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Abstract—Satellite gravimetry has proven to be a useful tool to
identify mass anomalies along a subduction interface, interpreted as
heterogeneities related to the rupture process during megathrust
earthquakes. In the last years, different works, reinforced with data
derived from satellite gravity missions as GRACE and now GOCE,
have analyzed not only the static component of the Earth gravity
field, but also its temporal variations and relation to the seismic cycle.
In particular, during the last decade, the Chilean margin has been
affected by three megathrust earthquakes (with Mw >8): Maule 2010
Mw = 8.8, Pisagua 2014 Mw = 8.2 and recently the Mw = 8.3
Illapel event. Then, the recently completed GOCE mission
(November 2009 to November 2013) offered a unique opportunity to
study the Maule February 2010 and Pisagua April 2014 events by
means of gravity gradients, directly measured at satellite height
altitudes, which allowed mapping density heterogeneities with
greater detail than the gravity anomaly which has been used in most
studies up to now. In the present work, we use the last GOCE model
(GO_CONS_GCF_2_DIR_RY), the one of higher spatial resolution
(N =300, M2 ~ 66 km) derived from satellite-only data. The
methodology used is the same as that to study the previous events,
with the addition that now we derived a relation between the asso-
ciated depths of a causative mass with a determined degree of the
spherical harmonic expansion. This allowed to “decompose” the
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gravimetric signal, by cutting off the degree/order of the harmonic
expansion, as depth increases. From this analysis, we found that
prominent oceanic features such as the Challenger fracture zone and
the Juan Fernandez ridge played a key role in latitudinal seismic
segmentation for the Illapel earthquake rupture zone, acting as bar-
riers/attenuators to the seismic energy release. We compared the slip
model from Tilmann et al. (Geophysical Research Letters 43:
574-583. doi:10.1002/2015GL066963, 2016) for the Illapel earth-
quake with vertical gravity gradient with and without sediment
correction, and at different degree/order of the harmonic expansion.
From this analysis, we inferred that prominent oceanic features over
the subducting Nazca plate play a key role in seismic segmentation
not only at heavily sedimented trenches, but also at sediment-starved
segments.

Key words: Vertical gravity gradient, Megathrust
earthquakes, South central Andes, Spherical harmonics, GOCE.

1. Introduction

Rupture areas related to large subduction earth-
quakes have been studied by means of gravity since the
pioneer works of Song and Simons (2003) and Wells
et al. (2003), among others. Then the different vari-
ables governing this relationship have been analyzed
by different authors (e.g., Llenos and Mc Guire 2007,
Sobiesak et al. 2007; Tassara 2010; Maksymowicz
etal. 2015; among others). Fuchs et al. (2013) observed
coseismic gravity changes from the Japan Tohoku-Oki
2011 earthquake with GOCE (Gravity Field and
Steady State Ocean Circulation Explorer) gravity
gradiometry, concluding that these variations left a
statistically significant signal in the GOCE-measured
gravity gradients. This work indicated that it was
possible to detect coseismic gravity changes by
spaceborne gradiometry as GOCE. More recently, slip
distribution for great megathrust earthquakes along the
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Peru—Chile margin has been correlated to GOCE-
derived vertical gravity gradients (Alvarez et al.
2014, 2015a). These works established a correspon-
dence between the long wavelengths of GOCE-derived
vertical gravity gradient and internal slip in a rupture
zone, a relationship that reinforces as both slip and
event magnitude increase. GOCE data allow the
characterization of crustal structure along different
plate boundaries, with the Peru—Chile margin being an
exceptional case of study since it has been affected by
several megathrust earthquakes with large rupture
areas reaching hundreds of kilometers.

