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Topic	
  4.1	
  from	
  GeoPRISMS	
  DraQ	
  
Science	
  Plan	
  2010:	
  

	
  	
  	
  	
  	
  What	
  governs	
  the	
  size,	
  loca;on	
  and	
  frequency	
  of	
  
great	
  subduc;on	
  zone	
  earthquakes	
  and	
  how	
  is	
  
this	
  related	
  to	
  the	
  spa;al	
  and	
  temporal	
  varia;on	
  
of	
  slip	
  behaviors	
  observed	
  along	
  subduc;on	
  
faults?	
  

•  What	
  controls	
  the	
  magnitude	
  and	
  recurrence	
  
interval	
  of	
  earthquakes?	
  

•  What	
  mechanical	
  proper;es	
  and/or	
  fault	
  zone	
  
condi;ons	
  control	
  the	
  wide	
  spectrum	
  of	
  slip	
  rates	
  
observed	
  on	
  subduc;on	
  megathrusts?	
  



Factors	
  Influencing	
  Megathrust	
  Earthquake	
  Size	
  –	
  
	
  	
  	
  	
  	
  	
  	
  	
  All	
  men;oned	
  already	
  in	
  DraQ	
  Plan	
  

Width	
  of	
  Seismogenic	
  Zone	
  –	
  Con;nental	
  versus	
  Island	
  Arc	
  
	
  
Convergence	
  Rate	
  –	
  Poor	
  correla;on	
  overall	
  
	
  
Lithospheric	
  Age	
  –	
  Poor	
  correla;on	
  overall	
  
	
  
Back-­‐Arc	
  Spreading/Trench	
  Roll-­‐back	
  –	
  Reduced	
  coupling	
  Tonga/Mariana	
  
	
  
Segmenta;on	
  –	
  Changes	
  in	
  slab	
  dip,	
  upper	
  plate	
  ‘blocks’	
  
	
  
Sediments	
  –	
  Homogeniza;on?	
  Influence	
  on	
  shallow	
  megathrust?	
  
	
  
Sea-­‐floor	
  Topography	
  –	
  Seamounts,	
  Horst	
  and	
  Graben	
  structures	
  
	
  
Upper	
  plate	
  –	
  Forearc	
  basins,	
  gravity	
  lows	
  (cause/effect?)	
  
	
  
Seismic	
  coupling	
  rela;onship	
  to	
  mechanical	
  coupling?	
  
	
  
	
  
	
  



Mechanical	
  Proper;es	
  Influencing	
  Slip	
  Rates	
  -­‐	
  
	
  	
  	
  	
  	
  	
  	
  	
  All	
  men;oned	
  already	
  in	
  DraQ	
  Plan	
  

Temperature	
  structure,	
  yes,	
  but	
  how?	
  
	
  
Fluid	
  pressure	
  
	
  
Sediments,	
  clay	
  mineralogy,	
  pressure	
  solu;on	
  hardening	
  
	
  
Role	
  of	
  serpen;niza;on	
  
	
  
Trench	
  roll-­‐back	
  
	
  
Transi;onal	
  Fric;onal	
  States,	
  SSEs,	
  ETS,	
  VLFEs	
  
	
  



So,	
  what	
  are	
  the	
  New	
  Opportuni;es	
  for	
  making	
  progress	
  
on	
  these	
  long-­‐standing	
  ques;ons?	
  	
  My	
  choice	
  for	
  top	
  3:	
  

1)  Numerous	
  Great	
  Earthquakes	
  have	
  finally	
  been	
  well-­‐recorded	
  seismically	
  and	
  
geode;cally;	
  I	
  think	
  that	
  we	
  MUST	
  exploit	
  this	
  new	
  informa;on	
  fully	
  for	
  pre-­‐
seismic,	
  co-­‐seismic,	
  and	
  post-­‐seismic	
  behavior	
  and	
  lateral	
  effects	
  

2)  Geode;c	
  tools	
  for	
  loca;ng	
  ‘not-­‐slipping’	
  regions	
  of	
  megathrust	
  have	
  matured	
  (not	
  
fully,	
  in	
  my	
  opinion);	
  again,	
  it	
  seems	
  impera;ve	
  to	
  exploit	
  this	
  fully	
  in	
  as	
  many	
  
regions	
  as	
  possible;	
  warrants	
  3D	
  heterogeneous	
  media	
  modeling,	
  but	
  need	
  to	
  get	
  
off-­‐shore	
  constraints	
  with	
  ocean	
  geodesy	
  

3)  Wide	
  spectrum	
  of	
  slip-­‐velocity	
  processes	
  have	
  been	
  detected,	
  adding	
  nuance	
  to	
  
	
  no;ons	
  of	
  fric;onal	
  processes.	
  	
