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a b s t r a c t

The Maule, Chile, (Mw 8.8) earthquake on 27 February 2010 triggered deformation events over a broad
area, allowing investigation of stress redistribution within the upper crust following a mega-thrust
subduction event. We explore the role that the Maule earthquake may have played in triggering
shallow earthquakes in northwestern Argentina and Chile. We investigate observed ground deformation
associated with the Mw 6.2 (GCMT) Salta (1450 km from the Maule hypocenter, 9 h after the Maule
earthquake), Mw 5.8 Catamarca (1400 km; nine days), Mw 5.1 Mendoza (350 km; between one to five
days) earthquakes, as well as eight additional earthquakes without an observed geodetic signal. We use
seismic and Interferometric Synthetic Aperture Radar (InSAR) observations to characterize earthquake
location, magnitude and focal mechanism, and characterize how the non-stationary, spatially correlated
noise present in the geodetic imagery affects the accuracy of our parameter estimates. The focal
mechanisms for the far-field Salta and Catamarca earthquakes are broadly consistent with regional late
Cenozoic fault kinematics. We infer that dynamic stresses due to the passage of seismic waves associated
with the Maule earthquake likely brought the Salta and Catamarca regions closer to failure but that the
involved faults may have already been at a relatively advanced stage of their seismic cycle. The near-field
Mendoza earthquake geometry is consistent with triggering related to positive static Coulomb stress
changes due to the Maule earthquake but is also aligned with the South America-Nazca shortening di-
rection. None of the earthquakes considered in this study require that the Maule earthquake reactivated
faults in a sense that is inconsistent with their long-term behavior.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Stress within the lithosphere controls the distribution of
deformation (seismic and aseismic), making constraints on the
absolute state of stress an attractive target for geophysical research.
However, stress is one of the most difficult quantities to measure,
particularly over scales larger than those sampled by individual
borehole breakout observations. Because earthquakes occur when
deviatoric stresses exceed the frictional resistance along pre-
existing faults or the rock strength, the style of earthquake defor-
mation is often used as a proxy for characteristics of the stress field
(e.g., Hicks et al., 2000; Hardebeck, 2010). Aftershocks, which
Snee Hall, Ithaca, NY 14850,
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generally occur within one to two fault lengths of a mainshock or in
the near-field, offer the opportunity to investigate the shorteterm
evolution of stress within a seismogenic zone (e.g., Stein and
Lisowski, 1983; Hardebeck, 2012). Regions of high aftershock den-
sity often correlate with locations of estimated increases in static
Coulomb stress (SCS) (e.g., King et al., 1994; Kundu et al., 2012;
Sevilgen et al., 2012; Toda et al., 2012). In contrast, dynamically
triggered far-field events frequently occur greater than one to two
fault lengths from the mainshock where the SCS changes are
negligible, but where transient stress changes due to the passage of
seismic wavesmay be significant (e.g., Hill et al., 1993; Prejean et al.,
2004; Velasco et al., 2004; Pollitz et al., 2012). These changes in
transient stresses can trigger immediate seismicity or promote
delayed earthquakes by processes that may involve evolution of
rate- and state- friction parameters along the target fault planes
(e.g., Gomberg et al., 1997) or elevated pore pressure (e.g., Roeloffs
et al., 2003).
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Fig. 1. Location of earthquakes in this study. Circles indicate shallow earthquakes
(depth � 50 km), between 27 February, 2010e27 March, 2010- large:Mw � 6, medium:
5 �Mw < 6, small: Mw < 5. Locations of labeled crustal earthquakes are from our InSAR
work, the INPRES seismic network and the PDE and GCMT catalogs. Non-labeled
earthquakes are from the PDE catalog. Font denotes level of InSAR analysis per-
formed- bold: full inversion, regular: estimate minimum depth, italic: interferograms
poor quality. Dashed black rectangle outlines the Salta path 97 interferogram area in
Fig. 2. Focal mechanisms are from our InSAR analysis (yellow), our seismic analysis
(orange), and the GCMT catalog (black). Black squares are stations from the INPRES
seismic network. Red triangles are volcanoes listed in the Smithsonian Institution’s
Global Volcanism Program. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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The 2010 Maule, Chile (Mw 8.8) earthquake, which ruptured
over 500 km of the South America-Nazca subduction zone (e.g.,
Lorito et al., 2011), is associated with many observations of defor-
mation covering a wide range of temporal scales at varying dis-
tances from the main event. The Pichilemu seismic sequence,
which occurred in the forearc upper crust suggests that the Maule
earthquake reactivated extensional structures active during large
Quaternary subduction events (Farías et al., 2011; Aron et al., 2013).
The subsidence of five calderas in the Andean Southern Volcanic
Zone following the Maule earthquake is potentially related to the
coseismic release of fluids at hydrothermal systems (Pritchard et al.,
2013). The passage of surface waves from the Maule earthquake is
associated with two days of increased seismicity at the Uturuncu
volcano in southern Bolivia (Jay et al., 2012), as well as micro-
earthquakes near the Coso Geothermal Field, California (Peng et al.,
2010). Month-long increases in seismic tremor and modulation of
ongoing slow slip events along the Guerrero, Mexico subduction
zone suggests long-lived effects from the Maule earthquake
(Zigone et al., 2012).

