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Spatiotemporal Variations of Ground Motion in Northern Chile

before and after the 2014 Mw 8.1 Iquique Megathrust Event

by Jesús Piña-Valdés, Anne Socquet, Fabrice Cotton, and Sebastian Specht*

Abstract To evaluate the spatiotemporal variations of ground motions in northern
Chile, we built a high-quality rock seismic acceleration database and an interface
earthquakes catalog. Two ground-motion prediction equation (GMPE) models for
subduction zones have been tested and validated for the area. They were then used
as backbone models to describe the time–space variations of earthquake frequency
content (Fourier and response spectra). Consistent with previous studies of large sub-
duction earthquakes, moderate interface earthquakes in northern Chile show an in-
crease of the high-frequency energy released with depth. A regional variability of
earthquake frequency content is also observed, which may be related to a lateral seg-
mentation of the mechanical properties of the subduction interface. Finally, interface
earthquakes show a temporal evolution of their frequency content in the earthquake
sequence associated with the 2014 Iquique Mw 8.1 megathrust earthquake. Surpris-
ingly, the change does not occur with the mainshock but is associated with an 8 month
slow slip preceding the megathrust.

Electronic Supplement: Strong-motion database.

Introduction

A key issue of seismic hazard assessment and engineering
seismology is the capability to perform predictions of ground
motions (e.g., peak ground acceleration [PGA] and response
spectra) that can be generated by an earthquake at a specific
site. With this aim, ground-motion prediction equations
(GMPEs) have been developed to describe seismic response
spectra of an earthquake. These models are generally parame-
terized for magnitude, fault type, distance (e.g., to the rupture
plane), and site conditions (e.g., soil type). The models are
presented in terms of a median and a standard deviation
(e.g., Strasser et al., 2009; Al Atik et al., 2010; Haendel et al.,
2014). Several models have been derived for subduction zones
(e.g., Youngs et al., 1995, 1997; Zhao et al., 2006; Abraham-
son et al., 2016). Because of the lack of data, most of these
models have been developed using global databases that are
mixing data from a couple of densely instrumented subduction
zones (e.g., Japan, Alaska, Cascadia, Chile, and Mexico). The
development of subduction ground-motion models then
faces three main scientific challenges.

The first challenge is related to the regional variations of
ground motions. Indeed, subduction zones are highly diverse

in terms of mechanical behavior and geometry of the subduc-
tion interface (Kanamori, 1986; Astiz et al., 1988; Tichelaar
and Ruff, 1993; Heuret et al., 2011). It is therefore necessary
to evaluate regional variations of ground motions and test the
robustness of global models for application to a given region.

The second challenge is related to the impact of interface
earthquake depths on ground shaking. Recent observations
of seismological data from megathrust earthquakes have
shown that the slip properties and spectral content of waves
generated by major subduction events are highly depth
dependent (e.g., Lay et al., 2012). These new observations
challenge the ability of GMPEs to take into account the
impact of depth on ground motions of interface earthquakes
of moderate Mw, which are excluded from past subduction
GMPE models. Such moderate earthquakes (Mw < 5) have a
limited impact on seismic hazard assessment, which is
mainly controlled by large earthquakes. They may however
provide key information on the regional variations of the
subduction interface properties and associated segmentation.

The third challenge relates to the impact of the processes
at stake on the subduction interface during a seismic cycle on
the generated ground motions. Recent major subduction
earthquakes have also shown long (several years) preparation
phases (Bouchon et al., 2013; Schurr et al., 2014) and post-
seismic phases (Ozawa et al., 2012; Mavrommatis et al.,
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2015; Yokota and Koketsu, 2015; Cesca et al., 2016; Kato
et al., 2016). Variations of the frictional properties of the
plate interface are likely associated with these preseismic and
postseismic phases, and may cause ground-motion temporal
variations. However, these ground-motion time dependen-
cies have not yet been analyzed.

The northern Chile subduction (Fig. 1, left) provides a
good case study to analyze regional, depth, and time depend-
encies of ground motions. The high convergence rate of
65–70 mm=yr between the Nazca and South American
plates (Argus et al., 2011) generates observed seismicity
associated with the interface plate convergence. This zone
can be seen as a mature seismic gap between −23° and −18°S
of latitude, as it has experienced only partial ruptures since
the 1877 Mw 8.8 megathrust earthquake (Lomnitz, 2004). In

2007, the Mw 7.7 Tocopilla earthquake broke the deeper
portion of subduction interface at the southern part of the
gap (Delouis et al., 2009; Béjar-Pizarro et al., 2010; Motagh
et al., 2010; Peyrat et al., 2010). In 2014, theMw 8.1 Iquique
earthquake partially ruptured an ∼150-km-long portion of
the subduction interface centered at 20° S of latitude (Ruiz
et al., 2014; Schurr et al., 2014; Gusman et al., 2015), with a
coseismic moment release less than half of the moment defi-
cit estimated in the area (Béjar-Pizarro et al., 2013; Métois
et al., 2013, 2016; Hayes et al., 2014).

