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Introduction

✤ The rupture process of extended earthquakes is actually quite complex involving 
broadband processes: need to integrate different frequency bands and spatial scales 
resolution.    

✤ Increasing density of modern global and regional seismology and geodesy 
networks open up new methodologies to image the earthquake source dynamics 
(e.g. antenna and coherent interferometry methods).

✤ Kinematic and dynamic inversion methodologies rely on a-priori source 
parametrization.

✤ Combining parametrized inversion methods with iterative deconvolution methods 
provides new perspectives for extended source imaging.
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Simons et al. 2011 Regional acceleration recordings:
A complex rupture, at least 4 sub-events, closer 
to the coast.

wave energetically. Our proposed source model suggests
that the repetition of large scale slip near the hypocenter
dominated the rupture process. The shallow part of the fault
was not relatively quiet; on the contrary, most of the rupture
activities, including the peak slip, high VR, large SR and the
repeating slip, occurred at the shallow depths. Simons et al.
[2011] observed that the sources of high‐frequency seismic
waves delineate the edges of deepest portions of coseismic
slip and do not simply correlate with the locations of peak
slip. Our result shows that large slip rate was not only
occurred in the deeper subduction zone (SR > 60 cm/s) but
also been found in a broad area of the shallow fault plane
near the trench (SR > 120 cm/s). The distribution of large
rupture velocity (>2.5 km/s) also shows a similar pattern.
All of these results imply that the high frequency radiation
would come from both deeper and shallow parts of the
subduction zone, especially from areas located near the
trench. It is noticed that the size of slipped area and its
duration time can control the frequency of radiated seismic
energy. According to our results, the ruptures in the deep
part usually occurred on a smaller area and had shorter
durations. This could be the reason why higher frequency
seismic waves were observed in this area. At shallow
depths, there was a broad slip area with relatively long

rupture duration. The initial slip in the shallow part can
produce high frequency signal while the repeating ruptures
in the same area could further produce the low‐frequency
signal as discussed above. From this result, we infer that the
shallow fault plane radiated a broad frequency band with
both high and low frequency signals.

5. Conclusions

[13] Based on the results of high resolution joint source
inversion analysis, repetition of a large scale slip in area near
the hypocenter has been observed during the Tohoku‐Oki
earthquake. The repeating slip caused an anomalously 50 m
slip on the largest asperity which had a dimension of about
200 × 200 km2 developed from shallow to deeper subduc-
tion zone. The temporal rupture processes show that the slip
nucleated slowly near the hypocenter at the beginning, and
then propagated to the shallow part causing the second slip
on the biggest asperity. A remarkable slip developed in the
deeper subduction zone then enforced the previous rup-
tured area to slip again. Finally, the rupture front extended
to the south and north along the Japan Trench. A relatively
large stress drop of 7 MPa is obtained from the inversion
result. It is worth noting that this high stress drop was

Figure 4. Local strong motion records: (a) The distribution of K‐NET stations in used, (b) the raw E‐W component accel-
eration waveforms, and (c) comparison between observed (black lines) and synthetic (red lines) E‐W component velocity
waveforms, which are band‐pass filtered between 0.01 and 0.2 Hz. The travel time curves of four waveform groups are
identified with the color shading and numbers.
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2011 Mw 9.0 Tohoku Earthquake

Lee et al. 2011

‣Regular number of large earthquakes
‣No great earthquakes in the last 1000 years
‣Large rupture size was not expected
‣Complexity of the Tohoku rupture 
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Back Projection Results European Array 0.20-0.50 Hz

•Source Time = 48 s
•Rupture Velocity 1=1.6 km/s

•Rupture Velocity 2=2.6 km/s
•Area 460 x 240 km2, 
•strike=203°, dip=10°, slip=88°
•20x20 km2 subfaults

Satriano et al.  2011
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Structural Model

2) to compare the structure off Miyagi obtained in
this study with the seismicity; and 3) to infer the
structural characteristics controlling the seismic
activity.

2. Data acquisition

In 1999, a seismic experiment was conducted in
the off Miyagi forearc region using the R/V Kaiyo of
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Fig. 9. (a) P-wave velocity model for MY102. Open circles indicate OBS deployment positions. Vertical axis is depth from sea level (kmbsl).

Horizontal axis is the distance from the westernmost shot point of MY102. The P-wave velocity is indicated by a gray-scale and iso-velocity

contours (0.1 km/s interval). White lines show the reflection interface observed in OBS data. (b) Resolution of the interface nodes of (a).

