‘llll“mmm‘mm‘ AN ACTIVE EARTH: PERSPECTIVES ON EARTHQUAKE SCIENCE

arthquakes pose the most dangerous natural threat to the built environment and rival all other natural disas-

ters in the threat to human life. Ower the last century, earthquakes worldwide have caused an average of

10,000 deaths per year and hundreds of billions of dollars in economic loss. The estimated annualized eco-

nomic loss from earthquakes exceeds $4 billion per year in the United States alone, and the risks are rising

throughout the world as nations expand cities into geologically active regions. A repeat of the 1906 San Francisco earth-
quake, for example, would likely result in a total estimated loss of $175 billion to $200 billion (in 1994 dollars). Direct
losses from a repeat of the 1923 earthquake in Kanto, Japan, near Tokyo, could be a staggering $2 trillion to $3 trillion.

Although earthquakes have engaged human inquiry since ancient times, the scientific study of earthquakes is a fairly

recent endeavor. Instrumental recordings of earthquakes were not made until in the last quarter of the 19th century, and

the primary mechanism of earthquake waves—the release of accumulated strain by sudden slippage on a fault—awas not

widely recognized until the beginning of the 20th century. In the last decade, the work of many disciplines—seismology,

geodesy, earthquake geology, rock mechanics, and information technology—has improved long-term forecasting, risk-

reduction strategies, and the ability to respond rapidly to earthquake disasters.

Despite recent progress, much remains to be learned about earthquake processes. Short-term earthquake prediction, con-

sidered the Holy Grail of earthquake science, remains elusive and may not be possible. Nevertheless, there are many

aspects of earthquake phenomena that can be anticipated to aid our preparation for their destructive forces. Among the
most difficult pieces of the puzzle still to solve are the basic physics of how earthquakes begin, propagate, and stop and the
dynamics of fault interactions. Improving our fundamental understanding of earthquake predictability will likely come

through a broad research program and substantial investment in the disciplines of earthquake science.

1800s

DOES GROUND BREAKING SHAKE
THE EARTH, OR DOES EARTH
SHAKING BREAK THE GROUND?
This fundamental question persisted
until geologic mapping by G.K. Gilbert
in California (1872), A. McKay in
New Zealand (1888), B. Koto in Japan
(1891), and C.L. Griesbach in
Baluchistan (1892) demonstrate that
fault motion generates earthquakes, lay-
ing the foundation for paleoseismology.

Geodesy comes into the study of earthquakes
when the Taponu|i, Sumatra, edrthquqke occurs
during a triangulation survey by the Dutch
Geodetic Survey.

A global network of 40 seismic stations is
British
Association for the Advancement of Science
and equipped with instruments designed by
mining engineer John Milne.
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Irish engineer Robert Mallet coins the term “seismology” in his quantitative study of an earthquake
in southern ltaly.

Ernst von Rebeur-Paschwitz makes the first recording of seismic waves on delicate horizontal pen-
dulums in Potsdam and Wilhemshaven, Germany, from the April 17.

The Nobi earthquake scarp in Japan,
shown in this photo (right) by B. Koto
of the Imperial University of Tokyo,
helps Koto infer that the sudden ele-
vations, depressions, and lateral
shifts were not the effects of the
earthquake but the cause. The Nobi
earthquake killed more than 7000
peop|e and substqntic”y ddmaged
then-modern  brick construction.
Source: Milne and Burton, The Great
Earthquake in Japan, 1891.

E.M. Anderson develops a theory that relates the three basic faulting types—normal faults, strike-
slip faults, and reverse faults—to stress orientation.

R.D. Oldham identifies three basic seismic wave types: the small primary (P or compressional) and
secondary (S or shear) waves that travel through the body of the Earth, and the large (L) waves
that propagate across its outer surface. He also presents the first seismological evidence that the
Earth has a central core.

