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GY 111 Lecture Note Series 
Geophysics and Earthquakes 

 
Lecture Goals 
A) Seismic waves and the Earth's interior again 
B) Earthquake intensity and magnitude 
C) Seismographs and locating earthquake epicenters on maps 
 

Reference: Press et al., 2004, Chapter 21; Grotzinger et al., 2007, Chapter13; 
GY 111 Lab manual Chapter 7 

 
A) Seismic waves and the Earth's interior (Verbatim recap from Lecture 2 up to the start of Earthquakes) 
If we all lived in a Star Trek universe, exploring the interior of the Earth would be comparatively 
easy. All you'd have to do is use scanners or beam a chunk of it up to the Enterprise  and let Data 
or Spock examine it with a tricorder. Unfortunately, we are a long way from that type of 
exploration. 
 
Today, there are really only a few ways that we can explore the interior of the Earth. I can think 
of 3 ways: 
 
1) Drill a hole: Geologists have been drilling holes into the Earth 
since the late 1800's. This is easy. All you need is a drilling rig, some 
drilling pipe and a drill bit. If I have the time (and remember to bring 
them in), will see some examples of drill bits in the lecture. They look 
pretty impressive (especially the big ones!), but they really are simple 
devices. They have rotating tungsten-carbide cutters that grind away 
the rock as they turn. A bit is attached to a length of drill pipe and the 
whole thing is turned in the rig complex. As the bit descends deeper 
into the Earth, pipes are added to the assemblage extending its 
penetration. Today, petroleum geologists regularly drill holes that 
exceed 20,000 feet (almost 4 miles) to obtain natural gas (e.g., Mobile 
Bay). They can go deeper, but there would have be pretty good 
economic reasons to do so because of the cost involved in drilling. 
There are a few “academic holes” out there and I had the opportunity 
to visit one of them in the fall of 2006. I was at a conference in 
Bavaria, German and the intra-conference field trip was to the German Deep Borehole project 
(see image at bottom of this page). In the 1980’s, the Germans began a project to drill the world’s 
deepest well in order to study high temperature geochemical/geophysical processes. They planned 

on going down to 12 km (almost 7 miles), but 
stopped at 9 km (5 miles) when they hit 
temperatures around 325°C (their target). 
Apparently they miscalculated the geothermal 
gradient in this area. So their hole is NOT the 
world’s deepest (that record is held by a well 
in California), but it is still the deepest 
currently open borehole. Indeed, the project is 
still active and geologists from around the 
world come here to study subsurface 
conditions not otherwise possible. They kept 
the drilling complex up (see photo to right) 
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and added a nice visitors center to the site where you can buy all manner of crap, including rock 
cuttings (the remnants of the rock drilled through to make the hole).  
 
If you are wondering how far down can we go, well at the present time, it really is not possible to 
exceed more than 10 miles by conventional drilling. The metal drill bits simply start to melt if 
you go too deep. So until we develop “new technology (where's Captain Kirk when you need 
him!), we will have to rely on other sources of deep Earth information. 
 
2) Get physical samples from volcano: Volcanoes are simply holes at the Earth's surface where 
molten rock escapes from the interior. It follows that the stuff erupting from a volcano tells you 
about the nature of rocks, fluids and gases below the surface (there is more erupted from a 
volcano than just lava; there are horrendous amounts of gases including water vapor).  Each 
active volcano is underlain by one or more magma chambers 5 to 20 km or so below the surface. 
In some cases (e.g., above hot spots), the magma may be derived from much deeper. But as useful 
as these samples are, they are isolated to specific points on the Earth. What's really needed to sort 
out the Earth's interior is some sort of technique that allows us to build up a coherent picture of 
the whole darn planet. What we need is rock version of radar or medical X-rays. Luckily for us, 
such a technique exists. It's called geophysics. 
 
