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Final source representation G5
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u (x 1) = ”[u ]C.JquJ* Biq dx
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um =[u ]C.JquJ un(x,’r) = Hmpq # % dx
= q

And if the source can be considered a point-source (for distances greater than fault
dimensions), the contributions from different surface elements can be considered in
phase. Thus for an effective point source, one can define the moment tensor:
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A particular case - moment tensor

[0
m = 0
\M[ul (% 917)]

¥
x
1

SEIS - Sources 3 - Focal mechanisms

O M[ul(gar)]\

0 0
0 0

<
[
= =)

M=|0 0 O

rw>

referred to
principal axes

(0 0 M,

M, 00

/MO 0 0 )
M= 0 O 0
\() 0 —MO/

<>



GF for double couple

An important case to consider in detail is the radiation pattern expected when the
source is a double-couple. The result for a moment time function Mo(%) is:
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Far field term
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Faulting and Seismograms

G

© The nature of faulting affects the amplitudes
and shapes of seismic waves (this allows us to
use seismograms to study the faulting).

@ We call the variation in wave amplitude, due to
the source, with direction (i.e. angular) the
radiation pattern.
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Far field for a point DC point source |a&'%

From the representation theorem we have: = 3k
p u,(x,t) =M, *G

that, in the far field and in a spherical coordinate system becomes:

M(t-r/a
4tpo r
A . M t—1/
: ; (cos 20cos $pO — cosOsin cpq)) ( B)
4mpp -
and both P and S radiation fields are proportional o the ™" ™ qj E

time derivative of the moment function (moment rate). o= . ,
If the moment function is a ramp of duration t (rise

time), the propagating disturbance in the far-field will ~ vw-re
be a boxcar, with the same duration, and whose
amplitude is varying depending on the radiation pattern.

M(t) = B(1)

FIGURE 8.21 Far-field P- and S-wave
displacements are proportional to M(t), the
time derivative of the moment function M(t)
pAD(t). Simple step and ramp moment
functions generate far-field impulses or boxcar
ground motions
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: Body-wave radiation patterns for a double couple source.
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P-wave radiation amplitude patterns:

M(t — r/ar) sin 26 cos ¢. Receiver
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M(t — rla) = source time function

P waves

M is the time derivative of the
seismic moment function,

M(t) = uD(1)S(1)

T Nuy
aX/s

D(t) = slip history
S(t) = fault area history
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ire 4,2-6: Body-wave radiation patterns for a double couple source.

S-wave radiation amplitude patterns: "
A
7] o
Ug = M t—r/ COs 26 cos eceiver
° " AnpBir ( A) ¢
: . e
Uy = M(t —r/pB) (—cos @ sin %
¢ 4ﬂ,pﬂ3r ( ﬁ) ( ¢) X 3 NG
.
Why are § waves usually larger _— S waves

than P waves?

These equations predict an
average ratio of about
o>/ B> or about 5.
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Figure 4.2-7: P and S radiation amplitude patterns.
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Radiation Patterns in 3D

Radiation Patterns of P and S waves
for a 45° Dipping Fault with a Strike Due North
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Radiation from shear dislocation
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Double Couple radiation pattern - P waves

@

_____
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Radiation pattern of the radial displacement
component (P-wave) due to a double-couple
source:

a) for a plane of constant azimuth (with lobe
amplitudes proportional to sin26). The pair of
arrows at the center denotes the shear
dislocation.

b) over the focal sphere centered on the
origin. Plus and minus signs of various sizes
denote amplitude variation (with 6 and ¢) of
outward and inward directed motions. The
fault plane and auxiliary plane are nodal lines
on which cos¢ sin26=0.

Note the alternating quadrants of inward
and outward directions.




Double Couple radiation pattern - S waves |adS s
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Radiation pattern of the transverse displacement
component (S-wave) due to a double-couple source:
a) in the plane {¢ = O, ¢ = x}.

Arrows imposed onh each lobe show the direction of
particle displacement; the pair of arrows in a) at the
center denotes the shear dislocation

b) over a sphere centered on the origin. Arrows with
varying size and direction indicate the variation of
the transverse motions with 6 and ¢. There are no
nodal lines but only nodal points where there is zero
motion.

Note that the nodal point for transverse motion at
(0, ¢) = (45° 0°) at T is a maximum in the pattern for
longitudinal motion while the maximum transverse
motion (e.g. at 6 = O) occurs on a nodal line for the
longitudinal motion.
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Seismic “Beach Balls G5

* We use the radiation patterns of P-waves to construct a graphical
representation of earthquake faulting geometry.

* The symbols are called "Focal Mechanisms” or "Beach Balls”, and they
contain information on the fault orientation and the direction of slip.

* They are:
* Graphical shorthand for a specific faulting process (strike, dip, slip)
* Projections of a sphere onto a circle (the lower focal hemisphere)
* Representations of the first motion of seismic waves.