In this paper, we investigate the seismic and geodetic data
associated with several continental earthquakes of wMw 5.0 or
greater in northwestern Argentina and Chile (Fig.1) that were likely
triggered by the Maule interplate earthquake. We characterize the
fault geometry for three events using seismic and Interferometric
Synthetic Aperture Radar (InSAR) observations. In cases where no
observable deformation is present (five earthquakes), despite the
presence of good-quality InSAR imagery, we estimate theminimum
centroid depths that would result in the predicted deformation
signal to be smaller than the noise. The remaining three events are
only spanned by low-quality interferograms that do not warrant
further investigation.

InSAR data, which can be used to precisely locate earthquakes in
space (e.g., Lohman and Simons, 2005a), may have a temporal
uncertainty of weeks to years based on the finite timespan of the
available interferograms. InSAR is complementary to seismic data
which provides highly accurate constraints on earthquake timing
but may have a 10e50 km error in epicenter location, particularly
from regional or global networks in sparsely instrumented areas
(e.g., Lohman and Simons, 2005a; Weston et al., 2011; Devlin et al.,
2012). For the three events observable with InSAR, we estimate the
uncertainty associated with our inferred solutions due to atmo-
spheric and ionospheric noise using both standard Monte Carlo
approaches and a visual assessment. We find that the visual
assessment, while less rigorous, avoids problems involving the
difficulty in characterizing the statistical behavior of the highly
spatially variable noise present in interferograms. We evaluate the
consistency between our inferred focal mechanisms, stain in-
dicators determined from mapped faults, plate-scale convergence
direction and SCS changes due to the Maule earthquake. We infer
that the location and geometry of the triggered events do not
require that theMaule earthquake is associated with stress changes
that overwhelmed the style of long-term stress in each region.

2. Characterizing noise in interferograms

The reported results of geophysical inversions typically take the
form of “best-fit” models that produce the closest fit to the dataset
in a least squares sense. The associated uncertainty ideally includes
the effects of noise present in the data and errors in the type of
model used to simulate the behavior of earth materials. In cases
where the statistical behavior of the noise can bewell characterized
and the inversion is linear, error bounds on fault parameters can
easily be determined by propagating the data covariance matrix
through the inversion to form a model covariance matrix. For non-
linear problems, linearized inversions or Monte Carlo sensitivity
tests can provide error bounds on model parameters. In a Monte
Carlo error analysis, many independent realizations of the noise are
added to either the data (e.g., Wright et al., 2003) or the predicted
model (e.g., Lohman and Simons, 2005b; Barnhart and Lohman,
2010a). An inversion is performed on each predicted dataset, and
error bounds are derived from the full set of models. If the char-
acteristics of the noise are estimated poorly, the error bounds will
be inaccurate.

A significant source of noise in InSAR originates from interfer-
ometric phase delays due to the variability in atmospheric water
vapor and ionosphere characteristics. Atmospheric and ionospheric
artifacts, which are spatially coherent over length scales of tens to
hundreds of kilometers (e.g., Emardson, 2003; Lohman and Simons,
2005b), are difficult to characterize because their statistical
behavior may vary significantly within the area of an interferogram
(e.g., Barnhart and Lohman, 2013a). Tropospheric water vapor
variations are also frequently spatially correlated with topography
(e.g., Fujiwara et al., 1998) exacerbating the problem of spatially
non-stationary noise.



Fig. 2. Spatially correlated noise in unwrapped interferograms from path 97 spanning the Salta earthquake. (a) Interferogram spanning 5 April, 2008e27 May, 2010 with large
magnitude of topographically correlated noise (T), likely due to variations in atmospheric water vapor content. Note that the signal due to the earthquake (EQ) is of similar size and
magnitude to features in the noise. (b) Spatially correlated ionospheric banding (I) with magnitude that exceeds that of the earthquake (EQ) in interferogram spanning 4 October,
2007e11 April, 2010 (c) Topography from NASA’s STRM DEM (Farr et al., 2007), for comparison.
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The effect of noise can be mitigated by excluding interferograms
with significant atmospheric signatures (e.g., Massonnet et al.,
1994), stacking many interferograms to average out the atmo-
spheric component (e.g., Zebker et al., 1997), correcting for the at-
mospheric signal using independent data from satellites or weather
models (e.g., Li et al., 2005; Elliott et al., 2008), or penalizing
topographically correlated signals with a wavelet filter (e.g.,
Hetland et al., 2012). However, tropospheric and ionospheric effects
always still persist at some level, and must be assessed if we are to
place meaningful bounds on inversion results.
3. Data

We use seismic data from the permanent seismic network of the
Argentine Instituto Nacional de Prevención Sísmica (INPRES) to
study the Salta, Catamarca, Mendoza, San Juan and Tunuyán
earthquakes (Fig. 1). For the Salta, Catamarca and Atacama earth-
quakes, we also use the Global Centroid Moment Tensor (GCMT)
catalogs (Dziewonski et al., 1981; Ekström et al., 2012). For all
events, we also refer to the Preliminary Determination of Epicen-
ters (PDE) solution from the National Earthquake Information
Center (NEIC).

