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relation, N < 102bM. b values have been proposed to act as a stress sensor,
with low b values indicating high stresses14. Mapping the b value in Fig. 3b
indicates significantly lower b values in the source area than in all other
regions where the b value can be resolved. A gradual decrease in the b value
from about 0.75 to below 0.6 is observed in the source region within the
three years before the Iquique earthquake (Fig. 3e). This only reverses
within the last days of the foreshock sequence. Similar decreases in b values
before large megathrust earthquakes have recently been documented,
in particular for the M 9 Tohoku event15.

To reveal potential changes of background seismic activity related to
aseismic processes, we fit the foreshock seismicity by means of an Epidemic-
Type-Aftershock-Sequence (ETAS) model16, identifying only 42% of
pre-mainshock events as Omori-type aftershocks triggered by larger fore-
shocks. Using the Akaike information criterion17, the remaining back-
ground rate is found to be significantly time dependent: we identified
four subsequent periods of almost constant background rates (Fig. 3d, e).
The mainshock preparation process seems to have been initiated by a
relative seismic quiescence, which starts at the same time as b values are
found to drop and ends in July 2013, when the background rate returns
to approximately the pre-quiescence values; the final phase starts 18 days
before the quake, when the background seismicity increases more than
35-fold in conjunction with the onset of the final transient GPS signal.

Such a sequence of seismic quiescence, recovery and acceleration of
background activity is expected in the stress accumulation framework18.
On the basis of the inverted ETAS parameters and the low b values before
the mainshock, the seismicity is expected to accelerate with time as the
result of a branching ratio—that is, the average number of daughter events
per earthquake—larger than one indicating a transient supercritical state19.
Hence, the period leading to the Iquique earthquake documents progres-
sive asperity failure, here observed in unprecedented detail. An increase

in foreshock activity preceding subduction megathrust events has repeat-
edly been reported18,20,21. In contrast to, for example, the foreshocks of
the 2011 M 9 Tohoku-Oki earthquake21, which started about three weeks
before the mainshock, the foreshock clusters described here have been
active since the start of our observations in 2007. However, only more
recently have foreshocks with increasing magnitudes and thus more
fertile aftershock sequences resulted in a supercritical state with self-
accelerating seismicity19. This ultimately allowed an earthquake to nucle-
ate that was strong enough to break into the stronger locked and thus
aseismic part of the interface. From the spatial correlation of foreshock
activity and slip gradients with the Iquique mainshock rupture region,
we infer gradual unlocking of the plate interface. Moreover, the start of
the decrease in b value ,3 years ago, in spite of constant plate conver-
gence and loading rate, indicates a physical change at the plate interface.
From only intermediate locking the Iquique segment seems to have been
dominated by mostly smaller locked asperities embedded in a condition-
ally stable environment, if we assume that rate and state frictional beha-
viour is controlling locking and creep22–24. Progressive rupturing of the
smaller asperities by foreshocks will have loaded the remaining larger
asperities in this zone until their failure: this evolution may be seen as
the culmination of a runaway process as the likely key mechanism lead-
ing up to the Iquique earthquake. Both the rupture direction and speed
of the mainshock and its triggered large aftershock are controlled by
the stress gradient in the remaining asperities, corroborating theoretical
analysis25. This indicates that not only the size of larger asperities but also
their stress topography is important for understanding the propagation,
acceleration and stopping of megathrust earthquakes. The Iquique event
broke a region of heterogeneous coupling, where rupture not only broke
a moderate-sized asperity but also penetrated into a weakly coupled zone,
possibly by dynamic weakening26.
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Figure 3 | Maps of interseismic locking and b value, and time history of
seismicity and deformation. a, Geodetic interseismic locking and foreshocks.
The July–August 2013, January and March 2014 foreshock clusters are marked.
b, b-value map of the central portion of northern Chile gap for the last 2000
days before the mainshock, where results are calculated for all M $3 foreshocks
within 50 km if their number exceeds 100. The rectangular box encloses the area
used for the results in c–e. c, Magnitude–time plot. Arrows mark the July–
August 2013, January and March 2014 clusters. d, Observed (black thick line)
and ETAS-modelled (red line) cumulative M $3 activity; the thin coloured

lines are fits of the estimated background (grey shaded area) for the four phases,
during each of which the background rate is almost constant (see the text).
The inset shows measured GPS displacement time-series stacked from
near-coast stations between 19u S and 21u S smoothed with a four-day moving
average and the modelled signal related to cumulative slip of the foreshock
events. e, Time series of b value (means 6 s.d.) for the events inside the box
(coloured and grey shaded area). Black points and bars refer to the results for
the events outside the box.
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posed into between-events variability, , and within-event 
variability, ΔW, which are zero-mean, independent, normally 
distributed random variables with standard deviations τ and 
ϕ, respectively. As illustrated in Figure 1, the between-events 
residual (also called inter-event residual or event term), δ e, rep-
resents the average shift of the observed ground motion from 
an individual earthquake, e, from the population median pre-
dicted by the ground-motion model. The within-event residual 
(also called intra-event residual), δWes, is the misfit between an 
individual observation at station s from the earthquake-specific 
median prediction, which is defined as the median prediction 
of the model plus the between-event term for earthquake e. The 
between-events and within-event standard deviations of the 
ground-motion model represent the earthquake-to-earthquake 
variability and record-to-record variability, respectively. The 
between-events and within-event residuals are uncorrelated, 
so the total standard deviation of the ground-motion model, σ, 
can be written as:

