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Figure 5. Co-seismic slip model from the inversion of teleseismic data using a single plane (black rectangle encompassing slip distribution) to approximate the
subduction zone interface (grey dashed contours, from Slab1.0, Hayes et al. 2012). Slip is contoured in 4 m intervals. Overlain on this slip model is the relocated
aftershock catalogue, sized by magnitude. The thick transparent white line represents the inferred location of the Nazca: South America Plate boundary.

As shown by Toda et al. (2011b), a more rigorous test of the
Coulomb hypothesis is to analyze not just the locations of after-
shocks with respect to the �CFS distribution imparted by the main
shock, but to also assess whether the nodal planes of those after-
shocks are promoted towards failure. This exercise involves resolv-
ing the main shock �CFS distribution onto the nodal planes of the
aftershock mechanisms, made possible by our extensive RMT cata-
logue. Furthermore, Toda et al. (2011b) showed (as had Hardebeck
et al. (1998) previously) that in order to demonstrate a causal effect
between the main shock �CFS distribution and the number of af-
tershocks brought closer to failure, one must also demonstrate that
a similar correlation does not exist with earthquakes in the same
region that could not have been triggered by the main shock—i.e.
those occurring before the Maule earthquake. In other words, the
percentage of positively stressed aftershocks must be normalized
by the percentage of positively stressed background earthquakes,
providing a percentage gain in positively stressed aftershocks with
respect to the control (background) data set.

The Coulomb software package (Toda et al. 2005; Toda et al.
2011a) has been used to assess these correlations; results are
summarized in Table 2. We have analyzed several data sets and
slip models. Our control data set of pre-Maule earthquake comes
from the gCMT catalogue, and comprises 134 earthquakes that
occurred over the same geographical region and depth interval
as the aftershocks of the Maule earthquake, over the preceding
34 yr. For post-main shock results, we analyze earthquake data sets
from the gCMT catalogue (210 events through 2012 June), and
our own relocated RMT catalogue, using both the entire data set
(465 events) and those occurring on the subduction zone inter-
face (i.e. for which we can discriminate the likely nodal plane;
235 events).

Results indicate that approximately 57–66 per cent of aftershocks
occurred along faults positively stressed by the co-seismic slip of
the main shock, depending on the aftershock data set and slip model
analyzed (Fig. 8). Furthermore, as much as 55–60 per cent of the
control data set occurred along faults brought closer to failure by
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12 G. P. Hayes et al.

Figure 6. Co-seismic slip model from the inversion of teleseismic data over three planes (black rectangles encompassing slip distribution) approximating the
subduction zone interface (grey dashed contours, from Slab1.0, Hayes et al. 2012). Slip is contoured in 4 m intervals. Overlain on this slip model is the relocated
aftershock catalogue, sized by magnitude. The thick transparent white line represents the inferred location of the Nazca: South America Plate boundary.

the main shock, leading to a gain in the percentage of positively-
stressed aftershocks of just 0–14 per cent (as many as 14 per cent
more aftershocks are brought closer to failure than the background
data set). These numbers compare to mean gains of 47 per cent
for the 2011 M 9.0 Tohoku earthquake (Toda et al. 2011b), 37–
46 per cent for the 1992 M 7.3 Landers earthquake (Hardebeck
et al. 1998), and 61 per cent for the 1999 M 7.6 Chi-Chi event (Ma
et al. 2005).

How can we interpret these results? At face value, the number of
aftershocks occurring along faults positively stressed by the main
shock is not a great deal more than would be expected from a random
process. Certainly, the gain of aftershocks brought closer to failure
versus background events is very small when compared to previous
studies. One potential weakness of our analysis is the relatively
small size of the control data set, comprising of just 134 events.
Toda et al. (2011b) used over 800 mechanisms in their analysis of
the Tohoku earthquake. Also, because we have analyzed only the
best-recorded events in our relocation procedure, our magnitude of
completeness is higher than in other studies (e.g. Ma et al. 2005),

meaning we are missing the relatively larger fraction of smaller
aftershocks that can provide more detailed information on the spatial
pattern of aftershocks (though such locations inherently have higher
uncertainties).

