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Faults and Earthguakes

Earth stresses that produce folds also produce faults. A
fault is a fracture or break in the earth’s crust along
which differential movement of the rock masses has oc-

curred. Movement along a fault causes dislocation of

the rock masses on each side of the fault so that the
contacts between formations are terminated abruptly.
Faults may be active or inactive. Active faulls are
those along which movement has occurred sporadi-
cally during historical time. Earthquakes are caused by
movement along active faults. Inactive fauwlts are those
al

in which no movement has occurred during histori
times. They are treated as part of the structural fabric
of the earth’s crust.

In this section we will deal first with inactive faults
as part of structural geology, and sccondly with active

faults and their relationship to carthquakes.

Inactive Faults
A fault is a planar feature, and therefore its attitude

can be described in much the same way that any geo-
ure 4.2 shows

logic planar feature can be described. Fig
the various symbols used on a geologic map to define
faults.

Nomenclature of Faults

Figure 4.22 is a block diagram of a hypothetical faulted
segment of the earth’s crust. The fault plane is defined
as abed. The fault plane strikes north-south and dips
steeply to the cast. A single horizontal sedimentary bed
acts as a reference marker and shows that the displace-
ment along the fault plane is equal to the distance x—y.
This is called the net slip. The arrows show the direc-
tion of relative movement along the fault plane. Block

A has moved up with- respect to block B, and con-
versely, block B has moved down with respect to block
A. Block A is called the upthrown side of the fault, and
block Bis the downthrown side. Block B is also known as
the hanging wall, and block A as the footwall. Both

FIGURLE 4.22

Block diagram of a fault. Arrows show the relative movement
of block A with respect to block B. The horizontal beds have
been dislocated a distance of x—y. The fault plane is abed.

terms are derived from miners who drove tunncls
along fault planes to mine ore that had been emplaced
there.

Faults generally disrupt the continuity or sequence
of sedimentary strata, and they cause the dislocation of
other rock units from their prefaulted positions. On
geologic maps, the intersection of the fault plane with
the ground surface is called a fauwlt trace. Fault traces
are depicted on geologic maps by the use of standard
symbols (fig. 4.2).



After faulting occurs, erosion usually destroys the
surface evidence of the fault plane, so that with the
passage of time the fault scarp (the exposed surface of
the fault plane in figure 4.22) is destroyed. Only the
fault trace remains.

Types of Faults

Faults are divided into three major types, each of
which is defined by the relative displacement along the
fault plane. In the first two types, the main element of .
displacement has been vertical, more or less parallel to
the dip of the fault planc. A normal fault is one in
which the hanging wall has moved down relative to the
footwall (fig. 4.23A4). A reverse fault is one in which the
hanging wall has moved up relative to the footwall (fig.
4.23B). A reverse fault in which the fault plane dips
less than 45 degrees is called a thrust fault.

The third category of faults is characterized by rel-
ative displacement along the fault plane in a horizon-
tal direction parallel to the strike of the fault plane.
This type of fault is called a strike-slip fault (fig. 4.23C).
Figure 4.23D shows a horst, an upthrown block
bounded on its sides by normal faults. Figure 4.23E
shows a graben, a downthrown block bounded on its
sides by normal faults.

A fault shown on a geologic map can be analyzed
to determine what kind of fault is involved. The analy-
sis of normal and reverse faults will reveal the hanging
and footwalls that lead to an understanding of the rela-
tive movement along the fault plane. In a strike-slip
fault, off-setting of a marker bed as in figure 4.23C is
the most direct evidence of the direction of move-
ment. In some cases, the distinction between a strike-
slip fault and a normal or reverse fault requires infor-
mation not shown on the map.

A normal or reverse fault that cuts across the strike
of inclined or folded sedimentary beds presents one of ; Horst
the most common situations for the analysis of move-
ment along the fault plane. In such cases, there will be
an apparent migration of the beds in the direction of
dip of these beds on the upthrown side of the fault as
erosion progresses. Stated another way, if an observer
were to stand astride the fault trace, the observer’s foot
resting on the older rock would rest on the upthrown
side. This is a simple mental test that can be applied to
the analyses of faults presented in Exercise 23.

Strike-slip Fault

Graben

FIGURE 4.25
Block diagrams illustrating major fault types. Arrows indicate
relative movement along the fault plane.
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Fault Problems

Fault Problems on Block Diagrams

1.

