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EARTHQUAKES




WHAT IS AN EARTHQUAKE

AN EARTHQUAKE is A SUDDEN MOTiON OR TREMBLING OF THE EARTH
CAUSED BY THE ABRUPT RELEASE OF ENERGY THAT iS STORED iN
ROCKS.

MODERN GEOLOGiSTS KNOW THAT MOST EARTHQUAKES 0CCUR ALONG
PLATE BOUNDARJES, WHERE HUGE TECTONiC PLATES SEPARATE,
CONVERGE, OR SLiP PAST ONE ANOTHER,

EARTHQUAKES ALSO 0CCUR WHEN ROCK SLiPS ALONG PREViOUSLY
ESTABLiSHED FAULTS.

TECTONIC PLATE BOUNDARJES ARE HUGE FAULTS THAT HAVE MOVED
MANY TiMES iN THE PAST AND WiLL MOVE AGAiN iN THE FUTURE.




HOW EARTHQUAKE OCCURS

EVERY ROCK HAS A LiMiT BEYOND WHICH iT CANNOT
DEFORM ELASTiCALLY.

Stress is applied

UNDER CERTAiN CONDiTiONS, WHEN iTS ELASTiC LiMiT iS
EXCEEDED, A ROCK CONTINUES TO DEFORM.

THiS BEHAVIOR iS CALLED PLASTiC DEFORMATION.

EARTHQUAKES DO NOT OCCUR WHEN ROCKS DEFORM
PLASTI CAI_LY Rock deforms to its

elastic limit
(amount of elastic
deformation is

UNDER_OTHER CONDITiONS, AN ELASTiCALLY STRESSED xaggerated)
ROCK MAY RUPTURE BY BRITTLE FRACTURE.

THE FRACTURE RELEASES THE ELASTiC ENERGY, AND
THE SURROUNDING ROCK SPRiNGS BACK TO iTS
ORjGiNAL SHAPE.

*\ After elastic limit is
exceedad, rock

THiS RAPID MOTION CREATES ViBRATiONS THAT TRAVEL e then racures
THROUGH THE EARTH AND ARE FELT AS AN
EARTHQUAKE.




THE ELASTIC REBOUND THEORY

~ The Elastic Rebound Theory explains how energy is stored in rocks

» Rocks bend until the strength of the rock is exceeded
» Rupture occurs and the rocks quickly rebound to an undeformed shape
~ Energy is released in waves that radiate outward from the fault

Fault
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Rupture and release of energy Rocks rebound to original undeformed shape




THE FOCUS AND EPICENTER OF AN

EARTHQUAKE

The point within Earth where faulting begins is the
focus, or hypocenter.

The point directly above the focus on the surface is the
epicenter
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WHAT ARE SEISMIC WAVES

WAVES THAT TRAVEL THROUGH ROCK ARE CALLED SEiSMiC WAVES.
EARTHQUAKES AND EXPLOSiONS PRODUCE SEiSMiC WAVES.

SEiSMOLOGY iS THE STUDY OF EARTHQUAKES AND THE NATURE OF THE EARTH’S iNTERjOR BASED
ON EViDENCE FROM SEiSMiC WAVES.

AN EARTHQUAKE PRODUCES SEVERAL DiFFERENT TYPES OF SEiSMiC WAVES.
TWO TYPES OF WAVES ARE PRODUCED DURiNG AN EARTHQUAKE
BODY WAVES
PAKD S

SURFACE WAVES
RAND L




BODY WAVES: P WAVES |

TWO MAiN TYPES OF BODY WAVES TRAVEL (a) Undisturbed material
THROUGH THE EARTH’S iNTERjOR, Fi S o F

P WAVE (ALSO CALLED A COMPRESSiONAL L R S
WAVE) iS AN ELASTiC WAVE THAT CAUSES
ALTERNATE COMPRESSiON AND EXPANSiON o Primary weve, RS-
(RAREFACTiON) OF THE ROCK.

P WAVES TRAVEL THROUGH AiR, LiQUiD, A |

AN]) SOLiD MATERj AL (¢) Secondary wave | — @
Slinky at rest
P WAVES TRAVEL AT SPEEDS BETWEEN 4 LB g

AND 7 KIiLOMETERS PER SECOND iN THE
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BODY WAVES: S WAVES

A SECOND TYPE OF BODY WAVE, CALLED AN $
WAVE, is A SHEAR WAVE.

