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Chapter 2  Plate Tectonics

Learning Outcomes
In this section, you will 

• Construct a simple seismometer. 

• Record motion in two dimensions 
and also within a fixed time frame. 

• Understand how seismometers 
record earthquake waves. 

• Recognize P waves, S waves, and 
surface waves on seismograms. 

• Read a graph to determine 
the distance to the earthquake 
epicenter. 

Think About It 
Earthquakes are detected and monitored through a huge, 
worldwide network of over 150 monitoring stations. Together, 
these instruments are called the Global Seismographic Network, 
or GSN. The GSN measures the energy released by earthquakes 
in the form of seismic waves. It then reports its data through 
the United States Geological Survey’s National Earthquake 
Information Center and other national and international agencies. 

• What specific observations would you want to make to study 
an earthquake? 

• How could you detect and record the arrival of earthquake 
waves: P waves, S waves, and surface waves? 

Record your ideas about these questions in your Geo log. Be 
prepared to discuss your responses with your small group and
the class. 

Investigate 
In this Investigate, you will explore how seismologists detect and 
measure earthquake waves. 

Section 11 Detecting Earthquake Waves
What Do You See?
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 1. Attach one end of a spiral spring or 
thick rubber band to a small, heavy 
weight (a non-lead fishing-line sinker 
would work well). Attach the other 
end of the spring or rubber band to the 
bottom of a rectangular, open-sided 
storage box, such as a small milk crate. 
Turn the box upside down so that the 
weight is suspended and hanging freely. 

Be sure the spring and weight are securely 
fastened to the crate. 

 2. Move the frame of the box rapidly 
back and forth (horizontally). Now 
move the box vertically up and down. 
Move it back and forth in one direction 
(horizontally), then back and forth in 
the other direction (vertically). 

a) In your log, write a detailed 
description of what you observe. 

b) Are the motions you generate similar 
to the motions produced by the 
coiled spring in Section 10, or are 
they different? 

c) How would you describe the motions 
of the weight in comparison to the 
motions you made to the box? 

 3. Obtain a piece of heavy paper or light 
cardboard and a very soft pencil or thin 
felt-tipped marker. Hold the marker 
firmly in place above the paper so that 
its tip is just touching the paper. This 
can be done by having the member of 
your group with the steadiest hand hold 
the marker in place above the paper. 
Have another group member move the 
paper under the marker in order to 
write the word “Earthquake” in cursive. 
Move only the paper, not the pen. 

a) Record what you observe and how 
this writing is achieved. 

 4. Smoothly drag the paper across the 
table toward you (with the tip of the 
marker touching the paper). Then 
pull the paper toward you again, 
but this time jiggle it back and forth 
perpendicular to the direction in which 
you are pulling. 

a) What does the resulting line look like 
when the paper was smoothly pulled 
toward you? 

b) What does the resulting line look like 
when the paper was jiggled? 

 5. Repeat Step 4, but this time use a 
timer or the second hand on a watch 
to record the time it takes to pull the 
paper through. Use a roll of paper this 
time so you have a strip of paper a 
meter or so long. Have a third person 
make a little mark on the edge of the 
paper strip every second as you move 
the strip along. 
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 6. Examine the record of the waves of a 
real earthquake shown in the figure 
below. 

a) Is the size (height) of the recorded 
wave the same for the entire duration 
shown on the seismogram? 

b) Is the shape of the recorded wave the 
same for the entire duration shown 
on the seismogram? 

 7. Make or obtain a copy of the diagram 
showing the record of the waves of a 
real earthquake. 

a) Label the arrival of the P waves and 
the S waves. 

b) How much time separates the arrival 
of the two waves? 

c) Use the diagram and the difference in 
arrival times to determine the distance 
from the epicenter to the seismometer.

The January 12, 2010 Haiti earthquake recorded in Katami National Park, Alaska.
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Geo Words
seismometer 
(seismograph): an 
instrument that 
detects seismic waves. 
It receives seismic 
impulses and converts 
them into a signal 
such as an electrical 
voltage.

