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Figure 1.3 A cross section of the Earth based on the most recent seismological
evidence. The outer shell consists of a rocky mantfe that has structural discontinuities in
its upper part and at its lower boundary that are capable of reflecting or modifying
earthquake waves. Below the mantle an outer fluid core surrounds a solid kernel at the
Earth’s center; between the two is a transition shell. The paths taken by three major
kinds of earthquake waves are shown. The waves reflected from the outer liquid core are
designated PcP; the waves reflected from the inner solid core are' PKiKP; and the waves

‘that creep around the liquid core are diffracted P. [From Bruce A. Bolt, “The Fine

Structure of the Earth’s Interior.” Copyright © 1973 by Scientific American, Inc. All
rights reserved.] o 7 S
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Figure 5.3 Multiple surface reflections (a) and seismogram (b) recorded at a
seismographic station at Oahu, Hawaii. These waves followed a deep-focus earthquake
near the South Pacific island of Tonga in October 1974. [From Thomas H. Jordan,
“The Deep Structure of the Continents.” Copyright © 1978 by Scientific American,
nc. All rights reserved.]



Box 1.4 The Seismological Discovery
of the Earth’s Inner Core

Pl
By I. Lehmann

An explanation of the P} wave is required, since now it can hardly be considered
probable that it is due to diffraction. A hypothesis will here be suggested which seems to
hold some probability, although it cannot be proved from the data at hand.

We take it that, as before, the earth consists of a core and a mantle, but that inside the
core there is an inner core in which the velocity is larger than in the outer one. The radius

8
of the inner core is taken to be r; = 1070 sine 16° = 0.2205 r,, so that the ray whose

angle of incidence at the surface of the earth is 16° just touches the inner core.

_E{, |

E |

Sverdlovsk. 1359.0
Z
E

Irkutsk. 1100.8
June 16, 1929, P,’ records

Paths through the Earth with
inner and outer cores.
[From Lehmann, 1936.]

From I. Lehmann, “P’,” Bureau Central Seismologique International, Series A, Travaux
Scientifique, 14, 88, 1936.
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FiGURE 7.53 (Top) Theoretical travel-time curves for PKP (ABC), PKiKP (CD), and PKIKP

(DF) branches for PREM. (Bottom) Reduced travel times of about 60,000 p waves in the
core showing the various branches of the core phases. (Top from Shearer and Toy, 1991; J.
Geophys. Res. g6, 2233-2247, 1991; © copyright by the American Geophysical Union.

Bottom from Johnson and Lee, 1985.)
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Figure 4.5 Multiple reflections from P waves trapped inside the Earth’s liquid outer
core. This computer plot depicts the paths of waves, generated by a seismic event at A,
that have bounced inside the core sevell times before reaching the surface, for example,
at Station B. The computer program that prodxiced the ray paths was devised by C.

\apman.
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Figure 4.8 Rays corresponding to seismic waves traveling through
the Earth’s interior from a source at the point marked 0 and
reflecting at the outside and inside of the inner core. These reflected
waves are called PKiKP and PKIIKP, respectively.
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Figure 4.9 Seismograms of PKiKP and PKIIKP from the LASA seismic
array in Montana. The time ticks are 1 second. apart. The top three traces for
both PKiKP and PKIIKP show the “beam” of LASA recorded signals that
have been filtered at velocities and frequencies most appropriate for detecting
a core wave. The remaining traces below are the seismic waves recorded by
various smaller sets of seismometers. The arrows show the arrival times of the
onsets of the PKiKP and PKIIKP waves in hours, minutes, and seconds.
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Figure 3. Lower panel: long-period S residuals plotted at the turning point of S for rays which
be in the lowermost 300 km of the mantle. The raw data have been lightly smoothed by
app.,.0g a running-mean smoothing filter which is a spherical cap of radius 5°. Note the ring of
negative residuals (fast velocity) around the Pacific. The upper panel shows a map of the data
constructed using spherical splines. The contour levels are in seconds.
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Box 6.1 Vibrations of Strings and Spheres

ring. The string moves from

The figure below shows the modes of vibration of a st
and back again. The

the position shown in black to the position shown in gray,
nodes are the points that do not move.