In particular, the Maule 2010 Mw = 8.8 event shows
the better agreement between positive slip distribution
and negative vertical gravity gradient lobes from GOCE
(see Fig. 9a, “Appendix 1”). On the other hand, the case
of Pisagua Mw = 8.2 and Iquique Mw = 7.7 2014
earthquakes are quite different from the previous case,
since the trench is almost sediment starved with no neg-
ative vertical gravity gradient lobes (see Fig. 8a,
“Appendix 17). The Iquique sequence was preceded by
intense foreshock activity and characterized as a slow slip
event (Ruiz et al. 2014; Biirgmann 2014; Schurr et al.
2014; Moreno et al. 2014; Lay et al. 2014; Bedford et al.
2015; Cesca et al. 2016). This region with low sediment
thickness and several subducted seamounts (Geersen
et al. 2015) presents a positive gravity gradient signal
from GOCE (Alvarez et al. 2015a). However, when
comparing two  subsequent GOCE  models
(GO_CONS_GCF_2_TIM_R4 with an effective data
volume of approximately 26.5 months from 01/11/2009
to 19/06/2012 and GO_CONS_GCF_2_TIM _RS5 with
an effective data volume of approximately 42 months
from 01/11/2009 to 21/10/2013, both obtained prior to
event occurrence in April, 2014), a decreasing gravity
appears (Fig. 1a) before these events (Alvarez et al.
2015a). This decrease in gravity matches the main rupture
zones of both events, with the maximum slip area being
limited to the north and south by positive values (see
Fig. 8b, “Appendix 17). Thus, gravity from GOCE
would delineate accelerated mass transfer inland during
the last stages of interseismic deformation before the
rupture as determined by GPS measurements (Kendrick
et al. 2001; Metois et al. 2013).

GOCE models (GO_CONS_GCF_2_TIM_R4 and
GO_CONS_GCF_2_TIM_RS) cover a data span after
the 2010 Mw = 8.8 Maule earthquake. The comparison
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between both models reveals a gravity increase toward
the coastline after the event, probably indicating uplift of
the upper plate due to coseismic and post-seismic litho-
spheric stretching along the subduction zone (Figs. 1b,
9b, “Appendix 17). In such a scenario, we have found a
link between slip distribution in rupture zones and
gravity-derived signal not only at highly sediment-filled
trenches but also at sediment-starved ones.

The particular case of the Mw = 8.3 Illapel
earthquake occurred in a region with intermediate to
low trench sediment infill (Ranero et al. 2006; Vélker
et al. 2006) (estimated thickness below 500 m). This
event occurred on 16 September 2015, with varying
preliminary estimated rupture areas (see Fig. 10,
“Appendix 2”) from ~ 100 km x 100 km (https://
www.csn.uchile.cl/estimacion-del-desplazamiento-que-
produjo-el-terremoto-de-illapel-2015/), ~ 150 km x
100 km  (http://www.geol.tsukuba.ac.jp/ ~ yagy/EQ/
20150917/index.html), up to ~ 250 km x 100 km
(http://earthquake.usgs.gov/earthquakes/eventpage/us
20003k 7a-scientific_finitefault —and  http://www.
earthobservatory.sg/news/September-16-2015-chile-
earthquake). In this region, the Nazca plate subducts
horizontally for more than 500 km beneath South
America between 27.5°and 33.5°S. The southern
part of the flat slab, between the Juan Fernandez
aseismic ridge (JFR) and the Challenger Fracture
Zone (Fz) (Figs. 2, 3) was identified as a seismic gap
based on the occurrence of previous great earth-
quakes that affected the interplate zone (e.g., in
1943 by Mw = 7.9 (Abe 1981; Beck et al. 1998), in
1880 Ms = 7.7 and 1730 Ms = 8.7 (Kelleher 1972;
Nishenko 1985; Beck et al. 1998), the 1918
Ms = 7.6/7.9 event (Centro Sismoldgico Nacional,
Universidad de Chile), and the 1873 Ms = 8.0/8.9
(Montessus de Ballore 1912; Boletin del Servicio
Simolégico de Chile del afo 1910, pg. 254).