1906

The ruins of San Francisco after the April 1906 earthquake and fire (photo above) show the results of a rupture in a 470-kilometer segment of the newly recognized San Andreas

fault. The quake ignited at least 60 separate fires, which burned unabated for three days, consuming 42,000 buildings and destroying a considerable fraction of the West

Coast's largest city. Both geologists and engineers jumped at the opportunity to observe firsthand the effects of a major earthquake. Three days after the quake, California

Governor George Pardee appointed a State Earthquake Investigation Commission, headed by Berkeley professor Andrew C. Lawson. More than 20 specialists made obser-

vations on the geological setting; fault displacements; and arrival time, duration, and infensity of the seismic waves. Detailed surveys of the damage to structures throughout

northern California demonstrated that destruction was closely related to building design and construction. Intensity maps showed that some of the strongest shaking occurred

in the soft sediment of the China Basin and in the present Marina district, two neighborhoods that would be severely damaged in the Loma Prieta earthquake 83 years later.
Source: Library of Congress Prints and Photographs Division, [Lc-USZ62-123409 DLC].

Henry Fielding Reid proposes his revolutionary
elastic rebound hypothesis, which explains how
earthquakes release accumulated energy as a
fault slips, driven by large-scale tectonic dis-
placements. The theory is still accepted today
with only minor modifications.

Japan publishes codes for constructing build-
ings to withstand horizontal forces proportional
to the building’s weight in response to the great
1923 Kanto earthquake.  Similar building
codes (U.S. Uniform Building Code) are pub-
lished in the United States three years later.

Charles Richter develops the standard magni-
tude scale (commonly called the Richter scale) to
measure earthquake size.

Danish seismologist Inge Lehmann discovers the
Earth’s inner core; this “planet within a planet”
has since been shown to be a solid metallic
sphere two-thirds the size of the Moon.
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Using recordings of a Croatian earthquake, Serbian seismologist Andrija Mohoroviti¢ identifies
sharp increases in seismic velocities that mark the boundary between the Earth’s mantle and upper-

most crust—dubbed the Mohoroviti¢ Discontinuity in his honor, or “Moho” for short.

Beno Gutenberg obtains the first relatively precise depth to the boundary between the Earth’s cen-

tral core and the rock shell (mantle) around it.
Earthquake data are exchanged internationally and compiled into the first global bulletins.
Networks of permanent seismic observatories are deployed, allowing large earthquakes anywhere

on the globe to be located and analyzed. Strong-motion seismometers, which measure the waves
most destructive to buildings, begin to be installed in urban areas.

The Long Beach earthquake is
the first large event to be
recorded by improved strong-
motion seismometers, several of
which had been installed near
Los Angeles just nine months
before the earthquake. The
widespread damage spurred
the California Assembly to
pass the Field Act, which
required building codes that
effectively ended masonry con-
struction in public schools.

Source: Photograph by Harold
M. Engle.
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1940 Harold Jefferys and Keith Bullen develop a model of the structure of the Earth’s interior; their seismic travel-time tables would be

used to locate earthquakes for the next fifty years.
Accelerogram of the 1940 Imperial Valley earthquake, helps determine
the lateral force that a building must sustain during an earthquake.
Source: Seed and Idriss, Ground Motions and Soil Liquefaction
During Earthquakes, Earthquake Engineering Research Institute, El
Cerrito, CA, 134 pp., 1982.

1941  Richter and Gutenberg publish the classic treatise, Seismicity of the
Earth, documenting that global seismicity is concentrated in narrow
zones, later recognized to be plate boundaries.

1946  Aleutian Island earthquake (M 7.1) generates a deadly tsunami (right) in
Hawaii, far from the earthquake’s center. This tsunami washed over
Hilo, Hawaii, causing $26 million in damage and 159 deaths.

Source: NOAA.

1948  The U.S. Coast and Geodetic Survey (USCGS) distributes the first
seismic probability map for the United States. The country was
divided into four zones ranging from no expected damage to major
damage, based on historic locations of earthquakes.