We produced interferograms using L-band (23.6 cm) SAR im-
agery from the PALSAR instrument on the Japanese Aerospace
Exploration Agency’s (JAXA) Advanced Land Observing Satellite
(ALOS), made available at the Alaska Satellite Facility through an
agreement between NASA and JAXA. The available interferograms
are all from ascending trackswith perpendicular baselines less than
1080 m. The signal for each earthquake where deformation is
observed is covered by two independent, overlapping tracks. The
two viewing geometries provide stronger constraints on earth-
quake fault geometry than would be possible with data with a
single satellite line-of-sight (LOS) direction (e.g., Lohman et al.,
2002). Unfortunately, no data from ALOS descending tracks span-
ning the earthquakes with significant deformation were acquired,
and data acquired from the C-band (5.6 cm) European Space
Agency’s Environmental Satellite (ENVISAT) have poor coherence
due to the non-optimal temporal spacing of the available data and
the faster decorrelation timescale of the shorter wavelength C-band
interferograms. We processed all interferograms using the Repeat
Orbit Interferometry PACkage (ROI_PAC) from Rosen et al. (2004).
We removed topographic effects with a 90 m digital elevation
model (DEM) produced by NASA’s Shuttle Radar Topography
Mission (SRTM, Farr et al., 2007).

4. Methods

4.1. Seismicity

In addition to the PDE and GCMT location for the earthquakes,
we use observations from local and regional INPRES stations, when
available. For instance, for the largest, best-recorded Salta earth-
quake, we estimate the hypocenter location from 18 arrival times,
including five S-wave phases from local and regional INPRES sta-
tions (Fig. 1) using the program Hypocenter (Lienert, 1994). We
assume a seismic velocity structure consistent with a crustal
thickness of 60 km based on Cahill et al. (1992). We estimate the
focal mechanism using 24 P-wave polarities and 16 SV/P, SH/P and
SV/SH amplitude ratios allowing for a maximum of four misfit
polarities using FOCMEC (Smoke, 2003).

4.2. InSAR

Individual interferograms (Fig. 2) contain several million data
points, making their use at full resolution during fault parameter
inversions computationally unfeasible. We downsample the in-
terferograms according to the fault resolution-based algorithm
developed by Lohman and Simons (2005b), which substantially
decreases the number of data points with minimal loss of relevant
information (Fig. 3). The variance of each resampled point is a
function of the number of data points used in each average and
their spatial covariance, estimated from the interferogram itself.

As an initial constraint on fault parameters, we model the
earthquake as a single rectangular dislocation in an elastic half-
space (Okada, 1985). We search for the best-fit location and ge-
ometry using the Neighborhood algorithm (Sambridge, 1999), an
iterative global search method that progressively focuses in on
regions of the parameter space with better fits to the data. After
finding the best-fit location and focal mechanism, we invert for
spatially variable slip across a fault plane with the same centroid



Fig. 3. Full-length interferograms showing the Salta earthquake spanning 5 April, 2008e27 August, 2010 in (a) and (b), and 7 February, 2010e25 March, 2010 in (c) and (d). The
downsampled inteferograms in (b) and (d) are used in the earthquake parameter inversions. A negative signal is ground motion towards the satellite. Arrows show look direction
and satellite azimuth. The AeA0 line indicates the location of transect in Fig. 9. Pixel size is 100 m.
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location and geometry but a larger area (Fig. 4), discretized with
triangular dislocations chosen to optimize the spatial resolution of
slip on the fault plane given the available data (Barnhart and
Lohman, 2010b).

To estimate error bounds on our inferred source parameters we
perform Monte Carlo sensitivity tests with 1000 realizations of the
noise (Lohman and Simons, 2005b; Barnhart and Lohman, 2010b).
We use the best model based on our visual method (described
below) as a starting point, although the error bounds are not
heavily dependent on the exact choice of model. The error bounds
derived from the resulting family of fault location and slip models
reflect only the uncertainty given the noise characteristics esti-
mated directly from the data, assuming that the noise is spatially
stationary across each interferogram (e.g., Lohman and Simons,
2005b). True error bounds that reflect our incomplete knowledge
of crustal elastic structure, complex fault geometry, non-seismic
deformation sources, and non-stationary noise would likely be
larger.

Several of the interferograms are marked by obvious iono-
spheric or atmospheric artifacts, resulting in banding across a
portion of the image or signals that clearly correlate with topog-
raphy (Fig. 2). This is a clear example of the types of spatially non-
stationary noise that can be difficult to characterize statistically. To
assess how our characterization of errors on the solution may be
impacted by the existence of spatially non-stationary noise in our
interferograms, we explore a visually based qualitative approach as
well. We generate 144 models that represent a coarse grid search
over all possible combinations of strike and dip values (Fig. 5). The
fault location and remaining slip parameters for each fault orien-
tation are optimized using the Neighborhood algorithm inversion
method described above. This “non-linear search within a global
search” approach selects the optimal model for each fixed fault
orientation and provides a different view of the parameter space
than when all parameters are optimized simultaneously.

We use two metrics to evaluate each fault orientation model.
The first (quantitative) metric is the weighted root-mean-square
(RMS) of the residual deformation signal remaining after the pre-
dicted deformation is removed from the data (contour in Fig. 5c).
The standard “best-fit” model minimizes the RMS residual. The
second (qualitative) metric is based on a visual inspection of each
slip model and residual, and an assessment of whether the pre-
dicted deformation satisfactorily represents key features present in
the data (symbols in Fig. 5c, InSAR solutions in Table 1, fault slip
distributions in Supplementary Materials). We distinguish between
cases where the residual deformation signal is dominated by fea-
tures that are likely associated with the coseismic signal (Fig. 6),
and those where the residual signal is correlated with topographic
features and note when the residual deformation signal is similar
between independent interferograms. Throughout, we show the
data and prediction on the same color scale, and the data residual
on a different color scale to highlight smaller features. The visual
inspection method is subjective, but the resulting set of “accept-
able” fault orientations may better reflect the true fault parameter
uncertainty than approaches that require accurate estimates of the
noise characteristics.

