
 

Earthquakes 
An Earthquake Disaster In Haiti 
On Tuesday, January 12, 2010, an estimated 230,000 people lost their lives when a 
magnitude 7.0 earthquake struck the small Caribbean nation of Haiti, the poorest 
country in the Western Hemisphere. The quake originated only 25 kilometers (15 
miles) from the country’s densely populated capital city of Port-au-Prince. It 
occurred along a San Andreas-like fault at a shallow depth of just 10 kilometers (6 
miles). 
 

 Because of the quake’s shallow depth, ground shaking was exceptional for 
an event of this magnitude. Other factors also contributed to the Port-au-Prince 
disaster  including the city’s geologic setting and the nature of its buildings. The city 
is not built on solid bedrock, but rather on sediment, which is more susceptible to 
ground shaking by earthquake waves. More importantly, inadequate or nonexistent 
building codes meant that buildings collapsed far more readily than they should 
have.  

 
At least 52 aftershocks, measuring 4.5 or greater, jolted the area and added 

to the trauma survivors experienced for days after the original quake.  
 
The death toll of 230,000 rivals the loss of life in the tragic 2004 Indonesian  

tsunami, an earthquake-generated event that is described later in the chapter. Both 
of these natural disasters produced death tolls equivalent to the populations of cities 
the size of Madison, Wisconsin, or Orlando, Florida.  

 
The loss of life associated with the 2010 Haitian event is even more 

extraordinary when it is compared with the 1989 Loma Prieta earthquake in southern 
California, which had a similar magnitude (7.1) but claimed just 67 lives. 

 
 In addition to the staggering death toll, there were more than 300,000 injuries, 

and 250,000 residences were destroyed. Nearly a million people were left homeless. 
Relief agencies from around the globe stepped in to distribute food and water and to 
provide for the enormous medical, security, and social needs of the  injured and 
displaced. For a lengthy period following the quake, inadequate infrastructure 
coupled with devastating damages combined to inhibit the timely delivery of 
essential services. into a calm pond. Just as the impact of the stone creates a pattern 
of waves in motion, an earthquake generates waves that radiate outward in all 



directions from the focus. Even though seismic energy dissipates rapidly with 
increasing distance, sensitive instruments located around the world detect and record 
these events. 
Such a human crisis can easily continue for an extended period due to the spread of 
disease and complications from minimally or untreated injuries. The rebuilding of 
Haiti will likely take a decade or more and billions of dollars in assistance. 
 
What Is an Earthquake? 
 

Earthquakes are natural geologic phenomena caused by the sudden 
and rapid movement of a large volume of rock. The violent shaking and 
destruction caused by earthquakes are the result of rupture and slippage 
along fractures in Earth’s crust called faults. Larger quakes result from the 
rupture of larger fault segments.  

 
The origin of an earthquake occurs at depths between 5 and 700 kilometers, 

at the focus. The point at the surface directly above the focus is called the 
epicenter During large earthquakes, a massive amount of energy is released as 
seismic waves—a form of elastic energy that causes vibrations in the material that 
transmits them.  
 
Seismic waves are equivalent to waves produced when a stone is dropped. 
Thousands of earthquakes occur around the world every day. Fortunately, most are 
so small that they can only be detected by sensitive instruments. Of these, only about 
75 strong quakes are recorded each year and many of these occur in remote regions. 
Occasionally, a large earthquake is triggered near a major population center. Such 
events are among the most destructive natural forces on Earth. The shaking of the 
ground, coupled with the liquefaction of soils, inflicts devastation on buildings, 
roadways, and other structures. In addition, when a quake occurs in a populated area, 
power and gas lines are often ruptured, causing numerous fires. In the famous 1906 
San Francisco earthquake, much of the damage was caused by fires that became 
uncontrollable when broken water mains left firefighters with only trickles of water. 
 
Discovering the Causes of Earthquakes 

The energy released by atomic explosions or by the movement of magma in 
Earth’s crust can generate earthquake like waves, but these events are generally quite 
weak. What mechanism produces a destructive earthquake? As you have learned, 



Earth is not a static planet. We know that large sections of Earth’s crust have been 
thrust upward, because fossils of marine organisms have been discovered thousands 
of meters above sea level. Other regions exhibit evidence of extensive subsidence. 
In addition to these vertical displacements, offsets in fence lines, roads, and other 
structures indicate that horizontal movements are also common. The actual 
mechanism of earthquake generation eluded geologists until H. F. Reid of Johns 
Hopkins University conducted a study following the great 1906 San Francisco 
earthquake. The earthquake was accompanied by horizontal surface displacements 
of several meters along the northern portion of the San Andreas Fault.  
Field studies determined that during this single earthquake, the Pacific plate lurched 
as much as 4.7 meters (15 feet) northward past the adjacent North American plate. 
 
What Reid concluded from his investigations is illustrated in FIGURE 14.5. 
Tectonic stresses acting over tens to hundreds of years slowly deform the crustal 
rocks on both sides of a fault. When deformed by differential stress, rocks bend 
and store elastic energy, much like a wooden stick does if bent (Figure 14.5B). 
Eventually, the frictional resistance holding the rocks in place is overcome. 
Slippage allows the deformed (strained) rock to “snap back” to its original, 
stress-free shape (Figure 14.5C, D). The “springing back” was termed elastic 
rebound by Reid because the rock behaves elastically, much like a stretched 
rubber band does when it is released. The vibrations we know as an earthquake 
are generated by the rock elastically returning to its original shape.  In 
summary, earthquakes are produced by the rapid release of elastic energy 
stored in rock that has been deformed by differential stresses. Once the strength 
of the rock is exceeded, it suddenly ruptures, causing the vibrations of an earthquake. 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



After shocks and Foreshocks 
Strong earthquakes are followed by numerous smaller tremors, called after-shocks, 
that gradually diminish in frequency and intensity over a period of several months. 
Within 24 hours of the  massive 1964 Alaskan earthquake   28 aftershocks were 
recorded, 10 of which had magnitudes that exceeded 6. More than 10,000 
aftershocks with magnitudes of 3.5 or above occurred in the following 69 days and 
thousands of minor tremors were recorded over a span of 18 months. 
Because aftershocks happen mainly on the section of the fault that has slipped, they 
provide geologists with data that is useful in establishing the dimensions of the 
rupture surface. 
Although aftershocks are weaker than the main earthquake, they can trigger the 
destruction of already weakened structures.  
This occurred in northwestern Armenia (1988) where many people lived in large 
apartment buildings constructed of brick and concrete slabs. After a moderate 
earthquake of magnitude 6.9 weakened the buildings, a strong aftershock of 
magnitude 5.8 completed the demolition. 
In contrast to aftershocks, small earthquakes called foreshocks often precede a 
major earthquake by days or in some cases years. Monitoring of foreshocks to 
predict forthcoming earthquakes has been attempted with limited success. 
2 
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Earthquakes and Faults 
Earthquakes take place along faults both new and old that occur in places where 
differential stresses have ruptured Earth’s crust. Some faults are large and capable 
of  generating major earthquakes. One example is the San Andreas Fault, which is 
the transform fault boundary that separates two great sections of Earth’s 
lithosphere: the North American plate and the Pacific plate. Other faults are small 
and capable of producing only minor earthquakes. 
Most of the displacement that occurs along faults can be satisfactorily explained by 
the plate tectonics theory, which states that large slabs of Earth’s lithosphere are in 
continual slow motion. These mobile plates interact with neighboring plates, 
straining and deforming the rocks at their margins. Faults associated with plate 
boundaries are the source of most large earthquakes. 
Large faults are not perfectly straight or continuous; instead, they consist of 
numerous  branches and smaller fractures that display kinks and offsets. Such a 
pattern is displayed in FIGURE 14.6, which shows the San Andreas Fault as a 
system of several faults of various sizes. 
The San Andreas is undoubtedly the most studied fault system in the world. 
Over the years, research has shown that displacement occurs along separate 
segments that behave somewhat differently from one another. A few sections of 