Section 11  Detecting Earthquake Waves

Geo Words
seismogram: the 
record made by a 
seismometer.

RECORDING EARTHQUAKE WAVES 
Seismometers 
In the Investigate, you built an instrument that detected motion. You also 
examined data that were generated by a seismometer. A seismometer 
(also known as a seismograph) works on the principle of inertia. Inertia 
is the tendency for a mass at rest to remain at rest. Seismometers similar 
to the device you built were first used in the 1800s. They had a cylinder 
coated with soot. A stylus scratched a mark as it registered vibrations. In 
today’s instruments (see Figure 1), the relative motion between the mass 
and its frame creates an electric signal. The signal is then increased. It 
is then passed on to a recording destination. Sometimes ink pens make 
the recording on paper. A 
narrow beam of light can 
record the vibrations on 
photographic paper. The 
recording might be made 
by a device that records a 
magnetic signal on tape. It 
can also be on a computer 
screen. It takes three 
seismometers to record all 
the motions of the ground 
during an earthquake. 
Two horizontal cylinders at 
right angles to each other 
record sideways motions 
(north-south and east-
west). The third cylinder is 
vertical and records up and 
down motions.

Instruments used to 
detect earthquakes are 
attached to the ground. 
They record any motion of 
the ground to which they 
are attached. These motions can be natural. For example, the ground 
can move as a result of earthquakes or landslides. People can also cause 
the ground to move. Large trucks, passing airplanes and helicopters, and 
blasting during construction can also cause movement of the ground.

Interpreting Seismograms 
A seismogram is a written or mechanically produced record of 
earthquake waves. You just read about different ways these records 
are produced. Figure 2 on the next page shows a seismogram recorded 
in Dallas, Texas. Note the separation of P waves and S waves on the 

Digging Deeper

Figure 1 In the 1960s, a worldwide network of 
seismometers was developed to verify nuclear 
test-ban treaties. When a nuclear device is tested, 
seismometers around the world record the seismic 
waves that result from the blast. 
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seismogram. This seismogram was recorded about 1600 km from the 
earthquake’s epicenter. If it had been recorded closer to the epicenter, 
the two waves would appear much closer together. All the waves are 
produced during the rupture. As distance from the epicenter increases, 
the separation and arrival times between the wave types increase. That 
is because different kinds of waves travel at different speeds. 

Figure 2 Seismogram recorded in Dallas, Texas.

P waves travel the fastest through Earth. Therefore, they arrive first at a 
distant station. S waves arrive shortly after. Waves that arrive after the 
direct P waves complicate the seismogram. Various reflected and refracted 
P and S waves bounce off and along layers of Earth’s interior and 
eventually reach the station.

Using Travel-Time Curves 
P and S waves travel at 
different speeds, so they 
arrive at different times 
at a seismological station. 
The difference in their 
arrival times increases 
with the distance from 
the epicenter. Travel-
time curves show this 
relationship. (See Figure 3.)
The graph shows the data 
from a magnitude 8
earthquake in the Kuril 
Islands on December 3,
1995. Here you can see
the relationship between 
distance and the difference
in arrival times for P waves 
and S waves.

Figure 3 Travel-time curve for an earthquake.
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Seismology and the Study of Earth’s Interior
People have always been fascinated by Earth’s interior. To this day, the
deepest hole ever drilled into Earth’s crust is in the Kola Peninsula, Russia. 
It extends more than 12 km into continental crust. However, that crust 
is 70 km thick in places. Volcanism rarely brings up samples from deeper 
than 150 km. This means that no one has ever made direct observations 
of Earth’s deep interior. 

In Section 1, you saw a diagram showing the concentric structure of 
Earth’s crust, mantle, and core. Earth’s radius is 6378 km. This is a well-
established fact among scientists. But, how do scientists know the depths 
at which Earth’s interior properties change? The answers come from the 
application of physics to geology. Since the 1900s, scientists have used 
seismic waves to study the interior of Earth. 

