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1887	
  Pitacayachi	
  (Sonora)	
  Earthquake	
  

Normal-­‐faulTng	
  event	
  with	
  large	
  step.	
  

Map	
  from	
  Suter,	
  2008,	
  BSSA	
  







Rupture	
  ends	
  
with	
  mapped	
  
fault	
  

No	
  data	
  on	
  
rupture	
  end	
  
relaTonships	
  



11	
  April	
  2011	
  

Triggered	
  by	
  unloading	
  
aYer	
  the	
  11	
  March	
  2011	
  
Tohoku	
  M9.0.	
  

Normal	
  faulTng	
  rupture	
  on	
  
the	
  Itozawa	
  and	
  Yunodake	
  
faults	
  (14	
  km,	
  15	
  km,	
  resp.)	
  

ExcepTonal	
  topology	
  of	
  
rupture.	
  

Best	
  recorded	
  large	
  normal	
  
fault	
  ever.	
  	
  

Example	
  of	
  a	
  rupture	
  with	
  four	
  
ends	
  (?!).	
  	
  Two	
  faults	
  ruptured	
  
together.	
  	
  Three	
  rupture	
  ends	
  at	
  
fault	
  ends.	
  	
  	
  



Unpaid	
  adverTsement	
  for	
  
Anderson	
  et	
  al.	
  2013	
  

By	
  far	
  the	
  best	
  recorded	
  normal	
  rupture	
  
ever.	
  
Site-­‐response	
  adjusted	
  PGA	
  up	
  to	
  3.7x	
  
2008	
  GMPE	
  medians.	
  
Adjusted	
  PGV	
  ~1.5x	
  median.	
  

More	
  staTon	
  data	
  in	
  main	
  shock	
  than	
  enTre	
  NGA	
  
database	
  for	
  normal	
  faulTng	
  earthquakes.	
  	
  