In figure 4.24, the upper group of three block

diagrams shows A, an unfaulted segment of the
carth’s crust with an incipient fault plane
(dashed line); B, movement along the fault
plane; and C, the appearance of the faulted area
after erosion has reduced it to a relatively flat
surface. The sequence D, E, and F'is similar.
Complete the outcrop patterns of the inclined
formation on block diagrams Cand Fand label
cach as to the kind of fault (“normal” or
“reverse”). Indicate by letters: the hanging wall
(H), the footwall (F), the upthrown (U), and the
downthrown side (D) on each side of the fault
trace in diagrams Cand F.

Figure 4.25 shows geologic maps A and B, and
their corresponding block diagrams. The
sedimentary formations are numbered according
to their ages (stratum 1 is the oldest). Complete
the block diagram below each map and indicate
by letters on the map: the hanging wall (H),
footwall (F), upthrown side (U), downthrown
side (D), and show by arrows the relative
movement along the fault plane. Label each fault
as either “normal” or “reverse.”
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Figure 4.26 shows two separate sequences of
three block diagrams: A, B, C, and F, F, G. Block
diagrams A and E show conditions prior to
faulting, B and Fshow conditions immediately
after faulting, and Cand G show the relationships
on both sides of the fault traces after the fault
scarp has been removed by erosion.

(a) Figure 4.26Dis a geologic map of block
diagram C. With a black pencil, draw the
following symbols on the map: direction of
dip of the fault plane; strike and dip symbols
on the sedimentary beds on both sides of the
fault trace; the upthrown (U) and
downthrown (D) sides of the fault; and write
either “normal” or “reverse” after the letter
D at the lower margin of the map. (Refer to
figure 4.2 to refresh your memory as to the
various geologic map symbols.)

(&) In the blank space of figure 4.26H, draw a
geologic map of block diagram G, draw the
corresponding geologic map symbols as in
4.26D, and write either “normal” or “reverse”
after the letter / on the lower margin of
the map.



Normal Fault

Reverse Fault

\

FIGURI 4.24
Series of block diagrams showing successive stages in the development of both a normal and a reverse fault—(A) and (D), before
faulting with incipient fault plane marked by dashed line; (B) and (£), immediately after faulting; (C) and (), after erosion of

upthrown sides to a level common with the downthrown sides.
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Geologic Map A Geologic Map B

Block Diagram A Block Diagram B

FIGURL 4.25

Block diagrams of faults and their corresponding geologic maps.
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FIGURLE 4.26

Block diagrams of a faulted anticline and faulted syncline.
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FIGURIL 4.26— Continuwed
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Fault Problems

Faulted Sedimentary Strata 2. Refer to the fault described under question 1.
What would be the direction of dip of the fault

. On the Swan Island fig. 4.27), £ ti i :
L., ‘ot vy Lot SR g i plane if this were a normal fault?

Ok is cut by a fault trending NW-SE. Label the
upthrown and downthrown sides of the fault with
the correct geologic symbols.

3. If the fault referred to in question 1 were a
reverse fault, label the hanging-wall side with an
“H s b

TEhRLL

f

R et d

FIGURE 4.27

Part of the geologic map of Swan Island quadrangle,
Tennessee, 1971, U.S. Geological Survey. Scale, 1:24,000;
contour interval, 20 feet.
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Active Faults

Fault Scarps and Fault Traces

The nomenclature of active faults is identical with the
nomenclature of inactive faults. The attitude of an ac-
tive fault plane may range from vertical to horizontal.
Movement along the fault plane may produce a fault
scarp at the earth’s surface, but this scarp may be de-
stroyed by erosion over time so that only a trace of the
fault plane remains. Fault traces and fault scarps of
both active and inactive faults can be identified on ae-
rial photographs or images from earth-orbiting satel-
lites by abrupt changes in topography or color patterns.

Earthquake Epicenters and Foci

The place where movement begins on the fault plane
marks the focus of the resulting earthquake, and the
point on the carth’s surface vertically above the focus
is the epicenter of the earthquake (fig. 4.28). The focus
and epicenter of an earthquake that is generated on a
vertical fault plane define the fault plane as a line on a
cross section. If the earthquake is generated by move-
ment along an inclined fault plane, the fault plane is
defined in cross section by a line passing through the
focus and the fault scarp or fault trace at the earth’s
surface. When movement occurs along a fault plane,
energy is released and an earthquake is produced.

