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An Introduction to fundamentals, theory and applications of seismology
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...think sources and targets i

Global seismology
+ Earthquake sources
+ Global ray paths

* Imaging 3D structure
of the Earth's interior

' o’
T

Refraction & Reflection seismology
+ Controlled sources

* Crustal and uppermost mantle ray paths
+ Crustal structure
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When a stress is applied (or released) the corresponding strain

propagates out from the source.

Fig. 1.9 Propagation of a seismic disturbance from 4 point source
P near the surface of a homogeneous medium; the disturbance
travels as a body wave through the medium and as a surface wave
along the free surface

Point source seismic disturbance:

» Wavefront expands out from the
point: Huygen’s Principle

« Body waves: sphere
e Surface waves: circle

» Rays: perpendicular to wavefront
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Ground roll in pIEIﬂE of
propagation direction

-

ST F i, P
S TEEESTIEII
o o

Ground shake in a
horizontal direction

« Surface waves have lower velocities than body waves

» They are mainly a source of noise for us
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Elastic moduli

describe the physical properties of the rock
...and determine the seismic velocity

F F
Young's i I I I l l Pm_ssun s
modulus P s 1 5 e oy ratio
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Bulk modulus, K
Shear modulus, « Ratio of increase In pressure
= Force per unit area to \ / to associated volume change
change the shape of o v * Always positive
the material ™1 %
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I " e Energy input
Seismic sources ok
¢ Cost

Rifles and guns ]
« Convenience

¢ Cheap
e Repeatable — fire into water filled hole
e Shallow targets 0-50m

Sledge hammer

e Cheap

e Repeatable once plate is stable
(and with training!)

¢ Targets 15-50m

Weight drops Accateruted Wesht Drop T~ AWD.560-T
e Cheap i '
» Repeatable — automated
e Targets > 50m




Consider

Seismic sources « Energy input

+» Repeatability
* Cost

Vibroseis ¢ Convenience

e No pulse, frequency sweep

» Significant signal with
stacking/deconvolution

Explosives

e Various sizes — target depth

e Safety and expense can be
an issue

Air guns

e At sea

« Very repeatable

e Large array for big signal

sEismemelrs

Seismio mefraetion
through deep carth
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Seismic receivers

Geophones

e Cylindrical coil suspended in a magnetic field

+ The inertia of the coil causes motion relative
to the magnet generating a electrical signal

e Geophones are sensitive to velocity

Instrument response

» The relation between the input
ground motion and the output
electrical signal

Natural frequency

¢ The frequency which produces
the maximum amplitude output

Damping

» Reduces the amplitude of the
natural frequency response and
prevents infinite oscillations

« Want a flat response

{eopdhioer osatpart {nelam e b {wdemd

Hydrophones

= Used at sea

o Use pezoelectic minerals to
SENSe pressure variations
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Attenuation

The amplitude of an arrival decreases with distance from the source

1. Geometric spreading

Energy spread over a sphere: 4ur? 2. Intrinsic attenuation
Amplitude = 1/r Rocks are not perfectly elastic.

Some energy is lost as heat due to
frictional dissipation.
Amplitude =« e™
where o is the absorption coefficient
(dependent on wavelength)

Total attenuation

A= (Age™)r

Higher frequencies attenuate over shorter
distances due to their shorter wavelengths.

Therefore, high frequencies decay first
leaving a low frequency signal remaining.
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Reflection and transmission AR

Seismic rays obey Snell’s Law
(just like in optics)

The angle of incidence equals the
angle of reflection, and the angle of
transmission is related to the angle of
incidence through the velocity ratio.

F But a conversion from P to S or vice

| versa can also occur. Still, the angles
! are determined by the velocity ratios,
I

o 'ONgituclingl
I {ransverse
sin7, smmK, smr; smR. smr
— = — = — = - — = — = l;g‘}l
I'f?:] ’H-‘-‘: VF“ V gl I'If 3
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Factors affecting velocity v, :\I;f*-' F»’ B

II ‘:I

Density - velocity typically increases with density

(x and u are dependant on p and increase more rapidly than p)

Porosity and fluid saturation

Increasing porosity reduces velocity. ',T/’l = If'ﬁ .+ II: grﬂ
Filling the porosity with fluid increases the velocity. o g .