the San Andreas exhibit a slow, gradual displacement known as fault creep, which 
occurs without the buildup of significant strain. These sections produce only minor 
seismic shaking. 
Other segments slip at regular intervals, producing small to moderate earthquakes. 
Still other segments remain locked and store energy for a few hundred years before 
rupturing in great earthquakes. 
Earthquakes that occur along locked segments of the San Andreas Fault tend to be 
repetitive. As soon as one is over, the continuous motion of the plates begins 
building strain anew. Decades or centuries later, the fault fails again. 
 
 

Seismology: The Study of Earthquake Waves 
Earthquakes Seismology 

The study of earthquake waves seismology, dates back to attempts made by the 
Chinese almost 2000 years ago to determine the direction from which these waves 
originated. Modern Seismographs, instruments that record earthquake waves, 
are similar to the instruments used by the Chinese. Seismographs have a weight 
freely suspended from a support that is securely attached to bedrock (FIGURE 14.7). 
When vibrations from an earthquake reach the instrument, the inertia of the weight 
keeps it relatively stationary while Earth and the support move. (Inertia is the 
tendency of objects at rest to stay at rest and objects in motion to remain in motion.) 
To detect very weak earthquakes, or a great earthquake that has occurred in another 
part of the world, most seismographs are designed to amplify ground motion. Other 
instruments are designed to withstand the violent shaking that occurs very near the 
focus. 
 

The records obtained from seismographs, called seismograms, 
provide useful information about the nature of seismic waves. Seismograms 
reveal that two main groups of seismic waves are generated by the 
slippage of a rock mass.  

Some are called surface waves, because their motion is restricted to near 
Earth’s surface. Others travel through Earth’s interior and are called body 
waves. Body waves are divided into two types—primary (P) waves and 
secondary (S) waves. 
Body waves are identified by their mode of travel through intervening materials. 
P waves are “push–pull” waves—they momentarily push (squeeze) and pull 
(stretch) rocks in the direction the wave is traveling (FIGURE 14.8A). This wave 
motion is similar to that generated by human vocal cords as they move air to create 



sound. Solids, liquids, and gases resist a change in volume when compressed and 
will elastically spring back once the force is removed. Therefore, P waves can travel 
through all three of these materials. On the other hand, S waves “shake” the 
particles at right angles to their direction of travel. This can be illustrated by 
fastening one end of a rope and shaking the other end, as shown in Figure 14.8B. 
 
 Unlike P waves, which temporarily change the volume of intervening material by 
alternately squeezing and stretching it, S waves change the shape of the material that 
transmits them. Because fluids (gases and liquids) do not resist stresses that cause 
changes in shape—meaning fluids will not return to their original shape once the 
stress is removed—they will not transmit S waves. 
 

 The motion of surface waves is somewhat more complex. As surface waves 
travel along the ground, they cause the ground and anything resting upon it to move, 
much like ocean swells toss a ship (Figure 14.8C). In addition to their up and-down 
motion, surface waves have a side-to-side motion similar to an S wave oriented in a 
horizontal plane (Figure 14.8D). This latter motion is particularly damaging to the 
foundations of structures.  

By examining the “typical” seismic record shown in FIGURE 14.9, you can 
see a major difference among seismic waves— their speed of travel.  

 
P waves are the first to arrive at a recording station, then S waves, 

and finally surface waves. The velocity of P waves through the crustal 
rock granite is about 6 kilometers per second and increases to nearly 13 
kilometers per  second at the base of the mantle. 

 P waves can pass through Earth’s mantle in about 20 minutes. 
Generally, in any solid material, P waves travel about 1.7 times faster than 
S waves, and surface waves are roughly 10 percent slower than S waves. 

 
In addition to velocity differences, notice in Figure 14.9 that the height, or 

amplitude, of these wave types also varies. S waves have slightly greater 
amplitudes than P waves, while surface waves exhibit even greater 
amplitudes.  

 
Surface waves also retain their maximum amplitude longer than P and S 

waves. As a result, surface waves tend to cause greater ground shaking, and hence 
greater destruction, than either P or S waves. 



Seismic waves are useful in determining the location and magnitude of earthquakes. 
In addition, seismic waves provide an important tool for probing Earth’s interior. 
 
 

   
 

 
 
 
 
Locating the Source of an Earthquake 

 
When analyzing an earthquake, the first task seismologists undertake is 

determining its epicenter, the point on Earth’s surface directly above the focus (see 
Figure 14.2).  



 
The method used for locating an earthquake’s epicenter relies on the 

fact that P waves travel faster than S waves.  
The method is similar to the results of a race between two vehicles, one faster 

than the other. The first P wave, like the faster auto, always wins the race, arriving 
ahead of the first S wave. The greater the length of  the race, the greater the difference 
in their arrival times at the finish line (the seismic station).  

 
Therefore, the greater the interval between the arrival of the first P wave and 

the arrival of the first S wave, the greater the distance to the epicenter. FIGURE 
14.10 shows three simplified seismograms for the same earthquake. Based on the P–
S interval, which city—Nagpur, Darwin, or Paris—is farthest from the 
epicenter? 
The system for locating earthquake epicenters was developed by using seismograms 
from earthquakes whose epicenters could be easily pinpointed from physical 
evidence. From these seismograms, travel-time graphs were constructed (FIGURE 
14.11).  

 
Using the sample seismogram for Nagpur, India in Figure 14.10A and the 

travel-time curve in Figure 14.11, we can determine the distance separating the 
recording station from the earthquake in two steps: (1) Using the seismogram, 
determine the time interval between the arrival of the first P wave and the arrival of 
the first S wave, and (2) using the travel time graph, find the P–S interval on the 
vertical axis and use that information to determine the distance to the epicenter on 
the horizontal axis. Following this procedure, we can determine that the earthquake 
occurred 3400 kilometers (2100 miles) from the recording instrument in Nagpur, 
India Now we know the distance, but what about direction? The epicenter could be 
in any direction from the seismic station. 

 
 Using a method called triangulation, the precise location can be determined 

using the distance from three or more seismic stations (FIGURE 14.12). On a globe, 
a circle is drawn around each seismic station. The radius of these circles is equal to 
the distance from the seismic station to the epicenter. The point where the three 
circles intersect is the epicenter of the quake. 



 
 
 
 
Measuring the Size of Earthquakes 
Historically, seismologists have employed a variety of methods to determine two 
fundamentally different measures that describe the size of an earthquake—
intensity and magnitude.  

