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Triggering	
  terminology	
  

conceptual	
  model	
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Fric=onal	
  stability:	
  the	
  rock	
  mechanics	
  
perspec=ve	
  



Back to basics: Why do faults fail?	
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Where	
  Does	
  Fric=on	
  Come	
  From?	
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  2002	
  



1.	
  Sta=c	
  Fric=on	
  is	
  Not	
  Sta=c	
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2.	
  Dynamic	
  Fric=on	
  Depends	
  on	
  
Sliding	
  Velocity	
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Sliding	
  stability	
  depends	
  on	
  the	
  	
  
fric=on	
  rate	
  parameter:	
  (a	
  –	
  b)	
  



So	
  What	
  if	
  My	
  Fric=onal	
  Rate	
  
Parameter	
  is	
  Nega=ve?	
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Slip	
  stability	
  depends	
  on	
  
the	
  fric=onal	
  unloading	
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Cri=cal	
  s=ffness	
  transi=on	
  in	
  the	
  lab	
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Triggering and conditional stability 

Very	
  easy	
  to	
  trigger	
  a	
  stably	
  sliding	
  fault	
  near	
  
	
  the	
  stability	
  threshold	
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The stability transition in faults 

The	
  fric=onal	
  rate	
  parameter	
  varies	
  with	
  temperature	
  

Scholz	
  1998	
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The stability transition in faults 

Tectonic	
  tremor	
  and	
  slow	
  slip	
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[13] Wallace et al. [2004] used GPS velocities and
geological fault slip rates to simultaneously invert
for the long-term (>1 Myr) tectonic rotation of the
eastern North Island [Walcott, 1984; Mumme et al.,
1989] and the degree of interseismic coupling on
the subduction interface along the entire Hikurangi
margin. They showed that the GPS-derived inter-
seismic coupling distribution includes a sharp
transition from a deep (!40 km depth) downdip
termination of interseismic coupling beneath the
southern North Island to a shallow downdip
(<15 km) termination of coupling beneath the north-
ern and central parts of the margin (Figure 5). This
transition occurs along a line extending from Cape
Turnagain (CT in Figure 5a) to theManawatu region.
The coupling coefficient (fic, see Appendix A)
beneath the southern North Island is 0.8–1.0, while
fic = 0.1–0.2 in the Raukumara Peninsula and
Hawke’s Bay (i.e., the onland region surrounding
Hawke Bay itself) regions. The low fic observed on

the megathrust in the central and northern Hikurangi
margin may be explained by the presence of several
small asperities where full interseismic coupling (fic =
1.0) occurs (possibly corresponding to subducting
seamounts) surrounded by regions of steady aseismic
creep (fic = 0.0). We note that the degree of coupling
beneath Hawke Bay is not well resolved, because of
the lack ofGPSdata in the offshore region (Figure 5b),
and that coupling clearly does not extend beneath the
land adjacent to Hawke Bay, unlike farther south.

[14] A major (but unproven) assumption underly-
ing our use of interseismic coupling as a proxy for
the seismogenic zone is that the portions of the
subduction thrust that are currently undergoing
coupling will eventually slip in future subduction
thrust events, once sufficient stresses have accu-
mulated. This assumption is supported by several
examples of subduction interface earthquakes in
Japan [Miura et al., 2004; Ito and Hashimoto,
2004; Hashimoto et al., 2009] and Sumatra [Chlieh

Figure 5. Distribution of interseismic coupling at the Hikurangi margin interpreted from campaign GPS
measurements (updated from Wallace et al. [2004]). (a) Interseismic slip rate deficit (gray-scale shaded, in mm/yr).
Maroon and white dashed lines show contours of model plate interface [from Ansell and Bannister, 1996], with depth
contours labeled in km. Large red dots show locations of historic subduction interface events from Webb and
Anderson [1998], Downes et al. [2000], and Downes [2006]. TK, Tikokino earthquake; AC, Ashley Clinton
earthquake; CP, Cape Palliser earthquakes; CT, Cape Turnagain earthquake; TB, Tolaga Bay. (b) Interseismic
coupling coefficient, gray-scale shaded and contoured. Locations of slow slip events (purple contours outline areas of
slow slip [from Wallace and Beavan, 2006; Beavan et al., 2007, 2008; McCaffrey et al., 2008]). Box outlined in red
dashes shows region where interseismic coupling estimates from GPS are highly uncertain (because of lack of
offshore coverage). GPS can be fit by downdip termination of interseismic coupling within this dashed box, although
the exact location of the downdip termination of coupling beneath Hawke Bay cannot be determined from existing
data. PB, Poverty Bay; CK, Cape Kidnappers; MP, Mahia Peninsula; CT, Cape Turnagain.

Geochemistry
Geophysics
Geosystems G3G3 wallace et al.: hikurangi margin seismogenic zone 10.1029/2009GC002610
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Are	
  condi=onally	
  stable	
  faults	
  more	
  triggerable?	
  

Dynamic	
  triggering	
  suscep=bility	
   Seismic	
  coupling	
  (grey)	
  and	
  loca=ons	
  of	
  
	
  episodic	
  slow	
  slip	
  and	
  tremor	
  (purple).	
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Are	
  condi=onally	
  stable	
  faults	
  more	
  triggerable?	
  

