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Notable Events

8.1 The 12th January 2010 MW 7.0 Haiti Earthquake

Allison Bent
Geological Survey of Canada

8.1.1 Introduction

The magnitude (Mw) 7.0 Haiti earthquake of 12 January 2010 is likely the most devastating earthquake
to have occurred in the western hemisphere both in terms of the number of fatalities and the impact
on a nation as a whole. Estimates of the death toll range from less than 50 000 to over 300 000 with
the most likely value being in the range of 137 000 (Daniell and Vervaek, 2012). Another 300 000 were
injured and 1.3 million left homeless. Two years after the earthquake many people are still living in
temporary shelters.

The earthquake occurred at 16:53 local time (21:53 UT) approximately 25 km WSW of the capital
city of Port-au-Prince (18.443oN, 72.571oW, USGS, 2012), The mainshock was followed by a vigorous
aftershock sequence including a magnitude (Mw) 6.0 event that occurred about 7 minutes after the
mainshock and an Mw 5.9 earthquake on 20 January.

The location and style of faulting (strike-slip) of the mainshock initially suggested that it occurred on the
Enriquillo-Plaintain Garden Fault (EPGF), a fault known to be capable of generating large earthquakes
and which may have ruptured during several comparable sized earthquakes in the past (1751, 1770)
but which had been relatively inactive for the past 200 years leading to a lack of earthquake awareness
among the general population. Figures 8.1 and 8.2 contrast the seismicity of the 50 years preceding the
magnitude 7.0 earthquake to that of the two years following it. More discussion of historical earthquakes
in Haiti may be found in Bakun et al (2012) and the references therein.

Despite the magnitude and relatively shallow depth (10-15 km) of the earthquake, reconnaissance teams
found no evidence for surface rupture on the EPGF (Eberhard et al, 2010) perhaps providing the first
clue that the situation was more complicated than it first appeared. Subsequent research discussed later
in this paper suggests that the earthquake sequence may not have occurred on the EPGF or that it was
not the sole fault to rupture during the earthquake sequence.

Prior to the 2010 earthquake, seismic monitoring in Haiti had been extremely poor. While global
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Figure 8.1: Seismicity of Haiti and surrounding regions from 1960 until the day prior to the 2010 Mw 7.0
earthquake. Earthquakes of magnitude (any type) 3.5 and greater are plotted. Epicenters and magnitudes
from the ISC catalog (ISC, 2012). Symbol size is scaled to magnitude. The triangles show the stations
installed after the 2010 earthquake: Canadian real-time (red), French (blue) and American (green). The
school station HAIF would plot very close to the stations at Port-au-Prince (upper right of the three red and
in the cluster of green triangles).

Figure 8.2: Seismicity of Haiti and surrounding regions since 12 January 2012. The mainshock is shown in
red. Magnitudes (3.5 and greater) and epicenters from the ISC (2012). Symbol size is scaled to magnitude.
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and Caribbean stations would have captured any moderate to large earthquakes, smaller ones would
have for the most part gone undetected. At the time of the 12 January 2010 earthquake, the only
seismograph station operating in Haiti was one at the Lycée français Alexandre Dumas in Port-au-
Prince that formed part of a French-based school network (www.edusismo.org/index.asp). This station
provided the closest recording of the mainshock (https://geoazur.oca.eu/spip.php?article672). Since
that time several international organizations installed temporary or permanent stations in Haiti and the
monitoring situation has somewhat improved (see subsequent section on New Stations and Figure 8.1).

The intent of this paper is to summarize the earthquake and work that has been done since January
2010 to better understand the earthquake sequence and seismic hazard in Haiti. The focus is on the
seismological data and research but it should be noted that much has been learned through other data
sets including, but not limited to, GPS and INSAR.

8.1.2 New Stations

Historically very few seismograph stations have operated in Haiti. At the time of the earthquake,
the only known station in Haiti was a school seismograph in Port-au-Prince discussed in the previous
section. Recent improvements to networks elsewhere in the Caribbean ensure that the moderate and
larger earthquakes in Haiti are recorded but these stations do not catch all of the smaller earthquakes
needed to establish relative recurrence rates and to build a reliable earthquake catalog for that country.
Following the 2011 earthquake, many temporary and some long-term seismograph stations were deployed
in and around Haiti by several organizations, in particular the Geological Survey of Canada, the United
States Geological Survey and Géoazur (Figure 8.1).

In late January 2010, the United States Geological Survey sent a reconnaissance team to Haiti. Among
other tasks, they installed four seismometers to monitor aftershocks (Eberhard et al, 2010; Hough et al,
2010). Data from these stations have been archived and are available from the Incorporated Research
Institutes for Seismology (IRIS) data management center. Additional stations were installed over the
next few months and included eight RefTek instruments, nine strong-motion (K2) accelerometers and
three broadband stations all of which were installed primarily in the epicentral region (Altidor et al,
2010). Several of these temporary stations have since been replaced with permanent strong-motion
NetQuakes instruments. Data from many of the K2 instruments and a list of station coordinates may
be found at http://pasadena.wr.usgs.gov/office/hough/DATA.