* When mapping the focal sphere to a circle (beachball) two things
happen:
* Lines (vectors) become points
* Planes become curved lines
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Representing a Plane

Intersection of a
hemisphere and plane

Fault
Edge

Just the part inside
the hemisphere

Views

From Above
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Two steps to understanding

1) The stereographic projection

2) The geometry of first motions and how this is
used to define fault motion.
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Figure 4.2-9: Stereonet used to display a hemisphere on a flat surface.
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Figure 4.2-10: Example of three planes on a stereonet.
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Figure 4.2-11: Example of plotting a plane on a stereonet.
N45°E

[ ]

N
A

Then rotate 45°.

\ e

|\

|

|\

|\

0 \3\0 60 90 6'0 3‘o 0 0 \3? 60 90 60 BJOJ 0
l \ |
\ L | el | ]
\ | |
VL]

First draw a plane
with a dip of 60°E
and a strike of 0°.
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Figure 4.2-12: Example of plotting perpendicular planes on a stereonet.
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Stereonets

©Example -

plotting lines

(e.g. ray
paths)

Source:USGS
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@ Focal sphere @

In order to simplify the analysis, the concept of the "focal sphere” is introduced. The
focal sphere is an imaginary sphere drawn around the source region enclosing the fault.
If we know the earthquake location and local Earth structure, we can trace rays from the
source region to the stations and find the ray take-off angle at the source to a given
station.

Figure 4.2-8: Cartoon of the focal sphere.

Seismic
stations

Earthquake

Upper
focal
hemisphere

Lower
focal
hemisphere
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Take-off angle

At a given source-receiver, the distance can be determined and from this T and the slope (p) can be
found from the travel time tables. For example, the Jeffreys-Bullen travel time tables can be used to
obtain p and from this the take-off angle i.

Table 4.2-1: P wave take-off angles for a surface focus earthquake.

Distance (°)  Take-off angle (°) Distance (°)  Take-off angle (°) | Distance (°)  Take-off angle (°)
21 35 47 25 73 19
23 32 49 24 75 I8
25 30 51 24 77 18
27 29 53 23 79 17
29 29 55 23 81 17
31 29 57 23 83 16
33 28 59 22 85 16
35 28 61 22 87 15
37 27 63 21 89 15
39 29 65 21 91 15
41 26 67 20 93 14
43 26 69 20 95 14
45 25 71 19 97 14
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Radiation from shear dislocation

5 5%

First motion of P waves at
seismometers in various

o directions.
\ / ’
o A el The polarities of the observed
/‘\?“"}mn St motion is used to determine the
i - i " point source characteristics.
5 S, : ™ Epicenter ':S’K _
e o e WO S Beachballs always have two

N~ | \’ VA R o s curved lines separating the

quadrants, i.e. they show two

LN \ planes. But there is only one

. E fault plane and the other is

X sl (4 called the auxiliary plane.

? Seismologists cannot tell which
& 2 S is which from seismograms

s Pwave alone, so we always show both of
Z the possible solutions.
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Manual determination of focal mechanism

4.

To obtain a fault plane solution basically three
steps are required:

1.  Calculating the positions of the penetration
points of the seismic rays through the
focal sphere which are defined by the ray
azimuth and the take-off angle of the ray
from the source.

2. Marking these penetration points through
the upper or lower hemisphere in a horizontal
(stereographic) projection sphere using
different symbols for compressional and
dilatational first arrivals.

3. Partitioning the projection of the lower focal
sphere by two perpendicular great circles
which separate all (or at least most) of the +
and - arrivals in different quadrants.

P1, P2 and P3 mark the positions of the poles of the planes FP1 (fault
plane), FP2 (auxiliary plane) and EP (equatorial plane) in their net
projections. On the basis of polarity readings alone it can not be decided
whether FP1 or FP2 was the really acting fault.

A discrimination requires additionally studies

http://gfzpublic.gf z-potsdam.de/pubman/item/escidoc:65416/component/escidoc:76770/EX 3.2.pdf

http://demonstrations.wolfram.com/EarthquakeFocalMechanism/
SEIS - Sources 3 - Focal mechanisms
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Fault types and focal mechanisms
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The Principal Mechanisms
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FM & stress axes

Figure 4.2-16: Relation between fault planes and stress axes.
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Figure 4.2-17: Examples of focal mechanisms and first motions.

Thrust faulting, Vanuatu Islands, July 3, 1985
Location: 17.2°S, 167.8°E. Depth: 30 km
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FM & Moment tensor

Figure 4.4-6: Selected moment tensors and their associated focal mechanisms.
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Double couple RP & surface waves

Figure 4.3-12: Surface wave amplitude radiation patterns for several focal
mechanisms.
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Faults and Plates

<P

The style of faulting tells us something
about the forces acting in a particular
part of Earth.