In this work, we calculate the vertical gravity gra-
dient from the last GOCE model GO_CONS_
GCF_2_DIR_RS5 (Bruinsma et al. 2013), developed up
to different degrees/orders of the harmonic expansion
and corrected by topographic and sediment effects to be
compared to available slip distribution (Tilmann et al.
2016). The main objective of this work is to link rupture
extent to specific crustal structures (acting as seismic
barriers) in the downgoing oceanic Nazca plate, such as
Challenger Fz and Juan Fernandez Ridge. Since available
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Figure 1

Gravity and the seismic cycle. a Uppermost Scheme indicating strain accumulation during the elastic compressional state when downgoing-
subducted and upper plates are effectively coupled. Shortening and uplift in the upper plate forearc zone are indicated by GPS data. The
difference between GOCE models GO_CONS_GCF_2_TIM_RS5 and GO_CONS_GCF_2_TIM_R4 (bottom) is interpreted as mass transfer
inland during this contractional stage for the Pisagua-Iquique 2014 sequence. b Uppermost coseismic stage showing the upper plate
extension/relaxation during decoupling of the downgoing-subducted and upper plates, and oceanward mass transfer during and after
earthquake occurrence (bottom) for the Maule 2010 earthquake. See Figs. 8b and 9b (“Appendix 1) for a plant view and profiles location

seismic data might not be enough to delineate those
structures, GOCE data (with homogeneous coverage) are
used to define this relation with more precision. Addi-
tionally, we analyze the relationship between prominent
oceanic features and trench sediment infill with seismic
segmentation along this Central Chile margin.

2. Oceanic Features and Seismic Segmentation

The southern Pampean flat subduction zone coin-
cides with the subduction of the Juan Fernandez ridge,
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an aseismic volcanic chain formed in a hot spot
~900 km west of the Chilean trench. This feature
would have collided first in the north (~20°) at about
22 Ma and then migrated southward along the Chilean
trench to its current collision point at about 33.5°S, due
to an inferred broken geometry determined from con-
jugated aseismic ridges on the western Pacific floor, to
the west of the Pacific mid-ocean ridge (Yafiez et al.
2001). The collision of the Juan Fernandez ridge
(Fig. 3) produced tectonic erosion, associated forearc
extensional deformation (von Huene et al. 1997) and
local uplift (Ranero et al. 2006). Additionally, this
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Figure 2
Updated historical great subduction earthquakes ruptures along the Peru—Chile margin from the eighteenth to twenty-first centuries (for more
details see: Sparkes et al. 2010; Contreras-Reyes and Carrizo 2011, and references therein)

feature restrains the northward dispersion of sediments
along the trench axis (Fig. 4) separating a heavily
sedimented trench to the south (2.2-3.5 km) from a
trench segment to the north that contains less than 1 km
of stacked turbidic deposits confined to a narrow axial
zone (Schweller et al. 1981; Bangs and Cande 1997,
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Volker et al. 2006). Sediments over the Nazca plate
show a substantial decrease north of the Challenger Fz,
also acting as a topographic barrier to sediment
distribution.