Fundamental First overtone Second overtone  Third overtone

rations of a sphere. Points at

This figure shows the surface view of spheroidal vib
s in the surface of the sphere.

which the black and gray lines intersect are nodal line

Sl0N0,

Fundamental mode Second overtone Third overtone

terior view of the radial modes of vibration of a sphere.

This figure depicts the in
The wavy line indicates the variation in displacement with depth in a homogeneous
sphere. In the Earth, the displacements are complicated by the liquid core.

Surface

Center
First overtone Second overtone Third overtone

Fundamental




C o7,

Fig. 1. Illustrations of the displacement fields of various
modes of oscillation. a) 052, the “football” mode of the
Earth, b) 4.5, the “breathing” mode of the Earth, and ¢)
the toroidal mode 0l5.

n da s

J



h Vibrations

()S'Z IS3

Figure 6.3 Representation of the modes (T, T, 052>
and ,S;.
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Fig. 3. Fourier amplitude spectrum of 60 hours of the
recording shown in Figure 2. The record was Hanning-
tapered to reduce spectral leakage effects. The spectrum
(which is proportional to ground acceleration) is domi-
nated by large peaks which are roughly uniformly spaced
with a separation of about 0.1 mHz. These peaks corre-
spond to fundamental spheroidal modes which compose
the large amplitude Rayleigh wave packets seen in Figure
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Fig. 7.1. Areas of contrasting seismic behaviour along the San Andreas fault zone.

in California. (After Allen, 1968.)
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ire 19-9
The earthquake of 1906 was caused by slip along the San Andreas fault. The
offset fence shown here shows a slip of nearly 3 m. Scene is near Bolinas,
California. [Photo by G. K. Gilbert; courtesy of R. E. Wallace, U. S. Geological
Sutvey.]



Figure 6.4 Right-lateral horizontal movement of the San Andreas fault in the 1906
earthquake across the old Sir Francis Drake Highway north of San Francisco, at the
southern end of Tomales Bay, California. The offset was 6.5 meters (20 feet). [Photo by
G. K. Gilbert; courtesy of USGS.]



Figure 19-27
Housing tracts constructed within the San Andreas fault zone, San Francisco
peninsula, The solid line indicates the approximate fault trace, along which

ground ruptured and slipped about 2 m during the earthquake of 1906. [Photo
by R. E. Wallace, U. S. Geological Survey.]
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White line on road

Displaced white line

(b)
Figure 6.3 A bird’s-eye view of marker lines drawn along a road AB, which crosses a
fault trace at the ground surface. (a) In response to the action of tectonic forces, points A
and B move in opposite directions, bending the lines across the fault. (b) Rupture occurs

D, and strained rocks on each side of the fault spring back to D, and D,. [From Bruce
A. Bolt, Nuclear Explosions and Earthquakes: The Parted Veil (San Francisco: W. H.

Freeman and Company, Copyright © 1976).]
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Fairview Mountain, Nevada. [Courtesy of Karl

Figure 6.5 A fault scarp in Ixl Canyon,
V. Steinbrugge.]
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Iig. 1. — The magnitude-frequency relation for the earthquakes in the world during
the period from 1904 to 1980. The surface wave magnitude Mg listed in [1] is used for
all the events except those with My > 8.5 for which MM, is used. The ordinate on the
left is for the interval frequency (log n = (10.4240.57) — (1.13-£0.7) M) (m, in table II,
the number of events per 0.2 magnitude unit for the period 1904 to 1980), and that on
the right is for the cumulative frequency (log XN = (11.41:{;0.19)—(1.21:[:0.02)11/[)
(7 in table IT). The straight lines are the least-squares fit for the entire range.
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FIGURE 1.10 (Top) The annual number of large (Mg > 7.0) shallow earthquakes around the
world. There are about 17 events of this size annually. (Bottom) The history of earthquake-
induced fatalities in this century, with the locations of major events being indicated. Note
the poor correlation with the top trace. Even small earthquakes can cause extensive loss of
life in regions with poor building construction, or if secondary hazards such as fires or