THEY ARE TRANSVERSE WAVES MEANiNG THAT
WAVE PARTICLES TRAVEL PERPENDiCULAR TO
THE DiRECTiON OF THE PROPAGATION OF THE
WAVE.

S WAVES ARE SLOWER THAN P WAVES AND
TRAVEL AT SPEEDS BETWEEN 3 AND 4
KiLOMETERS PER SECOND iN THE CRUST.

AS A RESULT, S WAVES ARRIVE AFTER P
WAVES.

THE S WAVES ARE ALSO KNOWN AS SECONDARY
WAVES.

UNLIKE P WAVES, S WAVES MOVE ONLY
THROUGH SOLiDS.

(a) Undisturbed material
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SURFACE WAVES

. SURFACE WAVES TRAVEL MORE SLOWLY THAN BODY WAVES. TWO TYPES OF SURFACE
WAVES 0CCUR SiMULTANEOUSLY iN THE EARTH.

» 1. RAYLEIGH WAVE MOVES WiTH AN UP-AND DOWN ROLLiNG MOTiON LiKE AN 0CEAN
WAVE.

. 2. LOVE WAVES PRODUCE A SiDE-TO-SiDE ViBRATiON.
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MEASUREMENT OF SEISMIC WAVES

A SEiSMOGRAPH iS THE DEVICE THAT SCiENTISTS USE TO MEASURE EARTHQUAKES.
THE GOAL OF A SEiSMOGRAPH iS TO ACCURATELY RECORD THE MOTiON OF THE GROUND DURjNG A QUAKE.

A SEiSMOGRAPH HAS A PEN THAT iS HANGING iN THE AiR, THE PEN TOUCHES A ROLL OF PAPER CALLED A

DRUM. WHEN AN EARTHQUAKE HAPPENS, THE ROLL OF PAPER SHAKES. THE PEN DOES NOT. A WEIGHT
HOLDS THE PEN STiLL.

THE MARKS ON THE PAPER SHOW THE SiZE OF THE EARTHQUAKE. A SMALL MOTOR ROLLS THE DRUM OF
PAPER, THiS LETS THE SEiSMOGRAPH RECORD WHAT HAPPENS AS TiME PASSES.

A SEiSMOGRAM iS A GRAPH OUTPUT BY A SEiSMOGRAPH. IT is A RECORD OF THE GROUND MOTiON AT A
MEASUR{NG STATiON AS A FUNCTiON OF TiME
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drum —Spring of pen
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At rest Ground moves up Ground moves down




MEASUREMENT OF EARTHQUAKE STRENGTH

EARTHQUAKE iNTENSITY iS A MEASURE OF THE EFFECTS OF AN EARTHQUAKE iN A PARTiCULAR PLACE.

MODIFiED MERCALLi SCALE iS USE FOR MEASURjNG THE iNTENSITY OF EARTHQUAKES, ADAPTED FROM THE
ORjGiNAL MERCALLi SCALE.

THE MERCALLi SCALE WAS DEVISED iN 1902 BY ITALIAN SEiSMOLOGiST GiUSEPPE MERCALLI.

AMERJCAN SEiSMOLOGISTS HARRY 0. W00D AND FRANK NEUMANN CREATED THE MODIFiED MERCALLi SCALE iN
1931 TO MEASURE THE iNTENSITY OF EARTHQUAKES THAT 0CCUR iN CALiFORNiA.

THE MODiFiED MERCALLi SCALE HAS 12 LEVELS OF iNTENSITY.

EACH LEVEL iS DEFiNED BY A GROUP OF OBSERVABLE EARTHQUAKE EFFECTS, SUCH AS SHAKiNG OF THE GROUND
AND DAMAGE TO STRUCTURES SUCH AS BUILDiNGS, ROADS, AND BRiDGES.

THE LEVELS ARE DESIGNATED BY THE ROMAN NUMERALS I TO XII.