 
The first of these to be used was intensity—a measure of the degree of 

earthquake shaking at a given locale based on observed effects. Later, with the 
development of seismographs, it became possible to measure ground motion using 
instruments. This quantitative measurement, called magnitude, relies on data 
gleaned from seismic records to estimate the amount of energy released at an 
earthquake’s source. Intensity and magnitude provide useful, though different, 
information about earthquake strength. Consequently, both measures are used to 
describe earthquake severity. 
 
 
 



Modified Mercalli Intensity Scale: 
Numerous intensity scales have been developed over the last 150 years. 
The one widely used is the Modified Mercalli Intensity Scale—named 
after Giuseppe Mercalli, who initially developed it in 1902 (TABLE 14.1). 
This intensity scale is divided into twelve levels of severity based on observed effects 
such as people awakening from sleep, furniture moving, plaster cracking and falling, 
and finally—total destruction. As Table 14.1 illustrates, the lower numbers on the 
Mercalli scale (I-V) refer to what people in various locations felt during the quake, 
whereas the higher numbers (VI-XII) are based on observable damage to buildings 
and other structures. FIGURE 14.13 shows shaking intensity maps for two San 
Francisco Bay area quakes—1989 Loma Prieta and 1906 San Francisco earthquakes. 
Although the 1989 Loma Prieta quake caused billions of dollars in damage and 
claimed more than 60 lives, these shaking maps show that a repeat of the 1906 San 
Francisco earthquake would certainly be more catastrophic 
    



 
 
 
 
 
 
 
 
 



Despite their usefulness in providing a tool to compare earthquake severity, intensity 
scales have significant drawbacks. These scales are based on effects (largely 
destruction) that depend not only on the severity of ground shaking but also on 
factors such as building design and the nature of surface materials. For example, the 
modest 7.0 magnitude 2010 Haiti earthquake mentioned earlier was extremely 
destructive, mainly because of inferior building practices. Thus, the destruction 
wrought by an earthquake is frequently not a good measure of the amount of energy 
that was unleashed. 
 
Magnitude Scales: 
In order to more accurately compare earthquakes across the globe, a measure was 
needed that does not rely on parameters that vary considerably from one part of the 
world to another. As a consequence, several magnitude scales were developed  
RICHTER MAGNITUDE. In 1935 Charles Richter of the California Institute 
of Technology developed the first magnitude scale using seismic records. As shown 
in FIGURE 14.14 (top), the Richter scale is based on the amplitude of the largest 
seismic wave (P, S, or surface wave) recorded on a seismogram. Because seismic 
waves weaken as the distance between the focus and the seismograph increases, 
Richter developed a method that accounts for the decrease in wave amplitude with 
increasing distance. Theoretically, as long as equivalent instruments are used, 
monitoring stations at various locations will obtain the same Richter magnitude for 
each recorded earthquake. In practice, however, different recording stations often 
obtain slightly different Richter magnitudes for the same earthquake—a 
consequence of the variations in rock types through which the waves travel. 
Earthquakes vary enormously in strength, and great earthquakes produce wave 
amplitudes that are thousands of times larger than those generated by weak  In 
addition, each unit of Richter magnitude equates to roughly a 32-fold energy 
increase. Thus, an earthquake with a magnitude of 6.5 releases 32 times more energy 
than one with a magnitude of 5.5, and roughly 1000 times ( ) more energy than a 
4.5-magnitude quake. Furthermore, a major earthquake with a magnitude of 8.5 
releases millions of times more energy than the smallest earthquakes felt by humans 
(Figure 14.15). Although the Richter scale has no upper limit, the largest magnitude 
recorded was 8.9. Great shocks such as these release an amount of energy that is 
roughly equivalent to the detonation of 1 billion tons of explosives. Conversely, 
earthquakes with a Richter magnitude of less than 2.0 are generally not felt by 
humans. 
Richter’s original goal was modest in that he only attempted to rank shallow 
earthquakes in southern California into groups of large, medium, and small 
magnitude. Hence, Richter magnitude was designed to classify relatively local 



earthquakes and is designated by the symbol (ML)—where M is for magnitude and 
L is for local. 
The convenience of describing the size of an earthquake by a single number that can 
be calculated quickly from seismograms makes the Richter scale a powerful tool. 
Further, unlike intensity scales that can only be applied to populated areas of the 
globe, Richter magnitudes can be assigned to earthquakes in more remote regions 
and even to events that occur in the ocean basins. In time, seismologists modified 
Richter’s work and developed new Richter-like magnitude scales. 
Despite its usefulness, the Richter scale is not adequate for describing very large 
earthquakes. For example, the 1906 San Francisco earthquake and the 1964 Alaskan 
earthquake had roughly the same Richter magnitudes. However, based on the 
relative 32 * 32 size of the affected areas and the associated tectonic changes, the 
Alaskan earthquake released considerably more energy than the San Francisco 
 
  



  
 
 



 

 
 
 
 
 
 
 
 



 
 

 
 
 
quake. As a result, the Richter scale is said to be saturated for major earthquakes 
because it cannot distinguish among them. 
MOMENT MAGNITUDE. In recent years, seismologists have come to favor a 
newer measure called moment magnitude (MW), which determines the strain 
energy released along the entire fault surface. Because moment magnitude 
estimates the total energy released, it is better for measuring or describing very large 
earthquakes. 
In light of this, seismologists have recalculated the magnitudes of older, strong 
earthquakes using the moment magnitude scale. For example, the 1964 Alaskan 
earthquake was originally given a Richter magnitude of 8.3, but a recent 
recalculation using the moment magnitude scale resulted in an upgrade to 9.2. 
Similarly, the 1906 San Francisco earthquake, which had a Richter magnitude of 



8.3, was downgraded to a MW 7.9. The strongest earthquake on record is the 1960 
Chilean subduction zone earthquake, with a moment magnitude of 9.5. 
Moment magnitude can be calculated from geologic fieldwork by measuring the 
average amount of slip on the fault, the area of the fault surface that slipped, and the 
strength of the faulted rock. The area of the fault plane can be roughly calculated by 
multiplying the surface-rupture length by the depth of the aftershocks. This method 
is most effective for determining the magnitude of large earthquakes generated along 
large faults in which the ruptures reach the surface. Moment magnitude can also be 
calculated using data from seismograms. 
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Earthquake Belts and Plate Boundaries 
About 95 percent of the energy released by earthquakes originates in the few 
relatively narrow zones shown in FIGURE 14.16. The zone of greatest seismic 
activity, called the circum-Pacific belt, encompasses the coastal regions 
of Chile, Central America, Indonesia, Japan, and Alaska, including the Aleutian 
Islands (Figure 14.16). Most earthquakes in the circum-Pacific belt occur along 
convergent plate boundaries where one plate slides at a low angle beneath another. 
The zone of contact between the subducting and overlying plates forms a huge fault 
called a mega thrust, along which Earth’s largest earthquakes are generated. Because 
subduction zone earthquakes usually happen beneath the ocean they may also 
generate destructive waves called tsunami. For example, the 2004 quake off the coast 
of Sumatra produced a tsunami that claimed an estimated 230,000 lives. Another 
major concentration of strong seismic activity, referred to as the Alpine- Himalayan 
belt, runs through the mountainous regions that flank the Mediterranean Sea and 
extends past the Himalayan Mountains (see Figure 14.16). Tectonic activity in this 
region is mainly attributed to the collision of the African plate with Eurasia and the 
collision of the Indian plate with southeast Asia. These plate interactions created 
many faults that remain active. In addition, numerous faults located away from these 
plate boundaries have been reactivated as India continues its northward advance into 
Asia. For example, slippage on a complex fault system in 2008 in the Sichuan 
Province of China killed at least 70,000 people and left 1.5 million others homeless. 
The “culprit” is the Indian subcontinent, which shoves the Tibetan Plateau 
northeastward against the rocks of the Sichuan Basin. Figure 14.16 shows another 
continuous earthquake belt that extends for thousands of kilometers through the 
world’s oceans. This zone coincides with the oceanic ridge system, which is an area 
of frequent but low-intensity seismic activity. As tensional forces pull the plates 
apart during seafloor spreading, displacement  along normal faults generates most 
of the earthquakes. The remaining seismic activity in this zone is associated with 
slippage along transform faults located between ridge segments. Transform faults 



