








an carthquake of magnitude My,
(11-13).

We analyzed cGPS and survey GPS data from
before, during, and after the Maule event to de-
termine the deformation of Earth’s surface close
to the earthquake rupture (/4). From these data,
we identified the main asperities, quantified the
spatial extent of the rupture, and determined wheth-
er rupture propagated up to the trench. We at-
tempted to identify those features of the rupture
propagation that explain why the Maule event
became a megathrust earthquake.

Far-field cGPS stations more than 3000 km
away from the epicenter, in Brazil, French Guyana,
South Patagonia, and Galapagos, were unaffected
by the earthquake. They provide a fixed reference
frame together with several stations on the Brazil-
ian craton that recorded displacements smaller
than 1 cm (Fig. 1 and table S1). Closer to the hy-
pocenter, in Argentina from 25°S to 45°S, the
displacement field points in a concentric way
toward the area of the epicenter and shows two
distinct directions pointing to two main patches
of deformation, south and north of the epicenter
originally located at 36°S and 73°W. In Chile,
this pattern becomes even more apparent, and
campaign data confirm this trend (Fig. 2 and
table S2). The maximum horizontal displacement
of 5 m was observed both at the tip of the Arauco
peninsula [ Llico (LLI)/Rumena (RUM), ~80 km
from the trench] and near Constitucion (CONS/
COl) [Laguna LlauLlau (CO2), Putu (PTU),
~120 km from the trench]. This is an indication
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Fig. 3. Coseismic and afterslip source
models. Red colors show the extent
and the amount of coseismic slip
(scale from O to 20 m). Dark red ar-
rows depict the amount and direc-
tion of slip on the fault plane. Blue
contour lines show the 12-day post-
seismic afterslip (contour level every
10 cm). Dots show locations and data
type used in the inversion (black dots
for GPS data: small for survey mark-
ers and large for ¢GPS stations; open
dots for land-level data from natural
or anthropogenic marker). Stars show
hypocenter locations: NEIC (white),
SSN (black), this study (red). The two
dashed lines depict the profiles of
fig. S1.
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that slip was larger in front of Constitucion than
close to Concepcion (CONZ), contradicting some
initial models that assigned little slip to this area
(14). The relatively small displacement (70 cm)
at San Antonio (RCSD) (33.5°S) indicates that
even if some slip occurred there, the bulk of the
rupture did not reach this latitude.

Vertical displacements reach 1.8 m of uplift
at the tip of the Arauco peninsula, the land point
closest to the trench (Fig. 2 and table S2). GPS
markers along the coast show uplift, converting
to subsidence 15 km south of Constitucion (+16 cm
at CO3, —6 cm at CO2) and northward, where the
coastline moves away from the trench. Along the
coast, natural and anthropogenic markers also
recorded the coseismic vertical displacements of
the crust relative to sea level (Fig. 2). The pattern
of subsidence and uplift deduced from such ob-
servations at five sites is compatible and comple-
mentary with GPS measurements if we take into
account an uncertainty of several tens of cm (74).
In the central valley, subsidence prevails (=30 to
—70 cm), and small but resolvable uplift is ob-
served in the Andes [+10 cm at Laguna de Laja
(LLA) and Paso del Maule (CTS8)]. Uplift and
subsidence regions are roughly parallel to the
trench (like the interseismic elastic pattern),
regardless of the distribution of slip. Therefore,
markers at different latitudes lay on the same
cross section, revealing that the hinge line (the
neutral line of vertical deformation of the
upper plate) is located ~120 km from the trench
(Fig. 2C).

REPORTS I

Postseismic deformation results from a com-
bination of different phenomena, each of which
has a characteristic time scale. Deformation oc-
curring over a typical time scale of a month mostly
represents immediate afterslip due to either
aseismic slip in the poorly consolidated sedi-
mentary layer overlying the fault, coseismic slip
produced by the aftershock sequence, or silent
slow-slip events that could have been triggered
by changes in stress and friction produced by the
main shock. Postseismic deformation started im-
mediately after the earthquake (fig. S2 and table
S3). Along the coastline, displacements of up to
15 cm were detected at CONZ over a 12-day pe-
riod after the earthquake. There is less afterslip
at CONS, with only 7 cm during the same pe-
riod of time, although coseismic slip was larger
there (5 m versus 3 m). On the other hand, after-
slip is as large at RCSD (6 cm), although almost
no coseismic slip occurred there. This may be
an indication of a triggered slow-slip event at
this latitude and may explain the large number
of aftershocks generated in this area. In addi-
tion, the direction of postseismic deformations
(almost westward) is not parallel to coseismic
displacements. Thus, postseismic slip may be
occurring on different patches and/or with a dif-
ferent direction than the coseismic slip. Finally,
postseismic deformation inland is large: Colbun
(MAUL) (200 km inland) moved even more than
CONS, with 10 cm of displacement. This is an
indication of the depth and long reach of the
postseismic process that affects the region
below the seismogenic zone.