LEVELS | THROUGH VI ARE USED TO DESCR{BE WHAT PEOPLE SEE AND FEEL DURjNG A SMALL TO MODERATE
EARTHQUAKE.

LEVELS VII THROUGH XII ARE USED TO DESCR{BE DAMAGE TO STRUCTURES DURjNG A MODERATE TO CATASTROPHiC
EARTHQUAKE.




MEASUREMENT OF EARTHQUAKE STRENGTH

Only felt by sensitive instruments

Felt by few persons at rest, especially on upper floors,
delicate suspended objects may swing

Felt indoors, but may not be recognized as earthquake,
vibrations like lorge passing truck

Felt indoors by many, some outdoors, moy awaken some
sleeping persons; dishes, windows, doors may move, cors
rock.

Felt by most: some windows, dishes break; tall objects may
fall,

Felt by by all, falling plaster and chimneys, light damage but
dome Tear.

Very noticeable, damage to weaker buildings on fill: driving
automobiles notice.

Walls, monuments, chimneys, bookcases fall; liguifaction;
driving s difficult

Buildings shif ted of f foundations, cracked and twisted;
ground i2 cracked and underground pipes are broken,

Most structures severely damoged to destroyed; ground is
cracked, rails are bent, landslides on steep slopes

Few structures standing; bridges and roads severely
domaged or destroyed, large fissures in ground

Total domage; can see the earthquake wave move
through the ground; gravity overcome and objects
thrown into the air




MEASUREMENT OF EARTHQUAKE STRENGTH

EARTHQUAKE MAGNiTUDE iS A MEASURE OF THE STRENGTH OF AN EARTHQUAKE, OR THE AMOUNT OF STRAiN THAT
ROCKS iN EARTH’S CRUST RELEASE WHEN AN EARTHQUAKE OCCURS.

THE RjCHTER SCALE AND THE MOMENT MAGNiTUDE SCALE ARE USED TO MEASURE THE MAGNITUDE OF
EARTHQUAKES.

RiCHTER SCALE, METHOD OF RANKiNG THE STRENGTH OR SiZE OF AN EARTHQUAKE.

THE RiCHTER SCALE, ALSO KNOWN AS THE LOCAL MAGNiTUDE SCALE, WAS DEVIiSED iN 1935 BY THE AMERjCAN
SEiSMOLOGIST CHARLES F. RjCHTER TO RANK EARTHQUAKES OCCURR}NG: iN CALIFORNIA.

RiCHTER AND His ASSOCIATES LATER MODIiFiED iT TO APPLY TO EARTHQUAKES ANYWHERE iN THE WORLD.

THE RiCHTER SCALE RANKS EARTHQUAKES BASED ON HOW MUCH THE GROUND SHAKES 100 KM (60 Mi) FROM THE
EARTHQUAKE’S EPiCENTER, THE SiTE ON THE EARTH’S SURFACE DiRECTLY ABOVE THE EARTHQUAKE’S OR;GiN.

THE RjCHTER SCALE iS A LOGARJTHMiC SCALE—EACH iNCREASE OF 1 ON THE RjCHTER SCALE REPRESENTS A
TENFOLD iNCREASE iN MOVEMENT.

THUS, AN EARTHQUAKE REGiSTERiNG 7 ON THE SCALE iS 10 TiMES AS STRONG AS AN EARTHQUAKE REGiSTER]NG 6, AND
THE EARTH MOVES 10 TiMES AS FAR,




MEASUREMENT OF EARTHQUAKE STRENGTH

Maal;itude Earthquakes
w)
12 Larg orded earthquakes—
est rec u .
destruction over vast area S, Chile (1960)
massive loss of life Alaska (1964)
? Chile (2010)
Great earthquakes—
severs economic impact
5 large loss of life New Madrid, MO (1812)
Strong earthquakes— San Francisco, CA (1906)
damage ($ blllg"ﬁ}
loss of life
i Haiti (2010} / Loma Prieta, CA (1989

Northridge, CA (1994) :

Energy Release
(equivalent kilograms of explosive)

56,000,000,000,000

Energy Equivalents

<1 1,800,000,000,000
Krakatoa eruption
i World's |EI'QGSt nuclear test [USSR’] 56,000,000,000
Mount St. Helens eruption
18 1,800,000,000




