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Abstract	  
	   Aseismic	   deformation	   transients	   such	   as	   fluid	   flow,	  magma	  migration,	   and	  
slow	   slip	   can	   trigger	   changes	   in	   seismicity	   rate.	   	   We	   present	   a	   method	   that	   can	  
detect	   these	  seismicity	  rate	  variations	  and	  utilize	   these	  anomalies	   to	  constrain	  the	  
underlying	   variations	   in	   stressing	   rate.	   	   Because	   ordinary	   aftershock	   sequences	  
often	  obscure	  changes	   in	   the	  background	  seismicity	  caused	  by	  aseismic	  processes,	  
we	   combine	   the	   stochastic	   Epidemic	   Type	   Aftershock	   Sequence	   model	   that	  
describes	   aftershock	   sequences	   well	   and	   the	   physically	   based	   rate-‐	   and	   state-‐
dependent	  friction	  seismicity	  model	  into	  a	  single	  seismicity	  rate	  model	  that	  models	  
both	  aftershock	  activity	  and	  changes	  in	  background	  seismicity	  rate.	  	  We	  implement	  
this	   model	   into	   a	   data	   assimilation	   algorithm	   that	   inverts	   seismicity	   catalogs	   to	  
estimate	   space-‐time	  variations	   in	   stressing	   rate.	   	  We	   evaluate	   the	  method	  using	   a	  
synthetic	  catalog,	  and	  then	  apply	  it	  to	  a	  catalog	  of	  M≥1.5	  events	  that	  occurred	  in	  the	  
Salton	   Trough	   from	   1990-‐2009.	   	   We	   validate	   our	   stressing	   rate	   estimates	   by	  
comparing	   them	   to	   estimates	   from	   a	   geodetically-‐derived	   slip	   model	   for	   a	   large	  
creep	   event	   on	   the	   Obsidian	   Buttes	   fault.	   	   The	   results	   demonstrate	   that	   our	  
approach	  can	  identify	  large	  aseismic	  deformation	  transients	  in	  a	  multi-‐decade	  long	  
earthquake	   catalog	  and	   roughly	   constrain	   the	  absolute	  magnitude	  of	   the	   stressing	  
rate	   transients.	   	   Our	   method	   can	   therefore	   provide	   a	   way	   to	   detect	   aseismic	  
transients	  in	  regions	  where	  geodetic	  resolution	  in	  space	  or	  time	  is	  poor.	  
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2010	  Primary	  Accomplishments	  

1. This	  grant	  funded	  the	  final	  year	  of	  Andrea	  Llenos’	  PhD	  thesis	  in	  the	  MIT-‐
WHOI	  joint	  program.	  	  	  She	  graduated	  in	  2010	  and	  started	  a	  Post-‐doctoral	  
fellowship	  at	  Stanford	  University.	  	  In	  2011	  she	  moved	  on	  to	  a	  Mendenhall	  
Post-‐doctoral	  fellowship	  at	  the	  U.S.G.S.	  Earthquake	  Hazard’s	  program	  in	  
Menlo	  Park	  CA,	  supervised	  by	  Jeanne	  Hardebeck	  and	  Andy	  Michael.	  

2. In	  2010	  we	  submitted	  the	  primary	  technique	  development	  and	  data	  analysis	  
paper	  from	  this	  project	  to	  the	  Journal	  of	  Geophysical	  Research.	  	  This	  paper,	  	  



“Detecting	  Aseismic	  Strain	  Transients	  from	  Seismicity	  Data”	  by	  Llenos	  and	  
McGuire,	  has	  been	  accepted	  by	  JGR	  and	  should	  be	  published	  in	  spring	  2011.	  

3. The	  primary	  scientific	  accomplishments	  related	  to	  NEHRP	  objectives	  are	  the	  
demonstration	  in	  the	  above	  paper	  (and	  see	  below)	  that	  our	  stochastic	  
seismicity	  analysis	  algorithm	  can	  estimate	  the	  magnitude	  of	  stress-‐rate	  
transients	  in	  southern	  California.	  	  This	  result	  was	  benchmarked	  using	  
geodetic	  data	  and	  swarms	  from	  the	  Obsidian	  Buttes	  area	  of	  the	  Salton	  
Trough.	  