1950  Japan deploys single-seismometer warning systems to stop trains affer earthquakes, based on John Milne’s observation that
seismic waves propagate much slower than electromagnetic waves.

1956  Richter and Gutenberg develop formulas for calculating seismic energy, which also permit nuclear explosions to be measured.

1961  The World Wide Standardized Seismographic Network (WWSSN) begins with deployment of high-quality seismometers around
the world, installed and permanently staffed at recording sites with relatively low background noise levels. With this network,
smaller earthquakes could be located and interpreted more accurately than ever before, resulting in more accurate global seis-
micity maps.

1961  The U.S. Uniform Building Code is modified to account for building type, its dynamic response to strong ground motions, and the
level of seismic hazard in the region.

1964  Apartment buildings tilt in the Niigata, Japan earthquake
(M 7.5) because of liquefaction of loose, water-saturated
sediments, causing a loss of load-bearing capacity (photo
right). Source: NOAA.

1964  The Alaska Earthquake (M 9.2) registers as the second largest

in the 20th century, about 100 times larger than the San
Francisco earthquake. The plane of the rupture was estimated
to be about the size of lowa. The earthquake generated a
tsunami 9 meters high, adding to the destruction in Alaska,
Oregon, and California. The enormous energy released in this
event set the Earth “ringing like a bell,” enabling measurement
of Earth’s free oscillations and providing definitive evidence for
the slippage of the Pacific Ocean crust beneath the continental
margin of southern Alaska a|ong a huge thrust fault.

1965-1968 The “grand synthesis of plate tectonics” brings decades of information together into a unified theory on which all aspects

of earthquake science could continue to build. Key elements of plate tectonics are Wegener’s hypothesis of continental
drift and the discovery of striped patterns of magnetic anomalies
mapped along mid-ocean ridges that provided evidence of
seafloor spreading. A major breakthrough is the recognition that
the amount of new basaltic crust generated by seafloor spreading
is balanced by subduction—the thrusting of basaltic crust back
into the Earth’s mantle at oceanic trenches—a process elucidated
by observations from the 1964 Alaskan earthquake.
A computer-generated seismicity map (left) shows earthquake
epicenters with body-wave magnitudes greater than 4.5 for
the period 1960-1967. These maps were used to delineate
the major plate boundaries. Source: Isacks et al., J. Geophys.
Res., 73, 5855-5899, 1968.
Geophysical Union. Reproduced by permission of American
Geophysical Union.

1966  W.F. Brace and J.D. Byerlee demonstrate that the well-known engineering phenomenon of stick-slip also occurs in geologic mate-
rials, providing a mechanical explanation of Reid’s elastic rebound theory.

1971  The San Fernando earthquake (M 6.6) triggers over 200 strong-motion recorders in the Los Angeles region, providing the first
well-resolved picture of the temporal and spatial variability of ground shaking during an earthquake. In response, California
passes the Alquist-Priolo Special Studies Act in 1972, restricting construction of new buildings for human occupancy across an
active fault.

1972 Land remote sensing imagery (e.g., Landsat, SPOT) becomes available, permitting researchers to map faults in inaccessible areas.

Landsat images like this mon-
tage of the Altyn Tagh fault zone
in China show tectonic sefting
and location of faults. Source:
Washburn et al., Geology, 29,
1051-1054, 2001.
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A reported prediction of an M 7.3 earthquake in Haicheng, Ching, is widely regarded as the single most successful earthquake

prediction. Accelerating seismic activity and rapid changes in the flow from local water wells prompted Chinese officials to issue

a short-term prediction and to evacuate thousands of unsafe buildings. Less than 24 hours later, the main shock destroyed 90

percent of the city. Chinese officials report that, because of the evacuation, casualties are extremely low for such a large earth-
quake. Overshadowing the success of the short-term prediction at Haicheng, a devastating, unpredicted earthquake strikes the
Chinese city of Tangshan in 1976, killing at least 240,000 people—one of the highest earthquake tolls in recorded history.

