
Waves, Waves on string!

Nori Nakata!
Stanford University!
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Normal modes!
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Fourier transform!
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Body waves!

Nori Nakata!
Stanford University!
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Explosive source!
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Potentials!
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Another source!
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Directional source!
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Potentials!
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Observed data!



Explosive source!
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Directional source!
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Trace (x:3.0 km)!
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Particle motion!
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Particle motion (x:3.0 km)!
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Particle motion (x:3.0 km)!
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Directional source!
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Particle motion (x:2.0 km)!
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Particle motion (x:2.0 km)!

− +
−

+

ux

u z

 

 

Ti
m

e 
(s

)

0

2



Directional source!
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Particle motion (x:1.5 km)!
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Particle motion (x:2.0 km)!
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Particle motion (x:3.0 km)!
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Particle motion (x:4.0 km)!
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Snell’s law 
Reflection & Transmission"

Nori Nakata"
Stanford University"
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Snell’s law"
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Change propagating 
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Postcritical waves"

































Shot gather"
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Surface waves!

Nori Nakata!
Stanford University!



0 5 10 15 20
−2

0

2

4

6

8

10

12

Time (s)

D
is

ta
nc

e 
(k

m
)



0 5 10 15 20
−2

0

2

4

6

8

10

12

Time (s)

D
is

ta
nc

e 
(k

m
)

 

 
Phase vel
Group vel



Surface wave velocities!
a) 
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Surface wave velocities!
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Surface wave velocities!
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Earth structure!

Nori Nakata!
Stanford University!



Reflection and refraction 
seismology!

Nori Nakata!
Stanford University!



Active sources!



Receivers!



Numerical study!

Nori Nakata!
Stanford University!



Halfspace!











































Gradually increase 
velocity!











































Comparison!







A layer + halfspace!
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One layer + half space + 
gradually increasing 

velocity!
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Source mechanisms!

Nori Nakata!
Stanford University!
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Principle stress orientation!
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Coulomb/Griffith failure criteria!
Shear stress 

Effective normal stress �n

⌧



Coulomb/Griffith failure criteria!
⌧

�n

�
internal friction 



Coulomb/Griffith failure criteria!
⌧

�n
effective tensional strength 



Coulomb/Griffith failure criteria!
⌧

�n

cohesive strength 



Mohr circle!
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Changing pore pressure!
⌧

�n�3 �1



Failure!
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Failure!

2✓
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Fracture mechanisms!

Scholz, 2002; wikipedia 

Mode I 
Opening 

Mode II 
Shearing 

Mode III 
Tearing 



Faulting!

Strike slip Normal Reverse 



Faulting!



Faulting!

auxiliary plane 

+ 

+ 

- 

- 
compression dilation 

compression dilation 



Faulting!



Seismic wave!

Ed Garnero 



Seismic wave!

L

Displacement u
F Force (related to stress) 

Wave-propagation operator 
(e.g.,                              ) r2 + !2/v2p

Lu(x) = F(x)



Seismic wave!

Lu(x) = F(x)

L

Displacement u
F Force (related to stress) 

Wave-propagation operator 
(e.g.,                              ) r2 + !2/v2p

wave propagation mechanics 

data 



Seismic wave!

Ed Garnero 



Moment tensor!

M = MISO +MDC +MCLVD

= + + 



Moment tensor!

M = MISO +MDC +MCLVD

= + + 



Moment tensor!

M = MISO +MDC +MCLVD

= + + 

99% 0.01% 1% 





Magnitude!

M0

Mw =

2

3

(log10 M0 � 9.1)



Magnitude!

M0

Mw =

2

3

(log10 M0 � 9.1)

Mw ! Mw + 1

M0 ! 32M0

=



Magnitude - scale!

Maxwell, 2013; Zoback & Gorelick, 2012 



Focal mechanisms!

Nori Nakata!
Stanford University!



Faulting!



Faulting!
N

Dip

Strike



Faulting!

Dip

Strike

Rake

N



Focal mechanism!

Dip

Strike

Rake

N

Strike: 0-360 
Dip: 0-90 
Rake: 0-360 



[s, d, r]=[0,90,0]!

Dip

Strike

Rake

N



[s, d, r]=[0,90,0]!

Dip

Strike

Rake

N



[s, d, r]=[0,60,0]!

Dip

Strike

Rake

N



[s, d, r]=[0,60,0]!

Dip

Strike

Rake

N



[s, d, r]=[0,90-0,0]!
90 

0 30 

60 



[s, d, r]=[30,90,0]!

Dip

Strike

Rake

N



[s, d, r]=[30,90,0]!

Dip

Strike

Rake

N



[s, d, r]=[30,60,0]!

Dip

Strike

Rake

N



[s, d, r]=[30,60,0]!

Dip

Strike

Rake

N



[s, d, r]=[0,90,30]!

Dip
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N



[s, d, r]=[0,90,30]!

Dip

Strike

Rake

N



[s, d, r]=[0,90,60]!

Dip

Strike

Rake

N



[s, d, r]=[0,90,60]!

Dip

Strike

Rake

N



[s, d, r]=[270,30,0]!

Dip

Strike

Rake

N



[s, d, r]=[270,30,0]!