Reference

Greensfelder, Roger. 1971, Seismologic and crustal
movement investigations of the San Fernando
earthquake. California Geology, April-May 1971:
62-68. California Division of Mines and Geology,
Sacramento, California 95814.
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Fault scarp

Fault
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FIGURE. 4.28

Block diagram showing a fault plane and the focus and
epicenter of an earthquake generated by movement along
the fault. Arrows show direction of relative movement along
the fault and concentric shaded circles show the propagation
of seismic waves. (From Carla W. Montgomery, Physical
Geology, 3d ed. Copyright © 1993 Wm. C. Brown
Communications, Inc., Dubuque, lowa. All Rights Reserved.
Reprinted by permission.)



The image of figure 4.29 extends from the Mohave

ERERCGISE ob

Relationship of Fault Planes to Fault

Traces, Epicenters, and Foci

Desert on the north to the Pacific Ocean on the south.
Figure 4.30 is a generalized map of the same area

showing the traces of some of the faults in the area.”

Those that are easily visible on the image are shown
with a solid line, and those that are more difficult to
recognize are shown by dashed lines.

1.

2.

Transfer the fault traces from ﬁgure 4, 30 to
figure 4.29.

Describe the physmorraphlc features assoc1ated & :

with the San Andreas and Garlock faults.

The San Andreas fault is a strike-slip fault that

extends from the Gulf of California to beyond
San Francisco in the Pacific Ocean, a distance of

about 600 miles. The Pacific Ocean side of the .

fault has moved north (west in the area of the
image) some 300 to 350 miles in a series of
horizontal displacements. The San Francisco
earthquake of 1906 was caused by slippage along
the San Andreas fault in the amount of 21 feet.

Figure 4.30 shows the epicenters of two major
earthquakes in the greater Los Angeles area
during historical times—the Ft. Tejon
earthquake of 1857 and the Sylmar
earthquake of 1971.-

(a) Figure 4.31 is a schematic cross section of the
earth across the San Andreas fault. The focus
and the epicenter of the Ft. Te_;on iR
earthquake are shown. Draw a solid red lme

_<on the diagram showing the attitude of the
San ‘Andreas fault. What is the dip of the
fault plane?

(b) Figure 4.321isa schemaue cross section

- through the focus of the 1971 Sylmar

- .earthquake t6 ‘the fault scarp caused by the

Sylmar earthquake. Precise surveying after '
* the Sylmar earthquake showed that the San
Gabriel Mountains increased about 6 feet in
~‘elevation as a result of the movement along
the San Fernando fault. This movement was
responsible for the Sylm_' earthquake.

Draw a solid red line on figure 4.32
showing the San Femando fault plane. Draw
red arrows on each side of the fault ‘
indicating the relative movement along the
fault plane. Label the hanging wall (H) and

- the footwall (F). Is the San Fernando fault a
normal, reverse, or strike-slip fault? How
determined? .
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FIGURE 4.29 i -
False color image of the greater Los Angeles area of southern California, made from Landsat 1, October 21, 1972. (NASA ERTS
image E-1090-180 12.)
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FIGURE 4.30

Generalized map of the greater Los Angeles area showing traces of some of the faults occurring there, also the epicenters
of the Ft. Tejon earthquake of 1857 and the Sylmar earthquake of 1971. (Source: R. H. Campbell, 1976. “Active faultsin
the Los Angeles-Ventura area of Southern California.” ERTS-1: A New Window on Our Planet, U.S. Geological Survey

Professional Paper 929, pp. 113-16.)
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*

FIGURE 4.31

Schematic north-south cross section across the trace of the
San Andreas fault showing the epicenter and focus of the Ft.
Tejon earthquake of 1857.

et San Gabriel Mtns. DR
Fault Epicenter of 1971
ki
Scarp San Fernando ylmar Quake
Focus
*

FIGURE 4.32

Schematic north-south cross section from San Fernando
across the San Gabriel Mountains through the epicenter of
the Sylmar earthquake of 1971. Vertical scale exaggerated.
(Cross section adapted from Greensfelder, R., 1971,
“Seismological and crustal movement investigations of the
San Fernando earthquake” in California Geology, April-May.)
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The lUse of Seismic Waves to Locate
the Epicenter of an Earthquake