	  
Summary	  of	  Results	  
	   We	   applied	   our	   algorithm	   to	   earthquake	   data	   from	   the	   Salton	   Trough	   in	  
southern	   California	   [Figure	   1].	   	   In	   the	   Salton	   Trough,	   a	   transition	   occurs	   from	   a	  
divergent	   plate	   boundary	   setting	   in	   the	  Gulf	   of	   California	   to	   the	   south,	   to	   the	   San	  
Andreas	   strike-‐slip	   fault	   system	   to	   the	  north.	   	  The	   region	   is	   characterized	  by	  high	  
heat	   flow	  [Kisslinger	  and	   Jones,	  1991],	  which	  potentially	  acts	   to	  subdue	  aftershock	  
activity	   [Ben-Zion	   and	   Lyakhovsky,	   2006;	   Yang	   and	   Ben-Zion,	   2009;	   Enescu	   et	   al.,	  
2009].	   	  A	  high	   rate	  of	   earthquake	   swarm	  activity	  has	  been	  observed	   [e.g.,	  Richter,	  
1958;	  Brune	  and	  Allen,	  1967;	  Hill	  et	  al.,	  1975;	  Johnson	  and	  Hadley,	  1976;	  Lohman	  and	  
McGuire,	  2007;	  Roland	  and	  McGuire,	  2009],	  possibly	  driven	  by	  magmatic	   intrusion	  
[Hill,	  1977]	  or	  aseismic	  fault	  creep	  [Lohman	  and	  McGuire,	  2007;	  Roland	  and	  McGuire,	  
2009].	  	  Geodetic	  measurements	  have	  also	  detected	  a	  number	  of	  aseismic	  transients	  
in	   this	   region,	   including	   afterslip	   following	   the	   1987	   M6.6	   Superstition	   Hills	  
earthquake	  [Williams	  and	  Magistrale,	  1989],	  creep	  events	  on	  the	  Superstition	  Hills	  
fault	  [Wei	  et	  al.,	  2009],	  and	  aseismic	  creep	  on	  the	  Obsidian	  Buttes	  fault	  [Lohman	  and	  
McGuire,	  2007].	  



	  
Figure	   1.	   a)	   Map	   of	   the	   Salton	   Trough	   region	   in	   California	   showing	   	  
seismicity	  occurring	  from	  February	  1990-‐August	  2009,	  obtained	  from	  the	  Southern	  
California	  Earthquake	  Data	  Center.	  For	  our	  analysis,	  the	  region	  is	  divided	  into	  the	  4	  
boxes	  indicated.	  b)	  Magnitude-‐time	  history	  of	  the	  Salton	  Trough	  catalog.	  	  
	  
	   We	   analyze	   a	   catalog	   of	   	   earthquakes	   that	   occurred	   in	   the	   Salton	  
Trough	  from	  February	  1990	  to	  August	  2009.	   	  We	  choose	  a	  magnitude	  cutoff	  of	  1.5	  
based	  on	  frequency	  magnitude	  plots	  of	  the	  entire	  data	  set,	  as	  well	  as	  in	  each	  spatial	  
bin	   and	   in	   time	   windows	   following	   the	   largest	   events	   to	   ensure	   that	   the	   cutoff	  
magnitude	  does	  not	  change	  over	  the	  space-‐time	  windows	  under	  consideration.	  We	  
divide	  the	  region	  up	  into	  4	  spatial	  boxes	  (Fig.	  1)	  and	  bin	  the	  occurrence	  times	  into	  
time	  windows	   of	   20	   days	   to	   obtain	   seismicity	   rates	   in	   each	   box.	   	   This	   space-‐time	  
window	   allows	   us	   to	   obtain	   enough	   earthquakes	   in	   each	   bin	   to	   resolve	   the	  
background	   rate.	   	   Any	   spatial	   binning	   scheme	   that	   obeys	   this	   criterion,	   such	   as	   a	  
fault-‐based	  algorithm	  similar	  to	  those	  used	  in	  stress	  inversions	  [e.g.,	  Hardebeck	  and	  
Hauksson,	   1999],	  would	  work	  and	  can	  be	  handled	  using	   the	  numerical	   integration	  
technique	  described	  in	  Ogata	  [1998].	  	  	  