Earthquake prediction remains elusive today.

Congress establishes the National Earthquake Hazard Reduction Program to
reduce the risks to life and property from future earthquakes in the United States.
The program continues to be the mainstay of federal support for earthquake

studies today.

Paleoseismology, the geological investigation of earthquakes decades, centuries,
or millennia after they occur—gains steam with a study of large prehistoric earth-

quakes produced by slip on the San Andreas fault.

Trench dug through near-shore environment (right) shows alternating sequences of
subtidal, intertidal, and suprcﬂidcﬂ strata and biota, furnishing evidence for sudden

submergence during large earthquakes.

1982-1983  The theory of rate- and state-dependent friction unifies laboratory measurements of rock friction, and its later appli-
cation in seismological modeling explains important aspects of earthquake behavior on shallow faults.
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Institutions for Seismology (IRIS).

The first continuously recording network of Global Positioning
System (GPS) stations for measuring fectonic deformation is
installed in Japan. GPS satellites produce strong, precisely
timed radio signals that can be used to locate points anywhere
on the Earth’s surface—a big advance for tectonic geodesy.

Velocities of geodetic monuments from 15 years of GPS measure-
ment in Southern California (right), showing the ongoing defor-
mation within a complex system of faults that cause earth-
quakes. Source: Southern California Earthquake Center.

Scientists successfully predict the Mount Pinatubo eruption in
1991 based on increased seismic and volcanic activity,
enabling massive evacuations that saved thousands of lives.

The first image of earthquake faulting is constructed using
interferomatic synthetic aperture radar (InSAR), providing a
level of detail never seen before. INSAR measures deforma-
tion by comparing reflected radar waves recorded on
successive passes of a satellite from nearly identical positions.

Despite rigorous building codes and disaster preparation, a
magnitude 6.9 earthquake strikes the heart of Kobe, Japan,
devastating the city. The event killed at least 5,500 people,
destroyed more than 100,000 buildings, and caused roughly
$200 billion in direct economic losses. Photo (right) shows a
collapsed section of the Hanshin Expressway in Kobe, Japan.
Source: Pan-Asia Newspaper Alliance.

The U.S. Geological Survey publishes a new series of nation-
al seismic hazard maps based on probabilistic hazard analy-
sis. The maps contour four measures of earthquake intensity
at three hazard levels.

The Global Seismic Network (GSN) of broadband stations is initiated with the founding of the Incorporated Research

A detailed geologic map (left) shows stretching of a
400-year-old stream channel (in orange) at Wallace
Creek in central California, providing evidence of a
slip rate for the San Andreas fault of 34 (+ 3) mil-
limeters per year. New techniques of field mapping
combined with precise dating of rock samples contin-
ve fo improve neotectonic and paleoseismologic stud-
ies of active faulting in a variety of tectonic environ-
ments. Source: Sieh and Jahns, Geol. Soc. Am. Bull,,
95, 883-896, 1984.

A Coulomb fault stress map of the North Anatolian Fault
system (right), published in 1997, shows a 53-year
sequence of earthquakes and provides an indicator
that the city of Izmit, Turkey was ripe for a future major
earthquake. Areas where the rupture-causing stresses
were increased by the sequence of past events are in
shown in red, areas where they were decreased are in
blue. The anticipated earthquake hit Izmit on August
17, 1999, killing over 17,000 people and causing
over $6 billion in direct economic losses. Source: Stein
et al.,, Geophys. J. Int., 128, 594-604, 1997.
Reproduced by permission of Blackwell Publishing.

Simulations of earthquake rupture furnish the first real-
istic dynamical models of observed earthquakes.