also run through continental crust where they may generate large earthquakes that 
tend to occur on a cyclical basis. Examples include California’s San Andreas Fault, 
New Zealand’s Alpine Fault, and Turkey’s North Anatolian Fault that produced a 
deadly earthquake in 1999. 
 
Earthquake Destruction 
The most violent earthquake ever recorded in North America—the Good Friday 
Alaskan earthquake—occurred at 5:36 PM on March 27, 1964. Felt throughout that 
state, the earthquake had a moment magnitude (MW) of 9.2 and lasted 3 to 4 
minutes. This event left 131 people dead, thousands homeless, and the economy of 
the state badly disrupted. Had schools and business districts been open, the toll 
surely would have been higher. Within 24 hours of the initial shock, 28 aftershocks 
were recorded, 10 of which exceeded a magnitude of 6.0. The location of the 
epicenter and the towns that were hardest hit by the quake 
 
Destruction from Seismic Vibrations 
The 1964 Alaskan earthquake provided geologists with insights into the role of 
ground shaking as a destructive force. As the energy released by an earthquake 
travels along Earth’s surface, it causes the ground to vibrate in a complex manner by 
moving up and down as well as from side to side. The amount of damage to man-
made structures attributable to the vibrations depends on several factors, 
including  
(1) the intensity and  
(2) the duration of the shaking, 
 (3) the nature of the material upon which the structure rests, and 
(4) the nature of building materials and the construction practices 
of the region. 
All of the multistory structures in Anchorage were damaged by the vibrations in 
1964. The more flexible wood-frame residential buildings fared best. However, 
many homes were destroyed when the ground failed. A striking example of how 
construction variations affect earthquake damage is shown in FIGURE 14.18. You 
can see that the steel-frame building on the left withstood the vibrations, whereas the 
poorly designed J.C. Penney building was badly damaged. Engineers have learned 
that buildings built of blocks and bricks and not reinforced with steel rods are the 
most serious safety threats in earthquakes. Most large structures in Anchorage were 
damaged, even though they were built according to the earthquake provisions of the 
Uniform Building Code. Perhaps some of that destruction can be attributed to the 
unusually long duration of this earthquake. Most quakes involve tremors that last 



less than a minute. For example, the 1994 Northridge earthquake was felt for about 
40 seconds, and the strong vibrations of the 1989 Loma Prieta earthquake lasted less 
than 15 seconds, but the Alaska quake reverberated for 3 to 4 minutes. 
 
AMPLIFICATION OF SEISMIC WAVES. 
Although the region near the epicenter will experience about the same intensity of 
ground shaking, destruction may vary considerably within this area. Such 
differences are usually attributable to the nature of the ground on which the 
structures are built. Soft sediments, for example, generally amplify the vibrations 
more than solid bedrock. Thus, the buildings in Anchorage that were situated on 
unconsolidated sediments experienced heavy structural damage. By contrast, most 
of the town of Whittier, although much nearer the epicenter, rested on a firm 
foundation of solid bedrock and suffered much less damage from seismic shaking. 
Following the quake, however, Whittier was damaged by a tsunami—a phenomenon 
that will be described later in the chapter. 
 
LIQUEFACTION. 
 In areas where unconsolidated materials are saturated with water, earthquake 
vibrations can turn stable soil into a mobile fluid, a phenomenon known as 
liquefaction. As a result, the ground is not capable of supporting buildings, and 
underground storage tanks and sewer lines may literally float toward the surface. 
During the 1989 Loma Prieta earthquake, in San Francisco’s Marina District, 
foundations failed and geysers of sand and water shot from the ground, indicating 
that liquefaction had occurred (FIGURE 14.19). 
 
Landslides and Ground Subsidence 
The greatest damage to structures is often caused by landslides and ground 
subsidence triggered by earthquake vibrations. threat of recurrence, the entire town 
of Valdez was relocated to more stable ground about 7 kilometers away. Much of 
the damage in the city of Anchorage was attributed to landslides. Homes were 
destroyed in Turnagain Heights when a layer of clay lost its strength and more than 
200 acres of land slid toward the ocean (FIGURE 14.20). A portion of this 
spectacular landslide was left in its natural condition as a reminder of this destructive 
event. The site was appropriately named “Earthquake Park.” Downtown Anchorage 
was also disrupted as sections of the main business district dropped by as much as 3 
meters (10 feet). 
 
 
 



Fire 
More than 100 years ago, San Francisco was the economic center of the western 
United States, largely because of gold and silver mining. Then, at dawn on April 18, 
1906, a violent earthquake struck unexpectedly, triggering an enormous firestorm. 
Much of the city was reduced to ashes and ruins. It is estimated that 3000 people 
died and 225,000 of the city’s 400,000 residents were left homeless. That historic 
earthquake reminds us of the formidable threat of fire. The central city contained 
mostly large, older wooden structures and brick buildings. Although many of the 
unreinforced brick buildings were extensively damaged by vibrations, the greatest 
destruction was caused by fires, which started when gas and electrical lines were 
severed. The fires raged out of control for three days and devastated more than 500 
blocks of the city. The initial ground shaking, which broke the city’s water lines into 
hundreds of disconnected pieces, made controlling the fires virtually impossible. The 
fires were finally contained when buildings were dynamited along a wide boulevard 
to provide a fire break, similar to the strategy used in fighting forest fires. Only a 
few deaths were attributed to the San Francisco fires, but other earthquake initiated 
fires have been more destructive and claimed many more lives. For example, a 1923 
earthquake in Japan triggered an estimated 250 fires, which devastated the city of 
Yokohama and destroyed more than half the homes in Tokyo. More than 100,000 
deaths were attributed to the fires, which were driven by unusually high winds 
 