Poisson’s ratio - related to Vp/Vs

This is used to distinguish between rock/sediment types. It is usually
more sensitive than just V; alone,

The significant variations in sediments are usually due to porosity

variations and water saturation. Water saturation has no effect on Vs (for
low porosities) but a significant effect on V..
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Amplitudes reflected and transmitted

The amplitude of the reflected, transmitted and converted phases can be
calculated as a function of the incidence angle using Zoeppritz's equations.

Simple case: Normal incidence

Reflection coefficient

R = A, V.- pY,
" - = ;

Transmission coefficient

e 2 }L}.V s g s )
T. =L —1—-R. =——"F1"1 Reflection and transmission coefficients
C 4 .f' 0 T P V]' for a specific impedance contrast
A LYy T B

These coefficients are determined by from the product of velocity
and density — the impedance of the material.

R usually small = typically 1% of energy is reflected.
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FIG. E-1. Earth-layering. (a) Terminology. (b) Variation of physical properties with depth within the Earth. P = pressure
in 10" Pa, p = density in g/em?®, B = S-wave velocity in km/s, a« = P-wave velocity in km/s, G = gravity in Gal, T =
temperature in K. Dashed curve represents solidus in the core. (After Haddon and Bullen, 1969.)
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FIG. E-3. Earthquake seismogram schematic, (a) The vertical comp onent. (b) One horizontal component.
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Earthquake fault types
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Aerial photo of the San Andreas Fault

in the Carrizo Plain, northwest of Los

Thrust

Angeles



Heflin et al., 2007.9

o 40° 80" 120° 160° 200° 240° 280° 320



Preliminary Determination of Epicenters
358,214 Events, 1963 - 1998
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Size and frequency of occurrence

[t is estimated that around 500,000 earthquakes occur each year, detectable with current instrumentation.

About 100,000 of these can be felt.™ "] Minor earthquakes occur nearly constantly around the world in
places like California and Alaska in the U.S., as well as in Mexico, Guatemala, Chile, Peru, Indonesia,
[ran, Pakistan, the Azores in Portugal, Turkey, New Zealand, Greece, Italy, and Japan, but earthquakes

can occur almost anywhere, including New York City, London, and Australia.l”" Larger earthquakes
occur less frequently, the relationship being exponential; for example, roughly ten times as many
earthquakes larger than magnitude 4 occur in a particular time period than earthquakes larger than
magnitude 5. In the (low seismicity) United Kingdom, for example, it has been calculated that the average
recurrences are: an earthquake of 3.7-4.6 every year, an earthquake of 4.7-5.5 every 10 years, and an

earthquake of 5.6 or larger every 100 years.”? This is an example of the Gutenberg-Richter law.

& ;.
P i x

Damaged buildings in Port-au-Prince, Fires of the 1906 Sal Francisc

Haiti, January 2010. earthquake
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Richter magnitudes

The Richter magnitude of an earthquake 1s determined from the logarithm of the amplitude of waves
recorded by seismographs (adjustments are included to compensate for the variation in the distance

between the various seismographs and the epicenter of the earthquake). The original formula ig:14!

ﬂ’.{L = logw A- nglﬁ ;‘l{)((S) = nglD[J‘l/le(é)]q

where A 1s the maximum excursion of the Wood-Anderson seismograph, the empirical function Ay
depends only on the epicentral distance of the station, §. In practice, readings from all observing
stations are averaged after adjustment with station-specific corrections to obtain the M value.



Magnitude empirical formulae

These formulae are an alternative method to calculate Richter magnitude instead of using Richter
correlation tables based on Richter standard seismic event (fl.-fL=0, A=0.001mm, D=100km).

The Lillie empirical formula:
My, =logo A — 2.48 + 2.76log;q A
Where:

m A is the amplitude (maximum ground displacement) of the P-wave, in micrometers, measured
at 0.8 Hz.

m /\ is the epicentral distance, in km.

For distance less than 200km:

M, =logy g A+ 16logy gD —0.15
For distance between 200km and 600km:

M;, = logyg A+ 3.0logyg D — 3.38

where A is seismograph signal amplitude in mm, D distance in km.