We	   first	   fit	   the	   space-‐time	   ETAS	  model	   to	   the	   2005	  M5.1	   Obsidian	   Buttes	  
earthquake	  to	  account	  for	  as	  much	  of	  the	  aftershock	  behavior	  as	  possible.	  	  From	  the	  



space-‐time	  ETAS	  estimation	  algorithm	   [Ogata	  and	  Zhuang,	   2006],	   the	  MLE	   for	   the	  
ETAS	  parameters	  are	  K	  =	  0.53	  events/day/deg2,	  α	  =	  0.92,	  p	  =	  1.3,	  c	  =	  0.01	  days,	  d	  =	  
4.8e-‐5	  deg2,	  q	   =	  2.63,	   and	  η	   =	  0.23.	   	  However,	   the	  data	  vector	   formed	  using	   these	  
parameters	  resulted	  in	  a	  number	  of	  negative	  seismicity	  rate	  values	  primarily	  due	  to	  
the	  estimate	  of	  p,	  which	  can	  lead	  to	  instabilities	  in	  the	  filter	  due	  to	  the	  assumption	  of	  
a	   Gaussian	   error	   distribution.	   	   Therefore,	  we	   instead	   use	   the	   ordinary-‐time	   ETAS	  
parameters	  (K	  =	  0.61	  events/day/deg2,	  α	  =	  0.88,	  p	  =	  1.1,	  and	  c	  =	  0.001	  days)	  fit	  to	  
this	  catalog	  [Llenos	  et	  al.,	  2009].	  	  	  
	   We	   subtract	   the	   ETAS-‐predicted	   rate	   from	   the	   observed	   seismicity	   rate	   to	  
form	   the	   data	   vector	   and	   estimate	   the	   data	   covariance	  Rk.	   	   Again	   because	   of	   the	  
tradeoff	  between	  the	  parameters	  τ	  and	  Aσ	  and	  our	   lack	  of	  sensitivity	  to	  Aσ,	  we	  fix	  
Aσ	   to	   1	   MPa.	   	   Assuming	   that	   A	   =	   0.01	   from	   laboratory	   observations	   [Dieterich,	  
1994],	  this	  value	  of	  Aσ	  is	  consistent	  with	  faults	  that	  fail	  under	  hydrostatic	  conditions	  
at	   a	   depth	   of	   ~4	   km,	   the	   depth	   at	   which	   the	   Obsidian	   Buttes	   swarm	   occurred	  
[Chester	  and	  Higgs,	  1992;	  Blanpied	  et	  al.,	  1998;	  Lohman	  and	  McGuire,	  2007].	   	  Fig.	  2	  
shows	   the	   stressing	   rate	   estimates	   for	   each	   box,	   illustrating	   the	   filter’s	   ability	   to	  
detect	  when	  and	  in	  which	  box	  the	  largest	  transient	  in	  the	  region	  occurs.	  	  The	  largest	  
anomaly	   occurs	   in	   Box	   2	   and	   is	   associated	   with	   a	   geodetically-‐observed	   shallow	  
aseismic	   creep	   event	   on	   the	   Obsidian	   Buttes	   fault	   that	   triggered	   an	   earthquake	  
swarm	   in	   2005	   [Lohman	   and	   McGuire,	   2007].	   	   The	   peak	   forward	   estimate	   of	  
stressing	   rate	   is	   0.042 	   MPa/day	   and	   the	   backsmoothed	   estimate	   is	   0.022

	  MPa/day,	  roughly	  two	  orders	  of	  magnitude	  above	  tectonic	  loading.	  	  	  
	   The	   second	   largest	   signal	   also	   occurred	   in	   Box	   2	   and	   corresponds	   to	   the	  
Bombay	   Beach	   earthquake	   swarm	   that	   occurred	   in	   March	   2009.	   	   The	   swarm	  
consisted	  of	  ~100s	  of	  events,	   the	   largest	  of	  which	  was	  a	  M4.8	   that	  occurred	   three	  
days	  after	  the	  swarm	  initiated.	  	  We	  also	  identify	  	  small	  anomalies	  in	  Boxes	  2	  and	  4	  in	  
May	   2003	   	   that	   may	   be	   related	   to	   an	   earthquake	   swarm	   that	   occurred	   in	   the	  
Imperial	   fault	   zone	   (located	   near	   the	   boundary	   of	   the	   two	   boxes)	   [Roland	   and	  
McGuire,	  2009].	  	  We	  can	  also	  associate	  smaller	  anomalies	  in	  Box	  2	  with	  earthquake	  
swarms	   that	   occurred	   in	   the	   Brawley	   seismic	   zone	   in	   1996,	   1998,	   and	   2008	  
[Southern	   California	   Earthquake	   Center,	  
http://www.data.scec.org/monthly/index.php].	   	   While	   we	   cannot	   rule	   out	   the	  
possibility	  of	  fluid	  flow	  triggering	  these	  smaller	  swarms,	  other	  swarms	  in	  the	  Salton	  
Trough	  exhibit	  migration	  rates	  of	  0.1-‐1	  km/hr	  which	  correspond	  to	  typical	  rupture	  
propagation	   velocities	   of	   aseismic	   creep	   events	   [Roland	   and	   McGuire,	   2009,	   and	  
references	   therein],	   rather	   than	   the	   rates	   of	   fractions	   of	   kilometers	   per	   day	  
associated	  with	  fluid	  flow	  [e.g.,	  Hainzl	  and	  Ogata,	  2005].	  	  