4.3. Consistency between InSAR and seismic data

We assess the difference between the earthquake locations
inferred using seismic data and the InSAR results. In addition to
inverting the InSAR data in the non-linear search approach, we also
perform inversions where we fix the strike, dip, and rake to each of
the seismic solutions and leave the hypocenter and fault di-
mensions as free parameters. Effectively, this generates an addi-
tional data point for each seismic model in the “nonlinear search
within a global search” described above (hexagons in Fig. 5 and
later figures).

4.4. Consistency between InSAR and geologic data

To relate the events in this study to permanent deformation
trends, we use late Cenozoic fault orientations in the Quebrada del
Toro region of northwestern Argentina. The fault kinematics are
characterized by a change in the horizontal shortening direction
from NWeSE to NE-SW that occurred 4.17e.98 Ma, which may
represent an absolute change in South American plate motion
(Marrett et al., 1994; Marrett and Strecker, 2000). The most recent
deformation sequence appears to be aligned with the modern
South America-Nazca shortening direction (DeMets et al., 1994)
and still active today based on kinematics inferred from faults that
cut young deposits (Marrett et al., 1994; Marrett and Strecker,
2000) and seismicity in the Jujuy province of northwestern
Argentina (Cahill et al., 1992). For the Salta earthquake, we use the
Sola and La Poma valley faults located approximately 25 and 40 km,
respectively, from the Salta earthquake (Marrett et al., 1994). The
Sola fault (Fig. 7) strikes NWeSE and has accommodated Cenozoic
through Quaternary dip-slip motion characterized by WSWeENE
shortening and subvertical extension (Marrett et al., 1994). The La
Poma valley faults express moderately SSW-plunging to sub-
horizontal ENE-WSW shortening and NW-plunging to subvertical
extension. Geologic mapping of Quaternary structures has high-
lighted dominantly NS striking and east dipping faults surrounding
the Salta epicenter (Fuertes et al., 1997; García et al., 2013).
Although the Quebrada del Toro region is structurally complex,



Fig. 4. Results for the 2010 Salta earthquake. (a)e(f): full-resolution interferograms, (g)e(i): downsampled interferograms, (m)e(r): predicted deformation for fault plane striking
180� and dipping 30� to the west (other parameters in Table 1), (s)e(x): residual interferogram. Black dot in (a)e(f) is the Salta epicenter determined from the INPRES seismic
network. The dates spanned by each interferogram are in Table 3.

Fig. 5. Results for the Salta earthquake: Plots are lower-hemisphere stereographic projections showing: (a) Seismic focal mechanism using INPRES data from Sánchez (2012). (b)
Monte Carlo sensitivity test from 1000 simulations highlighting preferred fault orientations. (c) Summary of fault parameter inversion: Grid search results are contoured by RMS
residual, and the visual assessment results are shown by the diamond and circle symbols. Results from InSAR and seismic models (hexagon) are shownwith the same color scheme.
(d), (e), (f) Comparison of kinematic indicators (shortening, extension, and slip or striae direction) highlighting the similarity between the geometry of the Salta earthquake, local
late Cenozoic faults (Marrett et al., 1994) and the plate-scale shortening direction (DeMets et al., 1994). All stereonets plotted using routines from Allmendinger et al. (2012). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Earthquake fault parameters: Dates from the InSAR models indicate the satellite acquisitions. * denotes value was fixed in the inversion.^denotes local magnitude. Refer to
Figs. 5, 11 and 13 for error estimates. Rake values are in the Aki and Richards (1980) convention.

Earthquake Time/Date Strike(�) Dip(�) Rake(�) Lat. (�) Lon. (�) Depth (km) Mw

Salta (InSAR) 07/02/10e25/03/10 180* 30* 111 �24.85 �65.76 7.1 6.1
Salta (InSAR) 07/02/10e26/03/10 150* 30* 093 �24.86 �65.76 7.0 6.1
Salta (INPRES) 15:45:36/27/02/10 127 58 033 �24.842 �65.685 8.1 � 1.5 6.3
Salta (GCMT) 15:45:43/27/02/10 162

342
25
66

097
087

�24.91 �65.59 27 6.2

Catamarca (InSAR) 24/03/08e15/08/10 165* 45* 000 �25.85 �67.00 7.9 5.8
Catamarca (INPRES) 17:03/08/03/10 e e e �25.71 �66.62 10 5.8
Catamarca (GCMT) 17:03:22/08/03/10 149

58
75
84

006
165

�25.94 �66.84 15.1 5.8

Catamarca (GCMT) 13:02:27 05/05/10 136
228

46
88

�003
�136

�25.90 �67.06 17.1 5.1

Mendoza (InSAR) 15/02/10e03/04/10 180* 30* 075 �34.60 �69.99 .9 5.2
Mendoza (INPRES) 05:15/28/02/10 e e e �33.85 �68.68 15 4.9̂
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these faults may approximate the modern structural style at the
Salta epicenter, because the distance between the faults and the
Salta epicenter is less than the crustal thickness of 45e50 km (Lloyd
et al., 2010) and the fault kinematics are consistent with plate-scale
motion. For the Catamarca earthquake, we rely on the average
shortening direction from field sites in the Puna plateau and
Argentine foreland (Marrett et al., 1994), which we term the
regional shortening direction. The broad consistency between the
shortening directions inferred in several studies (Grier et al., 1991;
Marrett et al., 1994; Coutand et al., 2001), and the most recent
sequence with the modern plate convergence direction suggests
that this averaging may be appropriate.

