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Plate boundaries are a planet-wide network of faults 
where most earthquakes and volcanoes are located. 



Earthquake Explanation 

•  An earthquake is the process of sudden, shearing 
displacement on a fault (a surface of contact between 
two rock masses) combined with resultant vibrations 
(seismic waves) 

•  Earthquakes ‘catch up’ with prior large-scale crustal 
motions: strain and stress in rock change (reduce) 

•  Earthquakes are frictional sliding instabilities. 
Repeated stick-slip behavior is observed. Friction 
depends on pressure, temperature, fluids, slip 
velocity, fault history, and material properties in the 
fault zone. 









A record section plot of vertical 
displacements of the Earth's 
surface recorded by 
seismometers around the world.  
Time is on the horizontal axis, 
and vertical displacements of 
the Earth on the vertical axis.  

Waveforms from the 
Global Seismographic 
Network (GSN) of the 
Sumatra Earthquake 



MOST OF THE LARGEST EARTHQUAKES ARE AT 
SUBDUCTION ZONES AND RESULT FROM THRUST 

FAULTING AT THE PLATE INTERFACE

Kanamori, 1978

Much of what is known about the geometry and mechanics of the interaction 
between plates at subduction zones comes from the distribution and focal 
mechanisms of shallow earthquakes at the interface between the plates



EARTHQUAKE  CYCLE

INTERSEISMIC:

India subducts beneath 
Burma at about 20 mm/yr

Fault interface is locked

EARTHQUAKE 
(COSEISMIC):

Fault interface slips, 
overriding plate 
rebounds, releasing 
accumulated motion and 
generating tsunami 

HOW OFTEN:

Fault slipped ~ 10 m  -->    10000 mm /  20 mm/yr = 
500 yr
Longer if some slip is aseismic

Faults aren’t exactly periodic, likely because 
chaotic nature of rupture controls when large 
earthquakes occur 

Stein & Wysession, 2003  4.5-14

INDIA BURMA

Tsunami generated

SUMATRA TRENCH 





Great (Mw ≥ 8) events from Dec. 2004-Apr. 2014 

Last 10 yrs - 18 great earthquakes: rate 1.8/yr; rate over preceding century 0.7/yr 

1.8/yr ! 

Small Symbols: Great  
Events 1900-2004 

[Lay, 2014]



I started grad school at  
Caltech Seismo Lab 

The Quiet 
   Days 

Rocking & 
Rolling 

after, Ammon et al., SRL, 2010 

Chile 

Alaska Sumatra 

Global Broadband Seismic Networks 

hr-GPS Networks 

DART expansion 



Recent Huge Events With “Surprises” 
2004 Sumatra Mw 9.2; ruptures 1300+ km long, massive tsunami 

 2005 Mw 8.7, 2007 8.5, 7.9 ‘clustered’ events along Sumatra 

2006 Kuril Mw 8.4 thrust; triggers 2007 Kuril Mw 8.1 normal 

2007 Peru Mw 8.0 devastates Pisco; triggered by 7.8 initial rupture  

2007 Solomon Island Mw 8.2; rupture across triple junction 

2008 Wenchuan Mw 7.9; unexpected thrusting 

2009 Samoa Mw 8.1 normal faulting; triggers Tonga Mw 8.0 thrust 

2010 Chile Mw 8.8 ruptures beyond “Darwin Gap” 

2010 Mentawai Mw 7.8 tsunami earthquake updip of 2007 8.5/7.9 Sumatra 

2011 Tohoku Mw 9.0 ruptures entire megathrust, slip up to 60 m 

2012 Indo-Australia Mw 8.7, 8.2 ruptures 5 fault grid- largest intraplate strike-slip 

2013 Sea of Okhotsk Mw 8.3 largest/longest/most energy deep earthquake ever 



     Sumatra-Sunda  
Struck by a ‘cluster’ of great/very large  
earthquakes since 2004.  

Dec. 26, 2004 – ‘unexpected’ northward 
extension to Andaman Islands. 9.2 

March 2005 – adjacent ‘aftershock’. 8.6 

July 2006 – Java tsunami earthquake. 7.8 

Sept. 2007 – Kepulauan pair. 8.5, 7.9 

Oct. 2010 – Mentawai tsunami  
earthquake. 7.8 

Similar to Alaska-Aleutians sequence of 
1946, 1957, 1964, 1965 

Where will the next one be? - 1797 ‘gap’?  
Sumatran Fault? Sumba potential? 

[Lay, 2014]



2004 Sumatra 
was the first 
event for which 
back-projection 
of dense network 
signals to image 
coherent sources 
of short-period 
radiation was 
performed (by 
Ishii et al. 2005, 
and Krüger and 
Ohrnberger, 2005). 
Slip and short-period 
coherent power do 
NOT correlate  
spatially in detail. 