Because this region is identified as a high seismic hazard
region, an important effort of seismological and geodetic
monitoring has been performed since 2006 by several
international agencies. In particular, 21 permanent multipara-
meter stations (including broadband seismometer, acceler-
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Figure 1. (a) Spatial distribution of the interface seismicity; the circles indicate the epicenter location, the fill indicates the depth, and the
size indicates the magnitude. Contours of recent megathrust earthquakes ruptures are shown. Inverted triangles show the distribution of
Integrated Plate boundary Observatory Chile (IPOC) multiparameter stations. Observed seismicity is concentrated in two clusters: the first
one is centered at latitude −20° and the second one at −23°. The vertical bars on the left of the map indicate the latitudinal coverage of the
catalogs included in the compilation used in this study. (b) Histograms of seismicity depth distribution and (c) histograms of seismicity
temporal distribution, for whole catalog (upper), northern cluster (middle), and southern cluster (bottom). Most of the seismic activity occurs
between 10 and 60 km depth. North cluster is mostly composed by the foreshock and aftershock sequences of the 2014 Iquique earthquake
(Mw 8.1), and the southern cluster by the aftershock sequence of the 2007 Tocopilla earthquake (Mw 7.7). (d) Time coverage of the different
catalogs. (e,f) Distribution ofMw as a function of rupture distance and depth, respectively. The color version of this figure is available only in
the electronic edition.
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ometer, and Global Positioning System) have been installed
in the frame of the Integrated Plate boundary Observatory
Chile (IPOC) on relatively homogeneous rock geotechnical
conditions. This network provided a substantial seismic cata-
log and associated high-quality rock-site conditions and
strong-motion records, which are suitable to test GMPE
models and also characterize the spatial and time variations
of the earthquakes ground motion in this area. Thus, given
this dataset, relevant GMPEs can be tested for their appli-
cability to ground-motion estimates for the region.

Interface Earthquake Catalog

Having a reliable earthquake catalog is a critical point to
analyze ground motions. Building a good catalog with a lim-
ited level of unknowns can potentially reduce the uncertainty
of the ground motion predicted by the GMPEs. Indeed, earth-
quake catalogs provide most of the key parameters necessary
to apply the GMPEs such as event location and magnitude.
In addition, information about fault-plane orientation derived
from earthquake focal mechanisms allow the style of faulting
to be discriminated, key information to evaluate whether the
event occurred on the subduction interface or within the sub-
ducted slab.

To compile a seismic catalog of interface seismicity
appropriate for our purpose, we have searched events with
Mw ≥ 4:0 between January 2007 and June 2014, within
the region between 18°–26° S and 69°–72° W of latitude–
longitude range. We only considered events with a maximum
depth of 90 km and with available focal mechanism solutions
(FMS). Our catalog is a compilation of four different catalogs
characterized by different accuracies and precisions of the
hypocenter location, and different coverage in time and space
(Fig. 1a,b). We selected data associated with each earthquake
from the most accurate catalog. The four databases below are
sorted from most to least accurate:

1. High-resolution relocated catalog of the 2007 Tocopilla
seismic event (Fuenzalida et al., 2013): magnitude, hypo-
central location, and focal mechanism of 31 aftershocks,
following the14 November 2007Mw 7.7 Tocopilla earth-
quake. The catalog includes earthquakes located between
21° and 24° S, within 45 days after the mainshock.

2. Relocated catalog of north Chile (Schurr et al., 2012):
magnitude and hypocentral location of 106 earthquakes
from January 2007 to December 2012, within 18°–25° S
and 69°–72° W, estimated from records of IPOC perma-
nent stations.

3. GEOFON data center (GFZ) catalog (automatic esti-
mates): magnitude, hypocentral location, and focal
mechanism of 245 earthquakes from January 2011 to
June 2014 within 18°–25° S and 69°–72° W, estimated
from records of IPOC permanent stations.

4. Global Centroid Moment Tensor: magnitude, hypocentral
location, and focalmechanismof 89 earthquakes from Janu-
ary 2007 to June 2014, within 18°–26° S and 69°–72° W.