In early February 2010 a team of French scientists primarily associated with Géoazur deployed twenty-
one ocean bottom seismometers (OBS) in the nearshore regions surrounding the southern peninsula
of Haiti. All were four component (3 seismograph and 1 hydrophone) stations. Fifteen short-period
instruments operated until early March 2010. The remaining six broadband instruments remained
in operation until mid-May 2010. Additionally, four broadband seismometers were installed on land
in the eastern part of the rupture zone where the bathymetry was not suitable for OBS deploy-
ment. A more detailed account of the deployment including the station coordinates may be found
at https://geoazur.oca.eu/spip.php?article670.

In February 2010 the Geological Survey of Canada installed three real-time, satellite-linked seismograph
stations consisting of three-component broadband seismometers and three component strong motion

https://geoazur.oca.eu/spip.php?article672
http://pasadena.wr.usgs.gov/office/hough/DATA
https://geoazur.oca.eu/spip.php?article670
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instruments in Port-au-Prince, Jacmel and Leogâne (Figure 8.3). Aftershocks were located by GSC
seismologists and the phase data and solutions were forwarded to the International Seismological Centre
and other international organizations on a daily basis during the months immediately following the
earthquake. The data are forwarded in real time to IRIS and the Caribbean Tsunami Warning Centre.
The stations continue to operate but their reliability has somewhat decreased with time primarily due
to problems with the power supply and security. Further information about the Canadian deployment
may be found at http://www.earthquakescanada.nrcan.gc.ca/haiti/index-eng.php.

Figure 8.3: The station installed in Léogâne by the Geological Survey of Canada. Photo by C. Andrews,
GSC.

8.1.3 Focal Mechanisms and Other Fault Parameters

While the initial focal mechanism for the mainshock (for example see GCMT, 2012, or USGS 2012)
was primarily strike-slip consistent with rupture on the EPGF, subsequent analysis of aftershocks and
non-seismological data implies that the rupture sequence was much more complex and raises significant
doubts as to whether the events occurred on the EPGF. Analysis the mainshock and aftershocks using
several different methods and data sets all find that the majority of the aftershocks are thrust events,
incompatible with the strike-slip nature of the EPGF.

Hayes et al (2010) focused on modeling the mainshock in detail using a combination of seismological,
geologic and geodetic data. Their model suggests a complex primarily unilateral rupture (toward the
west) with small amounts of rupture occurring on subsidiary faults. The integrated data set suggests that
little, if any, of the rupture occurred on the EPGF and raises the possibility of a future large earthquake
on the EPGF. Mercier de Lépinay et al (2011) and Vallée (https://geoazur.oca.eu/spip.php?article614)
also modeled the mainshock in detail and reached similar conclusions- a westward propagating but
complex rupture unlikely to have occurred on the EPGF.

Many studies were undertaken to determine the focal mechanisms of the numerous aftershocks that
followed the Mw 7.0 earthquake. A variety of methods and data sets were employed but all reached

http://www.earthquakescanada.nrcan.gc.ca/haiti/index-eng.php
https://geoazur.oca.eu/spip.php?article614
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similar conclusions and raised the same questions about rupture on the EPGF as the in-depth mainshock
models. Most of the aftershocks, including the largest, were found to have thrust mechanisms. Those
that had strike-slip mechanisms generally occurred at the eastern end of the aftershock zone close to
the epicenter of the mainshock. These studies include those of Nettles et al (2010) based on teleseismic
moment tensor inversions, Bent (2011) from regional moment tensor analysis for the larger events and
composite first motion mechanisms for the smaller ones, and Mercier de Lépinay et al (2011) from
broadband modeling of regional data. A wide range of depths were obtained for the aftershocks through
these studies but all were crustal and the largest number occurred at depths near 10 km.

8.1.4 Aftershock Locations

While existing global networks were used to monitor and locate the largest of the aftershocks, the newly
deployed stations significantly lowered the magnitude location threshold. The earliest aftershock loca-
tions using the stations discussed in the previous section were generally undertaken by the organizations
that deployed them using their own stations, primarily because much of the data were not available in
real time. The data sets were in some cases supplemented by data from pre-existing regional stations,
including Guantanamo Bay, Grand Turk and several stations in the Dominican Republic. Aftershock
locations from the American, French and Canadian data sets all showed an aftershock zone extending
roughly east-west and parallel to the EPGF. However, there were systematic differences in the locations
with the American (USGS) locations being on or just north of the EPGF (USGS, 2012), the French
(Géoazur) being north of those locations but generally onshore except at the western end of the af-
tershock zone (Mercier de Lépimay et al, 2011) and the Canadian (GSC) epicenters being mostly just
offshore in the Gulf of Gonâve. While some of the differences may be due to differences in which events
were being located, the fact that they are systematic suggests that they are more likely related to some
combination of the choice of velocity model and to the network geometry.

