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Harmonic Solution Recap

So far, we have considered the dynamic case where no body
force were acting on the medium:
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Wave equation solution was obtained by solving Helmot’z
potentials, which lead to a purely harmonic solution:
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External Point Force

We now add the action of an external point force, such as a Dirac
pulse:
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It looks a rather simple case.....
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Point Source Solution

Without entering into tedious mathematics demonstration, the
solution will be:
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Radiation Pattern of a Point Source

The P and S wave radiation patter is highly directional and
depends on the relative location and distance to the observer.
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Green’s Tensor Convolution

The solution can also be expressed by convolution of a tensor
containing the information about the medium and the point

source
4 (%,0=G, (%6, %0t (%0rty) |

Where G is the Green’s Tensor:
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A Readlistic Source Representation

We know that earthquakes are generated by faults and a point
load is hot a good approximation.

In order to represent the dynamic of a slipping fault we need to
use a force couple.

Actuadlly, we need two counteracting force couples to avoid
rotation (torque) of the system (faults do not rotate!)
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Force and Moment

Each force acting in the couple can be represented though its
moment:

:f}qdk FA d fB

The dynamic displacements can than be represented by Taylor’s
expansion using the Greens’ tensor as:
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Force Couple Solution
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The Moment Tensor

Each elements of the moment tensor represents a possible
orientation of a force couple in space (on a given reference

system)
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P-T Axes

The moment tensor is symmetric and it can be diagonalized.

M11 M12 M13 Ml 0 0
M= M21 Mzz M23 M'=10 M2 0

_M31 M, M33_ L 0 0 M3.
P axis X5 T axis X', X'

SN

The double coupe is expressed by only two elements of M
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Scalar Seismic Moment

In case of shear dislocation (as a fault), since the total moment
is zero, the moment tensor have null trace, one of the
eigenvalues is O while the other two are equal.

0 1 0 1 0 0

M M
M=-2(1 0 o| =) M'=—200—10
V210 0 0 V210 0 0

Mo is the Scalar Seismic Moment, a scalar quantity related to the
area of the fault and to the slip (averaged over the fault):

o5 2
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Scalar Seismic Moment

Seismic moment is a useful way to measure the size of an
earthquake. Far a fault, it can be quantified as:

M,=uAD=uLWD

where u is the shear modulus (rigidity), A is the fault area and D is
the (average) dynamic slip during the earthquake.




Empirical Evidence: Scaling Laws
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Radiation Pattern of a Double Couple

Where is the fault plane? Vertical or horizontal?
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Facal Mechanism Solution

Due to radiation pattern, first arrivals have different polarity
depending on the relative orientation of the recording station to
the fault.

Epicenter

Fault plane Dilatationl/

Compression
\ /7
\\ ’
S E—
4
\\~\ 7|\

e - |

Compression
Dilatation

Auxiliary
plane

Wave polarity are analyzed to get fault orientation, although
ambiguity between fault and auxiliary plane cannot be solved.
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Beach Balls

We use the stereographic projection to plot the polarity from
various stations. Fault and auxiliary plane are then located.

First motion
» up
o down
+ too weak to tell

First motion data for a Nodal planes and N, P & Resultant ‘beachball’ plot
hypothetical earthquake T axes fitted to the data showing that the earthquake
from various resulted from reverse oblique
seismograph stations movement on a fault of one of

two possible orientations

White conventionally indicates the axis of maximum pressure (P),
while black the axis of maximum tension (T)



Beach Balls

Hypocenter Equatorial plane

Seismographic Stations
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Relation with Radiation Pattern

S-waves
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Moment Tensor Inversion

a)

Vertical

e

Al
~/ *\ ./\_/.___

Tangential Radial

ﬁﬁ’\ "
Cll, az=274; Max Amp=8.58e-02 cm; VR=80.2%

M -
‘/\/’0 W a“"\hv PA e

AQU, az=301; Max Amp=1.74e-02 cm; VR=79.7%

b)