Figure	  2.	  	  Filter	  estimates	  of	   	  in	  each	  spatial	  box	  for	  the	  Salton	  Trough.	  The	  purple	  
line	   indicates	   the	   forward	   estimate,	   the	   black	   line	   indicates	   the	   backsmoothed	  
estimate.	   	   The	   largest	   signal,	   in	   Box	   2,	   corresponds	   to	   a	   geodetically-‐observed	  
aseismic	  transient	  in	  the	  Obsidian	  Buttes	  in	  2005	  [Lohman	  and	  McGuire,	  2007].	  The	  
next	   largest	   signal,	   also	   in	   Box	   2,	   relates	   to	   the	   2009	   Bombay	   Beach	   earthquake	  
swarm.	   Other	   smaller	   anomalies	   may	   be	   related	   to	   an	   earthquake	   swarm	   on	   the	  
Imperial	   Fault	   in	   2003	   [Roland	   and	  McGuire,	   2009]	   in	   Boxes	   2	   and	   4,	   earthquake	  
swarms	  in	  the	  Brawley	  seismic	  zone	  in	  1996,	  1998,	  and	  2008	  in	  Box	  2,	  and	  the	  2009	  
Bombay	  Beach	  swarm	  in	  Box	  2.	  
	  
	  
	   Our	   results	   highlight	   the	   need	   for	   a	   time-‐dependent	   background	   seismicity	  
rate	  to	  account	  for	  variations	  in	  seismicity	  rate	  due	  to	  aseismic	  processes,	  as	  other	  
studies	   have	   suggested	   [e.g.,	   Hainzl	   and	   Ogata,	   2005;	   Lombardi	   et	   al.,	   2006;	  
Lombardi	  and	  Marzocchi,	  2007;	  Lombardi	  et	  al.,	  2010].	  	  Fig.	  3	  compares	  the	  observed	  
cumulative	   number	   of	   events	   in	   the	   Salton	   Trough	   catalog	   with	   the	   number	   of	  
events	   predicted	   from	   optimizing	   the	   space-‐time	   ETAS	   model	   to	   the	   part	   of	   the	  
catalog	  that	  occurred	  prior	  to	  the	  2005	  Obsidian	  Buttes	  swarm,	  and	  the	  number	  of	  
events	   predicted	   from	   the	   filter	   estimate	   of	   seismicity	   rate.	   	   We	   transform	   the	  
occurrence	   times	   ti	   of	   the	   events	   in	   the	   catalog	   with	   the	   theoretical	   cumulative	  



function	   ,	  where	  λ	  is	  the	  predicted	  seismicity	  rate	  from	  either	  ETAS	  or	  

the	   filter	   [Ogata,	   1988,	   2005].	   	   A	   plot	   of	   the	   cumulative	   number	   of	   events	   vs.	  
transformed	  time	  should	  be	   linear	   if	   the	  seismicity	   in	  the	  catalog	  is	  well	  described	  
by	   a	   particular	   model.	   	   The	   2σ	   error	   bars	   of	   the	   extrapolation	   can	   be	   calculated	  
using	   ,	  based	  on	  the	  fact	  that	  the	  cumulative	  
curves	  of	  the	  transformed	  times	  after	  Λ(0,T)	  (where	  Λ(0,T)	  is	  the	  transformed	  time	  
of	   the	   last	   event	   that	  occurred	  during	   the	   time	  period	   [0,	  T]	  over	  which	   the	  ETAS	  
model	   was	   optimized)	   should	   behave	   as	   a	   standard	   Brownian	   process	   [Ogata,	  
2005].	   	   Positive	   (or	   negative)	   deviations	   from	   this	   linear	   trend	   indicate	   that	   the	  
model	  under-‐predicts	  (or	  over-‐predicts)	  the	  amount	  of	  seismicity.	  	  Fig.	  3	  shows	  that	  
with	   the	   space-‐time	   ETAS	   model,	   a	   significant	   positive	   deviation	   from	   this	   trend	  
occurs	  near	  the	  beginning	  of	  the	  Obsidian	  Buttes	  swarm,	  suggesting	  that	  anomalous	  
seismicity	   is	   occurring	   that	   the	   ETAS	   model	   alone	   cannot	   explain.	   	   The	   filter	  
prediction	   however	   matches	   the	   observed	   seismicity	   well.	   	   Therefore,	   the	   time-‐
dependent	  background	  seismicity	  rate	  produced	  by	  our	  filter	  algorithm	  can	  account	  
for	   the	  seismicity	   rate	  anomalies	   that	  appear	  with	  respect	   to	   the	  space-‐time	  ETAS	  
model,	  which	  utilizes	  a	  time-‐independent	  background	  seismicity	  rate.	  



