LECTURE 2

EARTHQ UAKES:
GENERAL



EARTHQ UAKES

 An earthqualk is amass muement in the Earth
resulting from slip along a dislocation (fault zone)
releasing strain accumulated by tectonic processes.

a) Undeformed Rocks b) Stressed to Elastic Limit  ¢) Rebound to Relieve Stress

=3 1| Fault

[Lillie, 1999]



 An important aspect of dharthquale Ruptureis that the
walls of the fault remaircohesive continuous mecdait-
side of the dislocation surface. In particulae continu-

ity of the structure is preserved near the ends (tips) of the
fault.
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Contrast this with the case oSlumpor Landslide

Palos Verdes .\'-iiL]L’-/,'I"

limit of large
blocky debris

[Mathematically this is &pressed through dérent boundary
conditionsfor the analytical representations of the source].



SEISMIC WAV ES

Earthquaks (and other sources) can gener&everal
Classesof seismic vaves traveling through or along the

Earth. — <
wrlocs wave

« BODY WAVES

travel through the
interior of the Earth.

They are of two kinds

P waves ae faster less attenuated and feature motion par
allel to the direction of propagation (analagous to that of a
SPRING.

S waves ae slaver, more attenuated and feature motion
perpendicular to the direction of propagation (analagous to
that of aSTRING.

SHEAR (S) WVES DO NQ EXIST IN FLUIDS
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Wawe geeds are on the order of avfé to 10) km/s,
hence trael times through the Earth are in the range of

minutes (EASY measurements)

BODY WAVES OBEY GEOMETRICAL OPTICS, are a
HIGH-FREQUENCY PHENOMENON, best observed in
the range.2 s to 50 s (P waes) and5 s to 50 s (S vaves).



SURFACE WAV ES

Are generated by preferentially shalleeismic sources.

CRAWL ALONGhe Earths aurface.
They are of two kinds

RAYLEIGH WAVES combine the properties ¢t and S waves (vertical and radial --
away/-from-the-source motion), and are substantidilsPERSED(different fre-
guencies propagating at different speeds), especially along oceanic paths.

RECORDED PRINCIPALY ON VERTICAL SEISMOMETERS

LOVE WAVES involve anly shear (transverse) motion and are less dispersed.
RECORDED EXCLUSIVEL ON HORIZONTAL SEISMOMETERS

Surface vaves ae substantially attenuated and are usually best recorded in the

10 to 400 geriod range.



BODY WAVES

a)
P - wave . .
 High density ] Undisturbed medium
t Low c!ensityJ
S - wave b)
¢ Wavelength
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SURFACE WAVES
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[Bolt, 1981]

Derection of wawve propagation



Kurile Island Earthquake Recorded at Chuuk, 04-OCT-1994

(Long-Period 3-component Seismometer)
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Beyond 400 seconds, the Eastgdectrum becomes

discrete

revealing itsNORMAL MODESf oscillation
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[ 2004 SUMATRA EARTHQUAKE recorded at Obninsk, Russia |



EXAMPLES of the EARTH’s
FREE OSCILLATIONS

"BREATHING"
mode
3 A period =
(a) radial
oscillations
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SPECTRUM ofthe EARTH's MUSIC

The graest modes of the Earth are in the range

1000-3230 s (1/4 hto 1 hour)
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Normal modes ae lit in a complex pattem
by Earth’s rotation and ellipticity.
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Quantify ecitation of modes (hence size of
earthquak at \ery long periods) by fitting

splitting pattern to xact geometry of source,
station and focal mechanism.

Theory developed in 1970s. SUMATRA s
first opportunity to actually mak e measure-

ment. [Stein and Gelle 978]



EARTH STRUCTURE

Body-wavetravel times (.e., P, S) can be compiled
empirically from observations
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and later INVERTED

into velocity profilesa(r); AB(r) describing the mechanical
properties of the Earth as a function of depth.
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EARTH STRUCTURE

Lithosphera
{crust and upper-
most solid mantle)

, MANTLE: Solid Rocks
Mantle | (Silicates)

CORE: Iron (Fe)

-- Y [ Core ! .
Outer core: Liquid
Not to scale Inner core: Solid

Cuter core
. \5100km
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6,378 km
To scale

ASTHENOSPHERE(L] 100-220 km) Critical layer of weak mechanical properties
believed to result from partial melting induced by the presence of volatilesef®),
featuring lav rock viscosity and thus alng MECHANICAL DECOUPLINGof
upper structure'PLATE") from deeper mantle.