Two more insightful tests highlight sensitivities in our results.
First, if we consider just those aftershocks occurring outside of the
area of the main shock rupture (i.e. those earthquakes surround-
ing the rupture, rather than contained within it), our percentage
gains rise to as high as 67 per cent (Table 2). This implies results are
very sensitive to the details of the distribution of slip in the favoured
model, and critically the smoothing used in the inversion procedure.
Small changes in slip distribution can alter resulting stress distribu-
tions at a given aftershock location, such that an event negatively
stressed by one model, is positively stressed by another. The effect
of such small changes is less apparent further away from the co-
seismic slip distribution, hence the relative increase in percentage
gain in those regions. This issue thus becomes important for earth-
quakes with multiple asperities and regions of comparatively low
slip between slip highs, as is the case for the Maule earthquake, since
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Seismotectonics of the Maule earthquake sequence 13

Figure 7. Favoured co-seismic slip model from the inversion of teleseismic data over five planes (black rectangles encompassing slip distribution) approximating
the subduction zone interface (grey dashed contours, from Slab1.0, Hayes et al. 2012). Slip is contoured in 4 m intervals. Overlain on this slip model is the
relocated aftershock catalogue, sized by magnitude. The thick transparent white line represents the inferred location of the Nazca: South America Plate
boundary.

aftershocks are likely to occur in the transitional regions between
asperities, and thus whether or not their fault planes are modelled
to have positive stress changes depends on the relative locations of
slip in the co-seismic slip model, and the aftershock hypocentres.

Location uncertainty is therefore a very important issue when as-
sessing Coulomb stress transfer results. Most earthquake catalogue
locations have uncertainties as high as several tens of kilometers
(Hayes & Wald 2009). The relocated hypocentres considered here
have uncertainties on the kilometer scale, averaging less than ±
3 km horizontally. However, even considering just these small hor-
izontal uncertainties and assessing �CFS at the bounds of each
earthquake’s error ellipse, almost 90 per cent of Maule aftershocks
are consistent with occurring in regions of positive stress transfer
(when compared to the favoured 5-plane slip distribution), imply-
ing a percentage gain of as much as 50 per cent over the control
data set (Table 2, Fig. 8), almost a factor of ten increase from our
analysis considering preferred locations only. This implies we need
to have high confidence in the accuracy of both our aftershock data,

Table 1. The rms residuals computed between observed GPS vectors from
Vigny et al. (2011), and those predicted from finite fault models: (i–iii) in
this study, and (iv–vi) a selection of those analyzed in Vigny et al. (2011).
Bracketed grey values show equivalent rms residuals reported in Vigny
et al. (2011).

Model Horizontal rms (cm) Vertical rms (cm)

(i) Single-plane (Fig. 5) 50.05 46.45
(ii) Three-plane (Fig. 6) 39.63 42.50
(iii) Five-plane (Fig. 7) 39.72 32.89
(iv) Hayes (2010) 77.5 (79.54) 33.8 (36.71)
(v) Tong et al. (2010) 32.9 29.3
(vi) Vigny et al. (2011) 16.3 10.7

and our co-seismic slip model, to interpret both as being indica-
tive of support for, or against, the static stress transfer hypothesis.
This issue is especially significant for similar studies using prelimi-
nary, teleseismic slip models and aftershock locations, which likely
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Table 2. Coulomb stress transfer calculations for gCMT and RMT mechanisms, pre- and post-mainshock. Bold numbers indicate calculations excluding
all events within the polygon of modeled slip (i.e., those earthquakes surrounding the rupture zone, rather than contained within it; Figs 5–7). Stress effect
of mainshock = [100∗(% aftershocks with + �CFS/% background with + �CFS) − 100]. The last two columns incorporate location uncertainties in the
calculations of �CFS; if a given earthquake nodal plane is positively stressed at any point within the uncertainty of its’ location, it is counted.

Model % gCMT % RMT % RMT-interface % Stress effect % aftershocks with % interface aftershocks
aftershocks aftershocks aftershocks with background of mainshock + �CFS, including with + �CFS, including

with + �CFS with + �CFS + �CFS with + �CFS (% gain) location error location error

SP 58 83 57 75 60 70 59 55 −3–2 27–51
3P 58 79 66 84 63 83 58 61 0–14 30–38
5P 62 92 66 81 63 83 59 55 5–12 47–67 87 86

Figure 8. Stress changes resulting from our preferred source model (Fig. 7), resolved on nodal planes of all RMT solutions within the uncertainties of their
relocated positions. For non-interplate events, stress change on the most positive nodal plane is shown; for interplate events, stress change is shown resolved
onto the shallow, east-verging plane. Each RMT is represented by a circle, whose two colours indicate the maximum stress change at their preferred location
(upper hemisphere), and within their location limits (lower hemisphere).

involve much greater uncertainty than the relocated aftershocks and
refined slip model used here.