Seismographs, Seismograms,

and Seismic Observatories )
The energy released by an earthquake produces vibra-
tions in the form of seismic waves that are lnu]).\g.nv(l in
all directions from the focus. Seismic waves can be de-
tected by an instrument called a seismograph, and the
record produced by a seismograph is called a seismo
aram. The geographical location of a seismograph is
called a seismic station or seismic observatory, and it is
given a name in the form of a code consisting of three
or four capital letters that are an abbreviation of the
full name of the station. For example, a seismic obser-
vatory on Mt Palomar, in southern California, has the
code designation of PLM. A worldwide networ k of seis
mic observatories provides records of the times of ar-
rival of the various kinds of seismic waves. Seismograms
from at least three different stations located around the
focus of a given earthquake but at some distance from

it provide the data needed to locate the epicenter

Seismic Waves

Two general types of seismic waves are gener ated by an
earthquake: body waves and surface waves. Body waves
travel from the focus in all directions through the
earth; they penetrate the “body” of the earth. Surface
waves travel along the surface of the earth and do not
figure in the location of an epicenter.

Body waves consist of primary waves and secondary
waves. The primary wave is referred to as the P wave,
and the secondary wave is the S wave. The P wave is like
a xound wave in that it vibrates in a direction parallel
to its direction of propagation. An § wave, on the other
hand, vibrates at right angles to the direction of wave

lnulmg.niun (fig. 4.33).
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P and S waves are gencrated at the same ume at
the focus, but they travel at different spceds. The P
wave travels almost twice as fast as the S wave and is al-
ways the first wave to arrive at the seismic station. The
S wave follows some seconds or minutes alter the first
arrival of the P wave. The difference in arrival times of the
P and S waves is a function of the distance from the

station to the epicenter The distance from the seismic sta-

SCLSINL

tion to the epicentel is called the epicentral distance

Reading a Seismogram

A seismograph records the incoming seismic waves as
wiggly lines on a picce of paper wrapped around a
drum rotating at a fixed rate of spe ed. The resultung
seismogram contains not only the record of the incom-
ing seismic waves but also marks that indicate each
minute of time. Clocks at all seismic stations around
the world are set at Greenwich Mean Time (GMT), so
no matter what time zones observatories are located in,
the seismograms produced at them are all based on a
standardized clock.

When no seismic waves are arriving at an observa-
tory, the seismograph draws a more or less straight line
(fig. 4.34). Some small irregular wiggles on the seismo-
gram may be background noise from vibrations produced
by trucks, trains, heavy surf, construction equipment,
and the like. Most modern seismographs contain a
damping mechanism that reduces background noise to
a minimum. In addition, background noise is kept 1o @
minimum if the observatory is loc ated in a remote area
where human activities are uncommaon.

The time of arrival of the first P wave is noted as
Tp. The P wave continues to arrive until the first § wave
appears, which is noted as T,. The S wave has a much
larger amplitude than the P wave. (The amplitude 1s
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FIGURE 4.33

Particle motion in seismic waves. (A) P wave is illustrated by
asudden push on the end of a stretched spring. The
particles vibrate parallel to the direction of wave propagation.
(B) Swave is illustrated by shaking a loop along a stretched
rope. The particles vibrate perpendicular to the direct wave
propagation. (From Charles C. Plummer and David
McGeary, Physical Geology, 6th ed. Copyright © 1993 Wm. (64
Brown Communications, Inc., Dubuque, Iowa. All rights
reserved. Reprinted by permission.)

the vertical distance between the peak of the recorded
wave and the line on the seismogram recorded when

no seismic waves are arriving.)

Figure 4.34 shows a seismogram from the Santa
Ynez Peak Observatory on which the arrival times of
the P and S waves are shown as T, and T;. These were
determined by using the time scale on the seismogram
to mecasure the time from the mark labeled 12:40:00
(12 hrs: 40 min: 00 sec) to the times of arrival of the
first P and S waves. On the SYP seismogram of figure
4.34, T, is 19 seconds after the time mark, or 12:40:19

C:\Orawan\Geotectonic(d ‘ﬂﬂgﬂg \tectonic LU udn¥a 11-1 2_(1mi)

GMT, and T, is 44 seconds after the time mark, or
12:40:44 GMT. The difference between the time of ar-
rivals, Ty~ T, is thercfore 25 seconds.