2004 prompted geophysicists to ‘tune-up’ algorithms to handle very long duration, 
extended fault.  Solutions developed using seismic, geodetic, tsunami, and joint data sets 
came out after several months/years.  Initiated upgrade of DART system in Pacific. 

Models for 2004 Sumatra 



2006-2007 Kuril Doublet: Mw 8.1 normal after Mw 
8.4 thrust.  Trench-slope stress cycled from 

compressional to extensional to compressional 

Lay et al., JGR (2009) 



Lay et al., JGR (2009) 

Kuril Islands Great Doublet 



April 1, 2007 Solomon Islands Earthquake Mw=8.1 
Rupture Across a Triple Junction 

Furlong et al., Science (2009) 



Great events along southern Peru megathrust: Ruptures 
triggering large second rupture with complex expansion. 

2001 Peru (Mw 8.4) – Initial 7.5 triggers rupture of 8.4  
on ~Rayleigh wave arrival 

2007 Peru (Mw 8.0) – Initial 7.8 triggers rupture of 8.1  
after ~60 s hiatus` 

Lay,  et al., BSSA, 2010 



2009 Samoa-Tonga Triggered Doublet (Mw 8.0, 8.0) 

Lay et al., Nature (2010) 



that rattled central Chile and set off a tsunami 
on 27 February 2010. By contrast, the main 
Tonga event resulted from extensional fault-
ing that occurred in an area known as the outer 
rise, where the descending plate begins to bend 
into the trench.

Still, it is not a geophysical surprise to find a 
great outer-rise earthquake. Several have been 
recorded during the past 100 years, and they 
are easily explained by downward pull by the 
descending plate. This pull force can be trans-
mitted towards the outer rise if the two plates 
do not accumulate strain on the plate-bound-
ary fault, and it can also increase suddenly if the 
plate boundary breaks in a great earthquake. A 
November 2006 plate-boundary earthquake of 
magnitude 8.3 along the Kuril trench set off 
an extensional outer-rise earthquake of magni-
tude 8.1 just two months later3, by causing the 
subducting plate to pull away from the outer 
rise. In a generic case, such triggering results 
from a change in static stress. Sudden displace-
ment on a fault during an earthquake adds to 

the load on some neighbouring faults and 
subtracts from the load on others. These stress 
changes may hasten or retard earthquakes, 
respectively4. 

In the Tonga case, both Beavan et al.1 and Lay 
et al.2 found that a plate-boundary earthquake 
was associated with the outer-rise earthquake 
(Fig. 1). The strongest evidence for this find-
ing comes from satellite geo desy. By comparing 
pre- and post-earthquake measurements from 
northern Tonga, made by the Global Position-
ing System (GPS), Beavan et al.1 estimate that 
35 cm of horizontal movement occurred in 
a direction opposite to that expected for an 
outer-rise earthquake. Continuous GPS meas-
urements, such as those made during the 2010 
Chilean earthquake, were not available, how-
ever; such measurements could have pinpointed  
which earthquake happened first. 

Clues to the earthquakes’ sequence can also 
be found in tsunami waveforms recorded on 
bottom-pressure (DART) sensors operated 
by the US National Oceanic and Atmospheric 

Administration (NOAA). These waveforms 
are sensitive to the parent earthquake because 
plate-boundary earthquakes and outer-rise 
earthquakes produce opposite sea-surface dis-
placement above the earthquake fault. NOAA 
modellers implicitly assumed a plate-boundary 
earthquake model in their successful real-time 
data assimilation to forecast the far-field tsu-
nami5. Beavan et al. likewise show that the 
tsunami waveforms recorded at the DART sta-
tions are better explained by a plate-interface 
earthquake, and they obtained the best match 
by postulating the occurrence of a slow plate-
boundary earthquake before the outer-rise 
earthquake. They point out that this sequence 
can be explained by static stress change, as in 
the Kuril example.

When two earthquakes occur nearly simul-
taneously, the signal from the later event may 
be buried in the seismic waves from the first. 
Lay et al.2 carried out non-routine, detailed and 
comprehensive analyses of the available seis-
mic data, and succeeded in detecting signals 
from earthquakes after the outer-rise earth-
quake. Their model indicates that the main 
outer-rise earthquake triggered the rupture of 
the plate boundary by shaking it. Such dynamic 
triggering is plausible: it has been documented 
on faults hundreds of kilometres from the  
initiating earthquake6. 