8 . S U M M A RY

Using data from a regional deployment of seismometers over the
rupture area of the 2010 February 27 Mw 8.8 Maule earthquake, in
addition to teleseismic data from the largest of these events recorded

globally, we have relocated a subset of nearly 2500 aftershocks oc-
curring over the 18 months following the main shock. This catalogue
provides calibrated locations accurate to within several kilometers
horizontally and vertically for the best-recorded events in the after-
shock sequence of this megathrust earthquake.

In addition, we have analyzed the RMTs of close to 500 of these
aftershocks, providing more detailed tectonic context for the af-
tershock sequence than given by hypocentral distributions alone.
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These RMTs have been inverted at our calibrated locations, and
thus can be interpreted within the same framework as our relo-
cated aftershock catalogue. Together, these data sets provide the
first integrated analysis of the aftershock distribution and tectonic
framework of the Maule earthquake that can be interpreted in light
of their formal location and fault orientation uncertainties.

Using the relocated hypocentre of the main shock, and a system-
atic analysis of the effects of fault orientation on the slip distribution
of the earthquake, we have reanalyzed the teleseismically derived
finite fault model for the Maule earthquake. By paying careful at-
tention to data selection, alignments, model parameters, and the
orientation of fault planes in the inversion (and specifically how
close they match true interface geometry), we are able to show that
slip inversions that use only teleseismic data can accurately repro-
duce co-seismic offsets at regional GPS stations; in other words,
careful consideration of slab 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. Our preferred solution inverts
for the co-seismic slip distribution of the Maule earthquake over
five adjoining planes that take into account the variation of sub-
duction zone structure both along-dip and along-strike. The model,
like many of the other recently published co-seismic slip models
(e.g. Moreno et al. 2012; Vigny et al. 2011), indicates dominantly
offshore slip in two-to-three major asperities: north of the hypocen-
tre 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 hypocentre, close
to the location of the M8.0 1928 megathrust earthquake. Interest-
ingly, while these and other teleseismic and geodetically derived
slip models favour slip on the shallower, offshore portions of the
subduction thrust, those models including tsunami data (e.g. Lorito
et al. 2011; Fujii & Satake 2012) derive slip beneath the coastline,
somewhat at odds with measurements of coastal subsidence and up-
lift (Vargas et al. 2011). This discrepancy has yet to be satisfactorily
resolved.

By comparing our relocated aftershock catalogue to the distri-
bution of slip in this refined finite fault model, we can analyze the
relationships between co- and post-seismic slip. Like the Agurto
et al. (2012) study, our results show that the majority of the inter-
plate after-slip represented by aftershocks 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 (Supporting Information Fig. S22) 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. We also find that overall
a smaller fraction of the aftershock sequence is represented by in-
terplate thrusting (55 per cent versus 70 per cent in Agurto et al.
2012).

Comparisons of our favoured slip distribution to aftershock fo-
cal mechanisms also show that care must be taken when using
Coulomb stress transfer calculations to interpret aftershock dis-
tributions. Without incorporating uncertainties in aftershock loca-
tions, just 55 per cent of aftershock nodal planes align with faults
promoted towards failure by co-seismic slip during the main shock.
When uncertainties in those locations are considered, 90 per cent
of Maule aftershocks are consistent with occurring along faults
demonstrating positive stress transfer. With respect to background
earthquake rates in the same regions, this amounts to percentage
gains of around 10 per cent or 50 per cent, respectively—vastly dif-
ferent results, derived without assessing uncertainties in the spatial

pattern of slip from our teleseismic slip model, which are likely
larger than those from our relocated aftershocks. As we note, this
effect is likely compounded by the complex nature of the slip distri-
bution of the Maule earthquake—because the rupture involved slip
over multiple asperities, and aftershocks occurred in regions of low
slip between those asperities, Coulomb stress transfer calculations
are particularly sensitive to the relative locations of both. The is-
sue would be less apparent in an earthquake with relatively simpler
slip, such as the 2011 Mw 9.0 Tohoku earthquake (e.g. Toda et al.
2011b). Nevertheless, our results suggest that location uncertainty
is an issue that needs to be considered during tests of the Coulomb
stress-triggering hypothesis in the future.
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S U P P O RT I N G I N F O R M AT I O N

