RTHQUAKE GEOLOGY
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Earthquake

 An carthigualke 1s a trembling or shaking of the ground
caused by the sudden release of energy stored in the
rocks beneath Earth’s surface

— Tectonic forces within the Earth produce stresses on rocks that
eventually exceed their elastic limits, resulting in brittle failure
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Fault

Ruptured fault

Earthquake



O Tectonic stress (most common),
As plates push, pull, or slip past
each other, stress increases along
faults.

O Geothermal gradient (variation
due to boundary)

Q Deformation is a result of the stress

O Deformation — the change to the
shape of rock in response to stress
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Earthquakes a

The surface layer of the earth -- the lithosphere -- 1s comprised of many plates that slide
over the lubricating asthenosphere layer.

Earthquakes are caused by plate inter-actions along
Plate boundaries are 1dentified and defined by earthquakes

Earthquakes occur at each of the three types of plate boundaries: : :
and

— At divergent boundaries, produce shallow-focus quakes on

— At transform boundaries, produce shallow-focus quakes along

— At convergent boundaries, produce shallow- to deep-focus quakes along



Most earthquakes occur in narrow geographic belts
which mark

Most important concentrations in
and

Shallow-focus earthquakes common along the
crests of

Nearly all intermediate- and deep-focus
earthquakes occur in

— 1inclined seismic activity associated with descending
oceanic plate at subduction zones)
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~80% of all earthquakes occur in the circum-Pacific belt

~15% occur in the Mediterranean-Asiatic belt

~remaining 5% occur in the interiors of plates and on spreading ridge centers
more than 150,000 quakes strong enough to be felt are recorded each year
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Divergent boundary, also called accreting or constructive, plates are moving away from each
other, and new plate material, derived from the mantle, is added to the lithosphere. The divergent
boundary is represented by the mid ocean ridge system.




Convergent boundary, also called consuming or destructive, plates are approaching each other.
These boundaries are represented by the oceanic trench, island arc systems or subduction zones
where one of the colliding plates descends into the mantle and is destroyed.




Conservative boundary, lithosphere is neither created nor destroyed. The plates move laterally
relative to each other. These plate boundary are represented by transform faults.
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¥ Shallow-focus earthquakes (< 50 km deep)
&  Intermediate-focus earthquakes (50-300 km deep)
Deep-focus earthquakes ( > 300 km deep 11
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Strain - the result of stress or deformation

elastic deformation - when stresses are removed, rock returns to
original shape

plastic deformation - permanent deformation. when stresses are
removed, rock stays bent

rupture - breakage and fracturing of the rock, causing an
earthquake.

Brittle materials break during elastic deformation.



m Plastic Deformation
Deforms like a piece of molded clay
Does not cause Earthquakes
m Elastic Deformation
Deforms like a rubber band
|_eads to Earthquakes
It breaks when energy Is released
Broken pieces return to their unstretched shape



Elastic Rebound

Elastic rebound theory explanation to how earthquakes occur.

Plate movement concentrates energy in crust

When the stored energy exceeds the strength of the crust, the crust ruptures
The rupture generally occurs along faults because this is the weakest point
The sudden return of elastically deformed rock to its original shape

Occurs when more stress is applied to rock than the rock can withstand
Energy Is released

Travels as seismic waves, which cause an Earthquake
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Original position

Rupture and release of energy
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Deformation

Rocks rebound to original undeformed shape



Faults

O Energy is released during earthquakes in the form of seismic waves
Released from a position along a break between two rock masses (fault)

O Strains and tensions produce stress and strain cracks on the plates, which are called
faults



Faults

0 Faults -- breaks in the earth's crust where the blocks of rock on
each side are moving in different directions

0 Earthquakes are much more common along fault lines than they
are anywhere else on the planet

0 Faults are classified by the kinds of movement that occur along
them
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Tree branch reaching
it's elastic limit and
breaking along a
surface

