories
throughout the world. They include facilities for the storage,
processing, analysis, and communication of data, patterned
arravs of instruments at a single location, and laboratories

for such things as model studies and simulation of conditions
in the earth’s interior.

With regard to observational seismology, facilities re-
quirements can be examined in terms of the sequence of
steps leading from initial ground-motion measurements to
the final inte-pretation. Details of the procedures will differ,
depending on whether the observations are for research use
or for routine monitoring of seismic activity and whether
the problem is cne in exploration seismology or in earthquake
seismology, but the main features are the same. The steps
are detection of motion, data transmission and recording,
data analysis, and interpretation.

Networks

Seismology is inherently worldwide in character. Continuous
belts of seismic activity encompass the earth. The seismic
waves generated by an earthquake of only moderate size
penetrate the deep portions of the earth’s interior and spread
with detectable amplitudes over the entire surface of the
earth without regard to political boundaries. Thus, a network
for collecting data on seismic events must be of worldwide
extent. The earthquakes of a given country cannot be studied
effectively using data from instruments in that country
aione, nor will data from only those countries with areas of
high seismicity suffice. The need for worldwide international
participation in the establishment of a huge seismic-data-
collecting network is readily apparent. Similarly, there are
other phases of the science of seismology that require in-
vestigation on a worldwide scale. The relationship between
earthquakes of one area and the geology ot ‘hat area takes
on true significance only in the light of comparable informa-
tion from related areas throughout the world. To understand
the San Andreas fault and its environs is one thing. To under-
stand that fault along with similar fanlts such as the Denali
fault of Alaska, the Alpine fault of New Zealand, and the
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Philippine fauit in the light of a common niechanism is more
basic and fundamentally more important.

At present, seismology’s lifeblood is the observational
data from about 800 seismographic stations around the
world. Many belong to national networks, such as those of
the USSR (about 100 stations) and of Canada (about 21 sta-
tions}. Of primary importance is the Worldwide Network of
Standardized Seismograph Stations (WwsSN), a network of
116 standardized stations in 61 countries (see Figure 14).
This network was established under the auspices of the U.S.
Coast and Geodetic Survey, Department of Commerce, and
began its activities in 1960. It is the direct descendant of the
global networks of Milne and the Jesuits. Each of the WwsSN
stations has a three-component set of calibrated Benioff
short-period seismographs and a three-component set of
long-period seismographs. The network has the special value
that the instruments are the same at every observing point
and that frequent calibration checks are made in a standard
manner $o as to hold the response characteristics within nar-
row tolerances. This standardization makes the seismograms
obtained from this network of vastly greater usefulness when
orantitative comparisons of ground amplitude are being
made. Without this standardization of a large number of ob-
servatioris on a worldwide basis, many of the advances of
seismologic knowledge of the past four years would have
been impossible.

The data obtained by wwssN include time-of-arrival
readings, sent promptly to the National Earthquake Infor-
mation Center (NEIC), Rockville, Marylard, for use in the
epicenter program, as well as seismograms, which are sent to
the ESSA National Geophysical Data Center in Asheville,
North Carolina. There, the records are copied and made
available internationally to all who require them for research.
The ready availability of these data at one location is in itself
one of the major advances in seismology in recent years.

A number of more-elaborate seismological observatories
have also been established at various points around the world
(see Figure 15). Many of these observatories are research
centers as well, and many of them operate specially designed
instrumeits, some in deep holes or mines in order to avoid
surface-enhanced microseisms. Some of these observatories
monitor very smal’ nearby earthquakes (micro-earthquakes),
earth strain, ultraiong seismic waves and tides, perturbations
of gravity, and lzxge ground displacements and accelerations.
Others, particularly those under government auspices in the
United States und the United Kingdom, consist of large ar-
rays of seismographs designed to record small seismic signals
at large distances from the sources; at these, research is usu-
ally aimed at discrimination between underground explosions
and earthquakes. A group of observatories is especially con-
cerned with the rapid detection of large submarine earth-
quakes that might be generators of damaging tsunamis.
Another group of stations, in the western United States,
Alaska, and several countries of South America, records
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strongamotionseismorraph data from nearby earthguakes

In addition to their seismological research and teaching
sctivities many universities uperate seismozraphic networks
partly a5 a public-service aciivity. Many of the routine reports
of local carthauakes cone from these networks, and their
repirts are the primary basis upon which scismicity and
seistmc-hazard maps have been constructed 101 large arens
of the United StatesiThe University of Califoria at Berke-
ley, for example, routinely operates 16 widely dispersed seis-
mographic stations in central and northern California; the
data from 10 of them are continuously telemetered to
Berkeley: Bimilurly. the Callfornia Institute of Technology
operates 21 stations in southern California, seven of which
telemeter data to Pasadena, These two longestablished net-
works provide the primary basis for our knowledge of seis
micity patierns in Califorpia. I o attempt to gain a betier
understanding bf seismic hazards, it 15 essential that these
kinds of seismographic networks continueto be supported,
whether they be operated by the universities or by state and
federal avencies.

in addition 10 the types of seismic work normally per
formed at the upiversities, many universities have taken on
the special responsibility of collecting and analvaing seismic
data for their local geographic regions.