Additioal Supporting Information may be ound in the online
version of this article:

Figure S1: Relocation vectors of the Maule aftershock sequence.
Relocation shifts to final locations (red circles) are shown with
black lines. Light grey dashed contours represent the depth of the
subducting Pacific slab in 20 km intervals, from Slab1.0 (Hayes
et al. 2012). The thick transparent white line represents the inferred
location of the Nazca: South America Plate boundary.
Figure S2: Rose diagram views of the Maule aftershock relocation
vectors. In (a), we show the length and azimuth of each relocation
vector; (b) shows a polar histogram of all vectors, in 5◦ bins.
Figure S3: Variation in RMT solutions caused by changes in ve-
locity model (a–c), and methodology (d–f). In (a–c), we compare
RMT solutions for a random subset of events using our preferred
Western United States velocity model, with solutions for the same
events derived with an Eastern United States velocity model. In
(d–f), we compare solutions for common events in this study with
those of Agurto et al. (2012). In all cases, differences are less than
the uncertainties estimated for our own RMT analysis.
Figure S4: Variation of RMT goodness of fit with strike, relative
to the RMS and strike of the best-fit solution. To compute each fit
value, strike is varied in 1◦ increments while holding other fault
plane parameters fixed. 4 plots are shown; in (a), events with rms
> 0.8 (13 events); (b), 0.8 > rms > 0.7 (58 events); (c), 0.7 >

rms > 0.6 (141 events); (d), 0.5 > rms > 0.5 (73 events). Each
grey line represents the fit function for an individual event; red lines
are averages over all events in each bin. Green lines represent the
associated range in acceptable solutions, corresponding to those
solutions whose rms is 90 per cent or more of the best-fit value.
Figure S5: Variation of RMT goodness of fit with dip, relative to the
rms and dip of the best-fit solution. See Fig. S4 caption for details
of panels and symbology.
Figure S6: Azimuthal gap dependent rotation angle uncertainty,
derived from an analysis of how uncertainties in RMT solu-
tions affect moment tensor rotation angles, and how these un-
certainties vary with the azimuthal gap in data coverage for a
given RMT solution (a proxy for RMT location). The red line
shows the relationship derived via linear regression; the black
dashed line shows the suggested rotational angle used by Asano
et al. (2011).
Figure S7: Regional moment tensor tectonic classifications. For
well-constrained moment tensors, panels (a), (d) and (g) show upper
plate events (green); (b), (e) and (h) interplate (red), and (c), (f) and
(i) lower plate (blue). As discussed in the Supporting Information
text, we follow three approaches of classification. The first (panels
a–c) assumes events with rotation angles with respect to the slab
of greater than 35◦ are upper or lower plate events. In a second