———

The Bisztricsany (1958) empirical formula for epicentral distances between 47 to 160°
My, = 2.92 + 2.25log,o(7) — 0.001A°

Where:

n ﬂ.fL 15 magnitude (mainly in the range of 5 to §)
m 7 15 the duration of the surface wave 1n seconds
m /\ is the epicentral distance in degrees.

The Tsumura empirical formula:
My, = —2.53 + 2.85log,o(F — P) + 0.0014A°
Where:

™ ﬂ.fL 15 the magnitude (mainly in the range of 3 to 5).
m ' P is the total duration of oscillation in seconds.
m /\ is the epicentral distance in kilometers.

The Tsuboi, University of Tokio, empirical formula:
My =logp A+ 1.73log;o A — 0.83
Where:

m M is the magnitude.
m 4 is the amplitude in um.
m /\ is the epicentral distance in kilometers.
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385 oo 9 Jono Comtd 09 5
We can locate earthquakes using a simple fact: an earthquake creates different seismic
waves (P waves, S waves, etc.) The different waves each travel at different speeds and
therefore arrive at a seismic station at different times.

P waves travel the fastest, so they arrive first. S waves, which travel at about half the speed
of P waves, arrive later. A seismic station close to the earthquake records P waves and S

waves in quick succession. With increasing distance from the earthquake the time
difference between the arrival of the P waves and the arrival of the S waves

Increases.
STEP 1: Measure

Record from P";*”e 3":""““*
Tepich, i " I 'N“l e I I : L
Mexico \ i
(TEIG) 1.5 minutes = 900 kilometers
P Wave 5 Wave

Record from v Y
Isla Socono,
Mexico

i i
{SDCD} 3 minutes = 1800 kilometers

P Wave S Wave

Record from )
Standing Stone,
Pennsyhania
(SSPA) i !

5 minutes = 3300 kilometers




1800
Kilometers

Earthquake Location

3300
Kilometers
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Annual occurrence rate of earthquakes with M > mi (£:)

Period Ny 4 Nys 45 Ns £5 Ns ¢ £55 Ne ig Nes 765
1-1391 35 0.025 16 0.011 15 0.010 13 0.009 8 0.005 0 0
1392-1904 354 0.690 152 0.296 32 0.062 18 0.035 - 0.008 0 0
1904-2005 96 0.94] 33 0.520 19 0.186 7 0.069 5 0.049 2 0.020

N,,, is the number of earthquakes with M >m, ,,= N, /T. and T is duration in year.
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Table 2

Coeflicients @ and b, and calculated J,

Peniod a b A Actual 24
1-1391 0,583 0.274 0,021 0.025
1392-1903 3.730 0.964 0.748 0.690
1904-2005 2.705 0.681 0.957 0.941
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Fault Number
Mlovement of Events Relatienship /
9 9 9
Strike slip 43 &,=516+ 11210y L L o Swike Slip ] & o SuikeSlip 4 o Strike Slip
Reverse 19 M, =500+ 1221log L | o Revense 7 14k 9 Revene J L O Reveme B
Normal L5 M =486+ 1.32 log L 3 8 a Normal a Normal o 87 4 Normal %
- 4 oy = E - 4 O '_ 9 r
All 77 M, =508+ 1.16 log L £ | s 4. i
Strike Slip 83 M, =398+ 1.02 log A Il 1
Reverse 43 M,.=3433+050logA = 46 6 i
Normal 22 M, =3.93 + 1.0 log A ik 4
All 148 M, =407 +0.98 log A s [ | 0 N J
Surike slip 43 M, =6.81+0.78 log D o . . 45 BT = Sp i
w L Mw=3.08+116 logL J L . Wt 07 v tAYd b M=6.69+0.74 log (MD) |
faaer s 21 M. =652 + 044 log D 4 w=3 b log 3 77 Mw=107+0.98 log (-\Jj )
i\on;ll-sal ég M,=661+0T11log D q N 100 0 1 0 100 103 g0t 02 101 | 10
A M, = 6.69 +0.74 log D Surface Rupture Length (km) Ruplure Area (km) Maximum Displacement (m)
Source: Wells and Coppersmith (1994,
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