The seismicity in the obtained catalog has been classi-
fied as either interface or intraplate earthquakes based on
FMSs, using the Angular Classification with Expectation–
Maximization cluster analysis (Specht et al., 2017), resulting
in 216 identified interface earthquakes. We checked that this
data-driven cluster analysis gave consistent classification
results with the classical expert classification based on earth-
quake location and focal mechanisms used by Bastías and
Montalva (2016). Additionally, 112 earthquakes that are not
included in the catalog of Bastías and Montalva (2016) were
identified, which correspond mainly to earthquakes of Mw

between 4 and 5 that are not included in their work.
In the studied time period, the interface seismicity oc-

curred in two main clusters (Fig. 1a). The cluster located
south of the gap (∼23°S of latitude) is related to the 2007
Mw 7.7 Tocopilla earthquake. The cluster located between
19° and 21° S of latitude is related to the seismic event of the
2014 Mw 8.1 Iquique earthquake, and contains most of the
seismicity included in our catalog. Both of them show depths
between 10 and 60 km (Fig. 1b), and are highly concentrated
in the years 2007 and 2014, respectively (Fig. 1c).

Acceleration Database and Data Processing

Multiple strong-motion databases are available in Chile
(e.g., Arango et al., 2011; Bastías and Montalva, 2016). We
have however chosen to use only the IPOC data to use homo-
geneous rock-site data to characterize the spatiotemporal
variations of earthquakes frequency content, and also
perform GMPE testing using an independent dataset.

Processing the acceleration dataset has been performed
following the guidelines and recommendations of the COS-
MOS strong-motion record workshop (Boore and Bommer,
2005). We used horizontal acceleration records of interface
events with a sampling frequency of 100 Hz. Records were
cut 100 s before and 300 s after the reported event time. The
raw data were deconvolved before applying a standard cor-
rection procedure. First, a baseline correction was performed
by detrending and demeaning the acceleration time series to
remove the instrument offset. Then, the records were man-
ually picked to define the beginning and the end of the rel-
evant seismic signal. Finally, the signal was tapered and
zeros were padded at the beginning and the end of the wave-
form following Akkar et al. (2014).

The acceleration response spectra have been calculated
over the north–south and east–west components, at 5% spec-
tral damping ratio (Ⓔ Table S1, available in the electronic
supplement to this article), using the method proposed by
Nigam and Jennings (1969). The horizontal acceleration re-
sponse spectrum was then obtained by calculating the geo-
metric mean of the response spectra of both horizontal
components for each oscillator of fundamental period T, as

EQ-TARGET;temp:intralink-;df1;313;113SAhor�T� �
�������������������������������������������
SANS�T� × SAEW�T�

p
; �1�

in which SANS and SAEW correspond to the acceleration re-
sponse spectra of the north–south and east–west acceleration
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components, and SAhor corresponds to the horizontal
response spectra.

Evaluation of Ground-Motion Prediction Equations

We tested two GMPEs for subduction environments: the
Abrahamson et al. (2016) model, which is a current GMPE
model that has been calibrated with a worldwide database,
and the Montalva et al. (2017) model that has been calibrated
with a local ground-motion database of earthquakes of Mw

higher than 5, exclusively occurring on the Chilean subduc-
tion zone between −34° and −17° of latitude, including the
records of the IPOC stations.

Because we have no rupture plane models for the events,
we estimate the rupture plane distance (Rrup), which is de-
fined as the minimum distance between the rupture plane
and a given site, by estimating the position and orientation
of a rupture plane from the hypocentral depths and the dip
and strike given by the focal mechanisms. Because focal
mechanisms have two nodal planes, we selected the nodal
plane that is (near) parallel to the subduction interface as the
rupture plane. As generally there is no information about the
hypocenter position relative to the rupture plane, we assumed
the hypocenters to be located at the center of the rupture
planes and its geometry defined by the scaling relations of
rupture source proposed by Strasser et al. (2010). Finally,
a grid was defined on each rupture plane, to search the mini-
mum distance between the nodes of the grid and the station
site. When the minimum is localized, a refined grid is defined

around the location of the minimum and
the process is repeated again until no sig-
nificant variations are observed (Haendel
et al., 2014; Bastías and Montalva, 2016).
The result of this procedure is summarized
in Figure 1e that shows the magnitude–
rupture distance distribution from 40 to
300 km for the whole range of magnitudes
of the catalog.

Both selected GMPE models require
the VS30 value to estimate indirectly the
site effects on ground motions. There is no
specific geotechnical information for the
whole IPOC Network. Such lack of infor-
mation has been supplied in previous
works using proxy-based estimation on
the predominant frequencies and the topo-
graphical slope (e.g., Bastías and Mon-
talva, 2016). These inferred values are
however lower than measured VS30 values
obtained recently at the stations HMBX,
PSGX, and PB11 by Leyton et al. (2017)
(Fig. 2). Additionally, stations PB16 and
PB13 (separated by a distance no larger
than 500 m) show significant differences
of their inferred VS30 values. Such discrep-

ancies between inferred and measured values confirm that a
solid characterization of IPOC site conditions would lead to a
significant improvement of the network.