ALLOWS PLATE TECTONICS



GLOBAL SEISMICITY

The location of earthquakes at the surface of the globe is not random.
Ratheyrthey are arranged alonginear SEISMIC BELTS
mapped by Gutenbgiand Richter in the 1940s.

World Seismicity 1977-1992
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WE NQV UNDERSTAND THATHESE SEISMIC BELTS ARE THE
BOUNDARIES OF THE TECTONIC PLATES



STRESS

THE SEISMIC CYCLE CONCEPT

Along a plate boundaryectonic forces are
continuouslyloading the fault at a constant
stress rate.

When the stress reaches h€RENGTH of
the MATERIALthe rock fails

(the earthqua& accurg, and the cycle is
restarted.

Between Interseismic Interseismic
Earthquakes Sk eice

During Coseismic  Coseismic \\
Earthquake uplift ~ subsidence 4

_____________________ b

TIME

This very simple model suggests a processStegk-and-Slipvhich predicts a

PERIODICITY of the EARTHJAKE CYCLE



DIFFICUL TIES with EARTHQUAKE CYCLE CONCEPT

« The typical EarthquakCycle MAY BE on the order to 1 to I0ENTURIES

and Seismology Is a very young Science (!)

~ Fluctuations about these "periods" are so large (typ. 100 yseats)render
prediction impossibleon a time scale relant to Society.

« There is great gersity in the regime of coupling and stress releaseaabuws plate
boundaries.

Not all of them are efficiently locked.

Some are creeping.



NEVERTHELESS

Scientists hee roposed the identification of so-
called

SEISMIC GAPS
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where one could expect a major earthquak the future,
based on the assessment of the character of coupling and or
the history of large seismiwents in adjoining provinces.

« Some gaps he sibsequently"successfully"yuptured.

« Some hae ot andmay never ruptu...



Tectonic plates nwe, at the surfce of the Earth, at awexage of a fer cm/yr.
This motion can be

Aseismiqwithout earthquakesi.e.,a anooth gliding between decoupled platgsor

:—:_x\(é—

A Stick-and-Sligorocess in which the plates remain coupled for a long time, until stres
builds up to a critical leel, and the plates slip during aarthquake
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The characteristic time of this process depends in principle onvidefeoupling and
can vary widely.

If it is short (100 years), the region experiences frequent, but moderate, eagg(gluak
If it is long, the region will experience very large, but also very rare, earthqiigkes

In the absence of historical or geological records ajelawents, Northern Sumatra
could hae fit either of scenarios (i) or (iii).



LIMIT ATIONS to EARTHQUAKE CYCLE CONCEPT

Chile 40°S Mazca-South America

Seismic slip
(Kanamori, 1977)
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WE HAVE KNOWN THIS SINCE ANDQ975]

Figure 5.4-27: Time sequence of large subduction zone earthquakes along
the Nankai trough.

Large earthquakes in

. . — JAPAN
Nankal province we—
(SW Japan) may § 2 S
rupture through deaths
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Apparently the pattern
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predicted.

Tokai
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DIVERSITY of SIZE and RUPTURE

Evidence from other subduction zones

CASCADIA, NW USA

- Sedimentary wrk on lale beds helps distinguish between
 Events with shaking but no tsunami

Events with and shaking and [small] tsunami

Events with shaking anthrge tsunami €.g, 1700)
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THE CASE of INTRAPLATE EAR THQUAKES

« Most very large earthquak capable of generating tsunamis occur at plate
boundaries.

« Howevae, intraplate actity, or activity related to diffuse plate boundaries can lead t
major earthquakes (with magnitudes greater than 8).

« Examples include the 1998 Balletsland @ent near the Australian-Antarcticagific
triple junction, and historicalvents near the Indian-Australian diffuse boundary i

the Indian Ocean.
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