4.5. Static Coulomb stress changes

We use the Maule earthquake coseismic slip distribution pro-
duced by Lorito et al. (2011) to evaluate if SCS changes promoted
Fig. 6. Examples of acceptable and unacceptable predicted deformation fields. (a) Downsa
Predicted surface displacement using the acceptable 165/45 and the unacceptable 345/75 fau
discriminate between acceptable and unacceptable slip models.
the earthquakes in this study. Lorito et al. (2011) incorporated GPS,
InSAR and tsunami height observations to invert for the slip along
200 25 � 25 km2 patches covering a 625 km long and 200 kmwide
fault plane. We predict the SCS change in an elastic half-space
(Meade, 2007) at each target fault in our grid search using fric-
tion coefficients of m ¼ 0, .2, .4, .6, .8, and 1. We use an elastic half-
space, so our analysis does not include any contributions from the
3D heterogeneity in elastic parameters that are likely present near
the Mendoza signal, as it is associated with a recently-active
caldera.

4.6. Other earthquakes e depth sensitivity

Of the 11 seismically reported events of Mw 5 or greater that
occurred outside the interplate aftershock cluster and within three
fault lengths of the Maule epicenter, five additional events (Fig. 1,
Table 2) were spanned by good quality interferograms, but lacked a
mpled path 99 interferogram spanning 24 March 2008e15 February 2011. (b) and (d)
lt models, respectively. (c) and (e) data residuals. Arrows highlight key features used to



Fig. 7. Shaded relief map near Salta, NW Argentina showing mapped faults (modified
from Fuertes et al., 1997; García et al., 2013) and poles to the Plio-Quaternary Sola and
La Poma valley faults (Marrett et al., 1994).

Fig. 8. Annual seismic moment release during1973e2010 for shallow events
(depth < 50 km) in a 300 km radius about the Salta epicenter contained the PDE
catalog. White bars represent the moment release of individual events, and grey bars
are sized to Mw 5.0 as an upper bound magnitude estimate for earthquakes without a
cited magnitude. Note the increase in seismicity in 2010.
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detectable geodetic signal. We evaluated forward earthquake
models (Okada, 1985) using the magnitude estimated from seismic
data, stress drops of 100 bars, and a range of focal mechanisms. The
minimum depth permissible by the InSAR dataset (Table 2) is
defined as the shallowest fault plane producing a deformation
signal that would likely be hidden by the noise in the available
interferograms. The North San Juan, Neuquén, and Aisén earth-
quakes are covered by low quality interferograms that do not merit
investigation (Table 2).
5. Results

5.1. The Salta earthquake

The Salta earthquake, which occurred 9 h after and 1450 km
from the Maule earthquake hypocenter, is the earthquake furthest
from theMaule epicenter examined in this study. The earthquake is
associated with two deaths, multiple injuries and infrastructure
damage the near the epicenter, and Modified Mercalli seismic in-
tensity values of VII within the city of Salta. Historically, other
damaging events such as Talavera del Esteco earthquake in 1692,
with an intensity value of VIII and subsequent events in 1844, 1971,
1874, 1908, 1930, 1948, 1973 and 1974 (INPRES, 2005) were felt in
the province of Salta. The 2010 Salta earthquake represents a sig-
nificant peak in the moment release only hours after the Maule
earthquake relative to the preceding 36 years, since the advent of
the PDE catalog (Fig. 8). The large increase in seismicity in Salta
shortly following the Maule earthquake suggests an association
between the two events, where the Salta event may be a result of
delayed dynamic triggering due to the passage of the seismic waves
(e.g., Hill et al., 1993; Prejean et al., 2004; Velasco et al., 2004;
Pollitz et al., 2012).
Table 2
Earthquakes with no observed deformation: The first six columns are results from seism
indicates earthquakes where the InSAR quality was poor. (*) indicates that earthquake w

Earthquake Time/date Lat. (�)

Atacama (*) (GCMT) 14:52:11 26/03/10 �28.11
Atacama (*) (PDE) 14:52:07 26/03/10 �27.95
San Juan (INPRES) 06:51:17 27/02/10 �31.66
Tunuyán (INPRES) 08:15:17 28/02/10 �33.84
S Mendoza (PDE) 10:53:53 04/03/10 �35.87
North Aisén (PDE) 17:38:33 03/03/10 �43.84
North San Juan (PDE) 21:56:43 02/03/10 �30.25
Neuquén (PDE) 02:09:35 02/03/10 �39.76
Aisén (PDE) 09:32:21 18/03/10 �44.18
Using the INPRES seismic network, we estimate the location to
be 24.842�S, 65.685�W and the depth to be 8 km, with un-
certainties of 2 km and 1.5 km, respectively (Sánchez, 2012). The
focal mechanism indicates a left lateral reverse strike-slip solution
along a fault with a strike of 127�, a dip of 58�e59� to the southwest
and a rake of 33�e34�.