Geophysics, as the name implies, is a combination of geology and 
physics. Specifically, it is the study of how shock waves (officially 
called seismic waves) travel through the Earth. To explain how this 
works, it is best to once again turn to petroleum geology (see cartoon 
to right from http://www.naturalgas.org). Since the early 1900's 
geologists have used seismic waves to look for petroleum 
reservoirs. What they do is install a series of microphones (called 
geophones) and listen to how seismic waves travel through the rock 
over time. The seismic waves used to be generated through 
explosions, but now we simply use thumpers, devices that repeatedly 
lift and drop heavy metal plates on the ground. The result is similar to 
the effect of smashing a hammer on a cement floor. Seismic waves 
can also be generated at sea through the use of "pingers" (these 
devices generate sound waves of a specific frequency that are capable 
of traveling through rock layers). My favorite type of seismic survey are the “convoy” type 
systems whereby large truck like components simply drive across the countryside recording the 
seismic stratigraphy below the surface as they go. The Lithoprobe project (see image to left 
from http://www.geop.ubc.ca/ Lithoprobe/transect/SOSS) is an example of this type of survey. Five or 
six vehicles that each do something (one “pings”, one records, the others “listen”) can quickly do 
a seismic line many hundreds of km long. Hey; this is almost Star Trek-scale science! 

 
No matter how the seismic waves are 
generated, they all travel through the earth 
following specific physical rules. As they travel 
from one medium to another (one rock type to 
another), they can speed up or slow down, 
bounce back toward the surface, or even stop 
entirely. Before we focus on the behavior of 
seismic waves, it is perhaps best to first 
consider something that you are more familiar 
with through high school physics classes; light 
waves. 
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When light passes from one medium (e.g., air) to another (e.g., water), 
it changes speed. From air to water, the light rays slow down. To your 
eye which requires reflected light to see things, the change in speed is 
perceived as a change in the orientation of objects that pass from air 
into water. This is what causes the "broken arm" appearance when you 
stick your arm into a pool of water or the displaced fish perception (see 
image to right from http://www.iop.org), when you go to clean your 
aquarium. This property is called refraction. Light waves can also 
bounce or reflect off of surfaces which is the reason why we can 
perceive them with our eyes in the first place. Seismic waves do exactly 
the same thing and if you are a clever petroleum geologist, you can use 
the pattern of reflections combined with refractions to build up a coherent picture of the rock 
layers below the surface (see nasty image to left from http://www.geo.uu.nl). Of course you do need 
a computer to time the arrival of all of the reflected seismic waves and to sort these data into a 
picture of the rock layers. Even still, there is a significant amount of skill that is required to "read" 

these images. Like all scientific techniques, becoming an 
expert in seismic stratigraphy (this is the science of 
resolving rock layers via geophysical techniques; see image 
at the bottom right of this page from 
http://www.cpfieldinstitute.org) requires practice, practice, 
practice.  
 
Now lets turn back to the Earth's interior. A thumper or 
small explosion is sufficient to generate a seismic pulse that 
can be recorded by geophones in the vicinity of the source 
of the waves, but there is only so far that these waves can 

travel before they diminish to nothing. In order to resolve structures near the center of the Earth, 
we need either really large explosions (which are fun, but difficult to obtain licenses for), or 
another recurring source of powerful seismic waves. Depending upon your point of view, we are 
lucky (or unlucky) to have just a source of these waves. They are called earthquakes. 
 
Earthquakes occur when 
stresses build up beyond 
the ability of rock layers to 
resist them. There is a 
sudden break, a release of 
built up energy and 
formation of seismic 
waves. Earthquakes will 
be discussed shortly, but 
right now, we need to 
discuss what happens 
when an earthquake occurs 
in order to better 
understand geophysics and 
the Earth's interior.  
 
Earthquakes are capable of generating 2 major Earth-penetrating types of seismic waves  (also 
called body waves; see image at  the top right of the next page):  
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1) P-Waves and 2) S-Waves 
 

Once generated, these seismic waves can travel throughout much of the Earth's interior. We 
record their passing through the use of a seismograph. 
Seismographs and the technique of locating earthquake 
epicenters, will also be discussed in depth later. 

 
P-Waves (or primary waves) are associated with 
compressive deformation (compression). They travel 
through all states of matter (liquid, solid), are the 
fastest of the three seismic waves and range in speed 
from 6 km/sec (granite) to 7 km/sec (gabbro) in crustal 
rocks. P-waves dramatically increase in velocity the 
deeper they penetrate into the Earth. The reason is that 
seismic waves travel faster through more dense 
materials. 
 
