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16  Earthquakes 



Earthquakes 

 What are earthquakes? 
 Energy release in waves; causes; elastic rebound theory 

 Location and detection 
 Focus, epicenter, link to fault scarps 

 Seismometers, seismic waves, and size (magnitude) 

 Location of epicenters using seismic travel times 

 Global patterns of earthquake activity 
 Tectonic settings 

 Earthquake consequences and prediction 
 Destructiveness, ground motion, and other effects 

(landslides, tsunamis, fires, building collapse, liquefaction) 

 



Effects of Earthquakes 

 Earthquakes produce several types of effects, 

all of which can cause loss of property and 

human life 

 Ground motion is the familiar trembling 

and shaking of the land during an 

earthquake - Can topple buildings and 

bridges 

 Fire is a problem just after earthquakes  

because of broken gas and water mains 

and fallen electrical wires 

 Landslides can be triggered by ground 

shaking, particularly in larger quakes 

 Liquefaction occurs when water-saturated 

soil or sediment sloshes like a liquid during 

a quake 

 Permanent displacement of the land 

surface  can also occur, leaving fractures 

and scarps  



12.16.a 

Great Alaskan Earthquake of 1964 

Landslides 

Sliding along clay 

Shaking and sinking 



Figures 4.27  property damage from the 1964 earthquake in 

Anchorage, Alaska 



Epicenter 

Hypocenter 
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Reverse and  

thrust faults 

Normal faults Strike-slip faults 

What causes most earthquakes? 

Seismic waves 

radiate outward 

from hypocenter 

(focus) 

Seismic  

stations:  

wave  

arrives  

at closer  

seismic  

stations first 

Describing Earthquakes 



Basic Theory 

 Earthquakes represent a release of built-up 

stress in the lithosphere 

 Earthquakes occur along faults 

 Faults are planar breaks in rock.  There is 

displacement of one side relative to the other 

along faults 

 Creep (aseismic slip), movement along faults 

occurs gradually and relatively slowly and 

smoothly. Fault displacement without significant 

earthquake activity 



Earthquakes 

 An earthquake is a trembling or shaking of 

the ground caused by the sudden release 

of energy stored in the rocks beneath 

Earth‟s surface 

 Tectonic forces within the Earth produce stresses 

on rocks that eventually exceed their elastic 

limits, resulting in brittle failure 

 Energy is released during earthquakes in 

the form of seismic waves  
 Released from a position along a break between 

two rock masses (fault) 

 Elastic rebound theory - earthquakes are 

a sudden release of strain progressively 

stored in rocks that bend until they finally 

break and move along a fault 



elastic rebound 



12.02.a 

Stress  

increase and elastic strain 

Slip and  

earthquake 

Post-slip recovery 

of elastic strain; 

cycle starts again 

Before, During, and After an Earthquake 



What are earthquakes and 

what are their causes? 

 Violent movement of the Earth‟s interior and 
surface by transmission of energy in waves 
(analogies with sound and water waves) 

 Causes 
 Volcanism 

 Explosions 

 Landslides 

 Fault movements 

 Elastic rebound theory 
 Strain builds up in the elastic part of the crust until 

it snaps (brittle behavior) 



 



Basic Theory 

 Earthquakes (seismic slip) 

 Friction between rocks against slipping generates 

elastic deformation and builds up energy before failure 

 When the stress exceeds the friction (or rupture 

strength of the rock), a sudden movement occurs to 

release the stress 

 Elastic Rebound:  

 the rock snaps back elastically to their previous 

dimensions after the sudden displacement and 

associated stress release  



 Elastic rebound 

theory 

Friction prevents 

slip 

Strain builds up 

Rupture 



 



Earthquake or Seismic Slip 

 Energy releases from a dynamic earth occur 
along faults 

 Earth‟s crust moves very slow 
 over time enough stress builds up and a brittle 

release occurs - an Earthquake 

 Stress is released and transferred 
 Elastic Rebound 

 Actual site of the first movement along a fault is 

the focus (or hypocenter) 