 = 2 + 2  (2)

To further analyze and decompose the residuals and variances 
of ground-motion models into their respective components, 
consider the sketch of a site with soil overlying rock as shown 

in Figure 2. The observed ground motion on baserock at point 
 and at period  can be written as:

  yes
B T( ) = µ es

B (M e , Res , Fe , ZtoRe , X s
B ,T )+ δBe

B + δWes
B

where  yes  is the natural logarithm of the observed ground-
motion parameter on baserock at site s during earthquake e, 
 µ es

B
 is the predicted median ground motion on baserock for an 

earthquake of magnitude  e , style of faulting  e , and depth-
to-top of rupture  oRe  at site s with site parameter  s  ( , 

-
file) located at a rupture distance  Res  δ Be

B
 and  δ Wes

B
 are the 

corresponding between-events and within-event residuals on 
baserock. The between-events and within-event residuals on 
baserock have standard deviations  τ

B  and  ϕ
B , respectively.

The observed ground motion on the ground surface at 

  yes
G T( ) = µ es

G (M e , Res , Fe , ZtoRe , X s
G ,T )+ δ Be

G + δ Wes
G

where  yes
G  is the natural logarithm of the observed ground-

motion parameter on the ground surface at station s during 
earthquake e,  µ es

G  is the corresponding predicted median 
ground motion on soil, and  s

G
 is the vector of site parameters 

(
profile, depth of soil). The between-events and within-event 
residuals on the ground surface,  δ Be

G  and  δ Wes
G , are part of 

zero-mean, normal distributions with standard deviations  τ
G  

and  ϕ
G , respectively.

The between-events residual represents average source 
effects (averaged over all azimuths) and reflects the influence 
of factors such as stress drop and variation of slip in space and 
time that are not captured by the inclusion of magnitude, style 
of faulting, and source depth. The within-event residual rep-
resents azimuthal variations in source, path, and site effects 
reflecting the influence of those factors such as crustal hetero-
geneity, deeper geological structure, and near-surface layering 
that are not captured by a distance metric and a site-classifica-
tion based on the average shear-wave velocity. 

The computed sigma from empirical ground-motion mod-
els includes a contribution from measurement errors in the 

influence of such metadata uncertainties can be quantified and 
removed from the models. Strasser 
of reductions of sigma to account for measurement errors in 

the reduction in sigma due to measurement errors is modest.

 ▲ Figure 1. Between-event and within-event components of 
ground-motion variability (after Strasser et al. 2009).

 ▲ Figure 2. Site response reference points.

(Atik et al. 2010) 
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-­‐  Synchronous	
  deep	
  and	
  shallow	
  bursts	
  
-­‐  2014	
  megathrust	
  is:	
  

-­‐  preceded	
  by	
  enhanced	
  background	
  
seismic	
  acDvity	
  (deep	
  and	
  shallow)	
  

-­‐  	
  followed	
  by	
  a	
  period	
  of	
  
quiescence	
  (clamping?	
  )	
  



In	
  summary….	
  
9	
  years	
  before	
  2014	
  Iquique	
  earthquake,	
  
2005	
  slab	
  pull	
  earthquake	
  triggers:	
  
•  Decrease	
  of	
  eastward	
  GPS	
  velociDes	
  
•  Increase	
  of	
  deep	
  &	
  shallow	
  seismicity	
  rate	
  
à  Decoupling	
  of	
  interface	
  
à  In	
  response	
  to	
  slab	
  tearing?	
  
	
  
8	
  months	
  before	
  2014	
  Iquique	
  earthquake:	
  
•  Decrease	
  of	
  coastal	
  velociDes	
  	
  
•  Increase	
  of	
  seismicity	
  	
  
•  Decrease	
  of	
  b-­‐value	
  (Schurr	
  et	
  al.)	
  
•  Decrease	
  of	
  high	
  frequency	
  radiaDons	
  

	
  à	
  Mw6.5	
  slow	
  slip,	
  80%	
  aseismic	
  
	
  change	
  in	
  earthquakes	
  source	
  (smoother)	
  	
  

15	
  days	
  before	
  Iquique	
  EQ	
  (ager	
  Mw6.7	
  foreshock)	
  
•  Abrupt	
  increase	
  of	
  seismic	
  acDvity	
  
•  Strong	
  deformaDon	
  signal	
  	
  

	
  à	
  Mw7.0	
  slow	
  slip,	
  35%	
  aseismic	
  
	
  	
  

	
  
	
  