	  
	  
Figure	   3.	   	   Cumulative	   number	   of	   events	   vs.	   transformed	   time	   (i.e.,	   predicted	  
cumulative	  number	  of	  events).	  	  The	  red	  line	  is	  a	  one-‐to-‐one	  line	  indicating	  a	  perfect	  
fit	   to	   the	   observed	   data.	   	   ETAS	   transformed	   times	   are	   calculated	   with	   seismicity	  
rates	  estimated	  from	  the	  space-‐time	  ETAS	  model	  optimized	  to	  just	  prior	  to	  the	  2005	  
Obsidian	   Buttes	   earthquake	   swarm	   (event	   3779)	   and	   extrapolated	   for	   the	  
remainder	  of	   the	   catalog	   (blue	   line).	   	  Transformed	   times	  are	  also	   calculated	  using	  
the	   filter	   estimate	   of	   seismicity	   rate	   (black	   line).	   	   The	   significant	   deviation	   of	   the	  
blue	   line	   from	   the	   data	   (red	   line;	   2σ	   bounds	   shown	   by	   gray	   line)	   shows	   that	   the	  
ETAS	  model	  (with	  a	  time-‐independent	  background	  rate)	  under-‐predicts	  the	  amount	  
of	  seismicity,	  particularly	  during	  the	  2005	  swarm.	  	  The	  filter	  estimate	  (with	  a	  time-‐
dependent	   background	   rate)	   provides	   a	   better	   fit	   to	   the	   observed	   cumulative	  
number	  of	  events.	  
	  
	   To	   validate	   the	   estimates	   of	   stressing-‐rate	   obtained	   from	   these	   seismicity	  
rate	  variations,	  we	  compare	  our	  peak	  stressing	  rate	  estimate	  for	  the	  2005	  Obsidian	  
Buttes	  aseismic	   transient	   to	  an	  estimate	  based	  on	  a	  slip	  model	  of	   the	  deformation	  
inverted	  from	  Interferometric	  Synthetic	  Aperture	  Radar	  (InSAR)	  data	  [Lohman	  and	  
McGuire,	  2007].	  	  The	  seismicity	  triggered	  by	  this	  transient	  occurred	  primarily	  in	  the	  
depth	  range	  of	  4-‐6	  km.	   	  We	  calculate	  the	  Coulomb	  stress	  change	  [King	  et	  al.,	  1994;	  
Lin	  and	  Stein,	  2004;	  Toda	  et	  al.,	  2005]	  at	  this	  depth	  range	  due	  to	  the	  aseismic	  slip	  on	  
the	  shallow	  part	  of	   the	  fault	  and	  obtain	  an	  average	  total	  Coulomb	  stress	  change	  of	  
0.6	  MPa	  (Fig.	  10).	  	  Based	  on	  GPS	  line-‐length	  change	  data,	  the	  transient	  lasted	  ~1-‐10	  
days	   [Lohman	   and	   McGuire,	   2007].	   	   Given	   this	   range	   of	   durations,	   the	   average	  
stressing	   rate	   during	   the	   transient	   then	   becomes	   ~0.06-‐0.6	   MPa/day.	   	   For	   a	  
duration	   of	   5	   days	   (which	   appears	   to	   best	   describe	   the	   GPS	   data),	   the	   average	  
stressing	  rate	  is	  0.12	  MPa/day.	  	  	  