aYershocks	
  



Table&1a&New&Events

Date Earthquake lat lon Mechanism Length&(km) Magnitude #&of&gaps

#&of&internal&

steps

entry&>0:&

rupture&end&

step&size,&

0=fault&

ends;&J1=no&

data;&J2&flt&

continues

entry&>0:&

rupture&end&

step&size,&

0=fault&

ends;&J1=no&

data;&J2&flt&

continues

1892J02J02 LagunaJSalada,&Baja,&CA 32.40 J115.60 S 42 7.2 0 0 J1 J1

1/3/1911

ChonJKemin&(Kebin),&&

Kyrgyzstan 43.50 77.50 R 177 7.7 nd 1 J1 J1

12/16/1920 Haiyuan,&China 36.60 105.32 S 237 8.3 0 5 J2 J2

3/7/1927 Tango,&Japan 35.80 134.92 S 35 7 0 1 0 J1

1/6/1928 Laikipia&J&Subukia&Kenya 0.16 35.75 N 40 6.9 0 1 0 J2

8/10/1931 Fuyun,&China 46.57 89.97 S 160 7.9 2 1 J1 J1

12/25/1932 Changma,&China 39.77 96.69 S 149 7.6 4 2 0 10

3/18/1953 YeniceJGonen,&Turkey 40.12 27.62 S 60 7.2 0 2 0 J2

2/9/1956 San&Miguel,&Mexico 31.67 J116.10 S 20 6.7 0 0 3.5 J1

12/4/1957 GobiJAltai,&Mongolia 45.15 99.21 S 245 8 1 9 J1 J1

9/1/1962 Buyin&Zara&(Ipak&fault),&Iran 35.56 49.81 S 103 6.9 2 3 J1 J1

1/5/1967 Mogod,&Mongolia 48.20 102.93 S 48.5 7.1 1 1 J1 J1

8/31/1968 DashtJeJbayaz,&Iran 34.05 58.96 S 74 7.1 0 1 2 J2

3/28/1970 Gediz,&Turkey 39.17 29.55 N 40 0 0 1 J1 J1

12/19/1977 BobJTangol,&Iran 30.92 56.41 S 20 5.9 0 0 1.5 J2

9/16/1978 Tabas,&Iran 33.27 57.39 R 95 7.3 3 1 J1 0

11/27/1979 KhuliJBuniabad,&Iran 34.06 59.76 S 55 7 1 1 J2 0

1981&J&02&J&24/25Gulf&of&Corinth,&&Greece 38.10 23.17 N 14 6.6 1 0 J2 J2

3/4/1981 Gulf&of&Corinth,&&Greece 38.20 23.30 N 13 0 0 1 0 J1

9/13/1986 Kalamata,&Greece 37.08 22.18 N 6 5.8 0 0 0 J2

11/6/1988 Lancang,&Yunnan,&China 22.81 99.61 S 35 7 0 2 J1 J1

11/6/1988 Gengma,&Yunnan,&China 23.23 99.44 S 24 6.9 0 0 J1 J1

12/7/1988 Spitak,&Armenia 40.93 44.11 R 20 6.7 1 1 J1 J1

6/20/1990 Rudbar,&Iran 37.00 49.19 S 80 7.4 1 2 J1 J1

5/27/1995 Neftegorsk&(Sakhalin),&Russia 52.60 142.83 S 36 7 0 0 4.5 3

5/10/1997 Zirkuh,&Iran 33.83 59.80 S 125 7.2 0 2 0 J2

2/22/2005 Dahuiyeh&(Zarand),&Iran 30.80 56.65 R 13 6.4 1 1 0 0

5/12/2008 Wenchuan,&China 31.50 104.50 R 240 8 1 1 J2 J1

4/4/2010 Sierra&Mayor&J&Cucapah,&Mexico 32.40 J115.50 S 108 7.2 1 4 J1 J2

4/14/2010 Yushu,&ChinaJ1 36.20 96.60 S 32 6.9 0 1 6 J2

4/14/2010 Yushu,&ChinaJ2 0.00 0.00 S 18 6.1 0 0 6 J2

9/4/2010 Christchurch,&New&Zealand J43.56 172.12 S 29.5 7 0 1 J1 J1

4/11/2011

Iwaki,&(FukushimaJken&

Hamadori),&Japan 36.95 140.69 N 29 6.7 0 1 0 J2

Count	
  steps,	
  gaps,	
  and	
  how	
  ruptures	
  end.	
  



Number	
  of	
  Steps	
  vs.	
  Surface	
  Rupture	
  Length	
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No	
  clear	
  relaTonship	
  
between	
  numbers	
  of	
  steps	
  
and	
  rupture	
  length.	
  

Long	
  ruptures	
  are	
  not	
  
growing	
  by	
  linking	
  segments	
  
bounded	
  by	
  steps.	
  

Possible	
  explanaTon:	
  most	
  
large	
  ruptures	
  are	
  on	
  
relaTvely	
  smooth	
  faults	
  



One	
  “outlaw”	
  event	
  –	
  
9	
  steps	
  
Event	
  illustrates	
  
problem	
  	
  of	
  handling	
  
rupture	
  ends.	
  
Real	
  data	
  are	
  messy.	
  



Step	
  Size	
  vs.	
  Magnitude	
  
and	
  Rupture	
  Length	
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•  Step	
  size	
  versus	
  magnitude	
  separates	
  by	
  rupture	
  
mechanism	
  	
  	
  

•  Largest	
  step	
  sizes	
  crossed	
  for	
  dip	
  slip	
  
earthquakes	
  at	
  about	
  M7.0	
  

•  Largest	
  steps	
  crossed	
  for	
  strike-­‐slip	
  events	
  at	
  
M7.1	
  to	
  ~7.4	
  

•  Max	
  SS	
  step	
  crossed:	
  6	
  km	
  
•  5%	
  of	
  SS	
  steps	
  are	
  greater	
  than	
  4	
  km	
  
•  Dip	
  slip	
  ruptures	
  jump	
  farther.	
  

Rupture	
  length	
  vs.	
  step	
  size	
  
Similar	
  trends	
  to	
  step	
  size	
  vs.	
  magnitude	
  
Some	
  informaTon	
  might	
  be	
  gained	
  comparing	
  
step	
  size	
  and	
  magnitude	
  (largest	
  SS	
  step	
  is	
  short	
  
for	
  an	
  M7.1	
  –	
  high	
  stress	
  drop?)	
  