Increasingly dense networks of ground motion stations
allow detailed mapping of earthquake ruptures in time
and space. The Izmit, Turkey, and Chi-Chi, Taiwan,
earthquakes (M 7.4 and 7.6, respectively) substantial-
ly increase the number of strong-motion records for
large earthquakes. Over 600 high-quality seismic
stations recorded the Chi-Chi earthquake.
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THE NATIONAL ACADEMIES

The Global Seismic Hazard Assessment Program (GSHAP) produces the first global seismic hazard map based on a
consistent probabilistic seismic hazard analysis. Several types of information are used to construct the map, including

seismic, paleoseismic, and neotectonic. One of the challenges of earthquake science is to incorporate more types of infor-

mation in the creation of seismic hazard maps. Source: United Nations GSHAP
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2000 AND BEYOND

THE GOAL.:

REDUCING EARTHQUAKE RISK

arthquake risk, measured in terms of expected losses over a given
period of time, depends on the seismic hazard as well as exposure
and vulnerability of the built environment. A sound strategy for
the reduction of earthquake risk has four basic components:

m Better characterization of seismic hazards.

m Land-use policies to limit exposure to seismic hazards.

m  Preparation of the built environment to withstand future earthquakes.

m  Rapid response to earthquake disasters.

THE CHALLENGE:

PREDICTION, PREPARATION AND RESPONSE

losses, given inflation-adjusted
1994 dollars, for some major

Japan from 1971 to 1995.

Seismic hazard maps, such as the GSHAP map and the probabilistic map of the
United States (right) , show regions of highest earthquake risk and provide a blue-
print for establishing land-use policies and building codes. These maps improve

as earthquake characterization improves.

Although much progress has been

made in recent years, work remains to be done in collecting information on
active faults and incorporating new results from earthquake research into nation-
al and global seismic hazard maps. In many regions of the world, there is little
data on active faults and hazard estimates have too little resolution and accura-
cy to be useful. Earthquake forecasting information, such as fault slip rates and
dates of past earthquakes, is badly needed. Characterization of earthquake haz-
ards can be advanced through continuing and broadening data collection and

modeling techniques.

Fence diagram provides a three-dimensional model of the variations in shear wave speeds using the

technique of seismic tomography—pictures of slices of the Earth created by using seismic

data. In this map of the Los Angeles region, low wave speeds indicated by warm colors show

deep sedimentary basins that trap seismic waves and experience the most shaking. Source:

Magistrale et al., Bull. Seis. Soc. Am., 90, $65-S76, 2000.

Society of America.
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The stakes are getting higher
as urban centers grow in
seismically active areas. This
chart shows a near exponen-
tial rise in direct economic

urban earthquakes of about
the same size in the U.S. and

Direct losses (1994 $billion)

1906 San Francisco

1964 Alaska

1971 San Fernando
1989 Loma Prieta
1994 Northridge
1995 Kobe

Probabilistic seismic hazard
map for the coterminous
United States.

Source: USGS.

InSAR derived interferogram shows surface deformation from the October 20, 1999 M 7.1 Hector Mine
earthquake in California, uncovering some surprising details, including small amounts of backslip on
nearby faults. Source: Simons et al., Bull. Seis. Soc. Am., 92, 1390-1402, 2001; Jonsson et al., Bull.
Seis. Soc. Am., 92, 1377-1389, 2002. Copyright Seismological Society of America.

UNDERSTANDING EARTHQUAKES AS DYNAMICAL SYSTEMS: New research capabilities are transforming earthquake studies into “system-level”
science—one that seeks to describe seismic activity not just in terms of individual events, but as an evolutionary process involving dynamic interac-
tions within networks of faults. Research in this field seeks to understand (1) how rock properties and fault-zone characteristics control earthquake
history and event complexity and (2) to what extent scientists can use this knowledge to predict the probability of seismic hazards and guide
engineering efforts. Finding the answers is an ambitious and difficult task, but there are reasons for optimism. Computers are getting faster; numer-
ical simulations can be carried out on scales that were hardly imagined just a decade ago. At the same time, the sensitivity and precision of

observational techniques are providing new ways to test computer simulations.