The subduction of high oceanic features, such as
aseismic ridges, seamounts and fracture zones, has
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Nazca plate morphology (ETOPO1, Amante and Eakins 2009) highlighting the main bathymetric features such as the Juan Fernandez ridge,
Challenger Fz and Copiap0 ridge that are subducted beneath the South American plate. The differences in sediment thickness north and south
of the Juan Fernandez ridge that marks a deep and shallow trench, respectively, are clearly depicted by the flat (smoothed) relief to the south of
JFR. Nazca/South America convergence rate is approximately 7.4 cm/year with a convergence angle of 78°N (DeMets et al. 2010; Kendrick
et al. 2003). Solid white line indicates plate ages (Miiller et al. 2008); black line shows the coastline; white dotted line indicates the Chilean
trench. Superimposed slip distributions of the main earthquakes (yellow ellipses): 1922 Ms = 8.3 (Beck et al. 1998); 1943 Mw = 7.9 (Abe
1981; Beck et al. 1998); 1985 Mw = 8.0 and 1906 Ms = 8.4 (Barrientos 1988, 1995; Mendoza et al. 1994; Beck et al. 1998; Comte et al.
1986; Christensen and Ruff 1986). Red star indicates the 2015 Mw = 8.2 Illapel earthquake epicenter
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been related to deformational and morphological seg-
mentation along the margin, which is in turn usually
accompanied by seismic segmentation (Kelleher and
Mc Cann 1976; Lay et al. 1982; Cloos 1992; Cloos
and Shreve 1996; Scholz and Small 1997; Bilek 2007;
Das and Watts 2009; Watts et al. 2010; Contreras-
Reyes and Carrizo 2011; Miiller and Landgrebe 2012;
Sparkes et al. 2010; Landgrebe and Miiller 2015). In
particular, at heavily sedimented trenches, the rela-
tionship between sediment thickness and seafloor
roughness appears to be of great influence in seismic
segmentation. When high volumes of sediments are
subducted, the subduction interface is smoothened,
resulting in a homogenous plate interface. This allows
seismic ruptures to overcome bathymetric barriers
favouring trench-parallel propagation (Contreras-
Reyes et al. 2010; Heuret et al. 2012; Ruff 1989;
Schertwath et al. 2009; among others).

On September 16, 2015 at UTC time 22:54:32, an
Mw = 8.3 earthquake occurred offshore Chile, with
epicenter location (31.570°S, 71.654°W) near Illapel
at an estimated depth of 25.0 km (USGS National
earthquake Information Center—NEIC: http://
earthquake.usgs.gov/earthquakes/). GCMT (Global
Centroid Moment Tensor) obtained a hypocenter
location at 31.22°S, 72.27°W, with a depth of
approximately 17.8 km (http://www.globalcmt.org/
CMTsearch.html). Fault geometry and location are
consistent with the slip of the Nazca plate beneath the
South American plate as indicated by seismic source
parameters (e.g., http://earthquake.usgs.gov/earth
quakes/eventpage/us20003k7a#scientific_tensor:us_
us_20003k7a_mwc_gemt http://ds.iris.edu/spud/
momenttensor/10090604  https://www.csn.uchile.cl/
fase-w-terremoto-illapel-2015/).  Preliminary esti-
mates indicated that the trench-parallel-rupture length
reached up to 200-250 km over the plate boundary in
the offshore region of Illapel from approximately
30.25°S to 32.25°S, with a maximum slip in the order
of 9 m. On the other hand, the last big earthquake in
this region had occurred on April 6, 1943 with an
estimated magnitude of Mw = 7.9 (Figs. 2, 3) pre-
senting a similar rupture zone (Abe 1981; Beck et al.
1998). The region located north of 30.25°S had a
ruptured ~450 km zone along the trench through an
Ms = 8.3 earthquake on November 11, 1922 (Beck
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et al. 1998). In contrast, the region between 32°S and
34.5°S located to the south of the Illapel earthquake
(Figs. 2 and 3) presents a higher activity, recording
recent large events as the July 9, 1971 MW = 7.8,
the March 3 1985 Mw = 8.0 Valparaiso earthquakes,
the August 17 1906 Ms = 8.4 big earthquake (Bar-
rientos 1988, 1995; Mendoza et al. 1994; Beck et al.
1998; Comte et al. 1986; Christensen and Ruff 1986),
and further south the February 27 2010 Mw = 8.8
Maule event.

Preliminary slip models for Illapel earthquake are
quite different, since these are only based on teleseis-
mic wave inversion, showing the occurrence of one
(http://earthquake.usgs.gov/earthquakes/eventpage/us
20003k7a-scientific_finitefault, http://www.geol.tsuk
uba.ac.jp/ ~yagy/EQ/20150917/index.html) or two
main slip patches (https://www.csn.uchile.cl/estim
acion-del-desplazamiento-que-produjo-el-terremoto-
de-illapel-2015/, http://www.earthobservatory.sg/news/
September-16-2015-chile-earthquake) ~ with
sizes ranging from 30°S to 32.5°S (“Appendix 27).
Despite these differences, these models show a good
agreement in the identification of the main slip located to
the N-NW of the epicenter (See (“Appendix 27,
Fig. 10).In arecent work, Tilmann et al. (2016) derived a
refined slip distribution (Fig. 5) by a joint inversion
combining geodetic and seismological data sets (tele-
seismic, local waveform, strong-motion, high-rate GPS,
GPS and InSAR data). They constrained the coseismic
rupture process in detail based on these data sets, finding
that the earthquake nucleated near the coast but then
propagated northward and updip, with a maximum slip
of 5-6 m.