Douilly et al (2011, 2012) are in the process of relocating the aftershocks using the data from all available
stations, which should increase the accuracy of the locations. Their results suggest that the events are
occurring not on the EPGF but on the Léogâne Fault, which is a previously unmapped fault just north
of the EPGF described as 60o north dipping oblique thrust fault. They note that there is also some
evidence that some of the activity at the western end of the rupture zone may be occurring on the
offshore Trois Baies fault. The Léogâne Fault was also proposed for the mainshock rupture by Calais et
al (2010) using GPS and INSAR data.

8.1.5 Summary/Conclusions

The 2010 Mw 7.0 earthquake that devastated much of southern Haiti occurred in a gap in the global
earthquake monitoring system. Several international seismological agencies helped fill that gap in sub-
sequent weeks and months through the deployment of temporary and permanent seismograph stations.
Because much of the recorded data were not available in real time and therefore not immediately ac-
cessible to the international seismological community, valuable coordination was provided through data
repositories such as the ISC for phase and other derived data and IRIS for waveform archiving.

The 2010 earthquake sequence has been and continues to be studied as the recovery continues. What
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initially appeared to be a simple rupture on a previously known fault (EPGF) has turned out to be
a complex rupture sequence predominantly on the nearby and newly-identified Léogâne fault, raising
concerns that the EPGF may be “due” for a larger earthquake. Although not explicitly discussed in this
text, the data recorded by the Haitian stations are also being used to produce improved velocity and
attenuation models for Haiti and to evaluate the site conditions beneath the stations. While seismic
monitoring in Haiti continues to be poor it has considerably improved since the time of the earthquake
and seismic awareness, at least for the moment, has increased.

8.1.6 Additional Information

By necessity this report is brief and failure to mention any particular paper on the 2010 Haiti earthquake
is not intended as a slight or a criticism by this author. Following the earthquake many papers have
been and continue to be published on the earthquake and related issues. These include a large collection
of Haiti related articles in Nature Geoscience (November 2010) and Earthquake Spectra (October 2011),
the latter of which focuses primarily on the engineering aspects of the earthquake but which includes
new earthquake hazard maps for Haiti (Frankel et al, 2011). The Earthquake Engineering Research
Institute established an online clearing house for information on the earthquake that is still available
(www.eqclearinghouse.org/20100112-haiti/). The Group on Earth Observations also has a website con-
taining a wide variety of information on the earthquake (supersites.earthobservation.org/Haiti.php).
Several conferences, including the 2010 Seismological Society of America annual meeting, the 2010 Eu-
ropean Seismological Commission general assembly, the 2010 fall meeting of the American Geophysical
Union and the 2011 meeting of the International Union of Geodesy and Geophysics included special
sessions on this earthquake. The abstract volumes for these conferences outline much of the early work
on the earthquake, some of which has been subsequently followed up and published in more detail.

8.1.7 Acknowledgements
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8.2 An overview of the Feb 27, 2010 Mw 8.8 Maule, Chile earthquake
sequence

Gavin P. Hayes
National Earthquake Information Center
United States Geological Survey
Golden, CO.
USA

8.2.1 Introduction

On February 27, 2010, at 06:34:14 UTC (03:34 at the epicenter), the Mw 8.8 Maule earthquake ruptured
an approximately 400 km long section of the South American subduction zone in south-central Chile
(epicentral location 36.12◦S, 72.90◦W, depth 22 km; USGS NEIC, http://on.doi.gov/yKhpUb). The
earthquake occurred along the subduction interface separating the Nazca and South American plates,
where oceanic lithosphere of the Nazca plate obliquely subducts beneath South America at a rate of
approximately 7.4 cm/yr (DeMets et al., 2010). This event caused extensive damage to nearby coastal
cities and excited a large near- and far-field tsunami, the former of which caused localized run-up as
high as 29 m near Constitución (Fritz et al., 2011). Aftershocks of the earthquake covered an area
approximately 700x300 km2 in size, slightly overlapping the northern extent of the great 1960 Mw 9.5
Chile earthquake to the south, and the southern extent of the 1985 M 8.2 Central Chile earthquake to
the north.

Before the Maule earthquake, the plate interface extending ∼150 km south of the mainshock hypocenter,
which had been referred to as the South Central Chile seismic gap (Ruegg et al., 2009), had not slipped
co-seismically in a large earthquake since a M 8.5 megathrust earthquake in 1835 (Figures 8.4 & 8.5).
The region north of the hypocenter, on the other hand, had partially failed during large earthquakes in
1906 (M 8.4), 1928 (M 8.0) and in 1985 (M 8.2) (e.g., Beck et al., 1998). Recent geodetic studies reveal
that the plate interface between 38.0◦S to 35.5◦S was nearly fully locked during the six year period from
1996 to 2002 (Ruegg et al., 2009; Moreno et al., 2010).