DAMAGE FROM EARTHQUAKES

LARGE EARTHQUAKES CAN DiSPLACE ROCK AND ALTER THE EARTH’S
SURFACE. MOST EARTHQUAKE FATALITiES AND iNJURJES OCCUR
WHEN FALLiNG STRUCTURES CRUSH PEOPLE. STRUCTURAL DAMAGE,
iNJURY, AND DEATH DEPEND ON THE MAGNiTUDE OF THE QUAKE, iTS
PROXIMIiTY TO POPULATION CENTERS, ROCK AND SOiL TYPES,
TOPOGRAPHY, AND THE QUALITY OF CONSTRUCTiON iN THE REGiON.

CONSTRUCTION DESIGN AND EARTHQUAKE DAMAGE

A MAGNITUDE 6.4 EARTHQUAKE STRUCK CENTRAL INDiA iN 1993,
KiLLiNG 30,000 PEOPLE. IN CONTRAST, THE 1994 MAGNITUDE 6.6
QUAKE iN NORTHRIDGE (NEAR LOS ANGELES) KiLLED ONLY 55. THE
TREMENDOUS MORTALITY iN INDiA OCCURRED BECAUSE BUILDiNGS
WERE NOT ENGiNEERED TO WiTHSTAND EARTHQUAKES.

SOME COMMON FRAMING MATERJALS USED iN BUILDINGS, SUCH AS
W00D AND STEEL, BEND AND SWAY DURjNG AN EARTHQUAKE BUT
RESIiST FAILURE. HOWEVER, BRiCK, STONE, CONCRETE, ADOBE (DRJED
MUD), AND OTHER MASONRY PRODUCTS ARE BRJTTLE AND LiKELY TO
FAiL DURjNG AN EARTHQUAKE.




DAMAGE FROM EARTHQUAKES

FIRE

EARTHQUAKES ~ COMMONLY  RUPTURE
BURIED GAS PiPES AND ELECTRICAL WIRES,
LEADING TO FiRE, EXPLOSIONS, AND
ELECTROCUTiONS. WATER PiPES MAY ALSO
BREAK, SO FiRE FiGHTERS CANNOT FiGHT
THE BLAZES EFFECTIVELY.

LANDSLIDES

LANDSLIDES ARE COMMON WHEN THE
EARTH TREMBLES. THEY OCCUR MOSTLY i
WHEN EARTHQUAKE OCCURS iN A HiLLY
REGION.




DAMAGE FROM EARTHQUAKES

TSUNAMIS

~  WHEN AN EARTHQUAKE 0CCURS BENEATH THE SEA, PART OF THE SEA
FLOOR RiSES OR FALLS AND WATER iS DiSPLACED iN RESPONSE TO
THE ROCK MOVEMENT, FORMiNG A WAVE.

~  SEA WAVES PRODUCED BY AN EARTHQUAKE ARE OFTEN CALLED TiDAL
WAVES, BUT THEY HAVE NOTHiNG TO DO WiTH TiDES.

. THEREFORE, GEOLOGISTS CALL THEM BY THEIR JAPANESE NAME,
TSUNAMi.

~ IN THE OPEN SEA, A TSUNAMi iS SO FLAT THAT iT iS BARELY
DETECTABLE. TYPiCALLY, THE CREST MAY BE ONLY 1 TO 3 METERS
HiGH, AND SUCCESSiVE CRESTS MAY BE MORE THAN 100 To0 150
KiLOMETERS APART.

- HOWEVER, A TSUNAMi MAY TRAVEL AT 750 KiLOMETERS PER HOUR,

. WHEN THE WAVE APPROACHES THE SHALLOW WATER NEAR SHORE,
THE BASE OF THE WAVE DRAGS AGAINST THE BOTTOM AND THE
WATER STACKS UP, iNCREASING THE HEiGHT OF THE WAVE. THE
RiSiNG WALL OF WATER THEN FLOWS iNLAND.