Physicists have found that seismic waves travel much faster through 
rigid material than plastic or soft material. This means that changes in 
the speeds of seismic waves can be used to make inferences about what 
makes up Earth’s interior. (In science, there is a difference between 
velocity and speed. In this section, assume they mean the same.)

You may have seen this change in 
speed of waves when you looked 
at a straw in a glass of water. 
When you observed from the side 
of the glass, the straw appeared 
to be broken at the boundary 
between the water and air. (Note 
that the thin glass causes very 
little distortion.) This occurs 
because light travels at different 
speeds in different media. The 
light rays bend when they pass 
from one medium and into a 
second medium. This process is 
known as refraction. Because 
the light is traveling in different 
directions from the glass and to 
your eye, a visual distortion occurs. 
Your brain determines the location 
of the straw to be at the place 
where the light rays originate. 
Because the eye and brain assumes 
light travels in a straight path, the 
brain misplaces the location of 
the straw. As a result, the straw 
appears to be broken. 

Figure 4 The refraction of light rays moving 
between water and air makes this straw 
appear distorted.
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Imagine the inside of Earth to be completely uniform. What would 
happen to seismic waves traveling from the surface into the interior 
of Earth? The waves would travel at a constant speed. This is shown in 
Figure 5 using wave rays. Wave rays are the travel paths of lines drawn 
perpendicular to wave fronts. In a uniform Earth, wave rays travel in 
straight paths without bending. 

Now imagine that Earth’s interior gets more rigid with depth. In this case, 
the speeds of seismic waves passing downward through Earth would 
increase with depth. This is shown in Figure 6. The speed of the waves 
would increase, causing the wave rays to bend. That is because the wave 
rays move into a more rigid material deeper in the interior. Wave rays 
would follow a curved path. If the speed of the waves and the distance they 
travel is known, then scientists can use any acceleration (change in velocity) 
as an indication of a change in the media through which they travel.

Data from studies of seismic waves have shown that waves change speeds as 
they pass through Earth’s interior. They speed up or slow down depending 
on which part of Earth’s interior they travel through. This would not happen 
if Earth’s interior were uniform. From this, scientists have concluded that 
Earth’s interior is not uniform. Instead, the speeds of seismic waves suggest 
that the physical properties of Earth’s interior vary with depth. 

Seismic waves are believed to bend as they travel through Earth. Figure 7 
shows how the wave rays from an earthquake’s P waves radiate through 
Earth’s mantle and core to reach distant locations. The behaviors of the 
rays depend on their directions and the media they encounter. Notice how 
ray 1 bends gently within the mantle and emerges at the crust. All rays 
bend gently within the mantle. This is because the mantle becomes more 
rigid with depth. Ray 2 also passes through the mantle. It approaches 

Figure 6 If Earth’s interior gradually 
increased in rigidity with depth, wave 
rays would travel along curved paths.

Figure 5 If Earth’s interior were 
completely uniform, wave rays 
would travel along straight paths. 
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Geo Words
shadow zone: an 
area where there is 
little penetration of 
seismic waves due to 
refraction at the core-
mantle boundary. 

the core-mantle boundary at very low angle and continues its curved 
path. It reaches the crust at 103° from the earthquake source. However, 
if ray 2 crossed the core-mantle boundary, it would take a very different 
path. This is shown as ray 2a. It would cross the boundary at a very low 
angle and get refracted strongly toward the core. This is because of the 
physical differences between the core and mantle. Ray 3 also crosses 
the core-mantle boundary, but at a much steeper angle than ray 2a. 
It is refracted less strongly into the core. Compare what happens to 
rays 2a and 3 as they exit the core. They both travel back into the mantle 
and are refracted once more. However, ray 2a meets the boundary at 
a lower angle than ray 3. Ray 2a is refracted more strongly and reaches 
the surface farther than 180° from the earthquake source. In contrast, 
ray 3 strikes the core-mantle boundary at a higher angle. It is refracted 
less and reaches the surface at 143°. Notice what happens to ray 4. It 
strikes both boundaries at steep angles. It is deflected much less than 
ray 2a and 3. Thus, the angle of refraction depends on the angle at which 
the rays strike the boundary or the core-mantle boundary. The lower the 
angle that the rays strike the boundary, the higher they are refracted.