Resolution is indicated by a gray-scale. (c) Resolution of the velocity nodes of (a).
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Data and Method
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Networks:

· G Geoscope

· GT Global Telemetered Seismograph Network (USAF/USGS)

· II Global Seismograph Network (GSN − IRIS/IDA)

· IU Global Seismograph Network (GSN − IRIS/USGS)
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Parameters (driven by back-projection):
•Rupture velocity 1 = 1.5 km/s (for 

t<=80s)
•Rupture velocity 2 = 2.5 km/s (for 

t>80s)
•Source time function = 45 s
•Fault surface 460x240 km2

Other parameters:
•Hypocenter location: JMA (depth 23.7 

km)
•Fault plane (GCMT): dip 10°, strike 

203°

Method by Kikuchi and Kanamori (1991)

GPS (not used for 
inversion)
GPS data: GSI (processed 
by Caltech)
Seafloor GPS data: Sato et 
al. (2011)
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Final Results
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M7.1  Maule,  Chile,  Earthquake  of  25  March  2012
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TECTONIC  SETTING

The  South  American  arc  extends  over  7,000  km,  from  the  Chilean  margin  triple  junction  offshore  of  southern  Chile  to  its
intersection  with  the  Panama  fracture  zone,  offshore  of  the  southern  coast  of  Panama  in  Central  America.  It  marks  the
plate  boundary  between  the  subducting  Nazca  plate  and  the  South  America  plate,  where  the  oceanic  crust  and  lithosphere
of  the  Nazca  plate  begin  their  descent  into  the  mantle  beneath  South  America.  The  convergence  associated  with  this
subduction  process  is  responsible  for  the  uplift  of  the  Andes  Mountains,  and  for  the  active  volcanic  chain  present  along
much  of  this  deformation  front.  Relative  to  a  fixed  South  America  plate,  the  Nazca  plate  moves  slightly  north  of  eastwards
at  a  rate  varying  from  approximately  80  mm/yr  in  the  south  to  approximately  70  mm/yr  in  the  north.

Subduction  zones  such  as  the  South  America  arc  are  geologically  complex  and  generate  numerous  earthquakes  from  a
variety  of  tectonic  processes  that  cause  deformation  of  the  western  edge  of  South  America.  Crustal  deformation  and
subsequent  mountain  building  in  the  overriding  South  America  plate  generate  shallow  earthquakes.  Slip  along  the  dipping
interface  between  the  two  plates  generates  frequent  and  often  large  interplate  earthquakes  between  depths  of
approximately  10  to  60  km.  Since  1900,  numerous  magnitude  8  or  greater  earthquakes  have  occurred  on  the  interface
between  the  Nazca  and  South  America  plates,  including  the  1960  M9.5  earthquake  in  southern  Chile,  the  largest
instrumentally  recorded  earthquake  in  the  world  and  the  2010  M8.8  earthquake  north  of  the  1960  quake.  Earthquakes  can
also  be  generated  to  depths  greater  than  600  km  from  internal  deformation  of  the  subducting  Nazca  plate.  Although  the
rate  of  subduction  varies  little  along  the  entire  subduction  zone,  there  are  complex  changes  in  geologic  processes  along  the
subduction  zone  that  dramatically  influence  volcanic  activity,  earthquake  generation  and  occurrence.  For  example,  an
extended  zone  of  crustal  seismicity  in  central-northern  Argentina  highlights  a  well-known  ‘flat-slab’  region  of  this
subduction  zone,  where  the  Nazca  plate  moves  horizontally  for  several  hundred  kilometers  before  continuing  its  descent
into  the  mantle.  This  transition  in  slab  structure  is  coincident  with  a  marked  break  in  the  Andes  volcanic  chain.
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Mag  ≥  7.0
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In  the  region  of  this  earthquake,
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Nazca  Plates,  which  are  converging
at  about  80  mm/yr.
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Significant Earthquakes Mag >= 7.5 from
Epicentral Region