Considering the discrepancy between inferred and
measured values of VS30, the homogeneity of geotechnical
conditions of sites and the consistence between their geo-
technical description and the measured values, a conservative
value of VS30 of 850 m=s has been adopted for all stations of
the network, similar to the value assumed by Haendel et al.
(2014). This assumption will be tested later in the article by
the computation of site-specific stations terms and their
comparisons with inferred VS30.

Using this information and the data of the earthquake
catalog, we calculated the predicted acceleration response
spectra for each station–earthquake pair, for PGA and three
different oscillator periods (0.1, 0.8, and 1.33 s). The respec-
tive values of the GMPEs were then compared with the ob-
served horizontal accelerations response spectra for the given
oscillator periods to compute the total normalized residuals as

EQ-TARGET;temp:intralink-;df2;313;193Zij
T �T� �

log�SAij
obs�T�� − log�SAij

pred�T��
σ�T� ; �2�

in which Zij
T �T� is the residual at site j for event i with

oscillator period T, SAij
obs�T� and SAij

pred�T� correspond to the
observed and predicted acceleration response spectra at site j
for event i with oscillator period T, respectively, and σ�T� is
the total standard deviation of the model for oscillator period
T. These residuals have been calculated only for the records

V
S

30

(°)

Montalva, 2016)
Montalva, 2016)

Figure 2. Average of the top 30 m shear-wave velocities (VS30) of the CX-network
stations with respect to the latitude. The square and circles indicate the measured and
inferred VS30 values, respectively, taken from Bastías and Montalva (2016). Diamonds
show the measured values taken from Leyton et al. (2017). Note that the station PB13
has been replaced by the station PB16 (located near to the original site). This new station
shows an inferred VS30 69% higher than the PB13 site. The color version of this figure is
available only in the electronic edition.
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Figure 3. Residual histograms with respect to (top) Abrahamson et al. (2016) and (bottom) Montalva et al. (2017) ground-motion
prediction equations (GMPEs). The dotted line represents the normal density function of the model and the solid line represents the normal
density function of the dataset. Columns correspond to the residual distributions for different oscillator periods (peak ground acceleration
[PGA], 10, 1.25, and 0.75 Hz), and rows to the total, within-event and between-event residuals. The color version of this figure is available
only in the electronic edition.
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with a rupture plane distance lower than 300 km, to stay in the
distance validity range of the GMPEs. Additionally, to avoid
bias, the records of the PB11 and PB15 stations have been
removed, where possible site effects have been reported
(D. Bindi, personal comm., 2015; F. Leyton, personal comm.,
2016).

The total residual described above can be separated into
between-event and within-event residuals. The first term rep-
resents the random effects between events that are not
covered by the predictive model and reflects the variation
of source factors such as the stress drop or the slip variability
in space and time, that cannot be captured by the magnitude
and the depth of the source. The within-event residual rep-
resents the variation of ground motion at a given distance to
the source that comes from the azimuthal variation in the
source, the path, and site effects derived from the complexity
of the crustal structure, that are not captured by the distance
to the source or the site classification (Abrahamson and
Youngs, 1992; Strasser et al., 2009, 2010; Al Atik et al.,
2010).

The normalized between-event residual of an earthquake
i, is given by

EQ-TARGET;temp:intralink-;df3;55;278Zi
B�T� �

τ�T� ×Pn
j�1�log�SAij

obs�T�� − log�SAij
pred�T���

n × τ�T�2 � ϕ�T�2 ;

�3�
in which n is the number of records of the event i, τ�T� and
ϕ�T� are the standard deviations of the between-event and
the within-event residuals of the model for oscillator period
T. To reduce the bias, we consider only those between-event
residuals of the events that have more than four records with
distances to the rupture lower than 300 km.

Consequently, the normalized within-event residuals,
for the record j of earthquake i, are defined as

EQ-TARGET;temp:intralink-;df4;55;124Zij
W�T� �

log�SAij
obs�T�� − log�SAij

pred�T�� − Zi
B�T� × τ�T�

ϕ�T� :

�4�

To evaluate the fit of the models to the database, we have first
plotted histograms of the distribution of the total, between-
event, and within-event residuals with respect to the model’s
median for the PGA and the three oscillator periods consid-
ered (0.1, 0.8, and 1.33 s; Fig. 3). The difference between the
standard deviation of the Abrahamson et al. (2016) GMPE
model and the standard deviation of the residual database, as
well as the difference between the median of the model and
the median of the residual suggest that the model does not
capture the whole variation of strong motions and underes-
timates their values for medium (0.8 s) and large (1.33 s)
oscillator periods. On the other hand, the similar values
between standard deviation in the Montalva et al. (2017)
GMPE model and the standard deviation of the residual data-
base show that this model describes well the variation for the
all oscillator periods tested. However, the difference between
the median of the model and the median of the residual
indicates that the model overestimates the ground motion
for low oscillator periods (PGA and 0.1 s).

The fit of the within-event residuals suggests that both
models reasonably describe the variability of path and site
effects.