. 
What Is a Tsunami? 
Large undersea earthquakes occasionally set in motion massive waves that scientists 
call seismic sea waves. You may be more familiar with the Japanese term 
tsunami, which is frequently used to describe these destructive phenomena. Because 
of Japan’s location along the circum-Pacific belt and its expansive coastline, it is 
especially vulnerable to tsunami destruction. 
Most tsunami are caused by the vertical displacement of a slab of seafloor along a 
fault on the ocean floor or less often by a large submarine landslide triggered by an 
earthquake (FIGURE 14.21). Once generated, a tsunami resembles the ripples 
formed when a pebble is dropped into a pond. In contrast to ripples, tsunami advance 
across the ocean at amazing speeds, between 500 and 950 kilometers per hour. 
Despite this striking characteristic, a tsunami in the open ocean can pass undetected 
because its height (amplitude) is usually less than 1 meter and the distance between 
wave crests is ranging from 100 to 700 kilometers. However, upon entering shallow 
coastal waters, these destructive waves “feel bottom” and slow, causing the water to 
pile up (see Figure 14.21). A few exceptional tsunami have reached 30 meters (100 



feet) in height. As the crest of a tsunami approaches the shore, it appears as a rapid 
rise in sea level with a turbulent and chaotic surface (FIGURE 14.22A). 
The first warning of an approaching tsunami is a rapid withdrawal of water from 
beaches. Some inhabitants of the Pacific basin have learned to heed this warning and 
move to higher ground. Approximately 5 to 30 minutes after the retreat of water, a 
surge capable of extending hundreds of meters inland occurs. In a successive 
fashion, each surge is followed by a rapid ocean ward retreat of the sea. 
 
TSUNAMI DAMAGE FROM THE 2004 INDONESIAN EARTHQUAKE. 
A massive undersea earthquake of moment magnitude 9.1 occurred near the island 
of Sumatra on December 26, 2004, and sent waves of water racing across the Indian 
Ocean and Bay of Bengal. It was one of the deadliest natural disasters of any kind 
in modern times, claiming more than 230,000 lives. As water surged several 
kilometers inland, cars and trucks were flung around like toys in a bathtub, and 
fishing boats were rammed into homes. In some locations, the backwash of water 
dragged bodies and huge amounts of debris out to sea. 
The destruction was indiscriminate, destroying luxury resorts and poor fishing 
hamlets on the Indian Ocean coast (see FIGURE 14.22B). Damages were reported 
as far away as the Somalia coast of Africa, 4100 kilometers (2500 miles) west of the 
earthquake epicenter The killer waves generated by this massive quake achieved 
heights as great as 10 meters (33 feet) and struck many unprepared areas during a 
three-hour span following the earthquake. Although the Pacific basin had a tsunami 
warning system in place, the Indian Ocean unfortunately did not. The rarity of 
tsunami in the Indian Ocean also contributed to a lack of preparedness. It should 
come as no surprise that a tsunami warning system for the Indian Ocean was 
subsequently established. 
 
TSUNAMI WARNING SYSTEM.  
In 1946, a large tsunami struck the Hawaiian Islands without warning. A wave more 
than 15 meters (50 feet) high left several coastal villages in shambles. This 
destruction motivated the U.S. Coast and Geodetic Survey to establish a tsunami 
warning system for coastal areas of the Pacific. Seismic observatories throughout 
the region report large earthquakes to the Tsunami Warning Center in Honolulu. 
Scientists at the Center use deep-sea buoys  equipped with   pressure sensors to detect 
energy released by an earthquake. In addition, tidal gauges measure the rise and fall 
in sea level that accompany tsunami, resulting in warnings issued within the hour. 
Although tsunami travel very rapidly, there is sufficient time to evacuate all but the 
areas nearest the epicenter. For example, a tsunami generated off the coast of Chile 
in 2010 took about 15 hours to reach the Hawaiian Islands (FIGURE 14.23).  
 



Damaging Earthquakes East of the Rockies 
When you think “earthquake,” you probably think of California and Japan. However, 
six major earthquakes have occurred in the central and eastern United States since 
colonial times. Three of these had estimated Richter magnitudes of 7.5, 7.3, and 7.8, 
and they were centered near the Mississippi River valley in southeastern Missouri. 
Occurring on December 16, 1811; January 23, 1812; and February 7, 1812, these 
earthquakes, plus numerous smaller tremors, destroyed the town of New Madrid, 
Missouri, triggered massive landslides, and caused damage over a six-state area. The 
course of the Mississippi River was altered, and Tennessee’s Reel foot Lake was 
enlarged. The distances over which these earthquakes were felt are truly remarkable. 
Chimneys were reported downed in Cincinnati, Ohio, and Richmond, Virginia, 
while Boston residents, located 1770 kilometers (1100 miles) to the northeast, felt 
the tremor. Despite the history of the New Madrid earthquake, Memphis, Tennessee, 
the largest population center in the area, does not have adequate earthquake 
provisions in its building code. Further, because Memphis is located on 
unconsolidated floodplain deposits, buildings are more susceptible to damage than 
are similar structures built on bedrock. It has been estimated that if an earthquake 
the size of the 1811–1812 New Madrid event were to strike in the next decade, it 
would result in casualties in the thousands and damages in tens of billions of dollars. 
Damaging earthquakes that occurred in Aurora, Illinois (1909), and Valentine, Texas 
(1931), remind us that  other areas in the central United States are vulnerable.  
The greatest historical earthquake in the eastern states occurred on August 31, 1886, 
in Charleston, South Carolina. The event, which spanned 1 minute, caused 60 deaths, 
numerous injuries, and great economic loss within a radius of 200 kilometers (120 
miles) of Charleston. Within 8 minutes, effects were felt as far away as Chicago and 
St. Louis, where strong vibrations shook the upper floors of buildings, causing 
people to rush outdoors. In Charleston alone, more than 100 buildings were 
destroyed and 90 percent of the remaining structures damaged (FIGURE 14.24). 
Numerous other strong earthquakes have been recorded in the eastern United States. 
New England and adjacent areas have experienced sizable shocks ever since colonial 
times. The first reported earthquake in the Northeast took place in Plymouth, 
Massachusetts, in 1683 and was followed in 1755 by the destructive Cambridge, 
Massachusetts, quake. Moreover, from the time that records have been kept, New 
York state alone has experienced more than 300 earthquakes large enough to be felt. 
Earthquakes in the central and eastern United States occur far less frequently than in 
California, yet history indicates that the East is vulnerable. Further, these shocks east 
of the Rockies have generally produced structural damage over a larger area than 
counterparts of similar magnitude in California. The reason is that the underlying 
bedrock in the central and eastern United States is older and more rigid. As a result, 
seismic waves are able to travel greater distances with less attenuation than in the 



western United States. It is estimated that for earthquakes of similar magnitude, the 
region of maximum ground motion in the East may be up to 10 times larger than in 
the West. Consequently, the higher rate of earthquake occurrence in the western 
United States is balanced somewhat by the fact that central and eastern U.S. quakes 
can damage larger areas. 
 