 Actual point on the earth‟s surface directly above 
the focus is the epicenter 



Simplified diagram of a fault 



Seismic Waves 

 Focus (or hypocenter) - the 

point of initial breakage and 

movement along a fault, where 

seismic waves originate 

 Epicenter - point on Earth‟s 

surface directly above the focus 



Seismic Waves 

 Two types of seismic waves 

are produced during 

earthquakes 

 Body waves - travel outward 

from the focus in all directions 

through Earth‟s interior 

 Surface waves - travel along 

Earth‟s surface away from the 

epicenter 



Seismic Waves 

 First to arrive—primary (P waves) 
 Travel through Earth, compressional (analogous 

to sound waves) 

 Travel through solid, liquid, or gas 

 Secondary (S waves) 
 Travel through Earth, shear waves 

 Slower propagation rate than P waves 

 Do not exist in liquids or gases 

 Surface waves 
 Need a free surface to exist 

 Confined to Earth‟s surface and outer layers 

 Rayleigh and Love 



Seismic Waves 

 Energy released by an earthquake will send 
seismic waves out from the focus 

 Body Wave – travels through the interior of the 
earth 
 P waves are compression waves 

 S waves are shear waves but pass only through solid 
rock (not magma) 

 Surface wave – travels along the surface 
 Larger ground displacement than body waves 

 Results in most earthquake damage 



Body Waves 

 P wave - compressional 

(longitudinal) body wave in 

which rock vibrates back and 

forth parallel to the direction of 

wave propagation 

 

 S wave - shearing (transverse) 

body wave    in which rock 

vibrates back and forth 

perpendicular to the direction of 

wave propagation 



Body Waves – P – primary- wave 

 P wave - compressional 

(longitudinal) body wave 

in which rock vibrates 

back and forth parallel to 

the direction of wave 

propagation 

 Fast (4 to 7 kms/sec) 

wave that is the first or 

primary wave to arrive 

at recording station 

following earthquake 

 Pass through solids 

and fluids 



Body Waves – S – Secondary- Wave 

 S wave - shearing 

(transverse) body 

wave    in which rock 

vibrates back and forth 

perpendicular to the 

direction of wave 

propagation 

 Slower (2 to 5 

km/sec) wave that 

is the   secondary 

wave to arrive at 

recording           

station following 

earthquake 

 Pass through solids 

only  



Fig. 4.06 
P waves 

S waves 



Seismic 

Waves 

 P and S waves (body 

waves) 

 Compressional and shear 

 Rayleigh and Love 

waves (surface waves) 

 Up-down and side-side 



Surface Waves 

 Slowest type of seismic 

waves produced by 

earthquakes 

 Love waves - side-to-side 

motion of the ground 

surface 

 Can‟t travel through fluids 

 Rayleigh waves - ground 

to moves in an elliptical 

path opposite the direction 

of wave motion 

 Extremely destructive to 

buildings 



Surface waves 

(a) Rayleigh 

waves 

 

 

(b) Love 

waves 



Location and Size of Earthquakes in the U.S. 

 Earthquakes occur throughout the 

U.S., but are much more common 

in the western states and Alaska 

 Largest seismic risks or hazards 

exist near the plate boundary 

along the U.S. Pacific coast (e.g., 

San Andreas fault), and around 

New Madrid, Missouri 

 Seismic risk determined based on    

the assumption that large future 

earthquakes will occur where they 

have occurred in the past 

 

Earthquake locations since 1977 



U.S. Seismic Hazard Map 



World Earthquake Distribution 

 Most earthquakes occur in narrow 

geographic belts which mark 

tectonic plate boundaries 

 Most important concentrations in             

circum-Pacific and Mediterranean-

Himalayan belts 

 Shallow-focus earthquakes common 

along the crests of mid-oceanic 

ridges 

 Nearly all intermediate- and deep-

focus earthquakes occur in Benioff 

zones  

 inclined seismic activity associated with 

descending oceanic plate at subduction 

zones) 



The midcontinent, intraplate earthquakes 



Charleston quake and Mercalli scale 



World seismicity (1979-1995) 