FORMATION OF A TSUNAMIS

FATAL COLLISION

[ Sudden shifting of continental plates
causes earthquakes, forcing sea water
above to rise, forming waves

As they collide, Ehe Austrafian
plate is pushed up and over the
Pacific plate, This causes
buckling of the Earth's crust,
building mountains and
triggering earthquakes

The Austrzlian PHG plate is
moving north. The Pacific
plate is moving north-west,
They are colliding at a
speed of Tom a year

Eurasian

Paclfic Plate

PLATE

Australian BOUNDARIES

Plate

— The border of the
Pacific plates is
often called the

4 “Rim of Fire” after

the volcanoes that

form along the
boundary

As waves near |and, they
=l slow to about 45kmh but

are squeezed upwards,
Increasing in helght

Waves move rapidiy in deep ocean,
reaching speeds of 800kmb

Waves head infand,
destroying all in path




DEPTH OF EARTHQUAKES

. EARTHQUAKES CAN 0CCUR ANYWHERE BETWEEN THE
EARTH S SURFACE AND ABOUT 700 KiLOMETERS
BELOW THE SURFACE. FOR SCiENTiFiC PURPOSES,

THiS EARTHQUAKE DEPTH RANGE OF O - 700 KM is
DiVIDED  iNTO THREE  ZONES:  SHALLOW,
iNTERMEDIATE, AND DEEP.

,  SHALLOW EARTHQUAKES ARE BETWEEN O AND 70
KM DEEP;

> INTERMEDIATE EARTHQUAKES: 70 - 300 KM DEEP;
AND

»  DEEP EARTHQUAKES:300 - 700 KM DEEP.

. IN GENERAL, THE TERM  "DEEP-FOCUS
EARTHQUAKES" iS APPLIED TO EARTHQUAKES
DEEPER THAN 70 KM.

Key:(Earihquakes)

ALL EARTHQUAKES DEEPER THAN 70 KM ARE
LOCALIZED WiTHiN GREAT SLABS OF SHALLOW
LiTHOSPHERE THAT ARE SiNKiNG iNTO THE EARTH S
MANTLE.

\%




EARTHQUAKE AND TECTONIC PLATE
BOUNDARIES

ALTHOUGH MANY FAULTS ARE LOCATED WiTHiN TECTONiC PLATES, THE LARGEST
AND MOST ACTIiVE FAULTS ARE THE BOUNDARJES BETWEEN TECTONiC PLATES.

THEREFORE, EARTHQUAKES OCCUR MOST FREQUENTLY ALONG PLATE
BOUNDARJES.

EARTHQUAKE 0CCURS AT ALL THE THREE TYPE OF PLATE BOUNDARJES THAT
iS THE DiVERGENT PLATE BOUNDARJES, CONVERGENT PLATE BOUNDARJES AND
TRANSFORM PLATE BOUNDARES.

HOWEVER ONLY SHALLOW EARTHQUAKES OCCUR ALONG THE MiD-0CEANiIC
RIDGE (DIVERGENT PLATE BOUNDARY)BECAUSE HERE THE ASTHENOSPHERE RiSES
TO WiTHiN 20 T0 30 KiLOMETERS OF THE EARTH’S SURFACE AND iS T00 HOT AND
PLASTiC TO FRACTURE.




EARTHQUAKE AND TECTONIC PLATE
BOUNDARIES

Crustal Plate Boundaries
Coastlines, Political Boundaries Image courtesy of NOAA




WHERE DO EARTHQUAKES OCCUR AND HOW

OFTEN

North Amerigan
plate

N San Andreas
Philippine e

plate fault .
L 3

Pacific
plate

Indo-Australian
plate

Mid-Atlantic
Ridge

Antarctic plate (
/

e

Convergent
boundary

Divergent
boundary

Transform ©2001 Brooks/Cole - Thomson Learning
boundary

80% of all earthquakes occur in the circum-Pacific belt. Most of these result from convergent margin activity~15%
occur in the Mediterranean-Asiatic belt.

Remaining 5% occur in the interiors of plates and on spreading ridge centers. More than 150,000 quakes strong
enough to be felt are recorded each year




EARTHQUAKE PREDICTION

LONG TERM PREDICTiON: EARTHQUAKES OCCUR OVER AND OVER iN THE SAME
PLACES BECAUSE iT iS EASiER FOR ROCKS TO MOVE ALONG AN OLD FRACTURE
THAN FOR A NEW FAULT TO FORM iN SOLiD ROCK.