  S;ll	
  observa;onally	
  driven/challenged.	
  	
  Need	
  
expanded	
  seismic/geode;c/hydrologic	
  characteriza;on	
  of	
  many	
  regions	
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Sumatra-­‐Sunda	
  has	
  been	
  struck	
  by	
  
a	
  ‘cluster’	
  of	
  great/large	
  earthquakes	
  
since	
  2004.	
  	
  
	
  
Dec.	
  26,	
  2004	
  –	
  ‘unexpected’	
  northward	
  
extension	
  to	
  Andaman	
  Islands.	
  9.2	
  
	
  
Mar.	
  2005	
  –	
  adjacent	
  ‘aQershock’.	
  8.6	
  
	
  
July	
  2006	
  –	
  Java	
  tsunami	
  earthquake.	
  7.8	
  
	
  
Sept.	
  2007	
  –	
  Kepulauan	
  pair.	
  8.5,	
  7.9	
  
	
  
Oct.	
  2010	
  –	
  Mentawai	
  tsunami	
  	
  
earthquake.	
  7.8	
  
	
  
Akin	
  to	
  Alaska-­‐Aleu;ans	
  1946,	
  1957,	
  1964,	
  
1965	
  
	
  
Where	
  is	
  next	
  one?	
  Sumba	
  trigger	
  poten;al?	
  
1797	
  ‘gap’?	
  Sumatran	
  Fault?	
  
	
  



 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. 

 



Uyeda	
  and	
  Kanamori,	
  1979	
  
	
  
Subduc;on	
  zone	
  
spectrum	
  of	
  ‘stages’	
  of	
  
evolu;on	
  
	
  
Degree	
  of	
  mechanical	
  
Coupling	
  on	
  megathrust	
  
Reflects	
  earthquake	
  
Size	
  to	
  first	
  order.	
  
	
  
This	
  mo;vated	
  efforts	
  in	
  
‘Compara;ve	
  Subductology’	
  	
  



‘Compara;ve	
  Subductology’,	
  
once	
  quite	
  promising,	
  	
  now	
  
appears	
  to	
  be	
  too	
  limited	
  for	
  
defining	
  kinema;c	
  and	
  
structural	
  controls	
  on	
  maximum	
  
earthquake	
  size	
  in	
  different	
  
regions.	
  

Stein	
  and	
  Okal,	
  2007	
  

Pacheco	
  et	
  al.,	
  1993	
  



Simple	
  ‘seismic	
  gap’	
  ideas	
  have	
  been	
  cri;cized;	
  
	
  	
  	
  	
  perhaps	
  more	
  nuanced	
  no;ons	
  called	
  for	
  



Earthquake	
  Rupture	
  characteris;cs	
  can	
  define	
  regional	
  ‘behavior’,	
  or	
  tendencies	
  

Ruff	
  and	
  Kanamori,	
  1983	
   Lay	
  and	
  Kanamori,	
  1981	
  



S.	
  America,	
  recently	
  struck	
  by	
  the	
  
2001	
  Peru	
  8.4	
  
2007	
  Antofagasta	
  7.7	
  
2007	
  Peru	
  8.0	
  
2010	
  Chile	
  8.8	
  
	
  
What	
  is	
  next?	
  
	
  
Is	
  this	
  going	
  to	
  be	
  like	
  Sumatra?	
  	
  







The	
  doublet	
  occurred	
  
in	
  the	
  Central	
  Kuril	
  
Islands	
  Seismic	
  Gap	
  
between	
  the	
  1952	
  and	
  1963	
  events	
  
	
  
Prior	
  Gap	
  ac;vity:	
  
1915	
  (outer	
  rise?)	
  