Locating an Epicenter on a Map
Using Travel-Time Curves

T - T} is measured in units of time, and this time, when
converted to a distance, indicates the epicentral dis-
tance. Converting this time to distance requires the use
of travel-time curves for both the P and S waves as shown
in figure 4.35. A point on either one of the curves indi-
cates the time required for a P or S wave to travel a cer-
tain distance from the epicenter. Time in seconds is
shown on the vertical scale, and the corresponding dis-
tance in kilometers is shown on the horizontal scale. Fol-
lowing is the procedure for converting T - T, in sec-
onds to an epicentral distance in kilometers:

1. Determine T, and T from a seismogram to the
nearest second. Record these values for use in the
next step.

2. Subtract T, from T, and record as a time in sec-
onds for use in the next step.

3. On the vertical axis of the travel-time graph of fig-
ure 4.35, set one point of a divider or compass on
zero, and the other point on the value of T, =T,

4. Move the compass upward and to the right until
the point formerly on zero lies on the P curve and
the other point lies on the S curve immediately
above. It is important that the two points of the
compass be on a vertical linc in order to obtain the
correct reading. Holding the compass in place, fol-
low the vertical line on which the two points rest
down to the horizontal scale, and read and record
the epicentral distance.

As an example of this procedure, let us use the
data from the SYP seismogram of figure 4.34. The
value for Ty ~ T, on this seismogram is 25 seconds.
With one point of the divider set on zero of the
vertical axis of figure 4.35, we set the other point
on 25. Then, with the compass at this setting, we
move it between the P and S wave curves until one
point of the compass is on the P wave curve and
the other point is directly above it on the S wave
curve. We follow the vertical line on which the two
points rest down to the bottom scale and read 192
kilometers, the epicentral distance at station SYP.
On a suitable basc map, use the bar scale on the
map to resel your compass to the epicentral dis-
tance determined in step 4. Use this compass set-
ting to draw a circle on the map whose center is at
the geographic coordinates of the appropriate seis-
mic station.

6. By following steps 1 through 5 for three different seis-
mograms at appropriate directions and distances
from the epicenter, you will draw three circles that in-
tersect or neariy intersect at the epicenter.
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Ty 124044 SANTA YNEZ PEAK OBSERVATORY (SYP)

Tp=12:40:19
12:40:00 GMT }

|¢——— 1 MINUTE ——>

X
10 20 30 40 50 60

7k +

December 19, 1974 . SECONDS

FIGURE 4.34

A seismogram recorded at the Santa Ynez Peak Observatory (SYP) in California showing an earthquake on December 19, 1974.
The time mark automatically recorded on the seismogram is 12:40:00, which is 12:40 r.m. Greenwich Mean Time (GMT). The
time of arrival of the first P wave, T}, is 12:40:19, and the time of arrival of the first S wave, Ty, is 12:40:44. (Source: Based on data
from Charles G. Sammis, University of Southern California.)
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FIGURE 4.3b5
Traveltime curves for P and S waves in southern California. (Source: Based on data from Charles G. Sammis, University of
Southern California.)
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Determining the Time of Origin
of an Earthquake

The epicentral distances determined from T, - T, are
used to find the time of origin of the earthquake, des-
ignated by the symbol T,,. The procedure to do this is
best explained by an example. Let us return to the in-
formation from the seismogram, recorded at station
SYP, of figure 4.34. We have already determined that
the epicentral distance is 192 kilometers. Remember
that this is the distance from the seismic station to the
epicenter of the earthquake. We want to know the
time when this earthquake occurred, T,. That is also
the time when the scismic waves started their journey
of 192 kilometers to SYP. Looking at figure 4.35, we
see that the point where the P wave curve intersects
the 192-kilometer line is 39 seconds. This tells us that
it took the P wave 39 seconds to travel from the

C:\Orawan\Geotectonic(d ‘ﬂﬂgﬂg \tectonic LU udn¥a 11-1 2_(1mi)

earthquake epicenter to station SYP. T, is determined
by subtracting the travel time of the P wave, 39 sec-
onds, from Tp which is 12:40:19 GMT. Subtracting 39
seconds from 12 hrs, 40 minutes, 19 seconds gives us
12:39:40 GMT, the time of origin of the earthquake, or
Wes
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