S waves (or secondary waves) are associated with 
shear. They are significantly slower than P-waves 
(commonly 4-5 km/sec) and can only past through solid 
materials. Should they encounter rock with liquid properties (e.g., magma), they simply die out. 
This is an important thing to remember because it will be one of the facts that allow us to resolve 
the Earth's interior. 
 
First let's talk reflection and 
refraction on a grand scale. P- and S-
waves literally bounce all through 
the Earth following a major 
earthquake. In fact, the Earth literally 
"rings" like a bell due to the almost 
constant vibrations caused by 
earthquakes. The figure to the right 
from http://www.bbc.co.uk illustrates 
the trajectories of P and S-waves 
from an earthquake near the surface 
of the Earth.  
 
As the seismic waves penetrate into the Earth, they pick up speed or slow down depending upon 
the density and physical state of the rock layers that they are passing through. It is that reason for 
the bending that takes place in the cartoon). The waves also bounce off of specific layers in the 
interior (not shown on the simplified cartoon) and it is these major levels of seismic reflection 
that geologists use to divide up the Earth's interior. If you get the feeling that keeping track of all 
of the reflected, refracted and primary seismic waves is a difficult task you are correct and that is 
why seismologists came up with the strict nomenclature that is used to label the waves in the 
sketch above. 
 
Another more detailed diagram that illustrates the changes in wave transit speed versus depth is 
necessary at this point in our lecture. It (on the top of the next page) comes from 
http://geoweb.tamu.edu. In it you will see several sudden changes in wave velocity. The first is 
hard to see on the scale of this diagram as it occurs a mere 5 to 35 km below the Earth's surface. It 
was first identified by a Istrian (part of Croatia) seismologist named Andriji Mohorovicic in 1909 
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which explains why the transition goes by the official name 
of Mohorovicic discontinuity. However, since most of us 
can’t pronounce it, it is usually just called the Moho. At the 
Moho, the velocity of S-waves suddenly decreases from about 
5 km/s to just over 4 km/s and across the Moho, the velocity 
of P-waves suddenly increases by about 15 to 30 %. Clearly 
something weird is going on at this level. Mohorovicic's 
interpretation was that there was a sharp transition from rocks 
of lower density to rocks of higher density. Experiments 
established the travel time of seismic waves through different 
types of rocks and through these data, geologists confirmed 
his conclusion. Rocks above the Moho are primarily granite 
(6 km/s) and gabbro (7 km/s), and rocks below the Moho are 
primarily peridotite (8 km/s). These are rock terms that we 
haven’t heard for a while in GY 111 which just goes to show you that you can’t afford to forget 
anything while at University (especially geology stuff!). For now, it is sufficient just to recognize 
that there is a transition in rock types at shallow depths below the Earth's surface, that it is 
resolved on geophysical grounds, and that it is the first division of the Earth's interior; the crust. 
 
We have already discussed the Earth’s interior, so there is no need to do it again. However, there 
are a couple of new aspects of seismic waves that we need to deal with given the remaining parts 
of this lecture. The first are seismic shadow zones.  If you look at the bottom diagram on the 
previous page (the one from the BBC) you will see that on the opposite side of the Earth from 
where an earthquake occurred, there is a region where seismic waves do not occur (hence the 
term “shadow” zone). The one for S-waves (S-wave shadow zone) is particularly obvious 
because it is so wide. It was this very fact that led geologists to conclude that the outer core of the 
Earth was liquid in the first place. There is also a P-wave shadow zone, but it is much less 
obvious on the BBC figure. 
 