Tree branch Tree branch bending
elastically
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Fault surfaces are surfaces along which rocks move under, over, or past each other. Rocks may get
“stuck” along the fault surface, causing a build-up of strain energy, and resulting in an earthquake when
the rocks break free of each other. There are 3 types of stress that can affect rocks, resulting in 3 ditferent
types of faults:

2. Compression squeezes rock 3. Shear stress causes rocks

1. Tension pulls rocks

apart resulting in together resulting in reverse to slid.e pést eth otl.ler
normal faults faults resulting in strike-slip
faults
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(Credit: U.S. Geological Survey (Credit: U.S. Geological Survey
Department of the Interior/USGS) Department of the Interior/USGS)

(Credit: U.S. Geological Survey
Department of the Interior/USGS)
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Normal Fault

“*Faults caused by blocks of crust pulling apart under the forces of tension are

called normal faults.

**In a normal fault, the hanging-wall block moves down relative to the foot-

wall block.

% The footwall is the underlying surface of an inclined fault plane.

% The hanging wall is the overlying surface of an inclined fault plane.

Normal Faulting

a. A block of crust before faulting

b. After faulting. Note that the block
becomes longer.

c. An eroded normal fault. Note that the well
misses the gray layer completely.

Mormal fault
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Hangingwall
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“*Faults caused by blocks of crust colliding under the forces of compression are
called reverse faults.

% Reverse faults are a prevalent feature in continent-continent collisions.
Usually, there is also accompanying folding of rocks.

% During reverse faulting, the hanging wall block moves upward (and over)
relative to the footwall block.

Rewverse or Thrust Faulting

a. A block of crust before faulting.

b. After faulting. Note that the block
becomes shorter.

c. An eroded reverse fault. Note that
the well passes through several

layers twice. ‘\‘\\‘ Hangingwall

A

Footwall

Reverse (thrust) fault




Faults: Stril

» Strike-slip faults occur when two blocks move in horizontal
but opposite directions of each other.

» Depending on the direction of offset, it can be a “right-lateral
offset” or a “left-lateral offset.”

Left Lateral

d

Right Lateral

*)

In the example above, the fence has been offset
to the right, therefore it is called a right lateral

strike-slip fault. (Credit: U.S. Geological Survey Department of
the Interior/USGS)
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The photograph above displays a
light-colored pegmatite vein offset

to the right in a schistose matrix.
Photo courtesy of K. McCarney-Castle.
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Sinistral (left-lateral) Dextral (right-lateral)
strike-slip fault strike-slip fault
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This is a plan view of the Earth's surface

KA. Lemke
(Klemke@uwsp edu)



San Andreas Fault, CA
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Right Lateral Slip, 1zmit, Turkey, 1999 Quake
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http://education.usgs.gov/california/
http://www.geo.uib.no/jordskjelv/
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The shaking during an earthquake is caused by seismic waves. Seismic waves are generated

when rock within the crust breaks, producing a tremendous amount of energy. The energy
released moves out in all directions as waves, much like ripples radiating outward when you

drop a pebble in a pond.

Two types of seismic waves are generated at the earthquake focus:

1. Body waves spread outward from the focus in all directions.
2. Surface waves spread outward from the epicenter to the Earth’s surface, similar to
ripples on a pond. These waves can move rock particles in a rolling motion that very

few structures can withstand. These waves move slower than body waves.
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Body Waves
Travel through the earth

- 2 types, have different motion:

Compressional wave (travels in the same direction the
waves move). Example: A slinky.

» Particle motion is parallel to wave direction
» Travel fastest (4-7 km/second, arrive first)

e Travel through solid or fluid

Transverse wave (travels perpendicular to the wave
movement). Example: Shaking a rope.