We	  compare	  this	  average	  stressing	  rate	  to	  our	  peak	  stressing	  rate	  estimates	  
for	   the	   transient.	   	  We	   obtained	   a	   peak	   stressing	   rate	   of	  ~0.04	  MPa/day	   from	   the	  
forward	   filter	   estimate	   and	   a	   peak	   stressing	   rate	   of	   ~0.02	   MPa/day	   from	   the	  



backsmoothed	   estimate	   (Fig.	   2).	   	   	   Thus,	   the	   results	   from	   inverting	   the	   seismicity	  
catalog	   are	   within	   a	   factor	   of	   5	   of	   the	   average	   stressing	   rate	   estimated	   from	   the	  
geodetic	  data.	  	  Moreover,	  if	  we	  take	  the	  duration	  of	  the	  transient	  to	  match	  the	  time	  
step	  in	  our	  filter	  (20	  days)	  then	  the	  estimates	  agree	  extremely	  well	  (0.03	  MPa/day	  
from	   the	   stress	   calculation	   vs.	   0.02-‐0.04	   MPa/day	   from	   the	   filter).	   	   Given	   that	  
stressing	  rate	  increases	  are	  likely	  to	  be	  many	  orders	  of	  magnitude	  over	  background	  
plate	  tectonic	  rates	  [Thatcher,	  2001;	  Toda	  et	  al.,	  2002;	  Lohman	  and	  McGuire,	  2007],	  
the	  Salton	  Trough	  example	  demonstrates	  the	  feasibility	  of	  utilizing	  our	  approach	  to	  
both	  detect	  and	  constrain	  the	  magnitude	  of	  stressing	  rate	  transients.	  

The	   second	   largest	   anomaly	   in	   the	   filter	   stressing	   rate	   estimate	   (Fig.	   2)	   is	  
related	   to	   the	   2009	  Bombay	  Beach	   earthquake	   swarm,	  which	   began	   on	   21	  March	  
2009	  and	  lasted	  ~1	  week.	  	  	  	  The	  largest	  event	  was	  a	  M4.8	  that	  occurred	  on	  24	  March	  
2009,	  three	  days	  after	  the	  swarm	  began.	  	  The	  swarm	  occurred	  on	  the	  northernmost	  
part	  of	  a	  series	  of	   ladder	   faults	  offshore	  of	  Bombay	  Beach	  (Fig.	  4a).	   	  Geodetic	  data	  
are	   limited	   because	   of	   the	   fault’s	   offshore	   location,	   but	   the	   nearest	   GPS	   station	  
(DHLG)	  observed	  an	  offset	  at	  the	  time	  of	  the	  swarm.	  	  We	  fit	  daily	  GPS	  solutions	  from	  
the	  routine	  Plate	  Boundary	  Observatory	  analyses	  and	  found	  a	  1.0	  mm	  offset	  in	  the	  
east	   component	   and	   a	   -‐0.8	  mm	   offset	   in	   the	   north	   component,	   relative	   to	   station	  
P504	   (Fig.	   4b,c).	   	   To	   determine	   if	   the	   signal	   can	   be	   explained	   by	   the	   earthquake	  
swarm	   or	   if	   it	   requires	   an	   aseismic	   deformation	   event,	   we	   constructed	   a	   simple	  
conservative	  forward	  model	  of	  the	  ground	  deformation	  due	  to	  the	  swarm.	  	  Summing	  
the	   seismic	   moment	   released	   during	   the	   swarm,	   we	   calculated	   an	   average	   focal	  
mechanism	  and	  placed	  it	  on	  the	  northernmost	  ladder	  fault.	  	  We	  estimated	  a	  rupture	  
length	  and	  width	  from	  the	  moment	  release	  using	  empirical	  scaling	  relations	  [Wells	  
and	  Coppersmith,	  1994]	  and	  assumed	  a	  shear	  modulus	  of	  25	  GPa.	  	  From	  this	  forward	  
model,	  we	  obtained	  offsets	   of	   -‐0.1	  mm	   in	   the	   east	   component	   and	   -‐0.2	  mm	   in	   the	  
north	  component.	   	  Our	  modeled	  displacements	  are	  factors	  of	  10	  (east	  component)	  
and	  4	  (north	  component)	  smaller	  than	  the	  observed,	  which	  allows	  for	  the	  possibility	  
that	  aseismic	  deformation	  occurred.	  	  However,	  the	  GPS	  data	  are	  not	  conclusive,	  and	  
deformation	   was	   not	   observed	   in	   the	   laser	   strainmeter	   data	   at	   Durmid	   Hills	   [D.	  
Agnew,	  personal	  comm.].	  