The distribution of the between-event residuals suggests
that the GMPE of Montalva et al. (2017) describes better the
variation of source effects for PGA and the three tested os-
cillator periods. At periods of 0.8 and 1.33 s, the between-
event residuals of the Abrahamson et al. (2016) model are
more scattered than expected from the model.

The between-event residuals distribution does not indi-
cate any magnitude dependency (Fig. 4). Therefore, these
two GMPEs can be used as backbone models for the entire
magnitude range from Mw > 4.

To evaluate the impact of the assumption of a unique
value of VS30 for the whole network, the site terms (δS2S)
have been computed at each station j for oscillator period
T as the mean of the n within-event residuals recorded by
the station:

EQ-TARGET;temp:intralink-;df5;313;98δjS2S�T� �
P

n
i�1�Zij

W�T��
n

: �5�

Figure 4. Distribution of computed between-event residuals at different frequencies (PGA, 10, 1.25, and 0.75 Hz) with respect to Mon-
talva et al. (2017) (triangles) and Abrahamson et al. (2016) (inverted triangles) GMPEs. The residuals do not show any dependency withMw.
The color version of this figure is available only in the electronic edition.
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The resulting site terms have been compared with inferred
VS30 values given by Bastías and Montalva (2016). This
comparison shows two interesting results: (1) site amplifica-
tion at IPOC stations do not depend on the latitude (Fig. 5,
left), and (2) the correlation between inferred VS30 and com-
puted site terms is rather poor (Fig. 5, right). This lack of
correlation is consistent with several studies (Chiou and
Youngs, 2008; Derras et al., 2016), which have shown that
GMPEs using inferred VS30 values show large within-event
variabilities. These results give further encouragement to
promote VS30 measurements of IPOC accelerometric stations
and also indicate that the north–south variations of between-
event residuals are not explained by a systematic regional
variation of IPOC site conditions.

As a conclusion, the distribution of residuals suggests
that the Montalva et al. (2017) model is the best suited for
northern Chile and that it can therefore be used as a backbone
model to study the spatiotemporal variations of ground
motions in this area.

Depth and Regional Dependency of Ground Motions

The evolution of the between-event residual with respect
to the depth shows a consistent and significant increase with
depth of earthquake radiations at high frequency. This is

clearly visible for both regional clusters at low oscillator peri-
ods (PGA and 0.1 s), whereas no tendency is observable at
medium (0.8 s) or high (1.33 s) oscillator periods (Fig. 6).
The distribution of between-event residuals along latitude
and depth (Fig. 6, bottom row) shows that for PGA and an
oscillator period of 0.1 s, the between-event residuals are
clearly differentiated at 40 km depth, where the residual
dispersion decreases dramatically and concentrates on higher
values. The figure also shows a regional dependency for the
medium and high oscillator periods with a lower residual
variability and slightly higher residuals values in the northern
cluster for earthquakes shallower than 30 km.

To validate the depth dependency of the observed
ground motions through between-event residual term distri-
butions, the frequency content of earthquakes have been
compared using a Fourier spectral ratio method. This
approach has been used recently to compare the frequency
content of two subduction earthquakes located at different
depths (Lay et al., 2012). Following a similar methodology,
we computed the spectral ratios between pairs of earth-
quakes, using the horizontal Fourier spectra of the acceler-
ation records of the stations that recorded both events.

To apply the method, we used the processed horizontal
waveforms to get the Fourier spectra. The Konno and Ohma-
chi (1998) smoothing function has been applied over each

Montalva et al. (2017)

Montalva et al. (2017)

Figure 5. (Left) Stations site terms (δS2S) at different frequencies according to the Montalva et al. (2017) (inverted triangles) and Abra-
hamson et al. (2016) (triangles) GMPEs with respect to the latitude. (Right) Stations site terms (δS2S) with respect to the VS30 obtained by
Bastías and Montalva (2016). The horizontal lines represent one standard deviation. No dependency is observed. The color version of this
figure is available only in the electronic edition.
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Fourier spectra and for each station record, both horizontal
smoothed Fourier Spectra were then averaged to obtain the
horizontal Fourier spectra at each station defined for each
frequency f as

EQ-TARGET;temp:intralink-;df6;55;335Fhor�f� �
�����������������������������������������
FNS�f�2 � FEW�f�2

q
; �6�

in which FNS and FEW correspond to the smoothed Fourier
spectra of the north–south and east–west acceleration com-
ponents, respectively, and Fhor to the horizontal Fourier
spectra.

Then, all spectral ratios obtained at each station for a
single pair of earthquakes were averaged with the geometric
mean for each frequency; thus, the spectral ratio for each
frequency f is defined as

EQ-TARGET;temp:intralink-;df7;55;203SRAB�f� �
��������������������
Yn
j�1

Fj
B�f�

Fj
A�f�

n

vuut ; �7�

in which Fj
A and Fj

B are the horizontal Fourier spectra of
events A and B, at the station j, and n is the number of
stations that recorded both events.