The last thing about seismic waves is important 
given the damage caused by earthquakes. There are 

a second class of seismic waves that we can 
collectively call surface waves (or L-waves which 

stands for long waves) because they travel along the surface rather 
than through the Earth. They are slow compared to  S 
and P waves, but the damage they cause is 
considerable. There are actually two types of surface 

waves; Love waves and Raleigh Waves (see image to 
left from http://www.exo.net) based upon the sense of motion, but we will not distinguish them in 
class. Surface waves are particularly problematic is an earthquake occurs below an oceanic plate. 
If the earthquake induces strong up and down 
motion (e.g., strong Raleigh Waves), the ocean 
water above the oceanic plate could translate 
these surface waves laterally. In deep water, this 
is seldom an issue, but as the surface waves 
approach the shoreline, they build up and up. The 
result, called a tsunami1 (see image to right from 
http://www.gly.fsu.edu/~salters), is just about the 
                                                           
1 Or a “tidal wave” if you are ignorant or a Hollywood producer of bad geo-movies, or, as is often the case, 
both. 
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worst thing that can happen to you if you live on the coast. 
Thousands of people have been killed by these waves most 
recently on December 26, 2004. This tsunami was 
generated by a powerful earthquake very near to Sumatra 
in Indonesia. One side of the wave hit Sumatra almost 
immediately after the earthquake killing thousands. The 
other side of the wave swept across the Indian Ocean (see 
image to left from http://www.baird.com 
/baird/en_html/indian_ocean/.html) hitting India, Sri Lanka 
and eastern Africa killing thousands more. Even 2 years 
after the event, no one knows the total number killed, but 
estimates are in the 200,000 to 300,000 range. Since the event, geological agencies around the 
world have been working to improve the warning response time for geological events like 
tsunamis. They have also been working to improve hazard education. They have a long way to 
go. 
 
There are several very interesting images, animations, and models of the Dec 26th tsunami. If you 
are interested, visit this page: 
 

http://www.baird.com/baird/en_html/indian_ocean/indianocean.html 
 
B) Earthquake intensity and magnitude 
After this very long discussion on seismic waves, it's time to turn our attention to earthquakes. In 
an earlier lecture, we discussed epicenters and foci. This was the diagram that we used: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Recall that the focus is the point on the fault plain where seismic wave are generated during an 
earthquake and that the epicenter is the point on the Earth’s surface directly above the focus. It’s 
the place where surface waves radiate from (including tsunamis). The size of an earthquake, or at 
least the effects that human experience, depends on the depth of the focus and the energy released 
by the earthquake. Geologists tend to use two concepts when discussing earthquake “size”. The 
first is magnitude which is an estimate of energy released. The second is intensity which 
measures the destructiveness of the earthquake. Earthquake intensity is frequently determined by 
the Modified Mercalli Intensity Scale which can be viewed as a “people” scale. A poll of people 
affected by the earthquake is done to determine where the worst effects were felt. The argument 
goes like this: the site of maximum damage is likely where the epicenter was, and the level of 
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damage can be used to estimate the strength of the earthquake. The Modified Mercalli Intensity 
Scale has 12 levels:  
 

 
 

The good thing about the scale is that you can retroactively use it to 
estimate the size of ancient earthquakes like the New Madrid 
earthquakes in 1811-12 (see image to left from 
http://geology.about.com). You do this by examining historical 
records. The bad thing about the scale is that people aren’t particularly 
trustworthy when it comes to honest “opinions”. We are too easily 
swayed (consider the stories I told you in class).  
 
A far better approach, and the one preferred by geologists, is a 

geophysical scale. The Modified Richter Scale uses geophysical data to determine the location 
of epicenters and earthquake magnitude. It uses the data 
collected by seismographs (see figure to right from 
http://www.gly.fsu.edu/~salters) to do this. Seismographs 
record ground motion generated by an earthquake and are 
sensitive enough to detect even relatively weak 
earthquakes on the other side of the planet. Of course, in 
order to do this, they have to be amplified like crazy and 
they consequently have to be protected from unwanted 
interference (human-induced bumps and shocks, 
microwaves etc). For this reason, seismographs are 
usually buried in caves, mine shafts or the sub basements 
of buildings.  

 
A seismogram is the output of a seismograph. It 
is a series of “squiggly” lines that reflect the 
arrival of body waves (P-waves first, S-waves 
second) and surface waves (last) at the 
seismograph section (the image to left is from 
http://www.ngdir.ir).  I wish that I could say that 
it is easy to measure the magnitude of an 
earthquake from a seismogram, but the truth is it 
isn’t. In fact, there are a couple of different 
mathematical ways to measure magnitude. 
Neither is a simple matter of measuring the 
amplitude of the squiggly line which depends 
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more on your proximity to the focus rather than the size of the earthquake2. In GY 111, we don’t 
have to know how to measure earthquake magnitude3, but you should be aware that the numbers 
we use are based on a logarithmic scale (base 10). The Modified Richter Scale varies from a low 
of 1 to a maximum of 10, but in reality, the highest you can go is about 9.5. Rocks have a limited 
strength and none can resist forces long enough to produce a magnitude 10 quake4. Because the 
scale is logarithmic, each increase in magnitude is actually 10 times increase in ground motion.  