rupture

3. Methodology

This methodology has already been used in
Alvarez et al. (2014, 2015a, b, c), with a detailed
description of it in Alvarez et al. (2012, 2013). We
performed a direct modeling from satellite GOCE
model GO_CONS_GCF_2_DIR_RS5 (Bruinsma et al.
2013). This is a satellite-only model based on a full
combination of GOCE-SGG (Satellite Gravity Gra-
diometer) and GOCE-SST (Satellite-to-Satellite
Tracking) that also incorporates GRACE (Gravity
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Figure 4
Sediment thickness distribution from Whittaker et al. (2013) corresgponding to an updated version of Divins (2003). Differences in trench
sediment thickness are related to the inception of the Juan Fernandez ridge at the Chilean trench in the last 10 My at these latitudes, which acts
as a topographic barrier restraining the northward sediment transport. Sediments over the Nazca plate also show a substantial decrease north of
the Challenger Fz which also acts as a topographic barrier to sediment distribution. Red star indicates the 2015 Mw = 8.2 Illapel earthquake
epicenter
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Figure 5
Topography- and sediment-corrected vertical gravity gradient in thg South Central Andes and adjacent Nazca plate, obtained from GOCE
satellite-only model GO_CONS_GCF_2_DIR_RS (Bruinsma et al. 2013). Ocean floor age (solid white lines), bathymetric highs (solid black
contours over the Nazca plate) and main historical rupture zones are indicated (brown ellipses); for more detailed references see Fig. 3. Red
star indicates the 2015 Mw = 8.2 Illapel earthquake epicenter and the blue dashed line the slip distribution from Tilmann et al. (2016)

Recovery and Climatic Experiment) and LAGEOS details are given in Pail et al. 2011; Bruinsma et al.
(LAser GEOdynamics Satellite) data. This data 2010). The advantage of using a satellite-only model
combination leads to an excellent performance of the is that the quality of the data presents homogeneous
long as well as of the short wavelengths (processing precision, while models that include terrestrial data
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(e.g., EGM2008/EIGEN, a spatially heterogeneous
combination of data) present varying quality due to
errors or sampling biases of the original terrestrial
data (Braitenberg et al. 2011; Bomfim et al. 2013).
This model was obtained by the direct approach
method and is the one of maximum degree/order
(N = 300) from satellite-only data, with an effective
data volume of approximately ~ 19380 orbital revo-
lutions (data period: 01/11/2009-20/10/2013, i.e.,
~3.45 years). The half-wavelength resolution is of
approximately 67 km according to A/2 = TR/N .«
(Li 2001; Hofmann-Wellenhof and Moritz 2006;
Barthelmes 2013), with R being the mean Earth
radius and N« the maximum degree/order of the
harmonic expansion.

We calculate the second derivative of the dis-
turbing potential in the radial direction, or vertical
gravity gradient (Tzz), from the spherical harmonic
coefficients (Janak and Sprlak 2006) on a regular grid
of 0.05 grid cell size. The Tzz is expressed in Eotvos
(10~* mGal/m) and, since it is a gravity derivative, it
represents a better theoretical resolution than the
gravity vector itself for some geophysical features (Li
2001), allowing to determine the location of anoma-
lous masses with better detail and accuracy
(Braitenberg et al. 2011).