In	  the	  rate-‐state	  model,	  stressing	  rate	  estimates	  depend	  to	  an	  extent	  on	  the	  
value	   of	   Aσ,	   because	   this	   parameter	   controls	   both	   the	   instantaneous	   change	   in	  
seismicity	  rate	  following	  a	  stress	  change	  as	  well	  as	  the	  evolution	  of	  the	  state	  variable	  
γ	   [Catalli	  et	  al.,	  2008;	  Llenos	  et	  al.,	  2009;	  Cocco	  et	  al.,	  2010].	   	  However,	  as	  both	  the	  
synthetic	  test	  and	  data	  analysis	  demonstrate,	  our	  method	  is	  relatively	  insensitive	  to	  
variations	  in	  this	  parameter.	  	  For	  the	  synthetic	  test,	  varying	  Aσ	  by	  a	  factor	  of	  10	  led	  
to	   a	   change	   in	   the	   peak	   stressing	   rate	   estimate	   of	   a	   factor	   of	   2.	   	   For	   the	   Salton	  
Trough,	   varying	   this	   parameter	   by	   a	   factor	   of	   10	   led	   to	   a	   change	   in	   the	   peak	  
stressing	  rate	  estimate	  of	  a	  factor	  of	  ~4.	  	  Therefore,	  our	  method	  can	  still	  be	  used	  to	  
constrain	  relative	  changes	  in	  stressing	  rate	  on	  an	  order-‐of-‐magnitude	  scale.	  

Because	   of	   our	   lack	   of	   sensitivity	   to	   the	   actual	   value	   of	   Aσ,	   we	   utilized	   a	  
physically-‐motivated	   value	   in	   our	   Salton	   Trough	   analysis.	   	   This	   approach	   was	  
successfully	   applied	   to	   detect	   stress	   changes	   due	   to	   a	   dike	   intrusion	   at	   Kilauea	  
[Dieterich	   et	   al.,	   2000].	   	   Using	   a	   value	   of	   Aσ	   consistent	   with	   hydrostatic	   fault	  



conditions	  at	   the	  depth	  at	  which	   the	   triggered	   seismicity	  occurred,	  Dieterich	   et	  al.	  
[2000]	   obtained	   estimates	   of	   stress	   changes	   from	   the	   seismicity	   data	   that	   agreed	  
with	  the	  stress	  changes	  calculated	  from	  geodetically-‐constrained	  boundary	  element	  
models	  within	  an	  order	  of	  magnitude.	  	  Similarly,	  we	  do	  not	  attempt	  to	  constrain	  the	  
true	  value	  of	  Aσ	  and	  instead	  choose	  a	  value	  consistent	  with	  local	  conditions,	  because	  
we	  are	  primarily	  concerned	  with	  detecting	  order-‐of-‐magnitude	  changes	  in	  stressing	  
rate.	   	   Our	   results	   and	   subsequent	   validation	  with	   a	   geodetically-‐derived	  model	   of	  
deformation	  suggest	  that	  our	  method	  is	  successfully	  able	  to	  do	  so.	  

Lastly,	   it	   is	  possible	   that	   the	  peaks	   in	  seismicity	  rate	  observed	   in	  Box	  2	  are	  
artifacts	  due	  to	  undetected	  seismicity.	  	  The	  ETAS	  estimate	  of	  background	  seismicity	  
may	   be	   overestimated,	   particularly	   following	   large	   events,	   due	   to	   the	   effect	   of	  
seismicity	   below	   the	   magnitude	   cutoff	   triggering	   larger	   events	   above	   the	   cutoff	  
[Sornette	  and	  Werner,	  2005].	   	  However,	   in	  this	  case	  the	  two	  largest	  spikes	  that	  we	  
find	  correspond	  to	  transient	  signals	  that	  were	  also	  observed	  on	  GPS	  (i.e.,	   the	  2005	  
Obsidian	   Buttes	   transient	   and	   the	   2009	   Bombay	   Beach	   transient).	   	   Moreover,	  
geodetically-‐observed	   transients	   in	   other	   regions	   such	   as	   Kilauea	   and	   Boso	   have	  
been	   shown	   to	   trigger	   significant	   changes	   in	   the	   ETAS-‐estimated	   background	  
seismicity	   rate	   [Llenos	   et	   al.,	   2009].	   	   Finally,	  Lombardi	   et	   al.	   [2010]	   recently	   used	  
simulated	  catalogs	  to	  demonstrate	  that	  a	  bias	  from	  undetected	  seismicity	  could	  not	  
explain	   the	   changes	   in	   background	   seismicity	   rate	   observed	   during	   the	   1997	  
Umbria-‐Marche	  earthquake	  sequence,	  which	  they	  attribute	  to	  fluid	  flow.	  	  Therefore,	  
while	  it	  is	  possible	  that	  undetected	  events	  may	  cause	  apparent	  spikes	  in	  background	  
seismicity	   rate,	   it	   is	   likely	   that	   the	   largest	   signals	   we	   detect	   are	   real	   variations,	  
particularly	  since	  they	  correlate	  with	  GPS-‐detected	  transients.	  
	  