Pairs of shallow and deep earthquakes with similar mag-
nitudes (ΔMw ≤ 0:1) and relative distance less than 100 km
have been selected to compare their frequency contents. The
selected pairs of earthquakes consist of one earthquake

shallower than 25 km and one earthquake deeper than
40 km. We limited our analysis to earthquakes for which the
theoretical hypocenter is located within a distance of 15 km
from the subduction interface, as defined by Tassara and
Echaurren (2012). We found four earthquakes pairs that meet
these criteria. The spectral ratios were calculated as the
division of the spectra of the deeper event divided by the spec-
tra of the shallower event (Fig. 7). For all pairs, the spectra
amplitude of the deep events is larger than the shallower event
for frequencies larger than 1 Hz. This result is in agreement
with the depth dependency observed in the GMPE residuals.

The results of both methods presented here are consis-
tent with each other and suggest that interface events below
40 km depth release more energy at high frequencies than
shallow interface events for the whole region. In addition,
shallow seismicity in the northern part of the seismic gap
releases more energy at low frequencies than the seismicity
in the southern part of the gap.

Time Dependency of Ground Motions

To evaluate the time variability of the between-event
residuals, we focused our analysis on the northern seismicity
cluster that is associated with the seismicity of the 2014
Mw 8.1 Iquique earthquake (Ruiz et al., 2014; Schurr et al.,
2014; Cesca et al., 2016; Kato et al., 2016). We grouped the
seismicity into three periods of the seismic cycle bracketing

Figure 6. (Top row) Between-event residuals at different oscillator frequencies (PGA, 10, 1.25, and 0.75 Hz) with respect to theMontalva
et al. (2017) GMPE as a function of the epicentral depth; the fill shows the latitude. An increase of between-event residuals with depth is
observable for the PGA and low oscillator periods (0.1 s). (Bottom row) Between-event residuals as a function epicenters latitude and depths.
The color version of this figure is available only in the electronic edition.
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the Iquique earthquake (Schurr et al., 2014; Socquet
et al., 2017):

1. interseismic: before August 2013
2. preseismic: August 2013–31 March 2014
3. postseismic: after 31 March 2014.

Between-event residual terms are compared in Figure 8
for the three time-period windows at PGA and the three os-
cillator frequencies selected (10, 1.25, and 0.75 Hz). For
PGA and 10 Hz, the between-event residual term decreases
from the interseismic to the postseimic period. At frequen-
cies of 1.25 and 0.75 Hz, the between event does not show
any important variation from interseismic to preseismic
period, and a slight decrease is observed for the postseismic
period.

To complement the analysis of the
between-event residual variation, the spec-
tral ratio method was again applied (equa-
tion 7). Selected pairs of earthquakes of
similar magnitude (ΔMw ≤ 0:1), with
differences in depths smaller than 20 km
and relative distance smaller than 25 km
were selected; 425 pairs of earthquakes
meet these criteria. The spectral ratios were
computed as the division of the most recent
event spectrum by the spectrum of the older
one. Then, geometrical means of the spec-
tral ratios are divided into three groups:

1. pairs of earthquakes within the inter-
seismic period;

2. pairs of earthquakes belonging to pre-
seismic and interseismic periods; and

3. pairs of earthquakes belonging to post-
seismic and interseismic periods.

The geometrical means of the spectral
ratios over time (Fig. 9) show that at
frequencies lower than 1 Hz, the earth-
quakes of the interseismic period show
lower amplitudes than the earthquakes of
the preseismic period. Instead, at frequen-
cies higher than 1 Hz, the earthquakes that
occur during the intersesimic period show
higher amplitudes than the earthquakes that
occur during the preseismic period. A sim-
ilar pattern is also observable when com-
paring the earthquakes of the interseismic
and postseismic periods, although with a
lower intensity. The findings are consistent
with the variations observed by the GMPEs
residual analysis method (Fig. 8).

Discussion

The record of the 2007 Tocopilla and
2014 Iquique seismic sequences by the

IPOC network provided a unique dataset in terms quality
and quantity (more than 1000 records) to (1) test the perfor-
mance of the most recent subduction GMPEs and to (2) ob-
serve the spatiotemporal variations of the ground motions in
a region recognized as a mature seismic gap.

The comparison between the GMPE and the observa-
tions suggests that the two tested models are able to describe
the ground motion’s within-event residuals, which are
mainly controlled by site and propagation effects. The main
discrepancies between the tested models and the observa-
tions are related to the between-event component of the
ground-motion variability, which is mainly controlled by
source effects.