Earthquake Locations 

 Generally occur in linear belts 
 Intraplate earthquakes also occur and quite severe 

 Linear belts correspond to plate boundaries 
 most earthquakes occur at plate boundaries 

 Earthquake focal depths are 
 Deep 

 Intermediate 

 Shallow 

 The deep-focus earthquakes are concentrated in 

subduction zones 





Locating Earthquakes 

 Plotting distances from 3 

stations on a map, as 

circles with radii equaling 

the distance from the 

quake,  locates 

earthquake epicenter 

 Depth of focus beneath 

Earth‟s surface can also 

be determined 

 Shallow focus 0-70 km 

deep 

 Intermediate focus

 70-350 km deep 

 Deep focus  350-670 

km deep 

 



Locating the Epicenter 

 Energy released from an earthquake must travel 
through the earth 
 Density of rock will affect the travel time for seismic 

waves 

 Waves move fast through high density rocks 

 Waves move slow through low density rocks 

 Seismograph detects ground movement and can 
be useful in calculating the location of an 
epicenter 
 Records arrival of different seismic waves 

 Interval of time between the first arrivals of P waves 
and S waves is a function of distance to the epicenter 

 Requires at least 3 seismographs to locate an 
earthquake 





Locating Earthquakes 

 P- and S-waves leave 

earthquake focus at the 

same time 

 P-wave gets farther and 

farther ahead of the S-

wave with distance and 

time from the 

earthquake 

 Travel-time curve - used 

to determine distance to 

focus  

 based on time between 

first P- and      S-wave 

arrivals 

Insert revised 

Figs. 16.8a-d here 



Defining Epicenter 

 P waves about twice as fast as S waves 

 Consequently, difference in arrival times should 

increase with distance from epicenter 

 Energy decreases with distance 

 Able to define epicenter with three observation 

stations (homework, lab) 







Locating earthquake epicenters 





Earthquake Energy 

 Energy is released during an earthquake 

  As the waves of energy are transmitted through the rock, 

this energy with be felt by people at the surface 

 Magnitude – the amount of ground motion related 

to an earthquake 

 Intensity – effect on humans, and their structures, 

caused by the energy released by an earthquake 



Seismograph 

 Vertical and horizontal components 



Measuring Earthquakes 

 Seismometers - used to measure seismic waves 

 Seismographs - recording devices used to produce a 

permanent record of the motion detected by 

seismometers 

 Seismograms - permanent paper (or digital) records 

of the earthquake vibrations 

 Used to measure the earthquake strengths 



 Size of earthquakes measured 

in two ways - intensity and 

magnitude 

 Magnitude is a measure of the                                                     

amount of energy released by                                                               

an earthquake 

 Richter scale 

 Moment magnitude - more                                                        

objective measure of energy                                                       

released by a major 

earthquake 

 Uses rock strength, surface 

area                                                                            

of fault rupture, and amount                                                                                  

of movement 

 Smaller earthquakes are 

more common than larger 

ones 

Measuring the “Size” of Earthquakes 



Measures of size (magnitude) 

 Richter (measure of ground motion) 

 Moment (measure of energy released at focus) 

 Modified Mercalli (damage) 



Energy release 



Earthquake Magnitude 

 Measured by a seismograph 

 Richter magnitude scale most common 

 Richter scale is logarithmic 

 An earthquake of magnitude 4 causes 10 times more 

ground movement as one of magnitude 3 

 The energy released by an earthquake of magnitude 

4 releases about 30 times more energy than an 

earthquake of magnitude 3 





Earthquake Intensity 

 Measures the impact of an earthquake event on 

humans and surface features 

 Many local factors are considered such as local 

geology, construction practices, and distance to 

the epicenter 

 Modified Mercalli Intensity Scale is widely used 

in the United States 

 Intensities are reported as roman numerals 

ranging from I (for „not felt‟) to XII, for („damage 

nearly total‟) 