Along plate boundaries, faulting reflects
the motion of plates.
- Divergent Boundary = Normal Faulting
- Convergent Boundary = Reverse Faulting
- Transform Boundary = Strike-Slip Faulting
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Where are the Normal Faults?
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Where are the Reverse Faults?
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Where are the Transform Faults?
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Example: East Africa

15°
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Faulting a\&

» So far we have talked about the faulting of
shallow earthquakes, which are well explained by
plate tectonics.

* What about the faulting style of deep
earthquakes ?

* Do similar principles hold true?
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Faulting

© We sometimes see "normal” faulting at depths of
100 km or so in subduction zones:

* * x Earth'’s surface

The slab can break under / *
the extensional bending *

stresses.

SEIS - Sources 3 - Focal mechanisms



G

Faulting G5

© We sometimes see "reverse” faulting for the deepest
earthquakes at about 600 km depth:

Earth'’s surface

670 km Discontinuity
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Haskell dislocation model

Haskell N. A. (1964). Total energy spectral density of elastic wave
radiation from propagating faults, Bull. Seism. Soc. Am. 54, 1811-1841

Rupture >

Sumatra earthquake, Dec 28, 2004

SEIS - Sources 3 - Focal mechanisms

Ishii et al., Nature 2005 doi:10.1038/nature03675



Haskell source model: far field

<> <»
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FIGURE 9.5 Geometry of a one-dimensional iM
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moment of a8 segment is madx. The fault 4J'Cp(1 i=1 r.i
ruptures with velocity v..
U ( )

= ED(T) 6 T—ipdxz
4ﬂzpoc r v

R"
AL WD('I‘)*fé ‘r—i dx =

4rpa’ r v

Ru w
4rpa’ r

v D(1) #B(+:T )

SEIS - Sources 3 - Focal mechanisms



Haskell source model: far field

u (r,0) < D(O)* v, H(z),_, =v,DO)*BtT)

—-X/V,

resulting in the convolution of two boxcars: the first
with duration equal to the rise time and the second with
duration equal to the rupture time (L/v,)

[ |

f\
Y
(cm)

FIGURE 9.7 A recording of the ground motion near the epicenter of an earthquake at
Parkfield. California. The station is located on a node for P waves and a maximum for SH. The
T DT A y o e

ISDac 11| "4 2 15 LNie T Wave " 4 : & d LUI0a DTiap o)
73, 5359-5375, 1968 copyright by the American Geophysical Union.)
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Haskell source model: directivity

5 5%

The body waves generated from a breaking segment will arrive at a receiver before than those
that are radiated by a segment that ruptures later.

If the path to the station is not perpendicular, the waves generated by different segments will
have different path lengths, and then unequal travel times.

. ['o station L r— L COS e r
S T = | — + —_— =
s h S ’ v C
0‘0 -~ '\,»\' 7 Y i/
S \ V
\: = YO _\_L_él — MR L cos e — L 1 - COS e
bt . ol 8oenis pACE-  id st v vr C

FIGURE 9.8 Geometry of a rupturing fault

(From Kasahara, 1981.)

Source fault

and the path to a remote recording station

Fault %g

[ J <<\\

' 8 S rupture direction T
Area = Mo > Area = Mo

AR

FIGURE 9 9 Azimuthal variability of the source time function for a unilaterally rupturing
ult. The tion changes, but the area of the source time function is the seismic moment
and I1s m::H;:H"rie?n?, of n.'lmuth
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Rupture velocity

Earthquake ruptures typically propagate at velocities that are in the range 70-90% of the
S-wave velocity and this is independent of earthquake size. A small subset of earthquake
ruptures appear to have propagated at speeds greater than the S-wave velocity. These
supershear earthquakes have all been observed during large strike-slip events.

Rupture Velocity and Directivity:

Most important finite-source effect & D
& )
ﬂ\c\\ié\o & Qy\ & o
<z~°_\§-" S 3’0@* ? &\@\5
—> \C \ N v
Modell p=-====- b — — 7
<+ 0 Cp C, ¢,
energetically forbidden
® energetically allowed
Modelll p=====-= : " >V,
O] 0 C

http://pangea.stanford.edu/~edunham/research/supershear.html
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Directivity example

Unilateral

\ Y, S-wave

FIGURE 9.10 The variability of P- and SH-wave amplitude for a propagating fault (from left
to right). For the column on the left v,/v, =0.5, while for the column on the right v,/v, =0.9.
Note that the effects are amplified as rupture velocity approaches the propagation velocity.
(From Kasahara, 1981.)
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The displacement pulse, corrected for the geometrical spreading and
the radiation pattern can be written as:

u(t) = My (B(t;7) * B(t; Ty )

Source spectrum G5

and in the frequency domain:

M, W < 2
5l T
sin| — (|S1N] —— r
U(w) = MyF(w) = My~ 22| \Ve2) _J2My 2 () 2
((m:) wL wlp L T
2 Vr2 4MO 0 > %
(othR T
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Source spectrum

SEIS - Sources 3 - Focal mechanisms

Figure 4.6-4: Approximation of the (sin x)/x function, and derivation of
corner frequencies.
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