A possible explanation for this misfit could be due to the
limitations of the dataset used to calibrate the ground-motion

(a)

(b)

(c)

(d)

Figure 7. (Left) Spectral ratios computed for pairs of shallow and deep earthquakes.
The gray bands show the standard deviation with respect to the geometric mean in the
whole frequency band. (Right) Localization of shallow–deep couples. Deep earthquakes
generate higher ground-motion amplitudes at frequencies larger than 1 Hz. The color
version of this figure is available only in the electronic edition.
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Std.dev.: 0.66
Mean: –0.62

Std.dev.: 0.62
Mean: –1.51

Std.dev.: 0.64
Mean: –1.75

Std.dev.: 0.63
Mean: –1.62

Std.dev.: 0.52
Mean: –1.45

Std.dev.: 0.57
Mean: –0.57

Std.dev.: 0.92
Mean: 0.27

Std.dev.: 0.79
Mean: –0.25

Std.dev.: 0.65
Mean: –0.44

Std.dev.: 0.62
Mean: –0.37

Std.dev.: 0.75
Mean: –0.05

Std.dev.: 0.95
Mean: 0.27

Figure 8. Time and space variability of residuals, at different frequencies (PGA, 10, 1.25, and 0.75 Hz), with respect to the Montalva
et al. (2017) GMPE for earthquakes between −19° and −21°. Columns correspond to a given period of the seismic cycle period (interseismic
before August 2013, preseismic between August 2013 and 31 March 2014, and postseismic after 1 April 2014). The mean and the standard
deviation of the between-event residuals showed on each box are indicated in the right bottom corner. Contours lines correspond to the slip
distribution of the 1 April 2014Mw 8.1 Iquique earthquake. PGA and low oscillator period (high frequency, 10 Hz) residuals decrease from
interseismic to preseismic time windows. The color version of this figure is available only in the electronic edition.
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models. Indeed, the Abrahamson et al. (2016) model is based
on a global event catalog with a moment magnitude larger
than 6, whereas the database used in this study includes
earthquakes of smaller magnitude (4 < Mw < 6).

The Montalva et al. (2017) model has been developed
from a seismic catalog with moment magnitudes larger than
5.0 along the entire Chilean trench. This model describes
well the ground-motion variability of our dataset. The quality
of the fit could then be explained by the inclusion of
moderate earthquakes (5 < Mw < 6) to calibrate the model.

Our data analysis confirms that the energy radiation pat-
tern of interface earthquakes varies with depth, in agreement
with the proposal that the subduction interface is segmented
down-dip with different frictional properties characterizing
each segment (Lay et al., 2012; Lay, 2015). Such along-
dip segmentation is not included so far in the GMPE models.
Indeed, engineering ground-motion models predict ground
motions for large earthquakes, which break the entire seis-
mogenic zone from small to large (60 km) depths.

Our findings suggest that below 40 km depth, a signifi-
cant change in the signature of the earthquake spectra exists.
This change is coincident with the depth of the contact
between the continental Moho and the subduction interface
in this area (Patzwahl et al., 1999; Béjar-Pizarro et al., 2010).
These two observations are also consistent with the segmen-
tation along depth of the subduction interface and would cor-
respond to the limit between the domains B and C proposed
by Lay et al. (2012).

The Chilean subduction varies from north to south in
terms of mechanical behavior and geometry of the interface
(Clift and Vannucchi, 2004; Hoffmann-Rothe et al., 2006;
Contreras-Reyes et al., 2010). There is also an influence
on the coupling degree that is shown to vary along the trench
(Béjar-Pizarro et al., 2010; Métois et al., 2012) and is coher-
ent with the regional segmentation observed for the between-
event residuals at medium and long oscillator periods for
seismicity shallower than 40 km depth (Fig. 6, bottom row).

Several past crustal earthquakes studies (i.e., Abraham-
son et al., 2008) have suggested that aftershocks generate

weaker ground motions than the associated mainshock.
Our results have shown that the ground motions have started
to change several months before the occurrence of 2014 Iqui-
que earthquake, with a progressive decrease of the released
energy at high frequencies. This observation may indicate a
change on the subduction interface that may be related to a
long-term nucleation process of the megathrust earthquake
(Socquet et al., 2017). The ground-motion temporal variation
is consistent in time with aseismic slip around the rupture
area of the 2014 Iquique earthquake and a slow migration
of the foreshock activity (Kato and Nakagawa, 2014; Schurr
et al., 2014; Kato et al., 2016; Socquet et al., 2017), similarly
to what has been observed before the 2011 Mw 9.1 Tohoku-
Oki earthquake (Mavrommatis et al., 2015; Yokota and
Koketsu, 2015). This observation sheds light on the potential
processes that occur on the subduction interface through the
seismic cycle.