Earthquake-Related Hazards 

 Ground shaking: ground shaking and movement along 

the fault are obvious hazards 

 Considering both structures and bedrocks 

 Designing “earthquake-resistant” buildings 

 Knowing the characteristics of the earthquakes in a 

particular region  

 The best building codes are typically applied only to new 

construction 

 Liquefaction and Landslides can be a serious secondary 

earthquake hazard in hilly areas 



Figures 4.10 a, b, and c 



Figure 4.11 



Figure 4.12 and Figure 4.13 



Figure 4.16 and Figure 4.17 



Tsunami and Coastal Effects 

 Tsunamis are seismic sea waves. When an 
undersea or near-shore earthquake occurs, 
sudden movement of the sea floor may set up 
waves traveling away from that spot, like ripples 
in a pond caused by a dropped pebble 

 Other Coastal Effects 

 Fire is caused by broken gas lines and 
infrastructure 

 Downed power lines 
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Indonesian Earthquake and Tsunami 

Number of deaths and missing shown in ovals 



Tsunamis and other phenomena 
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Indonesian Earthquake and Tsunami 

Destruction of 

Banda Aceh 

Before tsunami After tsunami 



Tsunami 

 Tsunami (seismic sea waves) - very 

large sea waves caused by sudden 

upward or downward movement of 

the sea floor during submarine 

earthquakes  

 generally produced by magnitude 8+ 

earthquakes (“great” earthquakes -  e.g., 

9.3 Indonesia, 2004)  

 May also be generated by large 

undersea landslides or volcanic 

explosions 

 Travel across open ocean at speeds of 

>700 km/hr 

 Reach great heights in coastal areas 

with gently sloping seafloor and funnel-

shaped bays 
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How could volcanoes generate seismic waves? 

Movement  

along faults 

Explosive eruption Slope failure 

Landslides 

Movement of 

magma 

What else can cause seismic waves? 

Meteoroid impacts 

Explosions 





Predication and Forecasting 

 Seismic gaps: quiescent (dormant) sections of 
fault zones with little or no seismic activity along 
major faults 

 Seismic gaps are “locked” segments of faults 
along which friction is preventing slip 

 Seismic gaps may be sites of future serious 
earthquakes. Large earthquakes may be 
expected in the future 

 Precursors: uplifted and tilted ground surface, 
change of seismic-wave velocities, change of 
electrical resistivity, change of water table, and 
change of radon  

 Prediction: problematic, unreliable 

 Forecasting: who knows? 



Figures 4.25, 4.21, and 4.23 



Earthquake Control 

 Fluid injection: fluids in fault zones may 

facilitate movement along a fault. 

 Fluid injection: might be used along locked 

sections of major faults to allow the release 

of built-up stress through small earthquakes 

 However, could lead to the release of all the 

stress at once in a major earthquake 

 Better to plan away from earthquake zones 



Northridge, CA 



Measuring the ―Size‖ of Earthquakes 

 Earthquake “size” 

measured two ways - 

intensity and magnitude 

 Intensity - a measure of 

the effects an earthquake 

produces (on both 

structures and people) 

 Modified Mercalli scale 



Distribution of seismicity 
Shallow, intermediate, and deep earthquakes 

 



Earthquakes and Plate Tectonics 
 Earthquakes are caused by plate inter-

actions along tectonic plate 

boundaries 

 Plate boundaries are identified and     

defined by earthquakes 

 Earthquakes occur at each of the three 

types of plate boundaries: divergent, 

transform, and convergent 

 At divergent boundaries, tensional forces 

produce shallow-focus quakes on normal 

faults 

 At transform boundaries, shear forces 

produce shallow-focus quakes along 

strike-slip faults 

 At convergent boundaries, compressional 

forces produce shallow- to deep-focus 

quakes along reverse faults 



Tectonic Settings 

 Convergent boundaries:  compressional, shallow 
and deep 

 Divergent boundaries:  extensional, shallow only 

 Transform: shear, shallow to intermediate 



Subduction related Earthquakes 

 