To remove the topographic effect from the gravity
derivative, we performed the topographic correction
by discretizing a digital elevation model (ETOPOI,
Amante and Eakins 2009) using spherical prisms of
constant density (Heck and Seitz 2007; Wild-Pfeiffer
2008; Grombein et al. 2013; among others). In this
way, using a spherical approximation instead of a
planar one, we take into account the Earth’s curvature
(Uieda et al. 2010), avoiding considerable errors as
the region under study is large enough (Braitenberg
et al. 2011; Alvarez et al. 2012, 2013; Bouman et al.
2013; Grombein et al. 2013). We calculated the
topography-generated Tzz from the digital elevation
model (ETOPO1, Amante and Eakins 2009), using
the software Tesseroids (Uieda et al. 2010; Alvarez
et al. 2013). Adopted densities are mean standard
values of 2.67 g/cm® for masses above sea level and
1.03 g/cm® for seawater. The selected calculation
height is of 7000 m to ensure that all values are above
the topography. The topographic correction amounts
up to tens of Eotvos, with higher positive values over
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the Andes and maximum negative values over the
lowest topography such as the Peru—Chile trench (see
Fig. 12a, “Appendix 4”).

The sediment correction was performed using the
same method considering a mean density of 2.4 g/
cm’ (see Fig. 12a, “Appendix 47). Selected sediment
densities were used in the region by Ranero et al.
(2006) and obtained from modeling wide-angle
seismic and gravity data (Sallares and Ranero 2005).
Sediment thicknesses were obtained from NGDC’s
global ocean sediment thickness grid (Fig. 4) from
Whittaker et al. (2013), an updated version of the
NGDC'’s original ocean sediment thickness grid from
Divins (2003).

4. Results

The region comprehended between the sites of
inception of the Copiapé and Juan Fernandez ridges
into the Chilean trench is characterized by the sub-
horizontal subduction of the Nazca plate known as
Pampean flat slab (Cahill and Isacks 1992; Mulcahy
et al. 2015; Alvarez et al. 2015b, among others). One
of the main characteristics of the segment is a com-
pletely sediment-starved trench north of the Copiapd
ridge and a heavily sedimented one south of the Juan
Fernandez ridge, with intermediate values between
them (<500 m).

The topography- and sediment-corrected vertical
gravity gradient (Fig. 5) shows a pronounced max-
imum positive at the outer rise region where the
Nazca plate bends prior to subduction. This gravity
high is segmented in the zone of inception of the
Juan Fernandez and Copiapd ridges (with higher
buoyancy and compensating root), an anomaly that
extends toward the coastline. While the subducted
Copiap6 ridge presents a positive value (47.5 Eot-
vOs near the coast), the extrapolation of the Juan
Fernandez ridge beneath the South American Plate
shows a narrowing of the signal (being positive or
near-to-zero values). Seismic profiles (Von Huene
et al. 1997) indicate a shallower oceanic crust next
to the trench axis than elsewhere beneath the Juan
Fernandez ridge (Sandwell and Smith 1997), as
expressed in the GA and Tzz maps (Alvarez et al.
2015a).
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Relatively lower Tzz values along both ridge
tracks are indicative of a thickened oceanic crust (as
reported by von Huene et al. (1997) based on wide-
angle seismic data for the Juan Fernandez ridge).
Sandwell and Smith (1997) had related negative
satellite-derived gravity anomalies to a crustal root
indicative of crustal flexure associated with seamount
loading. Moho depths obtained from inversion of
satellite GOCE-derived gravity data (Alvarez et al.
2015b) show maximum crustal thicknesses at the
forearc zone, coincident with the inception of
prominent oceanic features in the Chilean trench such
as the Juan Fernandez ridge, Challenger Fz, Copiap6
and Taltal ridges.