The Salta earthquake InSAR deformation signal is centered at
the southern end of a NNW trending valley, although the entire
signal covers several valleys and ridges with 2300m of topographic
relief. The signal (Figs. 3 and 4) includes a lobe of LOS shortening to
the east of a lobe of LOS extension that is partially correlated with
topography, which together represent a maximum of 9e18 cm of
LOS displacement. While increased displacement within coseismic
interferograms correlates with the length of the post-seismic
timespan (Table 3), individual interferograms covering only the
postseismic period do not show deformation that exceeds the noise
level. For the distributed slip inversion, we divide the interfero-
grams into “short” and “long” groups based on the length of the
post-seismic timespan (Table 3). Our results show no appreciable
difference between the two groups.

Theweighted RMS residuals for the fixed orientation grid search
vary smoothly with fault orientation. NS to NE-SW striking and W
to NW dipping faults produce the lowest residuals (Fig. 5). The 180/
30 fault plane model (Fig. 4, Table 1), deemed “acceptable” by our
visual inspection and which we define as the “best” model for this
earthquake, captures the overall shape and magnitude of the
deformation signal, and results in small residual deformation fea-
tures that are not consistent between interferograms.

The large atmospheric features in the data, which are compa-
rable in magnitude and shape to the nearly radially symmetric
coseismic signal, allow a wide range of fault orientations to be
consistent with the data. Fault orientations associated with low
RMS residual values for the Salta earthquake essentially differ only
icity, and the minimum depth is based on the noise level in the InSAR dataset. N/A
as near the coastline.

Long. (�) Depth (km) Mw Min depth (km)

�71.31 41 6.1 15e20
�70.82 42 6.3 15e20
�69.14 24 6.0 9e11
�68.68 15 4.9 1e2
�69.919 35 5.0 1
�72.56 10 5.4 1e2
�69.02 36 5.1 N/A
�71.37 25 5.1 N/A
�72.83 4 5.2 N/A



Table 3
Salta earthquake interferograms: Group refers to the interferogram division into the
short and long groups due to post-seismic deformation. Lettering in last column is as
in Fig. 4.

Interferogram dates Path Days since
Maule

Max LOS
disp. (cm)

Group Fig. 4

4 Oct ‘07e11 April ‘10 97 43 13 Short a
5 April ‘08e27 May ‘10 97 89 16 Long b
5 April ‘08e27 August ‘10 97 181 18 Long c
7 Feb ‘10e25 March ‘10 96 26 9 Short d
23 Dec ‘09e25 March ‘10 96 26 12 Short e
2 Feb ‘08e25 June ‘10 96 118 14 Long f
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in the degree to which the predicted uplift correlates with topog-
raphy (Fig. 9). The 30� difference in strike between the “best-fit”
180/30 and the also acceptable 150/30 fault models exceeds the
Monte Carlo derived bounds on strike of �15�, suggesting that
Monte Carlo sensitivity tests may inadequately capture the
permissible parameter range in the presence of spatially non-
stationary noise of this magnitude.

The fault location, depth and orientation constrained from
seismic data are consistent with the distribution of fault solutions
from our InSAR modeling (Fig. 5c). The shortening, extension, and
slip direction of acceptable models for the Salta earthquake are
consistent with the broad distribution of Plio-Quaternary fault ki-
nematics (Fig. 5def, Fig. 7) and with the South America-Nazca
shortening direction (Fig. 5d). Because the Salta earthquake rep-
resents a significant increase in local seismic activity closely linked
in time to theMaule earthquake and the inferred fault orientation is
Fig. 9. SW-NE transect (See Fig. 3 for location) across the Salta earthquake region
showing (a) topography, (b) LOS displacement, (c) predicted deformation for the 180/
30 model, (d) predicted deformation for the 150/30 model, and (e) difference between
(c) and (d). Grey bars highlight differences between predicted deformation fields,
which roughly correlate with topography.
consistent with longer-term kinematic indicators, we propose that
the Maule earthquake advanced the earthquake cycle along a fault
that was already near failure.
5.2. The Catamarca earthquakes

On March 8, 2010 and May 3, 2010, earthquakes of Mw 5.8 and
Mw 5.1 respectively, occurred along the Salta and Catamarca prov-
ince border (Fig. 1). The seismic epicenters in the GCMT catalog are,
respectively, 25 and 40 km from the center of a pronounced
deformation signal present in five interferograms (Fig. 10). The
signal contains a lobe of 1e2 cm of LOS extension south of a lobe of
2e3 cm of LOS shortening in a region with 500 m of topographic
relief. The timing of the interferograms and the fact that there is
only a single deformation signal imply that we cannot determine
which of the two earthquakes is responsible for the InSAR defor-
mation signal. The magnitude inferred from InSAR is consistent
with the larger event (Table 1), but we cannot rule out the possi-
bility that the smaller event occurred in the same location and
contributed to the observed deformation.