* Particle motion is perpendicular to wave direction
* Travel slightly slower (2-5 km/second)
* Only travel through solid

~ Wave propagation >

A Primary wave
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Side-to-side motion
Direction of Love wave
propagation

Surface Waves

Surfaces waves are produced when earthquake energy reaches the
Earth’s surface. Surface waves moves rock particles in a rolling and
swaying motion, so that the earth moves in different directions.

These are the slowest moving waves, but are the most destructive for
structures on earth.

C Love wave

*Love waves - side-to-side motion of the ground surface
—Can’t travel through fluids Direction of Rayleigh wave

propagation
*Rayleigh waves - ground moves in an elliptical path opposite the
direction of wave motion

-Extremely destructive to buildings

B el alale cascana p—




m Rayleigh Waves
Are Slower

Have a vertical motion "‘.’f({ Hl“ﬂﬁ I”«{{/
m Love Waves i |||||||(|||||I||||[| |||||||||(

Have a horizontal motion m_

Rayleigh wave
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- used to measure seismic waves

- recording devices used to produce a permanent record of the
motion detected by seismometers

- permanent paper (or digital) records of the earthquake vibrations
— Used to measure the earthquake strengths
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C Ground moves down
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Revolving, paper-
covered drum

e Measures horizontal
motion (P waves)




P- and S-waves leave earthquake focus
at the same time

» P-wave gets farther and farther ahead
of the S-wave with distance and time

Time ——

Surface

L1

Time lag

A Station near focus

from the earthquake

Seismograph

- used to determine Station
distance to focus

— based on time between first P- and  S-
wave arrivals

4 Seismogram from station A
Time of earthquake

\ Time —

Surface
|
P ' 1 m A W
Time lag

B Station far from focus

Seismogram from station B
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O Focus- The place within the Earth where an earthquake originates and energy is
released
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O Epicenter- The point on Earth’s surface vertically above the focus.

. Fault scarp
Epicenter Fault trace

- Depth of focus beneath Earth’s surface can also be determined
— Shallow focus 0-70 km deep
— Intermediate focus 70-350 km deep
— Deep focus 350-670 km deep



Earthquake size’ measured two ways -

* The magnitude of an earthquake is a measure of how
destructive it is. Basically the magnitude corresponds
to how much energy is released. The Richter Scale is
used to express earthquake magnitude on the basis of
the height (amplitude) of the largest line (seismic
wave, P or S) on a seismogram.

* Intensity - a measure of the effects an earthquake
produces (on both structures and people)

Modified Mercalli scale

The Mercalli scale is different from the Richter
scale because it measures the intensity of how
people and structures are affected by the seismic
event. In essence, it measures damage. It is much
more subjective and uses numbers ranging from 1
(no damage) to 12 (total destruction).
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Modified Mercalli Intensity
Scale of 1931 (Abridged)

Not fell except by a very few under especialy favorable
circumsiances.

Fel only by a few persons at rest, especially on upper flioors of
bulicings. Delicately suspended cbjects may swing.

Felt guite noticeably indoors, aspedcially on upper flioces of
bwildings. but many people do Not recognize it as an
earthquake. Smmc‘m may rock shightly. Vibrabon e
passng of truck. Duration estsmated.

During the day fell indoors by marny, ouldoors by few. At night
some awakaned. Dishes, windows, doors disturbed; walis made

Felt by an; mﬁmu\dmm Some haavy

chimneys. Damage sight
Ewverybody runs outdoors. Da Neghigide in buildings of
mwwmwrwmmhmm

dasigned structures: some chimneys brokean. Noticad by

monumoms.wallaHouvyiMro overtumed Sand and mud
ejocted in small amounts. Changes n well water. Persons
driving motor cars disturbed

Damage considerabie in specially designed structures; well-
designead frame siructures thrown out of plumb; greatr in
substantal bulldings, with partial collapse. Buildings shifted off
foundations. Ground cracked conspicucusly. Underground pipes
broken.

