
!"#$%&'()%*+,%-#$%.*/-%0+,/%(1%-#$%0*2-#34*5$%&6$7-2489

Greg Beroza (Dept. of Geophysics, Stanford University)

EARTHSCOPE INSTITUTE ON THE SPECTRUM OF FAULT SLIP

Monday, November 1, 2010



!"#$%&'()%*+,%-#$%.*/-%0+,/%(1%-#$%0*2-#34*5$%&6$7-2489

Greg Beroza (Dept. of Geophysics, Stanford University)

EARTHSCOPE INSTITUTE ON THE SPECTRUM OF FAULT SLIP

!"#$"%&'(
) *"+",)%&)&-".
) /#'01',$2)3#'4%5$67-')65+8%$9
) !#6,&%+",6-):#%5+",6-)3#"3'#+'&

Monday, November 1, 2010



!"#$%&'()%*+,%-#$%.*/-%0+,/%(1%-#$%0*2-#34*5$%&6$7-2489

Greg Beroza (Dept. of Geophysics, Stanford University)

EARTHSCOPE INSTITUTE ON THE SPECTRUM OF FAULT SLIP

!"#$"%&'(
) *"+",)%&)&-".
) /#'01',$2)3#'4%5$67-')65+8%$9
) !#6,&%+",6-):#%5+",6-)3#"3'#+'&

;6#'(
) *"+",)%&):6&$
) <,:#'01',$2)1,3#'4%5$67-')65+8%$9
) /#%5+",6--9)-"5='4

Monday, November 1, 2010



Monday, November 1, 2010



!"#$#%$&'($)*++,-

Earthquake Scaling
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SOME CHARACTERISTICS OF “REGULAR” EARTHQUAKES

Rupture at ~70-90% of the S-wave velocity

Constant stress drop of 3-5 MPa

Self-Similar Scaling M0 ~ L3

Scaled energy (ES/M0) ~ 5 x 10-5
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SOME CHARACTERISTICS OF “REGULAR” EARTHQUAKES
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THE FAST END OF THE EARTHQUAKE SPECTRUM
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Stress Drop
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Stress Drop
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Stress Drop
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Stress Drop
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Scaled Seismic Energy (ES/M0)
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“Low Energy” event
Chuetsu 2004
Mw 5.1

“High Energy” Earthquake
Kamaishi main event
Mw 4.7
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“Regular” Event
Mw 5.3 
same station
within 10 km

Chuetsu 2004
Mw 5.1
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0.5 to 1Hz

“Regular” Event
Mw 5.3 
same station
within 10 km

Chuetsu 2004
Mw 5.1

5 to 10 Hz0.15 to 0.5 Hz

0.05 to 0.1 Hz

• Depleted in high frequencies
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0.05 to 0.1 Hz

0.5 to 1 Hz

5 to 10 Hz

10 to 20 Hz

Kamaishi main event
Mw 4.7 “Normal” Event

Mw 4.8 
same distance

• Enriched in high frequencies
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At Least some of Scatter in ES/M0 is real
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Earthquake Size-Duration Scaling
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Earthquake Size-Duration Scaling
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SUPER-SHEAR RUPTURE

KB7F&4
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SUPER-SHEAR RUPTURE
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SUPER-SHEAR RUPTURE
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SUPER-SHEAR RUPTURE
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SOME FAST EARTHQUAKE QUESTIONS
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Earthquake Size-Duration Scaling
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Deep Non-Volcanic Tremor
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Low Frequency 
Earthquakes
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Importance of Improved Monitoring
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Importance of Improved Monitoring
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Tremor 
matches 

LFEs (red) 

Can locate 
tremor 

precisely
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HF#''D$)*++,A-

LFEs Allow us to Examine Tremor in Detail

Monday, November 1, 2010



UA&6&$&7"$!%@$)*++W-X$!%@$&7"$UA&6&$)*++0&5A-

Very Low Frequency Earthquakes (Shallow)
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Very Low Frequency 
Earthquakes (Deep)
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Very, Very Low Frequency 
Earthquakes
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Slow Slip Events
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Episodic Tremor and Slip

Monday, November 1, 2010



3#6@J&$&7"$!"#$)*+..-

M*2D(4/%/'()%

$*2-#34*5$/J%

`.0/[%M`./[%&&0/%

(7742%D+%

/C+7#2(+CH

Monday, November 1, 2010



!"#$#%$&'($)*++,-

LFEs/Tremor   1 s   M 1.0-2.0
VLFs    10-100 s  M 3.5-4.5
SSEs    105-108 s  M 6.0-7.5
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Earthquake Size-Duration Scaling

Monday, November 1, 2010



!"#$#%$&'($)*++,-

LFEs/Tremor   1 s   M 1.0-2.0
VLFs    10-100 s  M 3.5-4.5
SSEs    105-108 s  M 6.0-7.5
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Earthquake Size-Duration Scaling
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Very Slow Slip Events
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Geography of Slow Earthquakes
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Geography of Slow Earthquakes

Monday, November 1, 2010



3#6@J&$&7"$!"#$)*+..-

Geography of Slow Earthquakes
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Geography of Slow Earthquakes
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If Tremor Limns the Edge of the Locked Zone in Cascadia, 
then Transition is Farther East than Thought
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Higher Hazard in Cascadia?
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Geography of Slow Earthquakes
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Geography of Slow Earthquakes
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Geography of Slow Earthquakes
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Observational Gap: Much of the World is 
Effectively Unmonitored
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Observational Gap: Between Seismology and Geodesy
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Brown et al. [2009]

Tremor Occurs on the Deep Extension of Faults
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Shelly [2009]

Shear failure to ~25 km?  If so, fault likely to slip co-
seismically in large events at this depth.

Tremor Occurs on the Deep Extension of Faults
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Time-Dependent Base of Seismogenic Zone 
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(Schaff et al., 2002)
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Slow Earthquakes Occur in a “Strategic” Location

Tremor will accelerate loading of the locked zone.  Is 
there a correlation of tremor with earthquakes?
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Strong Tidal Response

Much more sensitive to stress than earthquakes:  
Will behavior change before a large event?
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SOME SLOW EARTHQUAKE QUESTIONS
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SOME SLOW EARTHQUAKE QUESTIONS
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SOME SLOW EARTHQUAKE QUESTIONS
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