approach (panels d–f), we develop a location-dependent filter, in
which this minimum rotation angle varies with location according to
azimuthal gap (Fig. S6). In a third approach (panels g–i), we merge
the previous two, using a location-dependent filter for minimum
rotation angle that cannot be lower than 35◦.
Figure S8: Regional moment tensor tectonic classifications for
poorly constrained moment tensors. See caption to Fig. S7 for de-
tails. Here, dark green, orange and light blue moment tensors are
upper, inter and lower plate events, respectively.
Figure S9: Differences between each approach of tectonic classifi-
cation. In (a), moment tensors are those well-constrained solutions
that are different in approach 2 (variable rotation angle) with re-
spect to approach 1 (fixed rotation angle, 35◦). In (b), moment
tensors are those well-constrained solutions that are different in ap-
proach 3 (variable rotation angle, minimum 35◦) with respect to
approach 1. In (c), moment tensors are those well-constrained so-
lutions that are different in approach 3 with respect to approach 2.
Panels (d)–(f) show the same comparisons for poorly constrained
solutions. Green/dark-green moment tensors are upper-plate solu-
tions, red/orange interplate, and blue/light-blue lower plate.
Figure S10: Cross-section A-A′ through the aftershock sequence
showing the depth distribution of historic (light grey circles, thin
black outlines) and relocated aftershock (dark grey circles, red out-
lines) seismicity, with symbols sized according to magnitude. For
cross-section locations, see Fig. S1. RMTs of the aftershock se-
quence are also shown, as rear-hemisphere projections of the best
fitting double-couple mechanism, subdivided by their inferred tec-
tonic environment (upper-, inter- lower-plate; green, blue, red; in
(a), (d), and (f), respectively). Red dashed lines show the subduc-
tion 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. Panels (b), (e) and (g) show
the angular rotation of each RMT mechanism from the subduc-
tion zone interface at the same horizontal location along the cross-
section. Small angles (<∼35◦, blue-white) align closely with the
interface; large angles (>∼35◦, white-red) do not. Panel (c) shows
the approximate moment distribution of interplate aftershocks per
kilometer along the dip direction of the subduction zone (red line
with grey shading), versus co-seismic slip (grey line). Light grey
lines are slices through the favoured co-seismic slip model (figure
7) every 2 km along strike over the ± 50 km width of the cross-
section. Dark grey line is the slice in the middle of the section, and
the dashed blue line is the average of all slices.
Figure S11: Cross-section B–B′. See caption to Fig. S10 for details
of panels and symbology.
Figure S12: Cross-section C–C′. See caption to Fig. S10 for details
of panels and symbology.
Figure S13: Cross-section D–D′. See caption to Fig. S10 for details
of panels and symbology.
Figure S14: Cross-section E–E′. See caption to Fig. S10 for details
of panels and symbology.
Figure S15: Rose diagrams of RMT rotations with respect to the
local slab surface. In (a), (c) and (e), we show rotations in the
shallow east-dipping plane of each RMT with respect to the slab
for events in the north, central, and southern parts of the aftershock
sequence, respectively. Grey shading represent all events in each
region; blue shaded bars represent those interpreted as lower-plate
earthquakes. In (b), (d) and (f), we show full rotation angles of each
RMT moment tensor with respect to the slab for events in the north,
central, and southern parts of the aftershock sequence, respectively.
The black dashed line at 35◦ marks the cutoff between interplate
and upper/lower plate events suggested by Asano et al. (2011).
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Figure S16: Seismic waveform fits for the single-plane finite fault
model (Fig. 5), for (a) P-, SH-, and (b) long-period (vertical, Z, and
horizontal, T) data. Relative weights are represented by thickness
(e.g. transverse (T) component of station FDF) of data (black) and
synthetics (red). Numbers at the beginning of each record represent
distance (in degrees, bottom) and azimuth (in degrees, top) to sta-
tion, while numbers at the end of each record represent the peak
amplitude of the data.
Figure S17: Observed and computed static displacement field using
the single-plane finite fault model (figure 5). Horizontal vectors are
shown in red, vertical in blue, for observations (a), model predictions
(b), and residuals (c). Mean horizontal and vertical residuals are 50.1
cm and 46.5 cm, respectively.
Figure S18: Seismic waveform fits for the three-plane finite fault
model (figure 6), for (a) P-, SH-, and (b) long-period (vertical, Z,
and horizontal, T) data. Relative weights are represented by thick-
ness (e.g. transverse (T) component of station FDF) of data (black)
and synthetics (red). Numbers at the beginning of each record rep-
resent distance (in degrees, bottom) and azimuth (in degrees, top)
to station, while numbers at the end of each record represent the
peak amplitude of the data.
Figure S19: Observed and computed static displacement field using
the three-plane finite fault model (figure 5). Horizontal vectors are
shown in red, vertical in blue, for observations (a), model predictions

(b), and residuals (c). Mean horizontal and vertical residuals are 39.6
and 42.5 cm, respectively.
Figure S20: Seismic waveform fits for the favoured, five-plane finite
fault model (Fig. 7), for (a) P-, SH-, and (b) long-period (vertical, Z,
and horizontal, T) data. Relative weights are represented by thick-
ness (e.g. transverse (T) component of station FDF) of data (black)
and synthetics (red). Numbers at the beginning of each record rep-
resent distance (in degrees, bottom) and azimuth (in degrees, top)
to station, while numbers at the end of each record represent the
peak amplitude of the data.
Figure S21: Observed and computed static displacement field us-
ing the favoured five-plane finite fault model (figure 5). Horizontal
vectors are shown in red, vertical in blue, for observations (a),
model predictions (b), and residuals (c). Mean horizontal and ver-
tical residuals are 39.7 cm and 32.9 cm, respectively.
Figure S22: For each slip model (i)–(iii) (Figs 5–7), (a)
compares interplate aftershocks (Fig. 4) to normalized slip,
and (b) to normalized slip gradient (http://gji.oxfordjournals.
org/lookup/supp1/doi:10.1093/gji/ggt238/-/DC1).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the article.
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