Can Earthquakes Be Predicted? 
The vibrations that shook Northridge, California, in 1994 caused 60 deaths and more 
than $40 billion in damage (FIGURE 14.25). This level of destruction was the result 
of an earthquake of moderate intensity (MW 6.7). Seismologists warn that other 
earthquakes of comparable or greater strength can be expected along the San 
Andreas system, which cuts a 1300-kilometer (800-mile) path through the state. The 
obvious question is: Can these earthquakes be predicted? 
Short-Range Predictions 
The goal of short-range earthquake prediction is to provide a warning of the location 
and magnitude of a large earthquake within a narrow time frame. Substantial efforts 
to achieve this objective have been attempted in Japan, the United States, China, and 
Russia—countries where earthquake risks are high. This research has concentrated 
on monitoring possible precursors—events or changes that precede a forthcoming 
earthquake and thus may provide a warning. In California, for example, 
seismologists are monitoring changes in ground elevation and variations in strain 
levels near active faults. Other researchers are measuring changes in groundwater 
levels, while still others are trying to predict earthquakes  based on an increase in the 
frequency of foreshocks that precede some, but not all, earthquakes. 
One claim of a successful short-range prediction was made by the Chinese 
government after the February 4, 1975, earthquake in Liaoning Province. According 
to reports, very few people were killed—even though more than 1 million lived near 
the epicenter—because the earthquake was predicted and the residents were 
evacuated. 
Some Western seismologists have questioned this claim and suggest instead that an 
intense swarm of foreshocks, which began 24 hours before the main earthquake, may 
have caused many people to evacuate on their own accord. One year after the 
Liaoning earthquake, an estimated 240,000 people died in the Tangshan, China, 
earthquake, which was not predicted (TABLE 14.2). There were no foreshocks. 
Predictions can also lead to false alarms. In a province near Hong Kong, people 
reportedly evacuated their dwellings for more than a month, but no earthquake 
followed. 
In order for a short-range prediction scheme to warrant general acceptance, it must 
be both accurate and reliable. Thus, it must have a small range of uncertainty in 



regard to location and timing, and it must produce few failures or false alarms. Can 
you imagine the debate that would precede an order to evacuate a large city in the 
United States, such as Los Angeles or San Francisco? The cost of evacuating 
millions of people, arranging for living accommodations, and providing for their lost 
work time and wages would be staggering. Currently, no reliable method exists for 
making short-range earthquake predictions. In fact, except for a brief period of 
optimism during the 1970s, the leading seismologists of the past 100 years have 
generally concluded that short-range earthquake prediction is not feasible. 
Long-Range Forecasts 
In contrast to short-range predictions, which aim to predict earthquakes within a time 
frame of hours, or at most days, long range forecasts give the probability of a certain 
magnitude earthquake occurring on a time scale of 30 to 100 years or more. 
These forecasts give statistical estimates of the expected intensity of ground motion 
for a given area, over a specified time frame. Although long-range forecasts are not 
as informative as we might like, these data are useful for providing important guides 
for building codes so that  buildings, dams, and roadways are constructed to 
withstand expected levels of ground shaking. 
For example, in the 1970s, before the 800-mile-long Trans-Alaskan oil pipeline was 
built, geologists did a hazards study of the Denali Fault system—a major tectonic 
structure across Alaska. It was determined that during a magnitude 8 earthquake on 
the Denali Fault, it would experience a 6-meter (20-foot) horizontal displacement. 
As a result of this investigation, the pipeline was designed to allow it to slide 
horizontally without breaking (FIGURE 14.26). 
In 2002, the Denali Fault ruptured producing a 7.9 magnitude earthquake. Although 
the total displacement along the fault was about 5 meters (18 feet), there was no oil 
spill. The Trans- Alaskan pipeline carries nearly 20 percent of the domestic oil 
supply of the United States— roughly 600,000 barrels per day—with a degree of 
scientific reassurance that it will withstand evidence that many large faults break 
repeatedly, producing similar quakes at roughly similar intervals. In other words, as 
soon as a section of a fault ruptures, the continuing motions of Earth’s plates begin 
to build strain in the rocks again until they fail once more. As a result seismologists 
study historical records of earthquakes to see if there are any discernible patterns so 
that the probability of recurrence may be established With this concept in mind, 
seismologists plot the distribution of rupture zones associated with great earthquakes 
around the globe. The maps reveal that individual rupture zones tend to occur 
adjacent to one another without appreciable overlap, thereby tracing out a plate 
boundary. Because plates are moving at known velocities, the rate at which strain 
builds can also be estimated. 
Researchers’ study of historical records led to the discovery that some seismic zones 
had not produced a large earthquake in more than a century, and in some locations, 



for several centuries. These quiet zones, called seismic gaps, are believed to be 
inactive zones that are storing strain for future major quakes. 
An area of recent interest to seismologists is the northern edge of the Indian plate, 
which is colliding with Asia (FIGURE 14.27). Although this area had historically 
been seismically quiet, four major earthquakes have struck the plate boundary since 
2004. The most destructive was the previously described December 2004 Sumatra 
earthquake (MW 9.1). Then, in March 2005, and again in April 2010, two strong 
earthquakes (MW 8.6) struck Indonesia on the same fault system directly south of 
the deadly 2004 event. Fortunately, the later events were much less destructive, 
because no substantial tsunami was generated. 
In October 2005, the Pakistan/Kashmir earthquake struck, claiming 86,000 lives. 
The severity of the destruction caused by this quake was attributed to severe 
thrusting, coupled with poor  construction practices (FIGURE 14.28). Regrettably, 
as the map in Figure 14.27 illustrates, several mature seismic gaps (shown in white) 
are located along this plate margin. One of these lies on the Sunda mega thrust, just 
south of the March 2005/April 2010 ruptures. Did the displacement 
in 2005 transfer sufficient stress to nudge the neighboring region toward failure? 
Other seismic gaps are located within the continent along the margins of the 
Himalayan Mountains. One of these sites is located adjacent to the area of slippage 
that produced the October 2005 Pakistan/Kashmir quake. Another is a 600-
kilometer-long region on the central Himalaya that has apparently not ruptured since 
1505. In summary, the best prospects for making useful earthquake predictions 
involve forecasting magnitudes and locations on time scales of years or perhaps even 
decades. These forecasts are important because they provide information that can be 
used in the design of structures and to assist in land-use planning in order to reduce 
injuries and loss of life and property.  
 
 
 
Earth’s Interior 
If you could slice Earth in half, the first thing you would notice is that it has three 
distinct layers. The heaviest materials (metals) would be in the center. Lighter solids 
(rocks) would be in the middle, and liquids and gases would be on top. Within Earth 
we know these layers as the iron core, the rocky mantle and crust, the liquid ocean, 
and the gaseous atmosphere. More than 95 percent of the variations in composition 
and temperature within Earth are due to layering. However, this is not the end of the 
story. If it were, Earth would be a dead, lifeless cinder floating in space composition 
and temperature with depth that indicate the interior of our planet is very dynamic. 
The rocks of the mantle and crust are in constant motion, not only moving about 