The USGS W-phase (Kanamori and Rivera, 2008; Hayes et al., 2009; Duputel et al., 2011, Deputel et
al., 2012) centroid moment tensor (CMT) solution (http://on.doi.gov/z5LHcG) indicates the earthquake
ruptured a shallow thrust fault that aligns well with the geometry of the slab up-dip of the hypocenter
(Figure 8.4), with a best double-couple fault plane of strike ϕ = 016◦, dip δ = 14◦, and rake λ = 104◦.
This solution has a seismic moment of Mo = 2.00 × 1029 dyne-cm. The CMT solution of the global
Centroid Moment Tensor project (GCMT; http://www.globalcmt.org, Ekström et al., 2012) has a seismic
moment of Mo = 1.86 × 1029 dyne-cm, in close agreement with the W-phase moment, though with a
slightly steeper dip (δ = 18◦). These solutions indicate that this earthquake, at the time, represented
the fifth-largest event recorded during the modern era of instrumental seismology (eclipsed since by the
March 11, 2011 Mw 9.0 Tohoku earthquake; Hayes, 2011; Hayes et al., 2011; http://on.doi.gov/X4d1J1).

In this paper I present an overview of the source characteristics of this mega-earthquake and the tectonic
framework of its aftershocks, inferred from studies involving this author (e.g., Hayes et al. 2012b, in

http://on.doi.gov/yKhpUb
http://on.doi.gov/z5LHcG
http://www.globalcmt.org
http://on.doi.gov/X4d1J1
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review) and from other published investigations (e.g., Rietbrock et al., 2012; Lange et al., 2012; Ryder
et al., 2012; etc). This work is thus meant to provide a review of our current understanding of this
earthquake sequence, and its implications for future events along this portion of the South America
megathrust plate boundary.

8.2.2 Mainshock Source Characteristics

In the hours and days following the Maule earthquake, several different groups published finite fault
models describing the slip distribution of this event based on seismic data (e.g., Hayes, 2010; Shao et
al., 2010; Sladen, 2010). Since then, many more models have been published with various combinations
of seismic, GPS, geologic, tsunami and InSAR data (e.g., Lay et al., 2010; Delouis et al., 2010; Tong
et al., 2011; Lorito et al., 2011; Pollitz et al., 2011; Vigny et al., 2011). Those models generally infer
earthquake source characteristics at relatively low frequencies, when inverting seismic data, or directly
infer fault displacement when using geodetics. The models can also be kinematic (again, if they are
using seismic data), thereby providing information on the time-history of the rupture process, or are
static only (when using geodetic offsets). Some authors (e.g., Lay et al., 2010; Kiser & Ishii, 2011; Wang
& Mori, 2011; Lay et al., 2012) have also analyzed the source characteristics of the earthquake at higher
frequencies using the back-projection of body waves, as discussed further below.

Vigny et al. (2011) compare how most of the finite fault models published at the time of their study fit a
dense suite of GPS displacement vectors from the epicentral region of the earthquake, collected as both
continuous and campaign data. While their model (constructed via an inversion of the GPS vectors) fits
these data best, they show that the USGS model (Hayes, 2010) fit the data reasonably well, and better
than the other seismic-only models. The majority of the misfit between the Hayes (2010) model and the
GPS data comes from a lack of slip in the southern part of the rupture area, also a problem in the other
seismic-only solutions.

Vigny et al. (2011) also note their favored low-frequency earthquake onset is shifted approximately
50 km southwest of the USGS-NEIC hypocenter. Rupture velocities for the earthquake were variably
reported as 1.75-2.75 km/s (Hayes, 2010); 2.0-2.5 km/s (Lay et al., 2010); averaging 2.6 km/s but as
high as 3.2 km/s (Delouis et al., 2010); and 3.1 km/s (Vigny et al., 2011). Finally, most models used
a single-plane geometry for their inversion (with the exception of Lorito et al., 2011), though some did
explore the affect of changing the assumed dip angle for both single (Lay et al., 2010; Pollitz et al., 2011)
and multiple (Lay et al., 2010) planes. Each models’ geometry was based on approximate fits to the
local subduction zone and/or the GCMT solution, using dips varying from 15◦-18◦ (for single-planes).

Hayes et al. (2012b) conduct an in-depth reanalysis of their original teleseismic inversion, aimed at
resolving some of these discrepancies between various published models by more fully exploring the
parameter space of the inversion procedure. In particular, they examine the effects of better accounting
for the variation in slab geometry over the rupture by dividing the model space into several individual
planes. Their results show that, while single-, three-, and five-plane models can all fit teleseismic data
reasonably well (explaining 88-90% of the inverted data), the same models produce significant differences
in fits to regional GPS data. Conversely, this implies that improvements in fits to GPS data are made
with stepwise improvements to the assumed fault geometry; in other words, careful consideration of slab
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Figure 8.4: Tectonic setting of the February 27, 2010 Mw 8.8 Maule earthquake. (a) shows the seismologic
history of the South America subduction zone; Major 20th century ruptures are shown with red polygons
representing their approximate rupture extent, following Beck et al., (1998). Approximate rupture lengths of
major pre-20th century earthquakes are shown with black lines outboard of the subduction zone for clarity. The
extent of the 2010 rupture is illustrated with a yellow polygon; the star represents the earthquake epicenter.
CMT mechanisms for the mainshock are given in the inset. The black arrow represents Nazca:South America
plate motion of 70 mm/yr. The dashed black box shows the extent of all subsequent figures, and of (b), which
shows stations from the IMAD aftershock deployment. Different symbols represent the operating institution;
black triangles are IRIS (US) stations, inverted white triangles UK, dark gray squares French, and hexagons
German. Background bathymetric data, here and in subsequent figures, is taken from the GEBCO_08 grid,
version 20100927, http://www.gebco.net).

http://www.gebco.net
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geometry can improve seismic data inversions to levels comparable to many inversions based on the local
and regional geodetic data, without the specific inclusion of those data in the inversion process.