	
  
1780	
  event	
  may	
  have	
  
ruptured	
  southern	
  part	
  of	
  gap	
  
	
  
1963	
  Large	
  outer	
  rise	
  compression	
  
event	
  	
  





2007	
  Kuril	
  event	
  occurred	
  aQer	
  a	
  large	
  thrust.	
  	
  
Outer	
  rise	
  stress	
  cycled	
  from	
  compressional	
  to	
  

extensional	
  to	
  compressional	
  

Lay	
  et	
  al.,	
  JGR	
  (2009)	
  



What	
  controls	
  earthquake	
  
size	
  in	
  regions	
  with	
  low	
  
seismic	
  coupling?	
  	
  Tonga	
  
region	
  has	
  very	
  high	
  seismicity	
  
rates,	
  but	
  very	
  few	
  large	
  
underthrus;ng	
  events.	
  
Kermadec	
  has	
  more	
  thrus;ng	
  
events,	
  but	
  not	
  great	
  
ruptures.	
  
N.	
  Island	
  New	
  Zealand	
  has	
  
frequent	
  slow	
  slip	
  events.	
  	
  
Tonga	
  has	
  the	
  highest	
  
convergence	
  rate	
  in	
  the	
  
world;	
  how	
  is	
  is	
  accomodated;	
  
SSEs?,	
  ETS?	
  Stable	
  sliding?	
  





Can	
  Island	
  arc	
  
systems	
  support	
  
great	
  events?	
  
Andaman-­‐Nicobar	
  
rupture	
  in	
  2004	
  
suggests	
  regions	
  
can	
  be	
  ‘driven’	
  
to	
  fail	
  together.	
  
	
  
What	
  causes	
  clusters	
  
of	
  events	
  like	
  
those	
  in	
  Vanuatu	
  
and	
  Solomon	
  	
  
Islands?	
  

Cleveland	
  et	
  al.,	
  2009	
  



April	
  1,	
  2007	
  Solomon	
  Islands	
  Earthquake	
  Mw=8.1	
  
Rupture	
  of	
  a	
  Triple	
  Junc;on	
  

Furlong,	
  Lay,	
  Ammon,	
  Science,	
  2009	
  









Two-­‐Dimensional	
  No;on	
  Seems	
  More	
  Reasonable	
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Conclusions	
  –	
  Extensions	
  to	
  DraQ	
  Science	
  Plan	
  
Great	
  Earthquake	
  Size/Occurrence	
  also	
  influenced	
  by:	
  
	
  
a)  Dynamic	
  triggering	
  effects	
  –	
  expand	
  rupture	
  dimensions,	
  trigger	
  condi;onally	
  

stable	
  regions,	
  rupture	
  beyond	
  seismic	
  ‘gaps’	
  (2004	
  Sumatra,	
  2007	
  Solomon	
  
Islands,	
  2009	
  Samoa,	
  2009	
  Vanuatu,	
  2010	
  Chile)	
  

b)  Short	
  observa;onal	
  history	
  –	
  underes;mate	
  seismic	
  poten;al	
  based	
  on	
  short	
  
record	
  (1700	
  Cascadia,	
  2004	
  Sumatra,	
  2006	
  Kuril)	
  

c)  Characteriza;on	
  of	
  ‘asperity’	
  regions	
  useful	
  for	
  short-­‐term	
  hazard	
  assessment,	
  
par;cularly	
  combined	
  with	
  geode;c	
  ‘not-­‐slipping’	
  characteriza;on	
  (2010	
  
Mentawai;	
  2010	
  Chile)	
  

Recommenda;ons:	
  
	
  
a)  Study	
  the	
  end-­‐members	
  (aseismic	
  convergence	
  in	
  Marianas/Tonga/Sumba/N.	
  

Island,	
  NZ	
  –	
  what	
  processes;	
  S.	
  Peru-­‐Antofagasta	
  locking?;	
  up-­‐dip	
  regions	
  of	
  C.	
  
Chile	
  1985,	
  2010)	
  

b)  Exploit	
  the	
  opportuni;es	
  provided	
  by	
  recent	
  great	
  events	
  that	
  are	
  well	
  
recorded;	
  Sumatra	
  example	
  indicates	
  adjacent	
  regions	
  likely	
  to	
  fail;	
  1797	
  
Sumatra	
  region,	
  S.	
  Sumatra-­‐Sumba	
  region	
  