landslides enhance the damage. (Modified from Kanamori, 1977, 1978.)
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"'SURE 1.15 Top: The source mechanism for all earthquakes with M\, > 8.5 in 1988. The

e and stereographic projection of the P-wave radiation pattern for each event are shown,
with the size of the projections scaling with relative moment of the source. The dark areas
represent compression (away from the source) motions; the white areas indicate dilata-
tional (toward the source) motions. These source mechanisms are fully described in Chapter
8, but here they can be taken to indicate the direction of faulting associated with each
source. Bottom: The annual cumulative seismic moment release from all significant seismic
events, which is about 800 events per year. The darker portion of each bar indicates the
contribution from just the M,y > 6.5 events, demonstrating that the small numnge

events (about 20/yr) dominates. (From Dziewonski et al., 1990, 1891.)




"(¢*8g ¢°8) °IM™D &c61 ‘(g'g <1°8) "SI OIMIHA £96T “(¢°8 “%°8) ©98 epued 8661

‘(g'g 9°g) Tressy 0¢6T “(L'8 cgz'g) 'SI Uenmely ¢961 (88 :9°8) erquxoo) 9061 ‘(06 &'8) TIIEUD
-wmey gS6T (1°6 $1°Q) "SI uwenmnelv LS6I ‘("6 ‘¥°8) ®ASTIV F961 ‘(¢6 ="M ¢grg =Spr) oImud 0961
-moToq POISIL ¢ 8L “JI UIM SIUOAS qsoSrel wey oy} I03 “pr Lq pPooeldal Spyr mum (o) se owes (P)
‘0861 03 F06T poriad oy} IOF Spr ueAld oyj weyl IoSIe[ SJUOA® JO JoquUUINU [B30% og St ‘AT (9)
-moreq PIIS ¢°8< A UM SHULAQ 9so3xe] we} 93} 103 Apr Aq pooelded Spr s (v) se OWES (@)
*086T 03 FO61 poured oU} I0F §°0 IO oSuel opnjrudeud oUj UM §gueAe JOo JoquInu 973 s1 " (V)

I 76

1 9°6 76
G G'6 1 ¥'6 G'6
i4 0'6 . 4 ¢'6 06
¢ 8'8 1 0°6 88"
8 g 9°8 g g 88 9°8
81 1T '8 0t 8 9’8 7’8
1€ 8C '8 el L1 7’8 '8
eg es 0’8 44 e '8 0’8
g0t ¢01 8L a4 4 0’8 8L
G0% ¢0¢@ 9°L L6 L6 8L 9'L
90¢ 90¢ ¥'L 01 F01 9L 7L
89¥% 89¥ ¢ L 4] G991 VL ¢ L
0GL 03L 0°L Gee rard e L 0'L
(2) °N (o) 'N < S| (o) *w (o) "t > >
Q.P....P@.—..G.EH—O .H.NV.HOPHHH

(1] wosf v0p) 086I1-F06I ‘WOUD]d4 apnyyubous-fowonbosy — 11 TTEVL

109 X LIDIWSIES TVEOTD

[N —



TasLE 111, — World’s worst earthquakes [12]

(1900-1979).