The importance of geometrical control on resulting slip distributions is discussed further – and perhaps
dealt with most satisfactorily – by Moreno et al. (2012), who use a three-dimensional fault geometry in
a spherical-earth finite-element model to solve for a static slip distribution using regional GPS data. As
discussed below, their resulting model is very similar to those of Hayes et al. (2012b) and Vigny et al.
(2011). Moreno et al. (2012) goes on to compare co-seismic slip distributions for the 2010 earthquake
to estimates of pre-event interface coupling, in a similar manner to Moreno et al. (2010), and Lorito et
al. (2011), who reached opposing conclusions – the former implying a pre-event Constitución seismic
gap had been filled, and the latter inferring it had not. This more detailed and updated Moreno et al.
(2012) analysis confirms the earlier findings of Moreno et al. (2010) – that this gap was most likely
closed by the Maule earthquake – and indeed that the 2010 slip may have been larger than that which
had accumulated since the last megathrust earthquake in the region in 1835, implying either some local
overshoot or inherited slip deficit in the region from strain accumulation before 1835.

Resulting favored slip distributions – in the Hayes et al. (2012b; Figure 8.6), Vigny et al. (2011),
and Moreno et al. (2012) models – are similar, and indicate rupture dominated by two or three major
asperities, in the northern shallow trench near 35◦S, and in the south near 36◦S-37◦S (this slip patch
is slightly further north in the Hayes model, and is separated into two smaller patches in the Moreno
model). The Hayes model also shows a third asperity south of and along strike from the hypocenter just
off the coast, down-dip from the second asperity, and covering a larger area than a similar feature in the
Vigny model. In all models, peak slips reach approximately 15-20 m. These three models also imply
a convergence of solutions showing offshore slip was dominant in this earthquake, in contrast to some
other previous models favoring slip on the deeper portion of the megathrust (e.g., Lorito et al., 2011),
an inconsistency raised and discussed in more detail in Rietbrock et al. (2012).

Another interesting feature of the Hayes and Vigny models is a prominent slip minima very close to the
hypocenter – up-dip and to the west-northwest in the Hayes model, and west-southwest in the Vigny
model. In the latter model, this “anti-asperity” co-locates with after-slip derived in Vigny et al. (2011):
in the former model, with the approximate rupture area of the M 8.0 1928 megathrust earthquake
(Figure 8.4), though the precise slip distribution of that event is unclear. The small difference in the
location of this low-slip region in each of these models may be related to the differences in hypocentral
location, which is further south in Vigny et al. (2011). In the kinematic models of Hayes et al. (2012b),
the hypocenter is used as the point of rupture initiation, thus influencing the resulting locations of slip
on the modeled fault plane. Moreno et al. (2012) use a hypocenter closer to the Hayes model, derived
from relocations of the mainshock and aftershock sequence as discussed in the following section.

As previously mentioned, several models of high-frequency rupture propagation have also been published
via the use of the back-projection technique (Lay et al., 2010; Kiser & Ishii, 2011; Wang & Mori, 2011;
Lay et al., 2012). In general, these studies favor rupture models dominated by northward rupture
propagation, though both Kiser & Ishii (2011) and Wang & Mori (2011) also identify rupture south
of the hypocenter, with dominant frequencies much lower than those related to rupture further north.
Wang & Mori (2011) suggest these characteristics may be reflective of the coupling properties of the
megathrust prior to the earthquake, such that areas of high coupling may cause greater heterogeneity in
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Figure 8.6: Favored co-seismic slip model from Hayes et al. (2012b), from the inversion of teleseismic data
over five planes (black rectangles encompassing slip distribution) approximating the subduction zone interface
(gray dashed contours, from Slab1.0, Hayes et al., 2012a). Slip is contoured in 4m intervals. Overlain on
this slip model is the relocated aftershock catalog of approximately 2,500 events from the same study, sized
by magnitude. The thick transparent white line represents the inferred location of the Nazca:South America
plate boundary.
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fault properties and have higher overall stress, resulting in more efficient high frequency energy radiation
during subsequent earthquakes. Issues of frequency-dependent rupture properties of the megathrust have
been explored in more detail by Lay et al. (2012), after the extremely interesting observation during
the Mw 9.0 Tohoku, Japan earthquake that high-frequency energy radiation was predominantly located
along deeper portions of the plate interface than was the low frequency radiation and dominant fault slip.
They find similar patterns of depth variation in seismic wave radiation for the Maule earthquake, and
for the 2004 Mw 9.1 Sumatra earthquake, implying such features may be characteristic of megathrust
earthquakes, and highlighting the necessity for studies of earthquake rupture properties across a broad
range of frequencies.