through plate tectonics, but also continuously recycling between the surface and the 
deep interior. Furthermore, it is from Earth’s deep interior that the water and air of 
our oceans and atmosphere are replenished, allowing life to exist at the surface. 
Probing Earth’s Interior: 
“Seeing” Seismic Waves 
Discovering the structure and properties of Earth’s deep interior has not been easy. 
Light does not travel through rock, so we must find other ways to “see” into our 
planet. The best way to learn about Earth’s interior is to dig or drill a hole and 
examine it directly. Unfortunately, this is only possible at shallow depths. The 
deepest a drilling rig has ever penetrated is 12.3 kilometers (8 miles), which is about 
1/500 of the way to Earth’s center! Even this was an extraordinary accomplishment 
because temperature and pressure increase rapidly with depth. 
Fortunately, many earthquakes are large enough that their seismic waves travel all 
the way through Earth and can be recorded on the other side (FIGURE 14.29). 
This means that the seismic waves act like medical x-rays used to take images of a 
person’s insides. There are about 100 to 200 earthquakes each year that are large 
enough (about ) to be well recorded by seismographs all around the globe. These 
large earthquakes provide the means to “see” into our planet and have been the 
source of most of the data that have allowed us to figure out the nature of Earth’s 
interior. Interpreting the waves recorded on seismograms in order to identify Earth 
structure is challenging because seismic waves do not travel along straight paths. 
Instead, seismic waves are reflected, refracted, and diffracted as they pass through 
our planet. They reflect off boundaries between different layers, they refract (or 
bend) when passing from one layer to another layer, and they diffract around any 
obstacles they encounter (Figure 14.29). These different wave behaviors have been 
used to identify the boundaries that exist within Earth. One of the most noticeable 
behaviors of seismic waves is that they follow strongly curved paths (Figure 14.29). 
This occurs because the velocity of seismic waves generally increases with depth. In 
addition, seismic waves travel faster when rock is stiffer or less compressible. These 
properties of stiffness and compressibility are then used to interpret the composition 
and temperature of the rock. For instance, when rock is hotter, it becomes less stiff 
(imagine taking a frozen chocolate bar and then heating it up!), and waves travel 
more slowly. Waves also travel at different speeds through rocks of different 
compositions. 
Thus, the speed that seismic waves travel can help determine both the kind of rock 
that is inside Earth and how hot it is.  
 
Formation of Earth’s Layered Structure 



As material accumulated to form Earth (and for a short period afterward), the high 
velocity impact of nebular debris and the decay of radioactive elements caused the 
temperature of our planet to steadily increase. During this time of intense heating, 
Earth became hot enough that iron and nickel began to melt. Melting produced liquid 
blobs of heavy metal that sank toward the center of the planet. This process occurred 
rapidly on the scale of geologic time and produced Earth’s dense iron-rich core. The 
early period of heating resulted in another process of chemical differentiation, 
whereby melting formed buoyant masses of molten rock that rose toward the surface, 
where they solidified to produce a primitive crust. These rocky materials were rich 
in oxygen and “oxygen-seeking” elements, particularly silicon and aluminum, along 
with lesser amounts of calcium, sodium, potassium, iron, and magnesium. In 
addition, some heavy metals such as gold, lead, and uranium, which have low 
melting points or were highly soluble in the ascending molten masses, were 
scavenged from Earth’s interior and  concentrated in the developing crust. This early 
period of chemical segregation established the three basic divisions of Earth’s 
interior—the iron rich core; the thin primitive crust; and Earth’s largest layer, called 
the mantle, which is located between the core and crust (FIGURE 14.30). 
Earth’s Internal Structure 
In addition to these three compositionally distinct layers, Earth can be divided into 
layers based on physical properties. The physical properties used to define such 
zones include whether the layer is solid or liquid and how weak or strong it is. 
Knowledge of both types of layers is essential to our understanding of basic geologic 
processes, such as volcanism, earthquakes, and mountain building (Figure 14.30). 
EARTH’S CRUST. The crust, Earth’s relatively thin, rocky outer skin, is of two 
types—continental crust and oceanic crust. Both share the word crust, but the 
similarity ends there. The oceanic crust is roughly 7 kilometers (4 miles) thick and 
composed of the dark igneous rock basalt. By contrast, the continental crust averages 
35 to 40 kilometers (22 to 25 miles) thick but may exceed 70 kilometers (40 miles) 
in some mountainous regions such as the Rockies and Himalayas. Unlike the oceanic 
crust, which has a relatively homogeneous chemical composition, the continental 
crust consists of many rock types. 
Although the upper crust has an average composition of a granitic rock called 
granodiorite, it varies considerably from place to pla   
EARTH’S MANTLE. More than 82 percent of Earth’s volume is contained in the 
mantle, a solid, rocky shell that extends to a depth of about 2900 kilometers (1800 
miles). The boundary between the crust and mantle represents a marked change in 
chemical composition. The dominant rock type in the uppermost mantle is peridotite, 
which is richer in the metals magnesium and iron than the minerals found in either  
the continental or oceanic crust. The upper mantle extends from the crust–mantle 
boundary down to a depth of about 660 kilometers (410 miles). The upper mantle 



can be divided into two different parts. The top portion of the upper mantle is part 
of the stiff lithosphere, and beneath that is the weaker asthenosphere. The lithosphere 
(sphere of rock) consists of the entire crust and   upper most mantle and forms Earth’s 
relatively cool, rigid outer shell. Averaging about 100 kilometers (62 miles) in 
thickness, the lithosphere is more than 250 kilometers (155 miles) thick below the 
oldest portions of the continents (see Figure 14.30). Beneath this stiff layer to a depth 
of about 350 kilometers (217 miles) lies a soft, comparatively weak layer known as 
the asthenosphere (weak sphere). The top portion of the asthenosphere has a 
temperature/pressure regime that results in a small amount of melting. Within this 
very weak zone, the lithosphere is mechanically detached from the layer below. The 
result is that the lithosphere is able to move independently of the asthenosphere, a 
fact we will consider in the next chapter. It is important to emphasize that the 
strength of various Earth materials is a function of both their composition and the 
temperature and pressure of their environment. The entire lithosphere does not 
behave like a brittle solid similar to rocks found on the surface. Rather, the rocks of 
the lithosphere get  progressively hotter and weaker (more easily deformed) with 
increasing depth. At the depth of the uppermost asthenosphere, the rocks are close 
enough to their melting temperature that they are very easily deformed, and some 
melting may actually occur. Thus, the uppermost asthenosphere is weak because it 
is near its melting point, just as hot wax is weaker than cold wax. From 660 
kilometers (410 miles) deep to the top of the core, at a depth of 2900 kilometers 
(1800 miles), is the lower  mantle. Because of an increase in pressure (caused by the 
weight of the rock above), the mantle gradually strengthens with depth. Despite their 
strength however, the rocks within the lower mantle are very hot and capable of very 
gradual flow. 
 
EARTH’S CORE.  
The composition of the core is thought to be an iron–nickel alloy with minor amounts 
of oxygen, silicon, and sulfur—elements that readily form compounds with iron. At 
the extreme pressure found in the core, this iron-rich material has an average density 
of nearly 11 grams per cubic centimeter and approaches 14 times the density of water 
at Earth’s center. 
The core is divided into two regions that exhibit very different mechanical strengths. 
The outer core is a liquid layer 2270 kilometers (1410 miles) thick. It is the 
movement of metallic iron within this zone that generates Earth’s magnetic field. 
The inner core is a sphere with a radius of 1216 kilometers (754 miles). Despite its 
higher temperature, the iron in the inner core is solid due to the immense pressures 
that exist in the center of the planet   
 