Year Mon Day  Time    Lat     Long   Dep  Mag
1906  08  17  0040 -33.000  -72.000    0  8.2
1914  01  30  0336 -35.000  -73.000    0  7.5
1918  05  20  1755 -28.899  -71.893   35  7.6
1922  11  11  0432 -28.553  -70.755   35  8.7
1928  12  01  0406 -35.086  -71.683   35  7.7
1939  01  25  0332 -36.200  -72.200    0  7.7
1943  04  06  1607 -30.750  -72.000    0  8.2
1953  05  06  1716 -37.254  -72.920 68.4  7.5
1960  05  21  1002 -37.872  -73.243   35  8.2
1960  05  22  1856 -38.147  -72.984   35  7.9
1960  05  22  1911 -38.235  -73.047   35  9.5
1962  02  14  0636 -38.091  -73.050 32.9  7.5
1971  07  09  0303 -32.558  -71.085   59  7.8
1975  05  10  1427 -38.215  -72.999   28  7.7
1977  11  23  0926 -31.083  -67.778 18.3  7.5
1985  03  03  2247 -33.132  -71.708   40  8.0
2010  02  27  0634 -36.122  -72.898   22  8.8
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Earthquakes   locations   are   from   the      Centennial
Catalog  (1900-2003)  and  from  NEIC  (2003-present)

Maule,  Chile  Earthquake
  
25  March  2012  22:37:06  UTC                                
  
35.183°  S.,  71.792°  W.
Depth  34.8  km
Mw  =  7.1  (USGS)

EXPLANATION
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DATA  SOURCES

EARTHQUAKES  AND  SEISMIC  HAZARD
    USGS,  National  Earthquake  Information  Center
    NOAA,  National  Geophysical  Data  Center
    IASPEI,  Centennial  Catalog  (1900  -  1999)  and
            extensions  (Engdahl  and  Villaseñor,  2002)
    HDF  (unpublished  earthquake  catalog)  (Engdahl,  2003)
    Global  Seismic  Hazard  Assessment  Program

PLATE  TECTONICS  AND  FAULT  MODEL
    PB2002  (Bird,  2003)
    Finite  Fault  Model,  Chen  Ji,  UC  Santa  Barbara  (2007)
    World  Slap  (Hayes  and  Wald,  2010)

BASE  MAP
    NIMA  and  ESRI,  Digital  Chart  of  the  World
    USGS,  EROS  Data  Center
    NOAA  GEBCO  and  GLOBE  Elevation  Models
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Earthquakes  within  the  Depth  Profile  are  from  the  Epicental  Region  map.

Depth Profile Area

2010 Mw 8.8 Maule Earthquake 
‣Segments based on the historic seismicity.
‣GPS high coupling on Maule rupture zone
‣Post seismic activity:

-  Deficit of large aftershocks in the first   
months.
-  Rupture extended over than expected 
with partial overlap with previous 
ruptures.

9 APRIL 2010    VOL 328    SCIENCE    www.sciencemag.org 182

PERSPECTIVES

of the plate interface are those where the two 

plates have been completely locked since at 

least 2000. A detailed seismic study of the 

area was unfortunately not possible because 

its seismicity was weak and very few seis-

mometers recorded it. According to earth-

quake catalogs, only 10 earthquakes of mag-

nitude greater than 5 occurred in the Maule 

and Biobío regions in the 10-year lapse before 

29 December 2009. On that date, a series of 

events started to break the elliptical zone 

plotted in the fi gure, less than 30 km from the 

future epicenter of the Maule earthquake.

The Maule earthquake caught Chile with-

out a seismic network capable of recording 

large earthquakes. A few accelerometers 

in Chile and Argentina recorded the earth-

quake; this is the fi rst mega-earthquake for 

which digital strong motion data from near 

the source is available. Geodetic data of the 

main event are more abundant: The earth-

quake took place inside campaign GPS net-

works deployed by several groups ( 13– 16). 

A continuously recording GPS receiver in 

Constitución recorded a peak oceanward 

displacement of more than 4 m. Because of 

the lack of a continuously recording strong-

motion network, the Chilean government 

had no reliable information about the earth-

quake and could not prepare for the tsunami 

that hit the coastal cities near the earthquake 

less than an hour after the main shock (see 

the fi rst fi gure). There was no earthquake-

proof communication network, hampering 

the emergency response.

Despite its magnitude, the Maule shock 

had an offi cial toll of fewer than 500 victims—

a small number compared to several recent 

events. The reason is the good performance 

of modern earthquake-resistant building 

designs and the rapid reaction of the popula-

tion that escaped from the tsunami in spite of 

the hesitation of authorities. At the epicenter, 

the earthquake produced horizontal ground 

accelerations of up to 6 m/s2 (that is, about 

60% of the acceleration of gravity, the unit 

used by earthquake engineers), but accelera-

tions were lower in the more populated cen-

tral Valley of Chile. These peak accelerations 

are within the earthquake design require-

ments of the Chilean seismic code. Well-built 

structures sustained some heavy damage, but 

very few collapsed, in sharp contrast to some 

doomsday scenarios disseminated a few years 

ago by geographers in the Chilean press.