Divergent settings 



Mid-ocean  

ridge 

Asthenosphere 

Lithospheric mantle 

Transform fault 

Oceanic crust 

12.03.b 

Injection of magma 

Faulting 

near rift 
Faulting on 

transforms 

Earthquakes Along Mid-Ocean Ridges 

Observe the types 

of activity that 

occur along  

mid-ocean  

ridges 



Fig. 4.28 The southern locked segment of the San Andreas Fault 



12.12.a1 

Parkfield segment (north 

end of orange) ruptures 

every ~20 years 

Black and colored lines: 

recently active faults 

Moderate EQs 

along eastern 

zone 

Red: 

segment 

ruptured 

1906 S.F. 

earthquake 

Blue: creeping 

segment 

Orange: last fully ruptured in 

1857 (“Big One” for L.A.) 

What Is the Earthquake 

History of the San Andreas 

Fault and Related Faults? 

C:/Documents and Settings/Jan/Local Settings/Temp/media/1212a1_california_faults.mov
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Observe features along the San Andreas fault 

Aerial photograph 

of same area 





 



Summary 

 Earthquakes are energy release in waves 
 Elastic rebound theory 

 Seismic waves:  P, S, and surface (Rayleigh and 
Love) 

 Location and detection 
 Focus, epicenter, link to fault scarps 

 Seismometers and seismographs  

 Location of epicenters using seismic travel times 

 Size (magnitude) 
 Richter, Moment magnitude, Modified Mercalli 

 Global patterns of earthquake activity 
 Tectonic settings 

 Earthquake consequences and prediction 
 Destructiveness, ground motion, and other effects 

(landslides, tsunamis, fires, building collapse, 
liquefaction) 



Europe Asia North 

America 

South 

America 

Australia 

Africa 

12.03.a1 

Observe where earthquakes occur 

Subduction 

zones 

yellow - shallow;  green - intermediate;  red - deep 

Other plate 

boundaries 

Interior of 

some 

continents 
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C:/Documents and Settings/Jan/Local Settings/Temp/media/1203a1_Japan_EQ_VE2.scene
C:/Documents and Settings/Jan/Local Settings/Temp/media/1203a1_Himalayas_EQ_VE2.scene






 



 



Earthquake Prediction and Seismic Risk 

 Accurate and consistent short-term 

earthquake prediction not yet possible,    

three methods assist in determining 

probability that an earthquake will occur: 

 Measurement of changes in rock properties,    

such as magnetism, electrical resistivity,      

seismic velocity, and porosity, which may      

serve as precursors to earthquakes 

 Studies of the slip rate along fault zones 

 Paleoseismology studies that determine 

where and when earthquakes have occurred 

and their size 

Average intervals between large earthquakes 

and the time since the last one occurred 

can also be used to assess the risk (over a 

given period of time) that a large quake will 

occur 

 



Earthquake 

Safety 



Continental crust 

Lithospheric 

mantle 

12.03.c 

Trench and prism 

Plate boundary 

(megathrust) 

Volcanoes Thrusts 

Deep slab 

South  

America 

How Subduction Causes Earthquakes 

C:/Documents and Settings/Jan/Local Settings/Temp/media/1203a1_Altiplano_EQ_VE2.scene


Continental 

crust 

Lithospheric 

mantle Astheno-

sphere 

Transform 

fault 

Continental 

rift 

12.03.d-e 

How could 

continental 

collisions cause 

earthquakes? 

Thrusts 

Overriding plate 

Magma 

How could 

earthquakes 

be generated 

within 

continents? 

Underthrusting plate 

Faults in 

interior 

Faults in 

interior 

Plate 

boundary 
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Different Kinds of Seismic Waves 

Surface waves 

Secondary body 

wave (S-wave) 

shears material 

Primary body 

wave (P-wave) 

compresses 

material; fastest 

Vertical surface wave 

compresses materials 

Horizontal 

surface wave 

shears material 

Body waves 



12.04.b-c 

How Seismic Waves 

Are Recorded 

Basic 

seismometer 

Waves on seismogram 

Modern 

seismometer 

Seismogram 
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How do we determine the location of an earthquake? 