Stress-drop inversions have been used for years by the
seismological community to analyze the physics of earth-
quakes. The stress drop, being proportional to the cube of the
corner frequency, is sensitive to the uncertainty in the corner
frequency (e.g., Cotton et al., 2013). Our study suggests that
the analysis of GMPE between-event residuals could also be
used not only for engineering purposes but also to analyze
the source characteristics of earthquakes. Indeed, these resid-
uals take into account both the magnitude effect and the
propagation effect (through the functional form of the
GMPE), and it has been shown that response between-event
residuals are highly correlated with classical Fourier spec-
trum based stress drop (e.g., Bindi et al., 2007). Between-
event residuals analysis may therefore constitute a new pos-
sibility to compare source effects of earthquakes with various
magnitude and locations.

Finally, the consistency of the results with other studies
opens the possibility to use parameters such as the between-
event residuals, stress drop, earthquake spectra, and strong
motion, as a proxy for the variability of the frictional proper-
ties of the subduction interface.

Figure 9. Spectral ratios of similar events (ΔMw ≤ 0:1, interdistance ≤ 25 km), between −19° and −21° of latitude, for the interseismic,
preseismic, and postseismic periods associated with the 1 April 2014 Iquique earthquake. The gray bands show the standard deviation
(geometric mean) at each frequency.
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Conclusion

Testing the GMPEs models is a necessary contribution
to seismic hazard assessment in areas that have been
recently instrumented. For the specific case of northern
Chile, the results presented in this study have shown that the
combination of the Abrahamson et al. (2016) and Montalva
et al. (2017) models show different strengths and weak-
nesses. These two models successfully predict the median
values and capture the variability of the ground motions gen-
erated by the interface seismicity in different frequency
bands, even for a dataset extended out of the validity range
ofMw in both models. The results have shown that for a data-
set including earthquakes ofMw as low as 4.0, the Abraham-
son et al. (2016) model fits observations better for low
oscillator periods (0.8 and 1.33 s), whereas the Montalva
et al. (2017) model is more suitable for medium and high
oscillator periods (PGA and 0.1 s). Considering all frequen-
cies and the magnitude range, which is important from a seis-
mic hazard point of view (Mw > 5), the Montalva et al.
(2017) model is the best suited for northern Chile.

The southern part of the north Chile seismic gap shows
weaker ground motions at low frequencies than the northern
part of the gap. This suggests a lateral segmentation of the
subduction interface such an along-strike segmentation has
also been shown by studies of interseismic coupling (Bé-
jar-Pizarro et al., 2013; Métois et al., 2013; Li et al.,
2015). This suggests a potential link between the state of
coupling during the interseismic phase, the energy radiation
characteristics of interface earthquakes, and the friction on
the subduction interface that requires further investigations.
In addition, using two different methods (GMPE residuals
and the spectral ratios), we showed that the observed ground
motions increase with hypocentral depth for interface sub-
duction earthquakes. This suggests that the event depth must
be considered in the development of future GMPE to include
in the models interface subduction earthquakes of moderate
magnitudes, which are not rupturing the entire seismogenic
interface. This could extend the use of the GMPE as back-
bone ground motion to study the properties of the subduction
interface. Also, this depth dependency confirms previous
observations of along-dip segmentation of the subduction
megathrust seen in the values of interseismic coupling
(Béjar-Pizarro et al., 2010; Lay et al., 2012) and in the geom-
etry because an abrupt change in the subduction angle has
been documented in the area (Contreras-Reyes et al., 2012).

Ground motions have also been shown to vary through
time by both methods presented in this work (GMPEs and
spectral ratios). The time dependency can be related to the
earthquake cycle and has been observed by studying in great
details the seismic events associated with the 2014 Iquique
megathrust earthquake. Although a significant change in the
earthquake frequency content before and after the mainshock
can be expected, this is not what we observe. Instead, the
data show that the change occurs several months before
the mainshock and is characterized by a progressive decrease

of interface earthquake energy release at high frequencies.
This change has been shown to concur with an eight-month
slow-slip event on the subduction interface, and has been in-
terpreted as the long-term nucleation process of the 2014
megathrust earthquake (Socquet et al., 2017).

Finally, the dependencies detected on the between-event
term open the possibility to incorporate new factors to
improve ground-motion models in the future. An important
factor to improve the predictability of the GMPE models is to
better take into account depth and regional variations.

Data and Resources

All strong-motion data used in this work have been re-
corded by the CX-network of the Integrated Plate boundary
Observatory Chile (http://www.ipoc‑network.org). These data
are available to registered users at the GEOFON repository
(http://geofon.gfz-potsdam.de/waveform/archive/network.php
?ncode=CX). The Global Centroid Moment Tensor (CMT)
and the moment tensor solutions are freely available (http://
www.globalcmt.org/CMTsearch.html) as well the GEOFON
bulletin information (http://geofon.gfz-potsdam.de/eqinfo/
eqinfo.php). All of the above websites were last accessed
on June 2016.
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