Geometric	
  Model	
  for	
  Passing	
  Steps	
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Seek	
  the	
  probability	
  that	
  
steps	
  arrest	
  rupture	
  
Each	
  step	
  of	
  1	
  km	
  or	
  
larger	
  is	
  modeled	
  as	
  
“challenges”	
  to	
  rupture	
  
Analogy:	
  flip	
  a	
  coin,	
  stop	
  
at	
  the	
  first	
  “tail”.	
  

44	
  strike-­‐slip	
  events,	
  64	
  
interior	
  steps.	
  

Probability	
  of	
  step	
  
stopping	
  rupture:	
  41%	
  
(31-­‐50%)	
  

Method	
  as	
  applied	
  in	
  Wesnousky	
  
and	
  Biasi,	
  2011,	
  BSSA	
  



Dip	
  Slip	
  
Mechanisms	
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Normal	
  and	
  reverse	
  mechanisms	
  
considered	
  together.	
  
24	
  events,	
  30	
  steps	
  
Suppose	
  mechanics	
  are	
  similar	
  –	
  
rupture	
  solves	
  a	
  dilaTonal	
  or	
  
compressional	
  space	
  problem	
  at	
  
depth.	
  

Step	
  stops	
  rupture:	
  46%	
  (33-­‐59%)	
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2.5%
97.5%Reverse:	
  	
  12	
  events,	
  

9	
  steps.	
  	
  Reverse	
  
mechanism	
  events	
  
tend	
  to	
  be	
  more	
  
compact?	
  

Normal:	
  12	
  events,	
  
21	
  steps.	
  



Extreme	
  Normal	
  Fault	
  Example:	
  	
  1987	
  
Edgecumbe,	
  New	
  Zealand	
  

From	
  Wesnousky,	
  
2008	
  



Is	
  there	
  something	
  different	
  
about	
  steps	
  that	
  end	
  

ruptures?	
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SS end step
Dip end step
Interior SS step

No	
  strike-­‐slip	
  >6	
  km	
  broken.	
  	
  
Compare	
  steps	
  ≤	
  6	
  km	
  next.	
  

All	
  steps	
  inside	
  ruptures	
  are	
  
broken;	
  all	
  at	
  ends	
  resisted	
  
rupture.	
  	
  	
  

Step	
  size	
  for	
  staTsTcs	
  (≥1	
  km)	
  was	
  
chosen	
  because	
  it	
  is	
  typically	
  
visible	
  on	
  rupture	
  maps,	
  and	
  not	
  
for	
  physical	
  reasons.	
  

Can	
  observaTonal	
  data	
  help?	
  

0 50 100 150 200 250 300 350
0

2

4

6

8

10

12

14

16

18

20
Size of Step at End of Rupture

St
ep

 S
iz

e 
(k

m
)

Rupture Length

 

 

SS Steps at Ends
Dip Slip Steps at Ends



Step	
  EffecTveness	
  vs.	
  Step	
  Size	
  (Strike-­‐Slip)	
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Passing Fraction = 1.72−0.25*stepsize

Steps	
  of	
  1	
  km	
  are	
  ruptured	
  
through	
  more	
  oYen	
  than	
  they	
  
arrest	
  rupture.	
  

This	
  raTo	
  reverses	
  for	
  large	
  step	
  
size.	
  

The	
  50%	
  point	
  occurs	
  near	
  3	
  km.	
  

A	
  trend	
  fiung	
  the	
  step	
  success/
failure	
  raTo	
  may	
  have	
  uses	
  in	
  
scenario	
  development.	
  

Dynamic	
  modelers	
  have	
  been	
  looking	
  for	
  data	
  on	
  step	
  
effecTveness	
  versus	
  step	
  size.	
  



How	
  helpful	
  is	
  fault	
  structure	
  for	
  rupture	
  scenarios?	
  

“Structure”	
  here	
  also	
  includes	
  the	
  fracTon	
  of	
  
ruptures	
  that	
  end	
  at	
  the	
  end	
  of	
  the	
  mapped	
  
trace.	
  
Most	
  ruptures	
  have	
  one	
  or	
  both	
  ends	
  at	
  a	
  step	
  or	
  
fault	
  end.	
  