Date Region Lati- Longi- M Lives
tude tude lost
27.07.1976 Tangshan 39.5 117.9 7.9 240000
16.12.1920 Kansu 36.5 105.7 8.6 200000
1.09.1923 Kanto 35.3 139.56 8.2 09 331
31.05.1970 Peru — 9.1 —"178.8 7.6 66794
28.12.1908 Messina 38.3 15.6 7.2 58 000
22.06.1927 Tsinghai 37.6 102.6 7.9 40912
26.12.1939 Turkey 39.7 39.5 7.8 32700
13.01.1915 Ttaly 421 13.4 6.9 32610
25.01.1939 Chile —36.2 —72.2 7.8 28000
30.05.1935 Pakistan 29.5 66.7 7.6 25000
4.02.1976 Gruatemala 16.3 —89.1 7.5 23 000
10.05.1974 Szechwan 28.2 104.0 6.8 20000
5.10.1948 Iran 38.0 58.3 7.3 19 800
74.04.1905 . Kashmir 33.0 76.0 8.1 19000
16.09.1978 Iran 33.2 57.4 7.2 15000
21.01.1917 Bali Is. — 8.0 115.4 (15 000)
1.09.1962 Iran 35.6 49.9 6.9 122256
31.08.1968 Iran 34.0 59.0 Tl 12100
21.10.1907 Afghanistan 38.0 69.0 7.4 12 000
29.02.1960 Moroceo 30.4 — 9.6 5.9 12000
15.01.1934 Nepal/India 26.5 86.5 8.3 10700
26.08.1933 Szechwan 32.0 103.7 7.5 10000
13.02.1918 Yunnan 23.5 117.0 7.4 10000

The values of Mg

are from [1] whenever available.
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Death toll from
earthquakes

A headline in the news section of the

March issue of Geotimes, “High death toll
from 1997 earthquakes,” implies that the
global death toll from earthquakes in 1997
(3,000) was unusually high. In fact, the 1997
death toll was one-fifth the annual rate

at rates that are lower than the rate of
global population increase, which may
reflect improved building methods in
some seismogenic zZones.

The global death toll from earthquakes
averaged over the past century is domi-
nated by infrequent earthquakes (e.g.,
Tangshan, 1976), associated with more

—averaged over the past century. The annual '

fatality rate fluctuates erratically when all
fatal earthquakes are considered because
damaging earthquakes occur in areas with
different densities of population.

By excluding rare devastating events
from the catalog, a smooth increase in the
number of global fatalities from earth-
quakes is evident (see figure). For exam-
ple, if events with fewer than 5,000 deaths
per earthquake are considered, the fatality
rate averages 2,000 — plus or minus 300
per year. But, for the same period, the
fatality rate for earthquakes in which
fewer than 30,000 deaths per earthquake
oceur is 5,900 — plus or minus 500 per
year. These numbers are growing slowly

than 00,000 )fatalities. These catastrophic
events result in an average mortality-rate
of more than 16,000 per year. If rare high-
mortality events are ignored, the fatality
rate is seen to be linked loosely to global
population increase. Regrettably, the rate
is likely to rise because damaging earth-
quakes recur near supercity and megacity
agglomerations (more than 2 million and
8 million people respectively). These pop-
ulation centers currently host more than
20 percent of the total world population.
Approximately one-third of these
future urban populations are located
near plate boundaries with known histo-
ries of earthquakes of magnitude 7 or
greater. Catastrophic events are thus not
only more likely, but potential-

ly more devastating than any

6k/yr

L ki before.

— Roger Bilham, professor of
geology, CIRES and the
Department of Geological
Sciences, University of
Colorado, Boulder, Colo.
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Figure excerpted from “Global Fatalities in the past
2000 years: prognosis for the next 30,” by R. Bilham.

In Reduction and Predictability of Natural Disasters,
edited by J. Rundle, F. Klein, and D. Turcotte. Santa Fe
Institute Studies in the Sciences of Complexity, Vol. XXV.
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Figure 5.1 Normal fault that has displaced the almost horizontal beds in young sedi-
mentary rocks on the north side of the Corinth Canal, Greece. Height of the exposure is
about 70 meters, and the total offset along the fault amounts to more than 10 meters.
[Courtesy of L. Weiss.] Major earthquakes, often with tsunamis, occurred in the Corinth

.on in 227 B.C., 551 A.D. and 1858, 1928, and on February 24, 1981. In the most

recent earthquake, surface fault rupture was observed for a length of about 5 kilometers

with vertical slip of up to 0.7 meters.




Fresh scarp on Johnson Valley fault below a damaged house after the June 28, 1992
earthquake in Mojave Desert, California. [Courtesy of E. Keller.]