Some wel-buill wooden struoctures destroyed. most masonry
and frame sStructures destroyed wah foundations: ground Dadly
cracked. Rails bent. Considerable landshides from river banks
and steep siopes. Shifted sand and mud. Water splashed
(siopped)ovorbanka.

Fow, ¥ any, (masomry) structuras remain standng. Bridges
destroyed. Broad fissures in ground. Undaerground pipelines
completody out of service. Earth slumps and fand sips in soft

DM!Q&MMMMM& Lines of sight
and level distoned. Objects thrown upward Into the air.

Froom WO anct Newsmaen, 1981.m_afmww$ocwdm



Magnitude
'
E Earthquakes
10 ——
O et
Great earthquake:

near total destruction
massive loss of life
Major earthquake:
severe economic impact
7 —— large loss of life

Strong earthquake:
damage ($ billions)

g —— loss of life

Moderate earthquake:

Light earthquake:
some property damage
4 ——8 —

Minor earthquake:

felt by humans

Rarely felt
by humans

- =

After IRIS Consortium (www.ins.edu)

San Francisco, CA (1906) ¢
Gujarat, India (2001) ¢

property damage Long Island, NY (1884) §¢
b '. <

Chile (1960) @

Sumatra, Indonesia (2004) §
Alaska (1964) ®cf.

Sumatra, Indonesia (2005) @

New Madrid, MO (1812)

Loma Prieta, CA (1989)
Charleston, SC (1888) §
Kobe, Japan (1995)
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Energy equivalents

Energy

release

(equivalent pounds of explosive)

— 120,000,000,000,000

— 4,000,000,000,000

— 120,000,000,000

— 4,000,000,000

— 120,000,000

= mqm

— 120,000

4,000

— 120
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Earthquakes produce several types of effects, all of
which can cause loss of property and human life

1s the familiar trembling and
shaking of the land during an earthquake

 Can topple buildings and bridges

1s a problem just after earthquakes because
of broken gas and water mains and fallen
electrical wires

can be triggered by ground shaking,
particularly in larger quakes

occurs when water-saturated soil or
sediment sloshes like a liquid during a quake
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1. Before the earthquake: In this case, an ic plate subducts under a i plate.

The continental plate bends as stresses between the two plates bulld over time.

(Not to scale)

2. Earthquake: Releasing its bult-up stress, the continental plate lurches forward over the
oceanic crust, lifting the ocean, The displaced waler appears as a huge bulge on the sea surface

(seismic sea waves) - very large
sea waves caused by sudden upward or
downward movement of the sea floor
during submarine earthquakes

— generally produced by magnitude 8+

3. Aftter the q gravity collap the buige lo start a ion of waves, or
The tsunami waves move away in both directions as the mass of water "bobs” up and down over the
source of the earthquake

4. Each wave quickly advances over the land as a sediment-filled wall of water. lmopom belore
y of the

. canying sed and debris back o the sea. Over time, the

y

earthquakes (“great” earthquakes - e.g., 9.3
Indonesia, 2004)

— May also be generated by large undersea
landslides or volcanic explosions -
— Travel across open ocean at speeds of >700 \- =EE: ]
km /h I/' Wave height (feet)

— Reach great heights in coastal areas with gently
sloping seafloor and funnel-shaped bays

Photo © John Russell/AFP/Getty Images




- e e T e D - e =
Richter Magnitudes Description Earthquake Effects ~IEI
Occurrence
About 8,000 per
Less than 2.0 Micro Micro-earthquakes, not felt. day
About 1,000 per
2.0-2.9 Minor Generally not felt, but recorded. day
49,000 per year
3.0-3.9 Minor Often felt, but rarely causes damage. (est.)
Noticeable shaking of indoor items, rattling noises. Significant 6,200 per year
4.0-4.9 Light damage unlikely. (est.)
Can cause major damage to poorly constructed buildings over
small regions. At most slight damage to well-designed
5.0-5.9 Moderate buildings. 800 per year
Can be destructive in areas up to about 100 miles across in
6.0-6.9 Strong populated areas. 120 per year
7.0-7.9 Major Can cause serious damage over larger areas. 18 per year
Can cause serious damage in areas several hundred miles
8.0-8.9 Great across. 1 per year
9.0-9.9 Great Devastating in areas several thousand miles across. 1 per 20 years
Extremely rare
10.0+ Great Never recorded; see below for equivalent seismic energy vyield. (Unknown)