Figure 7 The pathways of seismic waves passing through Earth’s 
interior. Earth’s core creates a shadow zone between 103° and 
143° away from the earthquake source.

Whenever an earthquake occurs, there is always a large area on the 
opposite side of Earth where seismic waves do not travel. This is called 
the shadow zone. The shadow zone for P waves is located between 103° 
and 143° away from the earthquake source. (See Figure 7.) The shadow 
zone occurs because the core blocks the seismic waves. The location of 
the shadow zone is as a result of the physical properties of the mantle 
and the core. Seismic studies have enabled scientists to calculate that 
the core-mantle boundary is about 2900 km below the surface.
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A shadow zone also exists for 
S waves. The core has very strong 
effects on whether S waves can 
pass through it. P waves travel 
through any solid, liquid, or gas 
substance. S waves, however, only 
pass through solid material. They 
cannot pass through a liquid. No 
S waves are received beyond 103° 
from the source of an earthquake. 
This creates a massive shadow 
zone. This zone is almost one 
hemisphere in size. (See Figure 8.) 
The S wave shadow zone provides 
evidence that Earth’s outer core is 
liquid because it blocks S waves.

Recently, scientists have observed some very weak P waves within the 
103°–143° P wave shadow zone. This is shown in Figure 9. Weak P waves 
emerge at around 120° from the earthquake source. This suggests that 
Earth’s core is divided into a liquid outer core and a solid inner core. 
The boundary of the solid inner core deflects the weak waves into the 
outer core. They continue through the mantle and to the surface, 
within the shadow zone.

  Figure 9 Weak P waves in the shadow zone reveal the presence of an
inner and outer core.

Figure 8 The S wave shadow zone 
created by Earth’s liquid outer core.
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The network of seismic monitoring stations around the world allows 
for the accurate recording of variations in seismic speeds. Using this 
information, scientists have been able to make inferences about the 
structure of the planet. For example, the Moho represents the base of 
the crust and a change in the composition towards much denser silicate 
minerals. The Moho occurs at 5–70 km below the surface, depending 
on the type of crust (remember that continental crust is thicker than 
oceanic crust). At 100–250 km below the surface, the Guttenberg low 
velocity zone occurs. Here, the mantle is near to its melting point, though 
less than five percent is probably liquid. Nonetheless, liquid films that 
surround the mineral grains of mantle rocks slow the passage of P and 
S waves. This zone within the asthenosphere is very important for plate 
motion. Without this weak and ductile zone the upper and lower mantle 
would be “locked” together and the movement of Earth’s lithospheric 
plates would be significantly reduced.

 Figure 10 Graph showing seismic velocities at depth in Earth.

Seismic Tomography
Earthquakes occur often around the world. As a result, scientists are 
able to analyze the speeds of hundreds of thousands of seismic waves 
as they travel though Earth in different directions. Using this data, they 
have produced images. These images reveal zones within Earth where 
seismic waves move faster or slower than normal. Experiments have 
shown scientists that seismic waves are slowed by unusually hot rock. 

EC_Natl_SE_C2.indd   239 7/12/11   1:28:27 PM



EarthComm
240

Chapter 2  Plate Tectonics

Hot rocks are typically less rigid than cooler rocks. The study of three-
dimensional imagery from seismic data is called seismic tomography. 
Look at Figure 11. The tomography shows the upper mantle to be cooler 
beneath the continents and hotter beneath the ocean floor. The hot blobs 
in the mantle are located along mid-ocean ridges. Hot blobs also appear 
in zones of mantle upwelling. In both places, seismic waves have reduced 
speeds because the rocks are hotter and less dense than surrounding rock.