South of the Juan Fernandez ridge, extrapolation
over the seismogenic zone (between the trench and
the continental slope), the Tzz presents maximum
negative values (less than —12 E6tvos) coincidentally
with the Valparaiso Basin (Alvarez et al. 2014).
Negative Tzz values are related to sediment filling
marginal sections and to sediment-filled deep sea
terrace and slope basins resting upon thinned conti-
nental crust (ANCORP Working Group 2003; Flueh
et al. 1998; von Huene et al. 1997; Wells et al. 2003;
Alvarez et al. 2014), all of which have a lower den-
sity than the mean value used as reference (2.67 g/
cm® ). As mentioned, the Juan Fernandez ridge con-
stitutes a topographic barrier within the trench that
restrains the northward transport of these sediments
along the axial channel (Yadez et al. 2001). To the
north of the Juan Fernandez ridge, climatic conditions
change (Lamb and Davis 2003) resulting in a less
sedimented to a completely sediment-starved trench,
where the Tzz signal exhibits a well-defined contour
>4-0 Eotvos (Fig. 5), interpreted as indicative of this
abrupt decrease in sediment fill (Fig. 4). Other
authors (Bangs and Cande 1997; Von Huene et al.
1997; Ranero et al. 2006; Lohrmann et al. 2006;
among others) had already reported <1 km of sedi-
ment infill, confined to a narrow zone at the trench
axis to the north of JFR. Differences in flexural
behavior of the upper plate, north and south of the
Juan Fernandez ridge, were reported by Alvarez et al.
(2015a), who found substantial variations in the
crustal structure and flexural rigidity. To the north,
over the southern part of the flat slab, plate rigidity
becomes higher than in the southern zone where the
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oceanic plate subducts at an approximately normal
angle and upper plate rigidity falls near zero values
(Alvarez et al. 2015b).

At the central part of the region under study, the
Challenger Fz intercepts the Chilean trench produc-
ing extensive erosion along the continental slope
(29.25°S to 30.25°S) (Yafiez et al. 2002). In this
region over the plate interface, a negative lobe of Tzz
is depicted (Fig. 5) probably related to sediment infill
(see Figs. 4, 12b). In summary, the seismogenic zone
between the Juan Fernandez and Copiapd ridges
presents a highly heterogeneous density structure as
depicted by gravity data, with maximum negative
values south of the Juan Fernandez ridge (less than
—12 Eo6tvos), a lobe of low values north of it (near-to-
zero Eotvos), a lobe of negative Tzz at the inception
of the Challenger Fz (less than —1 Eo6tvos) and a
positive lobe (more than +5 Eo6tvos) from these lat-
itudes to the north up to the Copiapé ridge, where a
maximum Tzz is observed.

5. Discussion

A heterogeneous density distribution along the
rupture zone of the Illapel earthquake shown in the
previous section and a mainly positive Tzz through-
out it (>0 Eotvos) (Fig.S5) preclude a direct
correlation between negative Tzz values with high
slips, as found for other events along the Peru—Chile
margin (see Alvarez et al. 2014, 2015a). Such a
correlation found in previous works suggests that Tzz
is useful to delineate along the strike variable cou-
pling of the seismogenic structure that occurs beneath
the deep sea terrace and its basins.

While south of the point of inception of the Juan
Fernandez ridge into the trench, the rupture zones for
the 1906 and 1985 earthquakes show good correla-
tions with negative Tzz values, and the 1943 and
1922 rupture zones show no correlation at all with
negative Tzz or relative Tzz minima (along this
sediment-starved region, neither negative Tzz nor
relative minima can be found to correlate with the
rupture extent). Many authors agree that variable
sediment thickness along the trench and the presence
of high oceanic features control seismic segmenta-
tion, favoring trench-parallel rupture propagation at
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heavily sedimented trenches (e.g., Ruff 1989; Lamb
and Davis 2003; Schertwath et al. 2009; Contreras-
Reyes et al. 2010; Contreras-Reyes and Carrizo 2011;
Heuret et al. 2012; among others). This hypothesis
can be supported by the relationship between mini-
mum Tzz and maximum slip patches (at heavily
sedimented segments of the margin).