But it is still difficult to tell whether the plate-
interface earthquake really happened later. If 
that event was generated slowly in compari-
son to seismic-wave periods, it would not have 
been detected in ordinary seismic records1. 
Analysis of ultra-long-period seismograms2 
can indicate the existence of such slow earth-
quakes, but it is difficult to achieve an accurate 
estimate of timing from such ultra-long-period 
records. Lay et al.2 locate the plate-boundary 
earthquake (as a pair of subevents) close to the 
trench. It has been shown that the shallower 
on the plate interface and closer to the trench 
axis slip occurs, the slower it is7. Therefore, 
the plate-boundary earthquake rupture might 
have been slow.

Taken together, the two papers1,2 leave 
uncertainty as to which of the two earth-
quakes happened first. And, until we learn 
which of them was the cause and which the 
effect, it will be difficult to know whether the 
trigger was the release of static stress on an 
extensional fault, or of dynamic stress on a  
compressional one. 
Kenji Satake is at the Earthquake Research 
Institute, University of Tokyo, Bunkyo-ku,  
Tokyo 113-0032, Japan. 
e-mail: satake@eri.u-tokyo.ac.jp
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Figure 1 | Interpretations of the two Tonga-trench earthquakes of 29 September 2009.!a, Beavan 
et al.1 (B) and Lay et al.2 (L) come to different conclusions about the order in which the earthquakes 
happened. B1 and L1 denote which, respectively, the authors consider to have occurred first. But 
seismologically, neither interpretation is clear-cut: if an earthquake is slow and the slip rate is  
small (B1), the signal may be undetected in regular seismic records. Alternatively, if the second 
earthquake (L2) happens soon after the first one, the signal can be buried in seismic records. 
b, Depiction of the Tonga trench, where the Australian and Pacific plates meet. The two groups1,2 
agree that B1/L2 was an interplate earthquake, due to compressional stress, at the boundary  
between the plates; and that the main, visible, earthquake (B2/L1) was an intraplate event that 
occurred at the outer rise due to extensional stress. Beavan et al.1 drew their conclusions from 
GPS measurements and models of tsunami waveforms. Lay and colleagues’ interpretation rests on 
analyses of the available seismic data. 
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Resolutions of Joint inversion









Lay et al., EPS, 2011 

Aseismic model with near-trench slip can fit GPS statics well. 
Quasi-seismogeodesy. 



Yue and Lay, GRL, 2011 

The GPS ground 
motions record 
both the arrivals 
of all seismic waves 
and the permanent 
deformations 
(offsets) of the  
ground. 



Many studies 
now confirm that 
slip in the 
uppermost 80 
km of the 
megathrust 
is as much as 
60-80 m.  

Shallow rupture  
resembles 
tsunami 
earthquake  
ruptures.  



[Yue and Lay, 2013]



[Yue and Lay, 2013]



[Yue and Lay, 2013]



[Yue and Lay, 2013]





Yamazaki et al., BSSA, 2013 



Yamazaki et 
al., BSSA, 2013 



Yamazaki et al., BSSA, 2013 



Yamazaki et al., BSSA, 2013 



2010 Mentawai tsunami earthquake: 
Up-dip rupture from 2007 Sumatra events 

 2

and paleoseismic data
16

 indicate that rupture of 

about the same patch produced an earlier great 

earthquake in 1861. Immediately south of the 

Nias patch, near the equator, coupling is low 

and consistent with only moderate earthquakes 

in the past few centuries 
10, 17

.  Farther south, 

beneath the Mentawai Islands, coupling has 

been high for at least the past 40 years and great 

earthquakes have occurred repeatedly 
18

. These 

observations indicate that the pattern of 

interseismic strain accumulation has a profound 

influence on the characteristics of large 

megathrust ruptures.  

Figure 1 | Patches with strong interseismic 

coupling on the Sunda megathrust, offshore 

Sumatra, coincide with large seismic 

ruptures. The pattern of coupling, defined as 

the ratio of interseismic slip rate to plate 

convergence rate, is derived from the modeling 

of geodetic and paleogeodetic data15. No 

information is available on coupling under 

northern Simeulue, west of about 96.2°E. Slip 

distribution of the 2005 Mw 8.6 earthquake of 

2005 is shown with 5 meter contour lines in 

green1112. Gray and black polygons show 

estimated rupture areas of the 1797 and 1833 

earthquakes 25.  Dark and pale blue lines show 

the 1 m and 5 m slip contour lines of the Mw 8.4 

and 7.9 seismic ruptures of 2007, stars show the 

epicenters.  The smaller Mw 7.7 earthquake  of 

1935 17 occurred in a region of weak coupling. 