Earthquakes and Earth’s Interior in Review 



Earthquakes are vibrations of Earth produced by the rapid release of energy from 
rocks that rupture because they have been subjected to stresses that exceed their 
strength. This energy, which takes the form of seismic waves, radiates in all 
directions from the earthquake’s source, called the focus. The movements that 
produce most large earthquakes occur along large fractures, called faults, that are 
usually associated with plate boundaries. 
Along a fault, rocks store energy as they are bent. As slippage occurs at the weakest 
point (the focus), displacement will exert stress farther along a fault, where 
additional slippage will occur until most of the built-up strain is released. An 
earthquake occurs as the rock elastically returns to its original shape. The “springing 
back” of the rock is termed elastic rebound. Small earthquakes, called foreshocks, 
often precede a major earthquake. The adjustments that follow a major earthquake 
often generate smaller earthquakes called aftershocks. Two main types of seismic 
waves are generated during an earthquake: 
(1) surface waves, which travel along the outer layer of Earth, and (2) body waves, 
which travel through Earth’s interior. Body waves  are further divided into primary 
(P) waves, which push (squeeze) and pull (stretch) rocks in the direction the wave is 
traveling, and secondary (S) waves, which “shake” the particles in rock at right 
angles to their direction of travel. P waves can travel through solids, liquids, 
and gases. Fluids (gases and liquids) will not transmit S waves. In any solid material, 
P waves travel about 1.7 times faster than S waves. 
The location on Earth’s surface directly above the focus of an earthquake is the 
epicenter. Using the difference in arrival times between P and S waves, the distance 
separating a recording station from the earthquake epicenter can be determined. 
When the distances are known from three or more seismic stations, the epicenter can 
be located using a method called triangulation. 
Seismologists use two fundamentally different measures to describe the size of an 
earthquake—intensity and magnitude. Intensity is a measure of the degree of ground 
shaking at a given locale based on the observed effects. The Modified Mercalli 
Intensity Scale is divided into 12 levels of severity based on observed effects such 
as people awakened from sleep, furniture moving, plaster cracking and falling, and 
finally—total destruction. Magnitude is calculated from seismic records and 
estimates the amount of energy released at the source of an earthquake. Using the 
Richter scale, the magnitude of an earthquake is estimated by measuring the 
amplitude (maximum displacement) of the largest seismic wave recorded. A 
logarithmic scale is used to express magnitude, in which a tenfold increase in ground 
shaking corresponds to an increase of 1 on the magnitude scale.  
Moment magnitude is currently used to estimate the size of moderate and large 
earthquakes. It can be calculated using the amount of slip on the fault surface, the 
area of the fault surface, and the strength of the faulted rock. 



A close correlation exists between earthquake epicenters and plate boundaries. The 
greatest energy is released by earthquakes along the margin of the Pacific Ocean, 
known as the circum-Pacific belt, and the mountainous regions that flank the 
Mediterranean Sea and continue past the Himalayan complex. Another zone of 
comparatively weak seismicity runs through the world’s oceans along the oceanic 
ridge system.  
The primary factors that determine the amount of destruction accompanying an 
earthquake are the magnitude of the earthquake and the proximity of the quake to a 
populated area. Structural damage attributable to ground shaking depends on several 
factors, including (1) the intensity and (2) the duration of ground shaking, (3) the 
nature of the material upon which the structure rests, and (4) the design of the 
structure. Secondary effects of earthquakes include landslides, ground subsidence, 
fire, and tsunami damage. Substantial research to predict earthquakes is underway 
in Japan, the United States, China, and Russia—countries where earthquake risk is 
high. No reliable method of short-range prediction has yet been devised. Long-range 
forecasts are based on the premise that earthquakes are repetitive or cyclical. 
Seismologists study the history of earthquakes for patterns so their occurrences may 
be predicted.  
Long-range forecasts are important because they provide information used to 
develop the Uniform Building Code and to assist in land-use planning. As indicated 
by the behavior of P and S waves as they travel through Earth, the four major zones 
of Earth’s interior are: 
 (1) crust (the very thin outer layer, 5 to 40 kilometers); 
(2) mantle (a rocky layer located below the crust with a thickness of 2900 
kilometers); 
(3) outer core (a layer about 2270 kilometers thick, which exhibits the characteristics 
of a mobile liquid); and 
 (4) inner core (a solid metallic sphere with a radius of about 1216 kilometers). 



How Do I Locate That Earthquake's 
Epicenter? 

To figure out just where that earthquake happened, you need to look at your seismogram and 
you need to know what at least two other seismographs recorded for the same earthquake. You 
will also need a map of the world, a ruler, a pencil, and a compass for drawing circles on the 
map. 

Here's an example of a seismogram: 

 
 

FIGURE 1 - OUR TYPICAL SEISMOGRAM FROM BEFORE, THIS TIME MARKED FOR THIS EXERCISE 
(FROM BOLT, 1978). 

 
 
 

One minute intervals are marked by the small lines printed just above the squiggles made by 
the seismic waves (the time may be marked differently on some seismographs). The distance 
between the beginning of the first P wave and the first S wave tells you how many seconds the 
waves are apart. This number will be used to tell you how far your seismograph is from the 
epicenter of the earthquake. 

Finding the Distance to the Epicenter and the 
Earthquake's Magnitude 

1. Measure the distance between the first P wave and the first S wave. In this case, the first P 
and S waves are 24 seconds apart.  

2. Find the point for 24 seconds on the left side of the chart below and mark that point. 
According to the chart, this earthquake's epicenter was 215 kilometers away.  

3. Measure the amplitude of the strongest wave. The amplitude is the height (on paper) of the 
strongest wave. On this seismogram, the amplitude is 23 millimeters. Find 23 millimeters 
on the right side of the chart and mark that point.  



4. Place a ruler (or straight edge) on the chart between the points you marked for the distance 
to the epicenter and the amplitude. The point where your ruler crosses the middle line on the 
chart marks the magnitude (strength) of the earthquake. This earthquake had a magnitude 
of 5.0. 

 
 
FIGURE 2 - USE THE AMPLITUDE TO DERIVE THE MAGNITUDE OF THE EARTHQUAKE, AND THE DISTANCE FROM THE 
EARTHQUAKE TO THE STATION. (FROM BOLT, 1978) 

 

Finding the Epicenter 
You have just figured out how far your seismograph is  

1.  Check the scale on your map. It should look something like a piece of a ruler. All maps 
are different. On your map, one centimeter could be equal to 100 kilometers or something 
like that. 



2. Figure out how long the distance to the epicenter (in centimeters) is on your map. For 
example, say your map has a scale where one centimeter is equal to 100 kilometers. If the 
epicenter of the earthquake is 215 kilometers away, that equals 2.15 centimeters on the 
map.  

3. Using your compass, draw a circle with a radius equal to the number you came up with in 
Step #2 (the radius is the distance from the center of a circle to its edge). The center of the 
circle will be the location of your seismograph. The epicenter of the earthquake is 
somewhere on the edge of that circle.   

4. Figure out how long the distance to the epicenter (in centimeters) is on your map. For 
example, say your map has a scale where one centimeter is equal to 100 kilometers. If the 
epicenter of the earthquake is 215 kilometers away, that equals 2.15 centimeters on the 
map.  

Using your compass, draw a circle with a radius equal to the number you came up with in Step 
#2 (the radius is the distance from the center of a circle to its edge). The center of the circle will 
be the location of your seismograph. The epicenter of the earthquake is somewhere on the edge 
of that circle. Do the same thing for the distance to the epicenter that the other seismograms 
recorded (with the location of those seismographs at the center of their circles). All of the circles 
should overlap. The point where all of the circles overlap is the approximate epicenter of the 
earthquake. 
 

 
 

 

 
 