Complications of the Richter scale include:

1. The Richter scale originally only applied to shallow-focus earthquakes in southern California

so now must be modified.

2. Magnitudes calculated from seismograms above 7 tend to be inaccurate.

Table of Contents

42



II

III.

IV.

VL.

VIIL.

VIII.

IX.

X.

XI.
XII.

Felt only by a few persons at rest, espec1ally on upper floors of bu11d1ngs Delicately suspended
objects may swing,.

Felt quite noticeably by persons indoors, especially on upper floors of buildings. Many people do
not recognize it as an earthquake. Standing motor cars may rock slightly. Vibration similar to the
passing of a truck. Duration estimated.

Felt indoors by many, outdoors by few during the day. At night, some awakened. Dishes,
windows, doors disturbed; walls make cracking sound. Sensation like heavy truck striking
building. Standing motor cars rocked noticeably.

Felt by nearly everyone; many awakened. some dishes, windows broken. Unstable objects
overturned. Pendulum clocks may stop.

Felt by all, many frightened. Some heavy furniture moved; a few instances of fallen plaster.
Damage slight.

Damage negligible in buildings of good design and construction; slight to moderate in well-built
ordinary structures; considerable damage in poorly built or badly designed structures; some
chimneys broken.

Damage slight in specially designed structures; considerable damage in ordinary substantial
buildings with partial collapse. Damage great in poorly built structures. Fall of chmineys, factory
stacks, columns, monuments, walls. Heavy furniture overturned.

Damage considerable in specially designed structures; well-designed frame structures thrown out
of plumb. Damage great in substantial buildings, with partial collapse. Buildings shifted off
foundations.

Some well-built wooden structures destroyed; most masonry and frame structures destroyed with
foundations. Rail bent.

Few, if any (masonry) structures remain standing. Bridges destroyed. Rails bent greatly.

Damage total. Lines of sight and level are distorted. Objects thrown into the air.
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1. Before the earthquake: In this case, an oceanic plate subducts under a continental plate.
The continental plate bends as stresses between the two plates build over time.

Tsunami waves are generated ——
by submarine earthakes

(Not to scale)

Long IOW Waves are formed 2"5&":"K[umff:[.ﬁaeé:f:v”_.”it:wl;huff("f%f:w ?:)”“,W”:fl [f|':'l:‘3 ll:'dl‘j:sbk;n?"-d ;:/)el_n'.ue_ e
above displaced seafloor B~ -~~~
that travel for miles along the "( MR ks

base of the seafloor.

3. After the earthquake, gravity collapses the bulge 1o slart a succession of waves, or tsunami

Di S Iacem ert])t Of Slea\INater IS::{:(T?:;\:\Z?:&.:?.O away in both directions as the mass of water “bobs” up and down over the
surface can be as little as

i . . = B _—
a few centimeters in the middle |
of the ocean.

D I S p I ace m e nts I n C re ase 4. Each wave quickly advances over the land as a sediment-filled wall of water. It stops briefly before

1etreating, carrying sediments and debris back to the sea. Over time, the intensity of the tsunami subsides.

dramatically as they approach 3

1" 2N
a continental shelf = oG
‘ o J ﬁ AL ‘
| = - e )
| Wave flows straight Sometimes, water will recede from shore Y
| in advance of the approaching wave.



San Andreas
Fault

San Francisco
Site of M7.8
Earthquake,
April 18,
1906