The fault orientation grid search (Fig. 11b) highlights three re-
gions of low RMS residual fault orientations. The results of the
Monte Carlo sensitivity test closely mimic this pattern. Our quali-
tative approach results in a single fault plane from each of these
three regions that is deemed “acceptable”. The acceptable models
capture the sharpness of the transition separating the two defor-
mation lobes and their approximate shape. The E to SE shortening
Fig. 10. Catamarca earthquake: Downsampled interferograms from (a) 24 February,
2008 e 17 October 2010 and (b) 24 March 2008 e 15 February 2011. The large and
small dots are, respectively, the Mw 5.8, 8 March 2010 and the Mw 5.1, 8 May 2010
centroid locations from the GCMT catalog. (c) and (d) are predicted interferograms
constructed from the preferred visual slip model (fault plane striking 165� dipping 45�;
Table 1). (e) and (f) are residual interferograms. A negative signal is ground motion
towards the satellite. Arrows show look direction and satellite azimuth.



Fig. 12. Mendoza earthquake: downsampled interferograms spanning (a) 27 February
2008e4 March 2010 and (b) 15 February 2010e2 April 2010. (c) and (d): predicted
deformation for fault plane striking 180� and dipping 45� (see Table 1 for parameter
values), (e) and (f): residual interferograms. A negative signal is ground motion to-
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direction deviates from the South America-Nazca convergence di-
rection, but is more consistent with thewWNW-ESE regional Mio-
Pliocene shortening direction (Marrett et al., 1994).

We propose two possibilities that place our mechanisms for the
Catamarca earthquakes in the context of regional structures and
the close temporal relationship to the Maule earthquake, although
we cannot completely rule out the possibility that they are entirely
unrelated. (1) The Catamarca earthquake reactivated a Mio-
Pliocene crustal weakness that, while not optimal, is still favor-
ably oriented for rupture, or may be combined with rotation of
crustal blocks to accommodate the modern plate convergence
regime. (2) The observed fault orientation is a response to a time-
delayed change in stress field orientation triggered by passing
waves from the Maule earthquake. A transient change in the stress
field after the passage of the Maule earthquake seismic waves that
was large enough to overcome the background stress magnitude
may explain rupture along unusually oriented faults. Kundu et al.
(2012) observe a change in focal mechanism during a six-day
swarm 31 days after the Mw 9.2 Sumatra-Andaman earthquake,
which may be due a time-delayed increase in pore pressure.

5.3. The Mendoza earthquakes

The observed InSAR deformation signal for the Mendoza region
is a NE-elongated ellipse with a maximum of 45 cm of LOS short-
ening within a NS striking structure with 150 m of topographic
relief that may be a caldera active since the Holocene (Gonzalez-
Ferran, 1995). The deformation signal present in the Mendoza re-
gion could also be associated with one or more earthquakes. The
PDE catalog contains four shallow Mw 4.1e4.9 earthquakes that
occurred during the timespan of the interferograms and that are
Fig. 11. Results for the Catamarca earthquake: (a) Monte Carlo sensitivity test from 1000 simulations. (b) Summary of fault parameter inversions. (c) Comparison of shortening
directions from our InSAR modeling, Mio-Pliocene faults in the Puna Plateau and foreland (Marrett et al., 1994), and South America-Nazca plate motion (Marrett et al., 1994).
Symbols as in Fig. 5.

wards the satellite. Arrows show look direction and satellite azimuth.



Fig. 13. Results for the Mendoza earthquake: (a) Monte Carlo sensitivity test from 1000 simulations. (b) Summary of fault parameter inversions. (c) Comparison of Mendoza
earthquake and South America-Nazca shortening directions (Marrett et al., 1994). (d) SCS changes due to the Maule earthquake with m ¼ .4. Symbols as in Fig. 5.
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located within 200 km of the InSAR deformation signal. The INPRES
network locates one of these events at a depth of 15 km (Table 1),
too deep to be detected with InSAR given the present noise level.

The lowest RMS InSAR residual model and the visually accept-
able models suggest thrust motion along approximately NS-
striking and moderately westward dipping fault planes. These
models (Fig. 12) capture the deformation signal’s shape, while
unacceptable models predict a broader but lower magnitude signal.
The similarity between the results of the visual inspection and the
Monte Carlo sensitivity tests suggests, that in this case, the Monte
Carlo sensitivity tests characterize the range of likely fault param-
eters well. For acceptable fault planes, we predict an E-ESE short-
ening (Fig. 13cc), approximately aligned with the South America-
Nazca convergence direction. The SCS increase due to the Maule
earthquake is 1e3 bars for the range of frictional parameters
explored (Fig. 13d), which may be sufficient to promote seismicity
(Lin and Stein, 2004).

The significant difference in location (>100 km), magnitude and
depth (Table 1) between the INPRES network location and the
InSAR results suggests that the two data types are associated with
different subsets of the four potential earthquakes present in the
PDE catalog. The inferred location and depth from seismic data in
the INPRES network suggests that at least one of the Mendoza
earthquakes may be related to structures within the Cuyana Basin
(Fig. 14). The observed geometry is consistent with the reactivation
of Triassic normal faults (Ramos and Kay, 1991) which uplifted
anticlinal structures active in regional earthquakes in 1861 and
1929 (Alvarado and Araujo, 2011), and young basement faults
below a 7 km deep detachment fault associated with previously-
observed seismicity, including the Mw 5.9 1985 Mendoza earth-
quake, east of the anticlinal structures (Chiaramonte et al., 2000).
The InSAR data suggests that at least one of the earthquakes
occurred in the Caldera del Atuel which is the northernmost of five
calderas in the Andean Southern Volcanic Zone that exhibited NS
trending subsidence following the Maule earthquake (Pritchard
et al., 2013). Pritchard et al. (2013) propose that the Maule earth-
quake perturbed a system of regional NS striking faults controlling
a hydrothermal or magmatic system, resulting in a change in fluid
storage that is associated with the observed subsidence. The
Mendoza earthquake may have occurred on one such NS striking
fault. The fault plane was suitably oriented for slip due to the
increased SCS following the Maule earthquake, and the release of
hydrothermal fluids may have increased pore fluid pressure to
weaken the rock and further promote slip.