8.2.3 Studies of the Aftershock Sequence

In the weeks following the Maule earthquake, an unprecedented international collaboration involving
teams and instruments from Chilean Universities, the Incorporated Research Institutions for Seismology
(IRIS) in the US, the Institut National des Sciences de l’Univers of the Centre National de la Recherche
Scientifique (INSU, CNRS) in France, Geo Forschungs Zentrum Posdam (GFZ) in Germany, and the
University of Liverpool in the UK was established to deploy the International Maule Aftershock Deploy-
ment (IMAD) temporary network. Over 160 mostly broadband sensors were deployed over the on-land
extent of the earthquake source region (Figure 8.6). Data from almost all of these stations were made
available immediately following their collection through IRIS and GFZ, spanning March-December, 2010.

Several published studies have produced catalogs of this aftershock sequence, both from automatic
picking of the datasets (e.g., Rietbrock et al., 2012; Lange et al., 2012) and from higher-resolution
(and conversely lower event density) earthquake relocation analysis (Hayes et al., 2012b). Analyses of
aftershock source processes have also been published, using dominantly teleseismic (Aguerto et al., 2012)
and denser regional (Hayes et al., 2012b) moment tensor data sets.

Through the automatic picking and processing of the first six months of IMAD data, Lange et al. (2012)
located over 20,000 aftershocks in the source region of the Maule earthquake. They identify several
distinct tectonic settings active during this period: 1) earthquakes in a region they call the outer rise,
outboard of the subduction zone and adjacent to the mainshock rupture; 2) plate interface seismicity
in or adjacent to the regions of highest co-seismic slip; 3) seismicity in a cluster at the deeper limit
of interface seismogenesis below the mainshock rupture zone, and thus likely associated with after-slip;
4) earthquakes at intermediate (80-120 km) depths, within the subducting slab; and 5) earthquakes
in the upper plate at the northern end of the rupture along crustal faults oblique to the subduction
zone, associated with two major normal faulting aftershocks on March 11, 2010. These authors note
that comparisons between aftershock locations and slip are dependent on the slip model used in the
comparison – in other words, reliability of the source inversion procedure and thus of the resulting
model is an important factor in studying such correlations. Comparisons of their aftershock catalog to
the Vigny et al. (2011) model show aftershock activity predominantly down-dip of the regions of highest
co-seismic slip.

The Rietbrock et al. (2012) study also uses automated picking and processing algorithms, and builds a
catalog of over 30,000 earthquakes occurring over just the first two months of the IMAD deployment. This
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study also attempts to improve upon the accuracy of automated detection algorithms by incorporating
S-wave arrivals, and by using a two dimensional velocity model. Resulting locations from the Rietbrock
catalog agree well with those from Lange et al. (2012), identifying aftershock activity outboard of the
subduction zone with the oceanic plate, in two distinct clusters along the subduction zone thrust, and
within the upper plate surrounding the Pichilemu region, where the March 11, 2010 normal faulting
aftershocks occurred. This study goes on to use aftershock distributions to discriminate between slip
models of varying quality, based on the assumption that aftershocks should generally occur in areas of
rapid transition between high and low slip, surrounding (but not co-located with) areas of high slip.
Under such a premise, the slip model of Vigny et al. (2011) is preferred over those of (for example)
Lorito et al. (2011) and Delouis et al. (2010), because aftershocks locate at the down-dip extent of
shallow high-slip regions, rather than somewhat coincident with highest slip. Their findings support
a model where aftershocks occur predominantly in the transitional regions between high and low slip,
rather than preferentially in areas of lowest slip.

The Aguerto et al. (2012) study builds on the catalog produced by Rietbrock et al. (2012), ana-
lyzing the largest events to produce a catalog of approximately 125 regional moment tensor (RMT)
solutions. They also relocate centroid moment tensor (CMT) solutions from the global CMT catalog
(http://www.globalcmt.org), adding almost 150 further moment tensors to their dataset. Using this
catalog, they infer that most large aftershocks (70%) occur on the subduction thrust interface. Like
Rietbrock et al. (2012), Aguerto et al. (2012) conclude that such events occur predominantly away from
the areas of highest co-seismic slip, based on comparisons to the slip model of Moreno et al. (2012).
Interestingly, they also note that, in contrast to their findings for large events, small (M<4) aftershocks
predominantly occur where co-seismic slip is highest, possibly as a result of processes occurring in the
damage zone around the megathrust interface.