Estimate distance 

Earthquake recorded by 

seismic network 

Triangulate the epicenter 

Select earthquake records 



12.05.b 

There are other ways we measure 

the size of an earthquake  

Connect amplitude 

and distance on plot For local magnitude 

(Richter): Measure 

S-wave amplitude 

Measuring the Size of an Earthquake 



12.06.a 

Predict what destruction arises from 

ground motion during an  

earthquake 

Loma Prieta 

Landslide 

Rupture 

Structural 

damage 

Bridge failure 

on weak 

materials 

Tsunami 

Liquefaction 

of fill 

Aftershocks 

cause further 

damage 

Worse if poor 

construction 

Loma Prieta 



12.06.b-c 

Destruction that Can Happen After an Earthquake 

Limiting Risk from Earthquakes 

Fire Tsunami and other flooding 

Produce 

and use 

hazard 

maps 

Improve 

building 

design 

(engineer for 

earthquake) 
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Major North American Earthquakes 

Hebgen Lake, 1959 
Alaska, 1964 

San Francisco, 1906 

Northridge, 1994 

New Madrid,  

1811-1812 

Charleston, 1886 
Mexico City, 1985 

C:/Documents and Settings/Jan/Local Settings/Temp/media/1207a1_nam_earthquake_map.mov


12.08.a 

Major World 

Earthquakes 

Nicaragua, 1972 

Chile, 1960 
Turkey, 1999 

Taiwan, 2004 

Japan, 1999 

Armenia, 1988 



 Underwater landslides 

Fault movement 

on ocean floor 

Waves radiate 

away from fault 

Higher waves 

near shore 

Waves 

inundate land 

Volcanic eruptions 

12.09a 

Most from faults on 

seafloor 

How Does a Tsunami 

Form? 



12.09.b 

Destruction by 

Tsunamis 

Hawaii, 1960 

Chile, 1960 

Japan, 1993 New Guinea, 1998 



12.10.a1 

Studying Earthquakes in the Field 

Measure small cracks and faults 

to infer movement and stress 

Offset of features 

and evidence of 

past movement 

Study main 

rupture 

Document changes 

in topography 



12.10.m1 

Studying the San Andreas Fault 

Studies of shallow 

trenches to 

document history 

Drilled into fault 

at depth to 

investigate rocks 

and conditions 

C:/Documents and Settings/Jan/Local Settings/Temp/media/1210mtb1_San_Andreas_Experiment.mov
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What areas are most likely to experience earthquakes? 

Subduction zones 

Near plate boundaries Messy collision zones 

Continental rifts 

C:/Documents and Settings/Jan/Local Settings/Temp/media/1211a2_global_earthquake_risk.mov


12.11.a 

What areas in the U.S. are most 

likely to experience earthquakes? 

San 

Andreas 

and 

related 

faults 

Cascade subduction zone 

Intermountain 

seismic belt 
New Madrid area 

Hawaii 

Big 

Island 

Alaska subduction zone 



12.11.b 

Long-Range Earthquake Forecasting 

1989 earthquake filled 

in Loma Prieta gap 

Top graph indicates earthquakes prior to October, 1989; 

gaps identified based on less earthquake activity 

2004 Parkfield earthquake 

filled in other gap 

When will San Francisco gap be filled? 



12.11.b 

Long-Range 

Earthquake 

Forecasting 

Combined probability 

of major earthquake 

before 2032 is over 60 

percent! 

USGS assigned 

probability to each 

main fault in San 

Francisco area 



12.11.c 

Short-Term Earthquake Prediction 

Numerous seismic 

instruments 

Lasers monitor  

movement along fault 

Predictions based on past 

history of Parkfield segment 

EQ  

did not  

occur 

exactly 

when 

predicted 
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Examine the ray 

paths of seismic 

waves through Earth 

Size of core 

indicated by 

location of P-

wave shadow 

zone 

S-waves do 

not pass 

through outer 

core (so liquid) 



01.03.a 

What Is Inside 

Earth? 

Thickest 

layer: 

mantle 

Upper layer is crust; two types: 

   continental          oceanic 

Lowest layer: iron-nickel 

core (molten outer core; 

solid inner core) 