Summary	  
	   We	   have	   developed	   a	   technique	   to	   detect	   aseismic	   transients	   in	   time	   and	  
space	  from	  earthquake	  catalog	  data	  by	  combining	  the	  ETAS	  and	  rate-‐state	  models	  of	  
seismicity	   rate	   into	   a	   single	   data	   assimilation	   algorithm	   to	   invert	   catalogs	   for	  
stressing	   rate	   variations.	   We	   applied	   it	   to	   a	   catalog	   from	   the	   Salton	   Trough	   in	  
California,	   and	   successfully	   detected	   the	   onset	   and	   constrained	   the	   absolute	  
magnitude	  of	  the	  largest	  aseismic	  transient	  in	  a	  20	  year	  catalog	  to	  within	  a	  factor	  of	  
five	  of	  the	  stressing	  rate	  estimated	  with	  geodetic	  data.	  	  We	  also	  detected	  an	  anomaly	  
related	   to	   the	   2009	  Bombay	  Beach	   swarm	  occurring	   around	   the	   same	   time	   as	   an	  
offset	  observed	  at	  a	  nearby	  GPS	  station,	  suggesting	  that	  aseismic	  deformation	  may	  
have	  occurred.	  

Overall,	  the	  Salton	  Trough	  results	  suggest	  that	  our	  algorithm	  is	  a	  feasible	  way	  
to	   detect	   aseismic	   stressing	   rate	   transients	   strictly	   from	   seismicity	   catalog	   data.	  	  
This	  method	  may	  ultimately	  enable	  aseismic	  transient	  detection	   in	  regions	   lacking	  
good	  geodetic	  data	  resolution,	  such	  as	  the	  (offshore)	  updip	  part	  of	  subduction	  zone	  
faults,	   and	   in	   time	   periods	   prior	   to	   the	   widespread	   availability	   of	   geodetic	   data.	  	  
Additionally,	   a	   seismicity	   based	   approach	  may	   be	  more	   sensitive	   to	   small	   (M4-‐5)	  
and/or	   shallow	   slow-‐slip	   transients	   that	   are	   not	   detected	   by	   even	   dense	   geodetic	  
networks	   such	   as	   the	   Plate	   Boundary	  Observatory	   [Wei	   et	   al.,	  2009].	   	   The	   results	  
suggest	   that	   our	   seismicity	   inversion	  method	   provides	   an	   accurate	  way	   to	   detect	  



and	  locate	  transient	  deformation	  strictly	  from	  seismicity	  catalogs	  and	  can	  constrain	  
the	  absolute	  magnitude	  of	  stressing	  rate	  variations.	  	  	  	  	  

	  

Figure	  4.	  a)	  Map	  of	  the	  Bombay	  Beach	  region	  showing	  M>1.5	  seismicity	  during	  the	  
swarm	   (gray	   dots).	   	   Vectors	   indicate	   the	   observed	   (black)	   and	   modeled	   (white)	  
displacement	   at	   station	   DHLG	   relative	   to	   station	   P504.	   	   Displacements	   were	  
modeled	   assuming	   the	   total	   moment	   release	   of	   the	   swarm	   occurred	   on	   the	  
northernmost	  ladder	  fault.	  	  The	  focal	  mechanism	  of	  the	  M4.8	  event	  is	  also	  shown.	  b)	  
Eastward	  component	  of	  displacement	  at	  DHLG	  relative	  to	  P504,	  observed	  from	  daily	  
GPS	  solutions	  from	  PBO	  analyses	  (black	  dots).	   	  Linear	  trend	  (red	  line)	  obtained	  by	  
fitting	   the	   time	   periods	   before	   and	   after	   the	   swarm.	   	   An	   offset	   of	   ~1mm	   occurs	  
around	  the	  time	  of	  the	  swarm.	  c)	  North	  component	  of	  displacement	  at	  DHLG	  relative	  
to	  P504	  (black	  dots),	  with	  linear	  trend	  (red	  line)	  fit	  to	  before	  and	  after	  the	  swarm.	  	  
An	  offset	  of	  0.8mm	  to	  the	  south	  occurs	  around	  the	  time	  of	  the	  swarm.	  
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