fvﬂh‘-‘—:‘—'—'—- 'j"|. ;’Q-"'-""' e T
W

Strike=351; 83
rake=-10; -170

dip=80; 80
Mo=6.21E+24 dyne cm
Mw=5.8

VR=87.8%

Strike=81:; 349
rake=-164; -5

dip=85; 74
Mo=4.99E+24 dyne cm
Mw=5.8

CII az=276; Max Amp=7 990-02 cm; VR=89.8% N
\./"‘l}f f' =

1‘__5-=-—...—.. /\ f}"ﬂ?"\"/—» e

AQU, az=303; Max Amp=1.23e-02 cm; VR=65.5%

VR=85.8%

c)
Strike=236; 330
Rpsee———. | f\ T YT T rake=163; 15
Cl, az_2?4 Max Amp=1 229{}4cm VR=93.8% dip=76; 74
N\ I R TR Mo=6.16E+21 dyne cm
\ e . Mw=3.8
AQU, az=301; Max Amp=3.64e-05 cm; VR=84.9% —— VR=91.3%
30.00 sec
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Specialized Software

e % A% QO © © Nomwindow| Al =] W-phase M7-M7.5 (USGS) ;&g [0 |2 @. Depth search |Autoinvert| - W
Deviatoric ‘ Double couple used Net Sta Cha Dist - Az weight Fit Amp
’.u' LL_7% 0 | u | HKT | BH | 132 | 19.1 | 1.00 | 94.1 | 7.2

?5?8854(;;;.05 228 | 130 | 955% | 140 | 189 |
menn S\E/\v
3;%%5392 228 | 54 | 922% | 140 | o021 |
M*x M*y
0.0201151
mx+ | -3.575 | [-1838 | | 53 | pooossases 228 | 14 | 542% | 140 | 006 |
My* | -1.838 | | -0.982 E 0 1] TUC BH 17.3 3305 | 1.00 | 95.6 | 7.4
mzx [ 5320 [ 2472 [(as|| [ooBHY W
Exponent: 1E o
.02
[E [0.000228964 289 | 12 | 915% | 140 | o085 |
00.BHR
Archive: saul:///home/w:
Model: gemini-prem 0.024392 e ‘ B ‘ e | T | S5 ‘
0.000505119 - g
Depth (km): 10 | [00.BHT LQ
Principle axes (angles) \}
Principle axes (cartesian) %‘?;;:;;ﬁusz | 289 | 27 | 967% | 140 | 034 |
Nodal planes
al 0 U] | ANMO BH 18.1 345.0 | 1.00 | 94.9 | 7.4
Strike Dip F
NP1 113 71
NP2 301 19
Derived values 302 | o8 | 700% | 150 | 053 |
Scalar moment: 7.32E19
Mw: :
Fit: 92 | p.0288948
BE og | 0.000170874 32 | 13 | 937% | 150 | o046 |
. ;| [ooBHT LQ
Avg. scale: \/
S el ‘ 302 | 56 | ore% | 150 | o045 |
Azimuthal gap:
[ 0] | DWPF BH 20.7 55.8 | 1.00 | 96.4 | 7.3

Depth iteration 5]

Fine search: km
Min. depth: n k
Max. depth: ” km

["] Keep current dataset
[ shift traces
"] Optimize result

el

[T Run after each inversion

Inversion 3]

Global time shift: -

Max. "best shift" iterations 10

.

=)

Wave snippets )
Add above: 60% . B
Remove below: 40% N E]
Always after
automatic data O
selection




Relation with Moment Tensor

Moment tensor Beachball Moment tensor Beachball
1 (1) (1) 8 (100 Triple dipole
— -——|0 1 0 -
Blo o 1 o o 1 (e.g. explosions)
1 g 1 0 @ 1 1 0 0O @
-——|1 00 —|0 -1 0
v2{0 0 o V2o 0 o0
1 8 8—(1) Q 1 8 0 D Double couple
J2{-1 0 o J2{0 -1 o (e.g. faults)
8o @ [0 =0 @
—|0 0 0 —|0 -1 0
210 O f 260
1 1 0 O <'> 1 -2 0 0 @
iy P B [ 110 i
V6o 0 1 V6 0 0 1 Mixed .
(e.g. volcanic
(EIR RS =0 i
Bl O o e @ eruptions
V6lo 0 -2 V6o 0 -2

BT I N | S T———_ /7 { ) ————



Some Examples

Strike-Slip/Shear Reverse/Thrust/Compression

TRV G u N

Focal 2D Projection
Transtension

Sphere of Focal Sphere
Normal/Extension (extension+shear)
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Some Examples

Normal Faulting
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fault plane fault plane
A B dilatation B

auxiliary auxiliary
plane plane
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Focal Mechanisms in the World

-160°-140°-120°-100° -80° -60° —40° -20° 0° 20° 40° 60° 80° 100° 120° 140° 160°
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The Example of 'Aquila Sequence
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Volcanic Earthquakes

Few earthquakes types are not generated by faults (no double
couple mechanism) and have typical signature

Flank
eruption

66N

3 = X
A Krafl Shallow
S 0 % magma
chamber
/

0 /.