Gravity Anomalies
In physics, you may have investigated Earth’s gravity. You learned that 
a body falling to Earth will accelerate at 9.8 m/s2. However, to use one 
value only, you must assume that Earth is uniform. In fact, the topography 
of Earth’s surface is highly irregular. Both the continents and the oceans 
contain mountains, flat regions, and valleys. Also, some of the surface is 
covered by ice. Other parts of the crust have caves that contain little matter. 
In addition, as you have read, oceanic crust is thinner than continental crust. 
Earth’s interior varies both vertically from the base of the crust to the core. 
It is also varies laterally. Some parts of the mantle are hotter and therefore 
less dense than others. Gravity is directly related to mass. Because different 
features contain more or less mass than others, very small variations in 
gravity exist across the surface of the planet. Anomaly is a word used to 
describe variations of what would normally be expected. 

NASA and the German Aerospace Center have launched the GRACE 
mission. This is the short form for Gravity Recovery and Climate 
Experiment. Its purpose is to measure anomalies in Earth’s gravity. The 
measurements will be more precise than ever before. Scientists will use 
this data to make inferences about Earth’s surface and interior. 

Figure 11 Earthquakes produce seismic waves that travel through Earth’s 
mantle. They reflect off the core-mantle boundary, revealing the structure 
of Earth from crust to core. Blue areas represent cooler than average parts 
of the mantle. Sometimes they show descending slabs of subducted crust 
that has not yet melted completely.

Geo Words
seismic tomography: 
a technique adapted 
in the late 1960s 
from medical 
computer-aided 
imaging that uses 
seismic waves 
triggered by 
earthquakes or 
human-made 
explosions to build 
images of Earth’s 
structure.
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Data is being collected by 
twin satellites in the same orbit. 
The satellites are separated by 
220 km. They are traveling at an 
altitude of 460 km above Earth’s 
surface. The lead satellite speeds 
up when it detects very small 
increases in gravity. The second 
satellite uses a pulse of microwave 
energy to measure the change 
in distance to the lead satellite. 
The changes in distance are tiny. 
They are only about one tenth 
the width of a human hair! 
GRACE maps Earth’s entire gravity 
field every 30 days. Changes in 
gravity over time reveal important 
changes in Earth’s mass. Scientists 
can observe the distribution of 
ice sheets, the bulges in oceans, 
and flows within Earth’s water 
cycle. According to NASA, 
measurements between 2003 
and 2006 showed a decrease in 
gravity over the Antarctic ice 
sheet. This indicates a decrease 
in ice mass. This ice mass has 
decreased by about 150 billion 
tons per year. GRACE is also able 
to detect changes in Earth’s crust. 
After the 2004 earthquake in 
the Indian Ocean, GRACE 
measured a decrease in gravity. 
This indicates that the density of 
the rock beneath the surrounding 
seafloor had changed.

Figure 13 shows gravity 
anomalies. They are shown as 
departures from the predicted 
gravity of a smooth and uniform 
Earth. Some of the greatest 
anomalies, shown in red, occur 
in the middle of the Atlantic 
Ocean. They occur along the 
Mid-Atlantic Ridge. These are 
due to the occurrence of thick, 
dense oceanic crust.

Figure 12 Map of Earth’s gravity anomalies 
showing regions of greater positive and 
negative variations from a calculated value 
of average gravity.

Figure 13 Gravity anomalies are shown by 
relief. Places where gravity is greater than 
predicted are shown in red and by raised 
elevation. Dark blue depressions indicate 
areas of lower than predicted gravity values.
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Figure 14 shows that at the very center of the ridge the gravity value is 
actually lower than in the surrounding parts of the ridge. This is because 
at the center of the ridge the lithosphere is very thin. The hot and less 
dense asthenosphere extends nearly to the surface. Rocks near the ridge 
have low seismic velocities of between 3.7–5.8 km/s. Figure 14 shows that 
velocities increase in all directions away from the ridge. The rocks are more 
rigid further away from the ridge. In contrast, the Puerto Rico Trench has 
one of the most negative gravity anomalies on Earth. The trench is the 
deepest part of the Atlantic Ocean. It is over 8400 m deep. You can see it 
as dark blue areas. Here, the North American Plate is strongly tilted. It is 
descending into the trench.