To better constrain the earthquake slip dis-
tribution, we combined our data with published
land-level changes, several additional GPS dis-
placements, and Wide Swath Alos fringes provided
by the Japanese Aerospace Exploration Agen-
cy (JAXA) and the National Research Institute
for Earth Science and Disaster Prevention
(NIED) (15, 16). The surface deformation fields
associated with the coseismic and postseismic
phases were modeled using Okada’s formulation
of the elastic field due to a rectangular dislocation
buried in an elastic half-space (/4). The earthquake
broke a ~500-km-long portion of the subduction
interface (~450 km with slip larger than 2 m),
extending along strike from 38.2°S to 34°S and
from 5-km to 45-km depth (Fig. 3). The area that
ruptured corresponds very closely with the highly
coupled zone detected by interseismic GPS mea-
surements (/3, 17). With a shear modulus of 3.3
10'° Pa, our slip distribution yields an equivalent
geodetic moment of 1.76 10%* N'm (M,, 8.76), in
agreement with seismological estimates (M, =
8.8). The coseismic slip is distributed into two
main patches of slip, reaching a maximum of 15
m. The patches are separated by a zone of re-
duced slip (<4 m) near latitude 36.5°S; this is the
same area where we relocated the epicenter using
the high-rate cGPS data. The northern patch of
slip accounts for 62% of the geodetic moment
(1.09 10* N'm, M, 8.62), and the southern patch
of slip accounts for the other 38%.
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Our dense near-field data, in particular the
large values of horizontal versus vertical displace-
ment along the coast, require that ~60% of the slip
(equivalent to an M,, 8.6 event) occur at shallow
depths (<25 km and close to the trench). Such
shallow slip was detected by earlier models based
on seismological data (/&) but was not found in
models using far-field data only and/or interfero-
metric synthetic aperture radar (16, 19, 20). The
comparison of the surface displacements predicted
by published models against our data shows that
they systematically underestimate the static hor-
izontal displacements (/4). The shallower part
of the subduction zone is usually considered as
an area of stable sliding characterized by rate-
strengthening behavior (27). Thus, the fact that the
rupture broke all the way up to the sea-bottom at the
trench may be surprising. However, shallow slip
is consistent with the generation of a powerful tsu-
nami and the presence of numerous aftershocks
located near the trench (Fig. 1). At greater depths,
slip decreases smoothly and vanishes at about
45-km depth everywhere along the coast; this is
consistent with the hinge line localization 120 km
away from the trench (Fig. 2C). With a dip angle
of 17° to 20°, the down-dip end of the rupture is
located at the bottom of the seismogenic zone.

Postseismic motions during the 12 days after
the earthquake can be modeled as afterslip on the

NS Component

subduction interface, accounting for 4% of the
coseismic moment. Several centimeters (5 to 10)
of westward motion may have occurred on some
near-field coastal stations during the half day
after the earthquake (fig. S3). This is also consist-
ent with a logarithmic decrease with time of post-
seismic displacements shown by our 12-day time
series (fig. S2). However, these displacements are
too small to support the occurrence of an intense
rapid afterslip up to 20% of the coseismic slip
suggested from normal modes excitation (22).
Our near-field data are sparse, so some var-
iability in the models exists. We observe the fol-
lowing features: (i) deep slip (30 to 60 cm) between
40-km and 65-km depth that accounts for 56%
of the 12-day afterslip; (ii) 10 to 20 cm of slip
(23% of the 12-day afterslip) near the northern
edge of the rupture, close to Pichilemu (34.5°S),
where a large aftershock occurred on 11 March
2010 on a shallow normal fault; (ii) 30 to 40 cm
of localized slip (21% of the 12-day afterslip)
occurring at seismogenic depths, near 36.5°S,
close to the epicenter where coseismic slip had
a minimum between the two main asperities.
Coseismic and postseismic distributions of slip
complement each other (Fig. 3), suggesting an
interlacing of “velocity strengthening” areas
(prone to stable slip) and “velocity weakening”
areas (where stick-slip occurs). The equivalent
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Fig. 4. Observed motograms at eight ¢GPS stations in central Chile and Western Argentina (red lines)
compared with synthetics (black lines) computed using the slip distribution shown in Fig. 3. Displacement
scale is in meters; elapsed time is in seconds. In this model, rupture starts from the low-frequency epicenter
located at 36.41°S, 73.18°W, determined from the S wave arrivals at motograms and accelerograms in
central Chile. Rupture propagated radially away from the epicenter at a speed of 3.1 km/s, and the rise time