These studies highlight the importance of an accurate source inversion for comparisons of aftershock
distributions to co-seismic slip. Also vital for such studies is confidence in the accuracy of aftershock
locations. Hayes et al. (2012b) attempt to address both issues by relocating the largest aftershocks
(producing a catalog of over 2000 well-located earthquakes, with horizontal uncertainties averaging +/-
2.8 km; Figure 8.6), and carefully analyzing modeling parameters in kinematic source inversions with
teleseismic data, aided by the forward modeling of regional GPS signals, as discussed above. They
derive a model (Figure 8.6) that fits both the teleseismic data and the available regional GPS data
better than most other published source models (which predominantly use GPS and InSAR data when
conducting joint inversions, thereby solving for the static and not the kinematic rupture history), and
derive an aftershock catalog which, while smaller than those of Lange et al. (2012) and Reitbrock et
al. (2012), provides precise locations that can be confidently used for the detailed analysis of aftershock
distributions with respect to co-seismic slip.

In addition, Hayes et al. (2012b) derive RMTs for 475 of the largest aftershocks (Figure 8.7), directly
tied in to the rest of the relocated aftershock sequence, and categorize those events by their occurrence
in the upper and lower-plates or on the subduction thrust interface based on comparisons to the Slab1.0
subduction zone geometry model (Hayes et al., 2012a). Their analyses show that, if one classifies thrust
interface earthquakes in a similar manner to Asano et al. (2011) and filters moment tensors by depth
difference from the slab (±10 km), mechanism type (thrust) and rotation angle from the interface

http://www.globalcmt.org
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geometry (within a Kagan angle of 35◦; Kagan 1991), then just over 50% of the 475 aftershocks with
RMTs can be classified as occurring on the plate boundary. Following the approach taken by Aguerto
et al. (2012) and discriminating events on just mechanism type (thrust) and depth difference from the
slab (±5 km), that number rises to 58%, in slight contrast to the figure of 70% found in Aguerto et al.
(2012). Using the entire catalog rather than just the RMT dataset, 43% of events lie within ±5 km of
the plate boundary. Like Aguerto et al. (2012), the Hayes et al. (2012b) study finds that the majority
of the interplate after-slip occurs away from peaks in co-seismic slip, where slip is either low or relatively
moderate with respect to co-seismic maxima. However, comparisons with co-seismic slip gradients show
that aftershocks do not necessarily occur where changes in co-seismic slip were most rapid; in fact, most
aftershocks locate where slip gradients are also moderate-to-low.

Also of interest in the Hayes et al. (2012b) study is that just 55% of aftershocks lie within regions
of positive Coulomb stress (Lin & Stein, 2004) resulting from their favored co-seismic slip model, just
slightly more than we might expect from a random distribution of aftershocks within the mainshock
rupture area. This is likely an artifact of the high sensitivity of Coulomb stress transfer calculations
on the precise distribution of co-seismic slip (which is calculated at a resolution of 25x18 km in the
along-strike and down-dip directions, respectively), and uncertainties in aftershock locations (several
kilometers horizontally and vertically); small changes in either can cause a switch from negative to
positive Coulomb stress transfer (Ross Stein, pers. comm., 2012). In fact, considering just the range
of vertical uncertainty of relocated aftershocks in Hayes et al. (2012b), the percentage of aftershocks
locating in regions of positive stress transfer increases to approximately 70%. Incorporating horizontal
uncertainties increases this further, to between 80% and 85%. This illustrates the care that must be
taken in comparing aftershock distributions to models of co-seismic slip.

Cross-sections through the epicentral region of the mainshock and aftershock zone (Figure 8.8) show
nicely the spatial distribution of the aftershock sequence, and the associated tectonic features they
activate. RMTs indicate a dominance of thrust faulting close to the subduction zone interface. These
cross-sections identify a set of events near the base of the seismogenic zone (e.g., A-A’, B-B’, D-D’)
that is spatially distinct from other thrust aftershocks, and helps to define the depth extent of faulting
on the plate interface in this region (at the deep limit of these events), as well as the depth-extent
of co-seismic slip (at the shallow limit of these events). Cross-section D-D’ highlights a sequence of
upper plate earthquakes near the northern end of the mainshock rupture zone, dominated by normal
faulting. These earthquakes are associated with two large M 7.0 and M 6.9 aftershocks on March 11,
2010, near Pichilemu. The sequence branches upward from and oblique to the subduction zone interface
(strikes of the largest two events are approximately 145◦ and 155◦; www.globalcmt.org), and seems to
promote subsequent aftershock activity on the up-dip portion of the megathrust plate boundary (since
all of our RMTs are associated with earthquakes subsequent to the Pichilemu events), while possibly
inhibiting activity on the portion of the megathrust directly beneath the upper plate normal faults
(Figure 8.8). Also visible in both cross-section and in map view (Figure 8.6) is aftershock activity within
the oceanic plate outboard of the subduction zone, in two clusters at the northern and southern ends of
the mainshock rupture. While the more dominant of these clusters, in the north, lies directly up-dip of
the main co-seismic asperity, the southern cluster aligns more closely with fracture zones at the south
end of the rupture, further south than the asperity between 36◦S-37◦S.
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Figure 8.7: Aftershock relocations and Regional Moment Tensors (RMTs), subdivided by their inferred
tectonic environment (upper, lower, interplate; green, blue, red, respectively). Dark gray dashed contours
represent the depth of the subducting Pacific slab in 20 km intervals, from Slab1.0 (Hayes et al., 2012a). The
thick transparent white line represents the inferred location of the Nazca:South America plate boundary. Red
lines show the boundaries of cross-sections in Figure 8.8.
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Figure 8.8: Cross-sections through the aftershock sequence, showing the depth distribution of historic (light
gray circles, thin black outlines) and aftershock (white circles, red outlines) seismicity, with symbols sized
according to magnitude. RMTs of the aftershock sequence are also shown, as rear-hemisphere projections of
the best fitting double-couple mechanism. Red dashed lines show the subduction zone interface location, from
Slab1.0 (Hayes et al., 2012a). The black solid line near the surface shows bathymetry/topography, taken from
GEBCO bathymetric data. Cross-sections are displayed from north (E-E’) to south (A-A’). For cross-section
locations, see Figure 8.7.
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8.2.4 Discussion