Gomberg	
  et	
  al	
  2008	
  



Implica=ons	
  for	
  volcanic	
  regions	
  
•  Volcanic	
  and	
  hydrothermal	
  regions	
  may	
  pass	
  repeatedly	
  

through	
  the	
  stability	
  transi=on	
  
	
  1.	
  varying	
  temperatures	
  (b	
  -­‐	
  a)	
  
	
  2.	
  high	
  and	
  heterogeneous	
  pore	
  pressure	
  (σ	
  -­‐	
  P)	
  
	
  3.	
  variable	
  elas=c	
  s=ffness	
  (k)	
  

•  Volcanoes	
  may	
  be	
  cri=cal	
  for	
  the	
  same	
  reason	
  as	
  deep	
  
subduc=on	
  zones.	
  

•  Fric=onal	
  slip	
  at	
  low	
  effec=ve	
  stress	
  may	
  be	
  aseismic	
  or	
  
tremor-­‐like.	
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Evidence	
  for	
  the	
  role	
  of	
  fluids	
  in	
  
dynamic	
  earthquake	
  triggering	
  





Dynamic	
  triggering	
  

Hill	
  and	
  Prejean,	
  2007	
  



What	
  can	
  triggering	
  sensi=vity	
  tell	
  us	
  about	
  the	
  
importance	
  of	
  fluids?	
  

Hill	
  and	
  Prejean	
  



Why	
  might	
  extensional	
  regions	
  be	
  more	
  
triggerable?	
  

seismic	
  slip	
  stable	
  slip	
  

Hydrofracture	
  



Are	
  sites	
  with	
  non-­‐volcanic	
  fluid	
  flow	
  
triggerable?	
  

ANSS	
  catalog	
  

Sites	
  of	
  dynamic	
  triggering	
  in	
  	
  
Feb.	
  2010	
  and	
  Mar.	
  2011	
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  OH	
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Summary	
  of	
  triggering	
  observa=ons	
  in	
  
induced	
  regions	
  

•  Injec=on	
  pressure	
  at	
  all	
  sites	
  is	
  hydrostaDc	
  
•  Only	
  one	
  shot	
  at	
  triggering	
  (recharge	
  needed)	
  
•  Long	
  periods	
  may	
  be	
  more	
  effec=ve	
  triggers.	
  
•  Triggering	
  only	
  at	
  long-­‐term	
  injec=on	
  sites	
  that	
  hosted	
  large	
  

earthquakes	
  within	
  6-­‐20	
  months.	
  
•  Triggering	
  at	
  all	
  long-­‐term	
  injec=on	
  sites	
  that	
  hosted	
  large	
  

earthquakes	
  within	
  6-­‐20	
  months.	
  



Evidence	
  for	
  fluid	
  involvement	
  in	
  
dynamic	
  triggering	
  

•  Fluids	
  can	
  promote	
  condi=onal	
  stable	
  slip.	
  
•  down	
  dip	
  subduc=on	
  zones	
  are	
  triggerable	
  
•  extensional	
  environments	
  are	
  more	
  triggerable	
  than	
  
compressional	
  

•  regions	
  of	
  fluid	
  induced	
  seismicity	
  are	
  very	
  
triggerable	
  

•  volcanic	
  and	
  hydrothermal	
  regions	
  are	
  triggerable	
  



the	
  Mechanism	
  of	
  dynamic	
  triggering	
  



Triggering	
  Mechanism:	
  
	
  permeability	
  enhancement	
  

Brodksy	
  et	
  al,	
  2003	
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Spectral	
  
Amplifica=on	
  
increase	
  

1999	
  M7.4	
  Oaxaca	
  earthquake:	
  (sta=c	
  stress	
  change	
  <	
  0.2	
  Pa)	
  



Elkhoury	
  and	
  Brodsky	
  2006	
  

Aquifer	
  permeability	
  is	
  enhanced	
  by	
  seismic	
  waves	
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Triggering	
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  permeability	
  enhancement	
  



Fluid	
  pumping	
  and	
  fracture	
  unclogging	
  

Brodksy	
  and	
  Prejean,	
  2005	
  

Differences	
  in	
  poro-­‐elas=c	
  
compressibility	
  (specific	
  
storage)	
  drives	
  flow	
  into	
  fault	
  

Diffusion	
  =mescale	
  means	
  
pressure	
  change	
  in	
  the	
  fault	
  is	
  
larger	
  for	
  long	
  period	
  waves.	
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  flow	
  



Fracture	
  unclogging	
  in	
  the	
  lab	
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Triggering	
  by	
  permeability	
  
enhancement	
  explains…	
  

	
  
• 	
  Enhanced	
  Sensi=vity	
  to	
  long	
  periods	
  

• 	
  Selec=ve	
  or	
  inconsistent	
  triggering	
  	
  

• 	
  Recharge	
  needed	
  between	
  triggers	
  

• 	
  Delayed	
  triggering	
  (diffusion	
  of	
  fluids	
  along	
  fault)	
  
	
  
• 	
  Extreme	
  suscep=bility	
  of	
  hydrothermal/volcanic/induced	
  fields	
  

	
  
	
  
	
  



Conclusion	
  

•  Water	
  may	
  play	
  an	
  important	
  role	
  in	
  the	
  
seismic	
  cycle.	
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