was uniform on the fault and equal to 20 s.
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magnitude of our postseismic model (M, 7.8) is
larger than the cumulated moment of the after-
shocks (~M,, 7) in the same 12-day period after
the main shock, implying that most (~90%) of
the postseismic deformation was released by
aseismic slip on the subduction interface. Ad-
ditionally, 56% of the afterslip occurred below
35-km depth. Considering that viscous relax-
ation in the mantle cannot occur in this short
time scale of only a few days, we conclude that
aseismic slip occurred on the deep subduction
interface.

In addition to a 24-hour average position, it is
also possible to compute each station position at
the sampling rate of the GPS signal (1 s at most
stations) (/4). We refer to these GPS records as
“motograms,” which are actually low-frequency
seismograms with two important differences: (i)
they directly measure ground displacement, elim-
inating the unstable double integration of accel-
erograms; (ii) they do not saturate, whatever the
amplitude of the ground displacement. In the case
of a megathrust earthquake, aliasing due to the
low sampling rate of ¢GPS (1 Hz) is not a problem
(14). S waves on near-field motograms could be
clearly identified, as is demonstrated by the com-
parison with collocated accelerograms at station
El Roble in central Chile (see ROBL in fig. S4). P
waves were more difficult to read because stations
in central Chile lie close to a nodal plane of the
earthquake. The need for relocation of the epi-
center is obvious from the motograms recorded at
CONS and CONZ (Fig. 4). S waves arrive at CONZ
about 20 s before they arrive at CONS. Using S
waves measured in the motograms [mainly CONZ,
CONS, San Javier (SJAV), MAUL, RCSD, and
ROBL], we determined a low-frequency epicentral
location at 36.41°S and 73.18°W. This epicenter
is different from those reported by seismological
services. It is located 15 km south of the epicenter
by the Servicio Sismologico Nacional (SSN) of
the University of Chile that located it at 36.29°S,
73.24°W and is almost 40 km southwest of the
epicenter reported by the National Earthquake In-
formation Center (NEIC) in its weekly Earthquake
Data Report (36.12°S, 72.89°W).

With a relocated epicenter, we found that the
displacement at the four GPS stations in the near
field is dominated by the static field (final static
offsets are 10 times as large as dynamic displace-
ments) (Fig. 4). All the near-field stations (CONS
to RCSD) resemble the displacement expected
near a large crack propagating at high subshear
speed (Figs. 1 and 4). We tested several source
models with rupture starting from the epicenter
and propagating at constant speed. Stations located
in the north, RCSD and ROBL, are the most sen-
sitive to rupture speed because of directivity. As
expected from dynamic fault modeling, CONS
and CONZ, located practically on top of the
fault, are dominated by slip near the stations.
We found that rupture speeds between 2.8 and
3.1 km/s produce good fit between synthetics and
observed motograms (Fig. 4). The displacement
functions observed at CONS and CONZ are very

VOL 332 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on June 17, 2011


http://www.sciencemag.org/

similar to those of a simple shear fault propa-
gating along the seismogenic zone. The rise time
at both stations is close to 20 s, so that we can
approximate the width of the fault as twice (be-
cause of upward and downward propagation)
the product of this time multiplied by the rup-
ture speed. We obtain a fault width of ~120 km,
which is in agreement with our static modeling.
Some motograms (especially SJAV) also reveal
an arrival (or “kink”) that may be due to a pos-
sible rupture velocity variation as rupture reaches
the northern asperity (fig. S4). We attribute this
arrival to the triggering of rupture in the north-
ern asperity (the largest one), ~60 s after the
initiation of the rupture. This arrival would mark
the instant when the Maule event became a mega-
thrust earthquake.