Magnitude Effects 

 (source http://earthquakescanada.nrcan.gc.ca) 

# per year 
(worldwide)  

Source: USGS 

Strength 
compared to a 
Magnitude 3 

quake 

1 Not perceptible to people ? -100 

2 1,300,000 -10 

3 Often felt, but rarely cause damage. 130,000 -- 

4 13,000 10 

5 At most slight damage to well-designed buildings. Can 
cause major damage to poorly constructed buildings over 
small regions. 

1300 100 

6 Can cause damage to poorly constructed buildings and 
other structures in areas up to about 100 kilometers across 
where people live. Substantial deaths, especially if 
epicenter is in a major city 

150 1000 

7 "Major" earthquake. Can cause serious damage over larger 
areas. 

20 10,000 

8 "Great" earthquake. Can cause serious damage and loss of 
life in areas several hundred kilometers across. 

1 100,000 

9 Rare great earthquake. Can cause major damage over a 
large region over 1000 km across. 

<1 1,000,000 

10 Impossible unless you make bad movies  10,000,000 

 
The actual energy released by an earthquake is even more impressive. Every increase in 
magnitude corresponds to a 30 times increase in energy output. An earthquake of magnitude 8 
therefore produces 300,000 times the amount of energy of a magnitude 3 earthquake. Energy 
release is illustrated graphically in a figure from http://www.gly.fsu.edu/~salter at the top of the 
next page. 

                                                           
2 If you are close to a weak earthquake the seismogram is likely to be more squiggly that if you were a long 
way from a powerful earthquake. 
3 But if you are interested…. The two methods to determine earthquake magnitude are body wave method, 
defined as mb = log(A/T) + Q(D,h) and the surface-wave method, defined as Ms = log(A/T) + 1.66 logD + 
3.30. In both cases, A is the ground motion (in microns), T is the wave's period (in seconds), and Q(D,h) is 
a correction factor that depends on distance to the quake's epicenter D (in degrees) and focal depth h (in 
kilometers).  
4 Which is usually forgotten by Hollywood movie producers that are making earthquake disaster movies. 
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C) 

Seismographs and locating earthquake epicenters on maps 
You will have a chance to do an exercise on epicenter location in one of the lab exercises 
(Chapter 7 of your lab manual) sometime soon. In fact, rathewr than reinventing the wheel, I have 
extracted the most relevant material from the lab manual below. 
 
There is a fundamentally useful difference between P- and S-waves that we can use to determine 
when and where an earthquake has occurred. P-waves travel faster than S-waves. If you are near 
the epicenter of an earthquake, the two packages of waves more or less arrive simultaneously (or 
you would be too busy rolling all over the floor to notice any lag between them), but if you are a 
long way from the epicenter, there is a distinct separation between the arrival time of the P- and 
S-waves. It follows that the further away that a seismograph is from the epicenter of an 
earthquake, the more the separation between the two sets of waves. When an earthquake occurs, 
even if it is a long way off, ground motion is measurable with seismographs that are enhanced 
with amplifiers. In the figure to the right from http://astroweb.cwru.edu, you can clearly see the 
separation between the S and P waves. The arrival times for P- and S-waves will differ at each 
seismograph location 
depending upon their 
distance from the epicenter. 
So too will the separation 
between the two types of 
waves. The arrival time of 
the P-waves is designated as 
Tp. The arrival time of the 
S-waves is designated Ts. 
The difference between them 
(Ts-Tp) is designated as ∆T 
and it is measured in 
seconds. 
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Seismic Wave Travel Time Curves
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The figure below is a graph that summarizes time versus distance traveled of P- and S-
waves following an earthquake. The horizontal separation (along the x axis) between the 
two lines is ∆T . If, for example, ∆T exactly equaled 10.0 seconds (as it does in the lab 
exercise you will get), you would see that it corresponded to a distance of about 100 km 
(read across to the y axis). Hence the earthquake epicenter had to be 100 km away from 
the seismograph station that you got the data from. Unfortunately you don't really know 
which direction the epicenter was from that site. You would have to draw a circle of 
radius 100 km centered on the site to figure out where the epicenter might have been. 
This procedure is repeated for two additional sites (each with different ∆Ts) in order to 
find the epicenter via triangulation. 
 