In this paper I summarize some of the more prominent findings derived from studies of the 2010 Maule
earthquake, with a specific focus on work related to inversions of co-seismic slip, and catalogs of subse-
quent aftershock distributions and moment tensor analyses.

Published co-seismic slip models are numerous, derived from various combinations of one or more of
teleseismic, GPS, InSAR and tsunami datasets. Many of the more recent models, such as Vigny et al.
(2011), Moreno et al. (2012), and Hayes et al. (2012b), indicate dominantly offshore slip in two-to-three
major asperities: north of the hypocenter near 35◦S, and in the south near 36◦S-37◦S. Co-seismic slips
reached 15-20 m, and the northern and southern asperities were separated by a prominent minima in slip
near the hypocenter, close to the location of the M8.0 1928 megathrust earthquake. Interestingly, while
these and other teleseismic and geodetically derived slip models favor slip on the shallower, offshore
portions of the subduction thrust, those models including tsunami data (e.g., Lorito et al., 2011; Fujii
and Satake, 2012) derive slip beneath the coastline, somewhat at odds with measurements of coastal
subsidence and uplift (Farias et al., 2010). This discrepancy has yet to be satisfactorily resolved.

Several catalogs of aftershocks and regional moment tensors for the Maule earthquake sequence have
also been published to date, taking advantage of the unprecedented multi-national deployment and
open access data of the IMAD network in the months following the mainshock rupture. The more
dense catalogs of Lange et al. (2012) and Rietbrock et al. (2012), derived from automated picking
algorithms, provide details of the tectonic settings activated by the aftershock sequence, and highlight
dependencies in correlations between co-seismic and aftershock slip on the co-seismic model chosen for
that comparison. Both studies favor slip inversions that derive slip in the shallower subduction thrust
environment (e.g., Vigny et al., 2011), and thus infer that slip in the largest aftershocks (M4+) occurs on
the fringes of high slip, in regions of transition from high-to-low co-seismic slip environments. This is also
the conclusion reached by Aguerto et al. (2012), which quantify patterns in aftershock slip distributions
and their relationship to co-seismic slip by using a moment tensor catalog made up of their own regional
moment tensors, and a relocated set of centroid moment tensors from the GCMT catalog. A detailed
relocation of the largest aftershocks, as well as a more extensive set of regional moment tensors from
Hayes et al. (2012b), provide similar results. However, Hayes et al. (2012b) find that overall a smaller
fraction of the aftershock sequence is represented by interplate thrusting (55% versus 70% in Aguerto
et al., 2012), and that of those subduction interface events, most occur in regions of low slip and low
slip gradient, rather than specifically where slip gradients are high and transitioning away from major
asperities. Importantly, Hayes et al. (2012b) also demonstrate that comparisons of aftershock locations
and co-seismic slip for the purposes of Coulomb stress transfer calculations are extremely dependent
on uncertainties in both – particularly in earthquake location – and as such errors in even relocated
earthquakes need to be taken into account in such studies.

8.2.5 Conclusions

The 2010 Maule earthquake was, at the time of the event, the fifth-largest earthquake ever recorded
in the modern instrumental era. Owing to the expansions in global and regional seismic and geodetic
networks over the past several years-to-decades, and in particular since the 2004 M 9.1 (Park et al.,
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2005) Sumatra earthquake, data from this event and its aftershock sequence were perhaps also the best
on record (since eclipsed by the 2011 M 9.0 Tohoku earthquake, offshore from Japan). Because of
this, and owing also to the advancements of processing techniques and understanding of the earthquake
source that have accompanied such data expansions, the Maule earthquake has been studied across
multiple time and frequency scales, providing results that are helping to change the way we understand
megathrust earthquake slip across the inter-, co-, and post-seismic spectrum. Such datasets for this and
other similar earthquakes (including the Tohoku event) are likely to continue to provide insights into the
behavior of megathrust plate boundaries, insights which will in turn help shape the way we characterize
and respond to earthquake hazards and their associated societal risks in the future.
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