Computer simulations of two San Andreas fault rupture
scenarios (below) predict different patterns of earthquake
amplification, depending on the direction of fault propa-
gation. The two panels show earthquake simulations that
are the same in every respect, except that the fault prop-
agates from the SE in the panel on the left, and from the
NW in the panel on the right. The colors depict how local
geology amplifies the ground motions (higher in red).
Source: Olsen, Bull. Seis. Soc. Am., 90, S77-594, 2000.
Copyright Seismological Society of America.

The Global Seismic Network (GSN) is nearing completion,

furnishing scientists with a new generation of broad-

band high-performance seismic stations to measure

seismic activity worldwide. The GSN is part of the

Federation of Digital Seismographic Networks
(FSDN). Source: IRIS/FDSN.

Emergency response has improved with the advent of
ShakeMaps. ShakeMaps, first created in the mid-1990s, now
provide ground shaking intensities within a few minutes of an
earthquake to facilitate more rapid emergency response and
more accurate communication with government officials and
the general public. The ShakeMap (right) of the 1994
Northridge earthquake, derived from strong-motion instru-
ments (triangles), shows areas of inftense shaking (warm
colors) in the Los Angeles region. Source: USGS.

FUTURE PLAN: The EarthScope Initiative, a plan to build a network of multipurpose instruments and observatories, will significantly
expand capabilities to observe the structure and active tectonics of North America. The project includes building four new observational facil-
ities including the San Andreas Fault Observatory at Depth (SAFOD, see figure below) , which will directly sample fault zone rock and fluids, measure
fault zone properties, and monitor an active fault at depth. The initiative is led by The National Science Foundation with participation from NASA,

USGS, and DOE.

FUTURE CHALLENGES IN EARTHQUAKE SCIENCE

The National Academies’ report, Living on an Active Earth: Perspectives in Earthquake Science, identifies the

following goals for earthquake science:

Schematic cross-section of the SAFOD drill hole
proposed as part of the EarthScope project.
Red dots are small earthquakes at 3 to 4 kilo-
meters depth. The colored patterns show elec-
trical resistivity at depths determined from sur-
face surveys; the lowest-resistivity rock may
represent a highly fractured fluid-filled fault
zone. Source: EarthScope Working Group.

generation of strong ground motions by fault rupture.

of major earthquakes.

Incorporate time dependence info the framework of seismic hazard analysis.

these motions with enough spatial and temporal detail fo assess seismic risk accurately.

Document the location, slip rates, and earthquake history of dangerous faults throughout the United States.
Specify accurately the probability of earthquake occurrence as a function of location, time, and magnitude.
Understand the kinematics and dynamics of active fault systems on inferseismic time scales.

Characterize the three-dimensional material properties of fault systems and their response to deformation.

Understand the physics of earthquake nucleation, propagation, and arrest in redlistic fault systems and the

Predict the strong ground motions caused by earthquakes and the nonlinear responses of surface layers to

Develop reliable seismic information systems capable of providing time-critical information about earth-

quakes and early warnings of impending strong ground motions and tsunamis outside the epicentral zones

Living on an Active Earth: Perspectives in Earthquake Science assesses our current scientific understanding of earthquakes and identifies research goals for the field. It serves as a
technical reference for scientists, educators, engineers, and policy makers concerned with understanding earthquakes and reducing society’s vulnerability to seismic hazards. For
information on how to order the report (available early 2003), visit the National Academies Press homepage at www.nap.edu or call 800-624-6242. The report was authored
by the Committee on the Science of Earthquakes, Thomas H. Jordan, Chair, under the auspices of the National Academies’ Board on Earth Sciences and Resources. For more

information on the Board on Earth Sciences and Resources, go to www.nationalacademies.org/besr.