MANY OF THESE FAULTS LiE ALONG TECTONiC PLATE BOUNDARIES.

THEREFORE, LONG-TERM FEARTHQUAKE PREDICTiON RECOGNiZES THAT
EARTHQUAKES HAVE RECURRED MANY TiMES iN A SPECIFiC PLACE AND WiLL
PROBABLY 0CCUR THERE AGAiN.

SHORT-TERM PREDICTiON is BASED ON OCCURRENCES OF FORESHOCKS, RELEASE
OF RADON GAS, CHANGES iN THE LAND SURFACE, THE WATER TABLE, ELECTR{CAL
CONDUCTIVITY, AND ERRATIC ANiMAL BEHAViOR,




LOCATING THE SOURCE OF AN EARTHQUAKE

P WAVES TRAVEL FASTER THEN THE S WAVES AND THE SURFACE WAVES ARE THE

SLOWEST.

[F A SEISMOGRAPH iS LOCATED CLOSE TO AN EARTHQUAKE EPiCENTER, THE DiFFERENT WAVES

WiLL ARRJVE iN RAPiD SUCCESSION.

ON THE OTHER HAND, iF A SEiSMOGRAPH iS LOCATED FAR FROM THE EPiCENTER, THE S WAVES
ARRJVE AT CORRESPONDINGLY LATER TiMES AFTER THE P WAVES ARRIVE, AND THE SURFACE

WAVES A=~ — T

) Surface waves
Epicenter

P, S waves
e @ J

(a) Recording station A near focus

Epl —_—_ Surface waves

Time of
earthquake

Surface

i

Seismogram from station A

Time

Surface

(b) Recording station B far from focus

Seismogram from station B




LOCATING THE SOURCE OF AN EARTHQUAKE

Distance in miles

GEOLOGISTS USE A TiME-TRAVEL CURVE TO 500 1000 1500 2000 2500 3000
CALCULATE THE DiSTANCE BETWEEN AN
EARTHQUAKE EPICENTER,  AND A |
SEISMOGRAPH. |

U A A —
[ I ¥ B A

T0 MAKE A TiME-TRAVEL CURVE, A NUMBER,
OF SEiSMiC STATiONS AT DiFFERENT
LOCATiONS RECORD THE TiMES OF ARRjVAL
OF SEiSMiC WAVES FROM AN EARTHQUAKE
WiTH A KNOWN EPiCENTER AND 0CCURRENCE
TiME. THEN A GRAPH iS DRAWN.

-k
-k

5 min.
time
interval

Time in minutes
-t
=

THE FiGURE ON THE RjGHT SHOWS US THAT
iF THE FiRST P WAVE ARRIVES 5 MiNUTES
BEFORE THE FiRST S WAVE, THE
RECORDING ~ STATiON iS ABOUT 3400
KiLOMETERS FROM THE EPiCENTER,

¥
1000 2000 3000 4000
Distance in kilometers
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LOCATING THE SOURCE OF AN EARTHQUAKE

BUT THiS DiSTANCE DOES NOT iNDiCATE WHETHER,
THE EARTHQUAKE ORjGiNATED TO THE NORTH,
SOUTH, EAST, OR WEST.

TO PiNPOINT THE LOCATiON OF AN EARTHQUAKE,
GEOLOGISTS COMPARE DATA FROM THREE OR
MORE RECORDiNG STATiONS.

[E A SEiSMiC STATiON iN DARWiN RECORDS AN
EARTHQUAKE WiTH AN EPICENTER 4900
KiLOMETERS AWAY, GEOLOGISTS KNOW THAT THE
EPiCENTER_LiES SOMEWHERE ON A CiRCLE 4900
KIiLOMETERS FROM DARWiN.

THE SAME EPiCENTER iS REPORTED TO BE 8200
KiLOMETERS FROM A SEiSMiC STATION iN PAR;S
AND 3400 KiLOMETERS FROM ONE iN NAGPUR,
[NDIA.

[F ONE CiRCLE iS DRAWN FOR EACH RECORDiNG
STATiON, THE ARCS iNTERSECT AT THE EPiCENTER
OF THE QUAKE.