Dip

Strike

Rake

N



[s, d, r]=[30,30,60]!

Dip

Strike

Rake

N



[s, d, r]=[30,30,60]!

Dip

Strike

Rake

N



[s, d, r]=[0,90,0-270]!
0 

270 

120 

150 



[s, d, r]=[30,90,0-270]!
0 

270 

120 

150 



[s, d, r]=[30,60,0-270]!
0 

270 

120 

150 



Are they enough?!

Dip

Strike

Rake

N



Are they enough?!



Moment tensor!



Moment tensor!

[s,d,r]=[0,90,0] 

1p
2

0

@
0 1 0
1 0 0
0 0 0

1

A



Moment tensor!
0

@
0.0566 0 0

0 1.7015 0
0 0 �1.758

1

A



Moment tensor!
0

@
0.0566 0 0

0 1.7015 0
0 0 �1.758

1

A

0

@
0 0 0
0 1.7298 0
0 0 �1.7298

1

A

0

@
0.0566 0 0

0 �0.0283 0
0 0 0.0283

1

A

0

@
�7.4e� 17 0 0

0 �7.4e� 17 0
0 0 �7.4e� 17

1

A

= + + 



Moment tensor!

= + + 



Moment magnitude!

Mw =

2

3

(log10 M0 � 9.1)

M0 =
1p
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Faulting!
N

Dip

Strike



Faulting!

Dip

Strike

Rake

N



Faulting!

Dip

Strike

Rake

N



Faulting!

Dip

Strike

Rake

N

Rake = 0 (left) 
    180 (right) Rake = 90 Rake = 270 



Left-lateral strike slip (rake=0)!
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Right-lateral strike slip (rake=180)!

Dip

Strike
0 60 1209030
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Normap-dip slip (rake=270)!
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Reverse-dip slip (rake=90)!
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Reverse-dip slip (rake=90)!

Dip

Strike
0 60 1209030

90

60

30



P and T axes!
P:  maximum compressive principal stress 
T:  minimum compressive principal stress 

T 
P 

v 

v 

NP1 

NP2 



Radiation pattern!

Pujol (2003) 



Moment tensor!

= + + 



Characterize earthquake!

What kind of faulting? 
 
Is the dip shallow or steep? 
 
Is the mechanism deviatoric? 
 
… 



Characterize earthquake!
What kind of faulting? 
 
 
Is the dip shallow or steep? 
 
 
Is the mechanism 
deviatoric? 
 
 
What is the horizontal 
direction of faulting? 

[s,d,r]=[30,60,180] 



Characterize earthquake!
[s,d,r]=[30,60,180] What kind of faulting? 

Right lateral strike slip 
 
Is the dip shallow or steep? 
Steep 
 
Is the mechanism 
deviatoric? 
Yes 
 
What is the horizontal 
direction of faulting? 
30 degrees from North 



Characterize earthquake!
[s,d,r]=[30,30,60] What kind of faulting? 

 
 
Is the dip shallow or steep? 
 
 
Is the mechanism 
deviatoric? 
 
 
What is the horizontal 
direction of faulting? 
 



Characterize earthquake!
[s,d,r]=[30,30,60] What kind of faulting? 

Mostly reverse-dip slip with 
some left-lateral strike slip 
Is the dip shallow or steep? 
Shallow 
 
Is the mechanism 
deviatoric? 
Yes 
 
What is the horizontal 
direction of faulting? 
30 degrees from North 



What kind of faulting? 
 
Is the dip shallow or steep 
(closer to 0 or 90 degrees)? 
 
Is the mechanism 
deviatoric? 
 
What is meant by 
“centroid”? 
 
 

http://earthquake.usgs.gov/
earthquakes/ 



What kind of faulting? 
 
What is the strike? 
 
Is the mechanism 
deviatoric? 
 



What kind of faulting? 
 
What is the dip? 
 
Is the mechanism 
deviatoric? 
 



What kind of faulting? 
 
Which is the fault plane? 
 



Records!

source 

path 

site 



Instrument 
response! 10−4
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Nakata (2013) 



Magnitude!

Nori Nakata!
Stanford University!



Local magnitude!

ML = logA+ 2.76 log�� 2.48

A

�

: amplitude of signal 
 
: distance 

log = log10

Richter scale 



Body-wave magnitude!

A

�

: amplitude of signal 
 
: dominant period 
 
: depth 
 
: distance 

mb = log(A/T ) +Q(h,�)

h

T



Surface-wave magnitude!

A

�

: amplitude of signal 
 
: dominant period 
 
: depth 
 
: distance 

h

T

Ms = log(A/T ) + 1.66 log�+ 3.3

Ms = logA20 + 1.66 log�+ 2.0



Moment magnitude!

: scalar seismic moment [dyn-cm] 

Mw =

logM0

1.5
� 10.73

M0

1N = 105dyn



Magnitude - scale!

Maxwell, 2013; Zoback & Gorelick, 2012 





Earthquake statistics!

Nori Nakata!
Stanford University!



b value!

: number of earthquakes with magnitudes grater 
  than 
 
: total number of earthquakes 
 
: ratio between large and small earthquakes 
  (usually 0.8-1.2) 

N

log10 N = a� bM

M

a

b