1 2 3 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Flt continues; Flt ends; Step ends; Structural ends

Fa
ul
t	
  c
on

Tn
ue

s	
  

Fa
ul
t	
  e

nd
	
  

or
	
  s
te
p	
  

En
ds
	
  a
t	
  s
te
p	
  

Fa
ul
t	
  i
ts
el
f	
  

en
ds
	
  

Two	
  structural	
  
ends	
  

Neither	
  end	
  
structural	
  

One	
  structural	
  end	
  

One	
  structural	
  
end	
  

Categories	
  of	
  rupture	
  ends	
  

Only	
  14%	
  of	
  ruptures	
  can	
  be	
  
expected	
  to	
  truly	
  float.	
  

86%	
  end	
  with	
  one	
  or	
  both	
  ends	
  at	
  
structural	
  features	
  –	
  steps	
  or	
  
physical	
  fault	
  ends.	
  

Some	
  float,	
  most	
  don’t.	
  



Data,	
  Interior	
  Gaps	
  in	
  Rupture	
  Traces	
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No	
  clear	
  pawern	
  relaTng	
  
number	
  of	
  gaps	
  to	
  
earthquake	
  magnitude.	
  

Normal	
  and	
  reverse	
  
mechanism	
  events	
  
include	
  gaps	
  in	
  shorter	
  
length	
  ruptures.	
  	
  

FracTon	
  of	
  ruptures	
  with	
  gaps:	
  
	
  Strike	
  slip:	
  	
  16/42	
  =	
  38%	
  
	
  Normal: 	
  	
  	
  	
  	
  	
  5/13	
  =	
  38%	
  
	
  Reverse: 	
  	
  	
  	
  	
  	
  7/12	
  =	
  58%	
  	
  	
  

Gaps	
  of	
  1	
  km	
  or	
  more	
  are	
  observed	
  in	
  ~40%	
  
of	
  surface	
  ruptures.	
  
Future	
  esTmates	
  may	
  be	
  smaller	
  with	
  bewer	
  
observaTon	
  of	
  distributed	
  shear.	
  
What	
  they	
  mean	
  is,	
  for	
  now,	
  unclear.	
  



Rupture	
  Gaps	
  to	
  Ponder	
  

-­‐-­‐	
  El	
  Mayor-­‐Cucapah:	
  	
  7-­‐12	
  km	
  interior	
  gap.	
  
-­‐-­‐	
  Yushu,	
  China:	
  	
  ~15	
  km	
  “gap”	
  from	
  epicenter	
  
to	
  nearest	
  surface	
  rupture.	
  
-­‐-­‐	
  Wenchuan,	
  China:	
  	
  NE	
  90	
  km	
  of	
  coseismic	
  
strike-­‐slip,	
  no	
  surface	
  rupture.	
  

Yu	
  et	
  al,	
  2010,	
  BSSA	
  



Conclusions	
  
•  A	
  staTsTcal	
  basis	
  for	
  the	
  impact	
  of	
  fault	
  steps	
  is	
  observed.	
  

–  Ensemble	
  basis:	
  	
  steps	
  of	
  >=1	
  km	
  stop	
  ruptures	
  about	
  45%	
  of	
  
the	
  Tme.	
  

–  Steps	
  are	
  slightly	
  more	
  effecTve	
  for	
  strike-­‐slip	
  ruptures	
  than	
  for	
  
dip-­‐slip	
  ruptures.	
  

•  Largest	
  steps	
  in	
  strike-­‐slip	
  events	
  are	
  5-­‐6	
  km.	
  Only	
  ~5%	
  are	
  
larger	
  than	
  4	
  km.	
  

•  Dip-­‐slip	
  ruptures	
  jump	
  larger	
  steps	
  –	
  up	
  to	
  10-­‐12	
  km.	
  
•  EffecTveness	
  of	
  step	
  depends	
  on	
  step	
  size,	
  with	
  3	
  km	
  steps	
  

having	
  about	
  a	
  50%	
  chance.	
  

Two	
  
structural	
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One	
  structural	
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All	
  Mechanisms,	
  Geometric	
  Fit	
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