5.4. Other earthquakes

The deformation signal associated with the Atacama, San Juan,
Tunuyán, South Mendoza, and North Aisén earthquakes (Fig. 1) is
not visible within the InSAR dataset, despite the presence of high-
quality interferograms. The estimated minimum depths for these
events constrained by the noise level in the interferograms (bar in
Fig. 15; Table 2) does not exceed the depths predicted by seis-
mology. The Atacama earthquake occurred near the coastline, with
the GCMT location 10 km offshore. If the event occurred under
water at shallow depths, we would not expect any observable
deformation and the constraints on depth would not be applicable.

6. Discussion

The existence of completely independent InSAR and seismic
datasets improves our ability to assess uncertainties on the inferred



Fig. 14. Shaded relief map highlighting the Mendoza earthquake locations and focal
mechanisms from the InSAR analysis and the INPRES network. The 1985 Mw 5.9
earthquake occurred near the city of Mendoza, likely on neotectonic basement faults
and not within the Barrancas anticline (BA) (Chiaramonte et al., 2000). Mapped
geologic structures within the coarsely and finely dashed boxes, respectively, are
modified from Dellapé and Hegedus (1993) and Sarewitz (1988), and the outline of the
Caldera del Atuel is modified from Gonzalez-Ferran (1995).

Fig. 15. The role of depth in InSAR event detection: comparison of event magnitude
and depth for events associated with quality interferograms. Dashed circles show
events detectable with InSAR. The Mendoza InSAR signal may represent one of three
seismic recordings in the PDE catalog: here we plot the event closest to the InSAR
signal. Note the difference in inferred depth and magnitude between the InSAR and
seismic solutions, particularly for the Mendoza earthquakes where the InSAR and
seismic records may be associated with different events. The 2008 earthquake,
included as a reference for low magnitude detectability, occurred in San Juan,
Argentina. The InSAR signal spans two events in the PDE catalog located within 15 km
of the InSAR epicenter.
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earthquake parameters. Particularly in regionswith low instrument
density where seismic results from regional and global catalogs
may be associated with a location uncertainty of 50 km (e.g.,
Weston et al., 2011; Devlin et al., 2012), definitively associating an
observed InSAR signal with a particular earthquake may be
impossible. The higher local station density used to generate the
INPRES catalog is reflected in the smaller differences in the esti-
mated locations between the InSAR results and the INPRES catalog
relative to the PDE and GCMT catalogs. Still, differences in the
predicted locations, depths andmagnitudes for the Mendoza signal
(Fig. 15, Table 1) could indicate that the InSAR and seismic data
were affected by different events, such as the possible scenario that
the InSAR signal was associated with groundwater or aseismic
motion (e.g., Barnhart and Lohman, 2013b) instead of coseismic
shaking. The InSAR inversions consistently predict a shallower
depth than is predicted from seismic data (Fig. 15), a result that has
been found for other earthquakes (Weston et al., 2011).

When the noise statistics of a dataset are poorly characterized,
Monte Carlo tests seem to perform poorly at quantifying the
appropriate error bounds. Our visual grid search approach provides
an alternative approach that may be useful as an initial step while
characterizing an earthquake. When a signal lacks a distinctive
component (e.g. sharp gradient due to strike-slip motion), the
signal may be easily modulated by noise, and the stereonet plot
may illuminate the broad range of parameters that provide
reasonable fits to the data. This technique for selecting preferred
slip models is undoubtedly highly subjective, but highlights the
importance of accurate noise estimation and can act as a check
against more automated approaches for characterizing a best-fit
solution and the associated uncertainties. This work may serve as
an initial step towards a more rigorous method for accounting for
the non-stationary nature of noise in geodetic datasets.

7. Conclusion

We use seismic and InSAR data to constrain the location and
geometry of coastal, volcanic-arc and back-arc seismic events in
Argentina and Chile associated with the Maule earthquake. We
focus on how noise from ionospheric features and topographically
correlated water vapor affects fault parameter accuracy, and find
that the range of fault parameters consistent with the data depends
on how distinct the shapes of the deformation signals are from the
atmospheric and ionospheric artifacts. The events in this study
suggest that the Maule earthquake triggered seismic activity along
structures that were favorably oriented with the plate convergence
direction and late Cenozoic deformation trends. The observed
events do not require, for instance, low background stresses that
could easily be overwhelmed by static or dynamic stress changes
due the Maule event. Additional earthquake observations from
higher-quality seismic data from local dense temporary networks
and geodetic measurements would strengthen constraints on
stress field evolution after a mega-thrust event, and will improve
our understanding of how the redistribution of crustal stress
following a large earthquake impacts future seismicity, our
knowledge of stress evolution throughout the seismic cycle and
hazard assessment.
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