Figure 14 Heat flow and gravity values reveal the internal structure of the mid-ocean 
ridge. Seismic values vary away from the ridge crest. They increase with depth and 
away from the center. The names of various igneous rocks that form oceanic crust
are given. 

Checking Up
1. What is the 

function of a 
seismometer? 

2. a)  How many 
seismometers 
do you need at 
a given place to 
fully record the 
motions arising 
from earthquake 
waves? 

    b)  How should 
these 
seismometers 
be oriented, and 
why? 

3. What is a 
seismogram? 

4. What information 
is provided by a 
travel-time curve? 

5. What causes a 
shadow zone?
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Think About It Again

At the beginning of this section, you were asked the following:

• What specific observations would you want to make to study an earthquake? 

• How could you detect and record the arrival of earthquake waves: P waves, S waves, 
and surface waves? 

Record your ideas about these questions now. Refer to the use of seismometers and 
seismograms for measuring the shaking that occurs during an earthquake. 

Reflecting on the Section and the Challenge 
You constructed a simple instrument that recorded passing vibrations. Your instrument 
used a stationary mass (like the fishing-line sinker) to provide a fixed reference against 
which vertical and horizontal movement could be compared. By marking time on your 
record, you could determine the “arrival” of the waves you generated. What you made 
is a very simple seismometer. A seismometer is a device for measuring shaking. You also 
made a seismogram, or record of shaking. Seismologists use similar (but more complex) 
instruments to record passing earthquake waves. Time is also marked on their records. 
This allows the arrival times of P waves, S waves, and surface waves to be determined. 
Interpreting seismograms might be an interesting idea to include in your game.

Understanding and Applying

 1. a)  Where would be the best place to put a seismometer in your school? Why would 
you choose this location? 

b)  Where would be the worst place(s) in your school to put a seismometer? Why 
should this (these) location(s) be avoided? 

c) Where in your community might be a good place to put a seismometer? Why? 

d) At what locations in your community is it unwise to place a seismometer? Why? 

 2. a)  How are the devices you worked with in this section good models of a 
modern seismometer? 

b) In what respects are they poor models? 

c) What could you do to improve your models? 

 3.  What advantages would be gained by having more seismometers at a 
particular location? 

 4. Not all vibrations of Earth are made by natural earthquakes. 

a)  In your log, write as many things as you can think of that could cause strong 
vibrations of Earth’s surface. 

b)  How might you be able to distinguish seismograms of “natural” earthquakes
from “human-made” earthquakes? 
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 5. What would happen to the top of the P wave shadow zone if Earth’s core were smaller 
and the mantle were larger?

 6. How can Earth’s gravity be greater in some locations than others?

 7. Why do seismic waves travel more slowly in the hot asthenosphere below mid-ocean 
ridges than they do in the upper mantle? 

 8. Preparing for the Chapter Challenge 

Think about the game questions you could ask about methods used to detect 
earthquake waves and determine the distances to earthquake epicenters. What 
can you ask about how seismographs record earthquakes?

Inquiring Further
 1. History of science 

The study of earthquakes has a fascinating history. People have always felt the effects 
of earthquakes. Early civilizations interpreted the shaking of Earth in different ways. 
How have the methods used to study earthquakes changed over time? Use electronic 
or print resources to prepare a report. 

 2. Seismic activity 

Visit the EarthComm Web site at http://www.agiweb.org/education/earthcomm2/
for a description of how to conduct an on line investigation into seismic waves that 
travel complicated paths within Earth. 

 3. Virtual earthquakes 

Find out about the Virtual 
Earthquake Web site at the 
EarthComm Web site. Practice 
using seismograms to find 
the distance to an earthquake 
epicenter. Simulate an earthquake 
in the region of your choice. 
Print out a record of your results. 
Include the seismograms and 
the map showing the epicenter 
location, but do not do the 
magnitude activity at this time. 

In 132 CE, a Chinese scholar named Chang Heng made 
one of the earliest known devices used to record the 
occurrence of an earthquake.
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