I don’t know about you, 
but this lecture has tired 
me out. It has also both 
excited and depressed 
me. The next couple 
of charts summarizes 
some of the scary side 
of geology. The first 
summarizes the 10 
strongest quakes since 
1900. The second on 
the next page, 
summarizes the 
deadliest. Both are from 
http://www.infoplease.com. 
 
 
 

The Ten Largest1 Earthquakes Since 1900 

Location Date Magnitude2 
1. Chile May 22, 1960 9.5 
2. Prince William Sound, Alaska March 28, 19643 9.2 
3. Andreanof Islands, Aleutian Islands March 9, 1957 9.1 
4. Kamchatka Nov. 4, 1952 9.0 
5. Off western coast of Sumatra, Indonesia Dec. 26, 2004 9.0 
6. Off the coast of Ecuador Jan. 31, 1906 8.8 
7. Rat Islands, Aleutian Islands Feb. 4, 1965 8.7 
8. Northern Sumatra, Indonesia March 28, 2005 8.7 
9. India-China border Aug. 15, 1950 8.6 
10. Kamchatka Feb. 3, 1923 8.5 
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Deadliest Earthquakes on Record 

Date Location Deaths Magnitude 
Jan. 23, 1556 Shansi, China  830,000 ~8 
July 27, 1976 Tangshan, China  255,0001 7.5 
Aug. 9, 1138 Aleppo, Syria 230,000 n.a. 
Dec. 26, 2004 off west coast of northern Sumatra 225,000+ 9.0 
Dec. 22, 8562 Damghan, Iran 200,000 n.a. 
May 22, 1927 near Xining, Tsinghai, China  200,000 7.9 
Dec. 16, 1920 Gansu, China 200,000 7.8 
March 23, 8932 Ardabil, Iran 150,000 n.a. 
Sept. 1, 1923 Kwanto, Japan 143,000 7.9 
Oct. 5, 1948 Ashgabat, Turkmenistan, USSR 110,000 7.3 
Dec. 28, 1908 Messina, Italy 70,000– 

100,0003 
7.2 

Sept. 1290 Chihli, China 100,000 n.a. 
Oct. 8, 2005 Pakistan  80,361 7.6 
Nov. 1667 Shemakha, Caucasia  80,000 n.a. 
Nov. 18, 1727 Tabriz, Iran  77,000 n.a. 
Dec. 25, 1932 Gansu, China  70,000 7.6 
Nov. 1, 1755 Lisbon, Portugal  70,000 8.7 
May 31, 1970 Peru  66,000 7.9 
May 30, 1935 Quetta, Pakistan  30,000– 

 60,000 
7.5 

Jan. 11, 1693 Sicily, Italy  60,000 n.a. 
12684 Silicia, Asia Minor  60,000 n.a. 
June 20, 1990 Iran  50,000 7.7 
Feb. 4, 1783 Calabria, Italy   50,000 n.a. 

 
Important terms/concepts from today’s lecture 
(Google any terms that you are not familiar with)  

 
Petroleum geologists 
Petroleum reservoirs 

Lithoprobe 
Seismic stratigraphy 

Geophysics 
Geophones  

Wave refraction/reflection 
Seismic waves 

Body waves (S-wave; P-waves) 
Surface waves (L-waves) 

Earthquakes 
Epicenter 

focus 
Seismograph 
Seismogram 

Seismic shadow zones 
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Mohorovicic discontinuity (Moho) 
Tsunami 

Magnitude 
Intensity 

Modified Mercalli Intensity Scale 
Modified Richter Scale 

Tp, Ts, ∆T
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