The vision of a global network leld by the founders of
seismelogy s now pearly fulfilled, slthough 1L was av et
seismological stimulus that provided the wwssN stations
and permitied modemnization of 2 number of other seismo-
logical observatories. The need 10 improve the network i
great. Much experimental design remains to be done: more-

FIGURE 15 Vool for WOWSEN irstre
ents ot Bogota, Dolombia. oberated by
the Geonbysical Institute of the Colome
bian Soddes. UWLS. Comst and Geodetic
Burvey Photd

over, the distribution of stations is largely bound by the con-
tinents and, within the continente, to the more populated
and fechmically advanced regions. More-complete scientific
atrapgements, involving stations on the floors of the oceans
and in the more maccessi™e land regions, are vita) tasks for
the future,

Sugnorting Activities

Machine computation of hypocenter locations 15 now rou-
tine. it is conceivable that a continental network of scismic
observatories will evolve that b controlled directly by 2 com-
puter. Rapid determination of carthquake locations would
then be available as ap aid 1o the Gsunami-warning service
and 1o agencies involved in seismologcal investigations that
require installation of equipment in an epicentral region as
soon as possible alter an earthquake,

Additional facilitics for processing seismic-wave data with
respect to both time and frequency will be required. Re-
search into all aspects of seismology, including such large
topics as the mechanism of carthquakes and the intemnal
constitution of the earth, requires such facilities. These fu-
cilities will be built around highspeed digital computers and
largecapacity analogue devices, As computation devices of
increused capacity and speed are developed, steps must be
taken to make them available 10 seismologists in @l branches
of the subject.

The associated datu-sssembling and date-dissemination
facilities are as impurtant as the network of ohservatories.
Continued research concerning the application of new devel




GpIeds I capneucaions techindoey o e ransmis
G selsmie duts shonld be conducted. Systen with greath
wersbed Tonnaton-Canying cupacing wilk be torthoonung,
and dherr apphication 1o the ranid hundbng of seismue data
nuist be provided for Continental or mtdrcontitenial net
works connectod by hughispeed datanunsnission channels
0 contrul datwprocessing facilities can redude routine
bypocenterdocanion offorts to antondie process

Arrays

The indwviduad seismometer s and will resnan the basic bulld-
tre block of a seismnic obsérving systeny, Howevar o oroup of
setsmoniciers aranged In & puttern bechmes an array, i
effect a now imstranent with capabifities bevond those of
the idividus] dlements of wluch 0 comprised In an armay,
the seisrometers are interconnected 9 tha the outputs of
the individual dlements are combingd 1o ghwe the desired
system response. The Large Aperture Soismic Areay in cast-
ern Montang is 4 successtul fisstgenerution mujor aray {see
Figure 161

Continued research convemned with array design should
be supported. The chioice of array geometry is now largely
empirical andshould be put on 2 rational busis. Stadies
should be carried outto deterinine what operating charac
teristics are best Tor seismometers used ir arrays designed
for specific seismological mvestigtions Selection ofsites
for new arravs must be done carefully. The need for an ade-
quate data-transmisson system becomes incressingly appar-
ent, as does the necd for adata-processing system of sulficiont
capacity and fexibility 1o permit optimum treatment of e
array ouiput. Data-handling systems must be designed so a5
to permitithe widest simultaneons use of the array cutput by
many imvestigators, even though they may be interested in
different seismological problems. {See Figure 17)

Laboratory Facilities

Laboratory studies play an increasingly importaut role in
seismological investigations, Improved and expanded facili-
ties are needed for imvestigating the properties of earth ma-

INGTRUMENTATION AND FACILITIES BB

terabs under lugher tenmperattres and lugher pressures than
thuge vor obruned. Stedissmus be conducted nol ondy of
the properies of these matenals in ambient Conditions simye
ating the eanths imtedor but abo of themedhunisms by
witich they fad whee subjected 1o nonbivdrostatic stress.

Laboratones capable of pefforming model studivs of ses
mic phenomens have demonstrated their value sneluc duting
gifticubt problenss. Improved facilities mcorporating new
techniques for detecting motions awd $trains i the nteriors
of models, snd techgues for applying readisne carthquake-
ke loading 10 these models, should be develuped.

DISCUSSION

The need for cooperation vn an intermational wale has been
apparent in seismology since dhe very boanning of the science.
Svstens for transmuttiog and exchangng information at 4
rate which, if not idead, was adequate for ag curlier era were
devised during the festpart of the twentieth contury. With
some modificauons and improvements, these are the systems
that prevad today.

Additional facilities of substantial proportions will be re
guired to sustain the growth of research; application, and
education m seismulogy 4t o rate satisfactory to meet the
needs of the United Btates. As now research programs
emerge and as new apphications are discovered, specific
fucilities o meet the needs of these programs will have to
be developed. Speculation sbout the spocial roquirements
of individual projects before their conception is notlikely to
be fruitful. However, the genersl need {or new and expuaded
facilities can be anticiputed in the Hght of the butlook for
the growth and development of the science.

The continued development of seismology, and the very
nature of earth science, requires that facilities especially
research facilities, be Jocated 5o that seismologists are broudhy
into intimate contact with their colleagues in 1 lated sce
ences—for example, geology, seodesy seomagnetism . and
oceanography. The creative seismologist pr-forms at his begt
in an intellectual atmosphere in which he can exchange in-
formation and ideas with specialists in these other areas.
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FIGURE 18 {A] Plan view of Large Aperture Seismic Array located 8t Miles City, Montana. Each small circle on (A) designutes & sub-attay
with 25 seismometers (B, There are 21 such sub-arrays. Total diameter of LASA is 200 ke, (Diagrarm by Lincein Laboratory ST
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FIGURE 17 Interigr of LASA Dara
Center at Billings, Morndena, whaere all
signals from the 525 LASA sensors arg
brought tagether for automatic process
ing. The Center, neerly 150 miles from
the array center, serves as a research
facility where scientists and engineers
from many organizations can conduct
independent research, {Photograph from
Lincoln Laboratory, BT
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