1=

Lateral

intrusion
\
Conduit

N
SV

65N
A Magma source
/ e region
‘ T okm
Approximate scale
64N \

i % N Vatnajokull \
]
i Q@

19W 18W 17W 16W 15W 14W

BT I N | S T———_ /7 { ) ————



Far-Field Solution Recap

Isolating the S-wave far-field term of the double couple solution
we get:

u; (x,t)=

Rijk o

1 F515Mjk(t_r)
477;10/3’3 r ot

Semplifying, the far-field displacement is proportional to the
derivative of the seismic moment, and thus to the derivative of
the slip time function (slip velocity):

uSocCMOocCM AD
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Finite Faults

So far we have considered the case of point sources, however a
real fault has a finite extension. In this case, the slip has duration
which depends on the propagation of the rupture along the fault.
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Source Time Function

On fault of finite extension, slip at a given point does not occur
instantaneously. The slip history can be modeled as ramp function of
TR, therise time.

Slip function

The source time function 4
depends on the time derivative

boxcar. /////E .

Slip (%)

of the slip history, which is a

~—
When convolved with the boxcar DiVeli (elocty) < e BoXear Lncton

time function due to rupture . "
propagation (with duration To),

the resulting source time

function is trapezoidal. « Ty > * R

The width of the source function
is then equal to the sum of the

rupture duration (To) and rise = A
(Tr) time. -t
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(Far-Field) Source Spectrum

The displacement on a finite fault can be written as the
convolution of two boxcar functions, scaled by seismic moment:

u(t)=M,B(t,T,)*B(t,T,)

In frequency domain, the transform of a boxcar of high 1/T and
length T is a sinc function. Thus, the spectral amplitude of the
source signadl is the product of the seismic moment of two sinc
terms:

sin(w T/2)||sin(w T ,/2)
wT /2 wT, |2

|A(w)|:Mo

Where Tr and To are the rupture and rise time, respectively
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Source Spectrum

It is often useful to | f—mazzzseee- ‘
approximate sinc(x) as a

{ 1 N
e x>1

08 -
piecewise line function, e.g. 1 -
for x<1 and as 1/x for x>1. e

04t N
The hinge point of the two ol

parts is the corner

frequency, which depends on % o5 1 15 2 25 3
the fault size.

Slope = 1/@ ‘.
Slope = 1/®?

y

2T 2T logw
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Source Spectrum

As rupture lengths increase, the 10% S
seismic moments, rise times | Wi
and rupture durations increase. 102 M. =8 i
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Source Spectrum

While in principle, by studying the spectra of real earthquakes, we
can recover Mo, Tr and Tp, in practice things are more

complicated than that.
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Source Directivity

Directivity is a consequence of a moving source along a fault
plane. Waves from far-end of fault will pile up with waves arriving
from near-end of fault, if you are forward of the rupture.

This causes increased amplitudes in direction of rupture
propagation, and decreased duration. Frequency content is
higher, as the majority of the seismic energy is delivered in a
large velocity pulse.

_SRRIIIIIN
— o L ' g
' 2 rupture direction "‘
Area = Mo > Area = Mo
_ AR
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Source Directivity




Directivity Effect on Radiation

Directivity is useful in distinguishing earthquake fault plane from its
auxiliary plane because it destroys the symmetry of the radiation
pattern.

UNILATERAL

BILATERAL
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Directivity Example

Strong motion recordings of the Landers 1992, M=/.3 earthquake
at Lucerne station.

Strike Normal Strike Paralle!

G062 cmf 1) 783,89 cmfla*s)
-%—- —
136,04 emiy 70.26 cmis
Velocity

forward directivity
region
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136 emdvec

j/___ T '“

10 sec 1

| upure
Luceme | - g

— H'W_ 136 cmises il R 5 el propagation
il LAt LRl epicenter

I; 1992 Landers Earthquake Gault normal compon s

I' — v Joshia Tree
r 43 cmfsec

| 0 Sec

rupture front nealing front
S wava front \ \ / v -WN\WWW\N
: : SEFHI TR TR ATET : ; - =

o
E & it backward directivity
& '§ o EZEE‘%-Z- "':.'.'.::':'ma.r. L | o "
SRR * 20 sec
10 4 , . . . | . . . . |
- - — -116.5 -116
= - S waves travelling right
S waves travelling

left
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