The Mw 8.0 earthquake of 2000 which is 

predominantly an intraslab strike-slip event 30 

also falls in an area with low coupling, The inset 

map displays various asperities of the 2007 

rupture sequence. 

 

[Yue et al., 2014a]



[Yue et al., 2014c]



[Yue et al., 2014c]
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[Yue et al., 2014c]
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Feb. 27, 2010 Chile 
Mw 8.8 

Filling the 1835 
seismic gap? 
But it went well 
beyond that… 

Updated From: Lay et al., GRL, 2010 

c 



Geodetic motions before Feb. 27, 2010 Chile 

Moreno et al., Nature, 2010 



Observations of 2010 Mw = 8.8 Maule 
earthquake

[Yue et al. 2014b]



Checker board test of each dataset and 
joint inversion

[Yue et al. 2014b]



Preferred rupture model of 2010 Maule 
earthquake

[Yue et al. 2014b]





Complementary pattern with the 
aftershock distribution

[Yue et al. 2014b]



Sumatra 2004, 2005 
2007 

Tohoku 2011 
Chile 2010 

Solomon Islands 2007 Kuril Islands 2006, 2007 

Mentawai 2010 Samoa 2009a,b 

[Lay, 2014]



Variable frictional properties seem ubiquitous 



Conclusions 
Great earthquake ruptures and associated pre-seismic 
and post-seismic are now being quantified in unprecedented 
detail. 

This results from systematic deployment of global seismic, 
geodetic, and tsunami instrumentation that is largely openly 
available, in parallel with extensive development of finite- 
faulting inversion capabilities for all wavefields. 

Comprehensive modeling of all  
ground motions, including 
dynamic and static three- 
component motions is viable and 
yields best constrained solutions. 



We need to prepare for future great earthquakes 
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Sept. 5, 2012 Nicoya, Costa Rica Mw 
7.6 Earthquake 

[Yue et al., 2013]



Comparison 
with tremor and 
LFE locations

[Yue et al., 2013]



Comparison 
with inter-
seismic locking 
pattern

[Yue et al., 2013]



Comparison 
with aftershock 
locations

[Yue et al., 2013]



•  1. The largest (Mw=8.6) 
strike slip event 
seismically recorded. 

•  2. The largest intra-plate 
event seismically 
recorded.  

•  3. Complex faulting-5 
faults involved.  

•  4. Complex aftershock 
location. 

[Yue et al., 2012]



Beam-forming using teleseismic body waves and surface wave 
source time functions

(Yue et al. 2012)



Finite fault model on multiple fault 
segments

[Yue et al., 2012]



[Lay and Kanamori, 2012]
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2010 Chile Mw 8.8 – Rupture expands bilaterally with most slip in 
the north (near 1928 event), not conforming to 1835 seismic gap  



The February 6, 2013 
Mw 8.0 Santa Cruz 
Islands earthquake 
and Tsunami 

Thorne Lay, Lingling Ye, 
Hiroo Kanamori, Yoshiki 
Yamazaki, Kwok Fai Cheung, 
Charles J. Ammon 

Lay et al., Tectonophysics, 2013 



Lay et al., Tectonophysics, 2013 



Lay et al., Tectonophysics, 2013 



The October 28, 2012 Mw 7.8 
Haida Gwaii Underthrusting 

Earthquake and Tsunami: Slip 
Partitioning Along the Queen Charlotte 
Fault Transpressional Plate Boundary 

T. Lay, UCSC 
w/ L. Ye, H. Kanamori, Y. Yamazaki, K. F. 

Cheung, K. D. Koper, K. B. Kwong 

2012 

1949 

2013 

1972 



Hadia Gwaii Final  
Slip Model 

Surface VerUcal 
 Displacement 

(Lay et al., EPSL, 2013) 

Local tsunami is reported to have  
Up to 8‐9 m run‐up in some inlets. 

Local Peak Tsunami 



Sea Surface Peak Amplitudes for 
preferred model from iteraUve 
seismic/tsunami modeling.  NOAA 
DART buoys give excellent deep water 
tsunami records along Alaska/AleuUans 
and to the south, as well as near Hawaii. 
also have good quality Ude‐gauge 
recordings in Hawaii. 

(Lay et al., EPSL, 2013) 



DART data 
and model 
predicUons  
in red for the 
final iteraUve 
model. 

Lay et al., EPSL, 2013 



Tide‐gauge Recordings Around Hawaii – very well fit! 

(Lay et al., EPSL, 2013) 



[aeer BusUn et al., 2007; Hyndman and Hamilton, 1993] 

(Smith et al., 2003) 

(Lay et al., 2013) 

(Lay et al., EPSL, 2013) 