Studies farther north along the Chilean 

coast show that a similar stressing of the plate 

interface is occurring between the Mejillones 

Peninsula and the boundary between Chile 

and Peru. This region, known as the Tarapacá 

gap, last had major earthquakes in 1868 and 

1877, with magnitudes close to 8.7 ( 2– 5). 

Chilean, European, and American research-

ers have deployed a network of seismic and 

geodetic instruments in Northern Chile. The 

Tarapacá region is showing signs of renewed 

activity: A large earthquake of magnitude 7.8 

occurred in November 2007 at the southern 

end of the gap, and since last year, the city of 

Iquique has experienced several magnitude 6 

events. It is urgent that the data from this net-

work is processed in real time in Chile to pro-

vide early warning when the next large earth-

quake strikes in the next few decades.

The main lesson from the Maule earth-

quake is that the sites of rare catastrophic 

events can be identified in advance, but it 

remains impossible to predict when these 

events will occur (1 7). Mega-earthquakes are 

rare events that require a long-term public pol-

icy of enforcement of building regulations. In 

Chile, buildings resisted well, but communi-

cation networks failed. Tsunami alarm could 

also work if the appropriate instruments—

continuous accelerometers like those of 

northern Chile—are used together with an 

earthquake-proof communication network in 

order to compute almost-real-time location 

and magnitudes in Chile. 
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Back Projection Results US Array 0.30-1 Hz

•Source Time = 54 s
•Rupture Velocity = 3.0 km/s

•Area 630 x 180 km2, 
•strike=22°, dip=15°, slip=112°
•30x30 km2 subfaults

Satriano et al.  2012
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Structural Model

Moscoso et al. 2011
Vertical exaggeration: 2.0

which in turn means that the accretionary prism does not accumulate
strain that is released as sudden slip during large earthquakes (e.g.,
Byrne et al., 1988). Thus, the updip limit of the seismogenic zone is
expected to be coincident with the landward limit of the accretionary
prism (Byrne et al., 1988; Contreras‐Reyes et al., 2010).

Seismic refraction and wide-angle data collected in 2008 offshore
the Maule region provide a unique opportunity to gain insights into the
seismic structure and geometry of the co-seismic rupture area of the
Maule megathrust earthquake. Here, we present a high resolution 2D

seismic tomographic image derived from an amphibious seismic profile
located above the area of maximum co-seismic slip of the 2010 Maule
Earthquake (Delouis et al., 2010; Moreno et al., 2010; Tong et al., 2010).
The derived velocitymodel and aftershocks distribution is used to study
the nature of the updip limit and the structure of the Maule earthquake
rupture area. The main aim of this paper is to examine the interplay
between the aseismic–seismic and the accretionary prism-continental
framework transition zones for the case of the Maule megathrust
earthquake (Mw=8.8).

Fig. 1. The top figure corresponds to the map of the central Chile region. The red dots represent the seismic events with magnitude higher than 4 reported by NEIC catalog between
27th of February and 1st of August 2010. The red box outlines the rupture area of the Mw=8.8 Maule earthquake estimated from the aftershocks. The 2D profile imaged by our
tomographic model is denoted by a thick black line. The yellow star shows the epicenter of the Maule earthquake reported by the NEIC catalog. The bottom figure corresponds to an
enlargement of the map in the vicinity of the location of our profile. The shooting line is represented by a black line and its projection on land is denoted by a thinner pink line. The
OBS/OBH deployment places are represented by pink dots, the white dots are the positions of the land stations, and the gray correspond to their projection on our profile. The white
triangles in both figures show the exact position of the stations that recorded the data examples shown in Fig. 2.
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1 means that the model error is equal to the data uncertainty.
However, PrP was best seen on the two most eastward stations. We
included the phase after inverting for the Pg and constrained the
depth to the intracrustal reflector by a grid search, assuming a
horizontal layering of the boundary. This is a reasonable approxima-
tion as the phase was only observed over a lateral distance of ~40 km.
The velocity contrast across the layer was approximated by using
constraints from the Zoeppritz equations, indicating a velocity
contrast of 0.5–0.6 km/s. In addition, using the Snell's law with
velocities of 6.2 km/s and 6.7 km/s and a reflector at 20 km depth, we
estimate a critical distance of ~97 km. The critical distance obtained,
roughly coincides with the offset at which we can distinguish clear
post critical PrP reflections in the data (see Fig. 2). Subsequently, we
fixed the layered structure obtained and repeated the previous step
for the following deeper layer. Finally, we kept the entire crustal
structure fixed and inverted for the velocity in the upper mantle
through the Pn refractions.