Comparing the 2010 Maule megathrust earth-
quake rupture with earlier events is important for
seismic hazard assessment, but the lack of precise
information about some past events requires cau-
tion. The 2010 rupture broke well beyond the pre-
viously identified gap left by the 1835 earthquake,
which appears to have had a shorter rupture
length of about 350 km and a smaller magnitude.
The shorter rupture of 1835 corresponds roughly
to the length attained by the 2010 rupture at the
critical instant captured at 60 s in the motograms.
This is before rupture of the main northern as-
perity, which may have reached the trench, thus
contributing strongly to generation of the tsunami
that struck the coast of Constitucion (~5 m of
minimum inundation over a large latitudinal ex-
tent). The absence of large tsunami at Constitu-
cion in 1835 (4) is consistent with lack of rupture
of the northern asperity during that event. The
2010 rupture covered the M,, 7.6 Talca earth-

quake of 1928, which may have been an event
located near the transition zone similar to the 2007
M, 7.7 Tocopilla earthquake (7, 23) in Northern
Chile. The ~500-km-long 2010 rupture overlaps
laterally (over ~100 km) also with the ruptures
of three earthquakes that occurred earlier on its
southern and northern edges: to the south, the
21 May 1960 Concepcion event (M,, 8.3) and
the Valdivia earthquake of 22 May 1960 (M4, 9.5);
to the north, the rupture zone of the 1906 M,, 8.5
Valparaiso earthquake. This suggests interleaved
tapering of coseismic slip in those overlapping
regions, probably involving, over the long term,
accommodation of deformation by both seismic
and aseismic processes.
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The 2011 Magnitude 9.0 Tohoku-0Oki
Earthquake: Mosaicking the
Megathrust from Seconds to Centuries

Mark Simons,™* Sarah E. Minson,* Anthony Sladen,™? Francisco Ortega,” Junle Jiang,*
Susan E. Owen,? Lingsen Meng," Jean-Paul Ampuero,” Shengji Wei,* Risheng Chu,*
Donald V. Helmberger," Hiroo Kanamori,® Eric Hetland,* Angelyn W. Moore,® Frank H. Webb?

Geophysical observations from the 2011 moment magnitude (M,) 9.0 Tohoku-Oki, Japan earthquake
allow exploration of a rare large event along a subduction megathrust. Models for this event indicate that
the distribution of coseismic fault slip exceeded 50 meters in places. Sources of high-frequency seismic
waves delineate the edges of the deepest portions of coseismic slip and do not simply correlate with
the locations of peak slip. Relative to the M,, 8.8 2010 Maule, Chile earthquake, the Tohoku-Oki
earthquake was deficient in high-frequency seismic radiation—a difference that we attribute to its
relatively shallow depth. Estimates of total fault slip and surface secular strain accumulation on millennial
time scales suggest the need to consider the potential for a future large earthquake just south of this event.

on the megathrust where the Pacific Plate
subducts below Japan at an average rate of
about 8 to 8.5 cm/year (Fig. 1) (). Historically,
many moment magnitude (M) 7 to M,, 8 earth-

The 2011 Tohoku-Oki earthquake occurred
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quakes have occurred on the Japan Trench mega-
thrust (2). Geodetic observations of crustal strain
during the interseismic period have been used to
infer spatial variations in the degree of plate cou-
pling (i.e., regions of the megathrust expected to

produce large earthquakes) for this section of
the Japan Trench (3). Generally, these models
infer high coupling in regions where earthquakes
were known to have already occurred (Fig. 1 and
fig. S1), with only partial or even no coupling
from the trench to a point approximately midway
between the trench and the coastline—precisely
the region where the 2011 Tohoku-Oki earth-
quake occurred. It is fundamentally difficult to
use land-based data to assess the state of cou-
pling on distant portions of a megathrust. The
Jogan earthquake of 13 July 869 may be the only
documented event to have occurred with a pos-
sible magnitude and location similar to that of the
2011 earthquake (4).

Observations of the 2011 Tohoku-Oki earth-
quake from a dense regional geodetic network
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