5. Resolution of the velocity model

To check the accuracy of the final model, we computed synthetic
travel times for the first arrivals and reflected phases. To compare the

seismic sections and the synthetic travel times, we superimposed the
calculated travel times on the data. Fig. 2 shows that the travel times
predicted by our tomographic velocity model are in good agreement
with the data recorded: all the first arrivals and the post-critical
reflections calculated match the observed arrivals; however, pre-
critical reflections are not clearly identified in most of the record
sections.

In order to evaluate the capability of our velocity model to resolve
spatial and amplitude variations, which are dependent on the given
ray geometry and the velocity distribution, and also to evaluate the
non linear sensitivity of the inversion, we computed checkerboard
tests using a pattern of alternate positive and negative velocity
anomalies of small amplitudes, compared to the final model. The final
inverted velocity model is perturbed by the checkerboard pattern,
yielding a known artificial model with the same source–receiver
geometry as the original data. Synthetic travel times were computed
through the perturbed model, and subsequently we performed a
tomographic inversion based on these travel times, using the
unperturbed velocity model as the initial model, in order to recover
the initial perturbation pattern. To compute this test, we used
Gaussian anomalies of amplitude ±5% with four different sizes a)
2.5×2.5 km; b) 10×5 km; c) 20×10 km; d) 40×20 km (horizontal by

Fig. 2. (Top) Record sections of OBS327 located on the trench-outer rise area, OBH314 over the accretionary prism and land station 004. Time axis is reduced by 6 km/s. (Center)
Record sections with superimposed travel times (blue) and picks used in the inversion (red). The nomenclature is as follows: Pw = water wave, Pgap = refraction in the
accretionary prism, Pgoc = refraction in the oceanic crust, Pn = refraction in the upper mantle, PsP = reflection from the bottom of the sedimentary layer, PtocP = reflection from
the top of the oceanic crust, PmP= reflection from the oceanic crust/mantle boundary, PrP= reflection form the continental crust. (Bottom) Disposition of the seismic stations used
for the modeling on the bathymetry and seismic reflectors modeled. Pink dots correspond to OBH/OBS, gray dots correspond to land stations and the green triangles correspond to
the stations which recorded the data examples shown. The solid and dashed lines represent the reflectors show presence or absence of observed arrivals respectively. The segmented
line within the oceanic crust denotes a change of the velocity gradient that might correspond to the limit between upper and lower oceanic crust.
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Kinematic slip inversion
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Parameters (driven by back-
projection):
•Rupture velocity = 3.0 km/s 
•Source time function = 54 s
•Fault surface 630x180 km2

Other parameters:
•Hypocenter location: Vigny 

et al. 2011 (depth 18 km)
•Fault plane (GCMT): dip 15°, 

strike 22°

Method by Kikuchi and 
Kanamori (1991)

Moment rate
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‣Why no slip in the south 
part of the rupture if the GPS 
indicates big displacement?
‣Is it a bi-lateral effect?
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✓The HF coherent radiation is located on the border of the coherent slip.
✓Multi-scale distribution of asperities, it must reflect specific frictional 
behavior on the asperities and around them, depending on pressure, 
temperature, rheology composition,...
✓Is this distribution related to the mantle wedge geometry and rheology ?
✓Is the distribution a feature of ALL the subduction zones?  

Conclusion and Discussion



Conclusions and Perspectives 

✓Need of structural studies  for characterizing the subduction structure.

✓Need of innovative multi-frequency source imaging techniques to 
understand the rupture complexity of large subduction earthquakes 
combining both teleseismic and local monitoring networks on land and on 
the ocean bottom.

✓The inverted slip distribution strongly depends on the kinematic 
parametrization: it is necessary to constrain the kinematic parameters by 
other means (e.g. back projection) in order to obtain physically acceptable 
results.
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