In particular, Alvarez et al. (2014, 2015a) have
shown a correlation between low Tzz lobes and high
slip areas associated with the 1996 Mw = 7.7 Nazca,
2001 Mw = 8.4 Arequipa, 2007 Mw = 8.0 Pisco,
2010 Maule Mw = 8.8 and 1960 Valdivia Mw = 9.5
rupture zones, from the Patagonian trench to the
Arica bend region, showing that the correlation
between Tzz and slip increases as the event magni-
tude becomes higher. This relationship weakens at
sediment-starved trench regions as in the case of the
2014 Mw = 8.2 Pisagua and 2014 Mw = 7.7 Iqui-
que events, where Geersen et al. (2015) showed that
lower plate irregularities, such as seamounts, most
likely controlled interplate coupling and consequently
seismic rupture.

As indicated, preliminary slip models for the IlI-
apel event found a rupture length from approximately
30° to 32.5°S, with a maximum slip reaching 9 m N-
NW of the epicenter (Fig. 10). The refined slip dis-
tribution from Tilmann et al. (2016) delineates a
rupture length (blue dashed contours in Fig. 5) from
approximately 30.25° to 31.9°S, with a maximum slip
between 30.6°S and 31.6°S.

Our results (Fig. 5) show a narrowing in the 7zz
signal between 32°S and 32.25°S, at the site of
inception of the Juan Fernandez ridge. At these lati-
tudes, the prominent bathymetry of the subducted
JFR causes an uplift of the trench and forearc
topography, blocking axial sediment transport in the
trench (Kopp 2013; Laursen et al. 2002; von Huene
et al. 1997; Yaiez et al. 2001). Variations in sediment
thickness along the trench and its relation to the
incoming subducting high oceanic features strongly
affect the development of the subduction channel and
promote seismic segmentation (Contreras-Reyes and
Carrizo 2011; Kopp 2013). The analysis of rupture
lengths of historical great megathrust earthquakes in
the region in addition to the above explained lead to
consider that the JFR behaves as a seismic barrier in
this region (e.g., Sparkes et al. 2010; Contreras-Reyes
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and Carrizo 2011; Alvarez et al. 2014). Seismic
segmentation hypothesis and seismic barriers that
may control the seismic moment release and rupture
areas have been proposed in several works (e.g.,
Kodaira et al. 2000; Bilek 2007; Sparkes et al. 2010;
Scholl et al. 2010; Wang and Bilek 2011; Contreras-
Reyes and Carrizo 2011; Miiller and Landgrebe 2012;
Heuret et al. 2012; among others). Based on a similar
approach in a Tzz analysis, Alvarez et al. (2014)
proposed that depending on the event magnitude,
ruptures would cut across attenuators/barriers until
the seismic energy was dissipated. In particular, for
the Illapel event, the Juan Fernandez ridge could have
acted as an attenuator to the south of the rupture,
while to the north the Challenger Fz could have
blocked the rupture propagation.

Inland, rupture distribution contours (Tilmann
et al. 2016) roughly coincide with a relative minimum
of Tzz (Fig. 5), with the rupture being flanked north
and south by higher Tzz values (more than +7.5
Eo6tvos).This is consistent with results presented in
Alvarez et al. (2014) for the Constituciéon 2010
Mw = 7.0 (aftershock of Maule 2010, Ruiz et al.
2013) being the maximum slip between two Tzz
highs. Similarly, the 1906 and 1985 ruptures ended to
the east at a positive anomaly (more than +10 Eot-
vos) (see Fig. 5), which probably reveals the location
of a seismic barrier marking the eastern edge of
rupture propagation for the mentioned events.

The main slip peak for the Illapel earthquake is
located between two Tzz lobes of relative minima
(Fig. 5) and, as indicated, the relationship between
high slips and low Tzz vanishes where the trench is
sediment starved. A direct approach to analyze the
influence of sediments over rupture propagation and
their relation to gravity-derived signal is to calculate
the Tzz with and without their effect. In this region,
the effect of sediments is low (Fig. 12b) and conse-
quently  differences are smooth  (Fig. 13).
Additionally, we calculated Tzz up to different
degree/order of the harmonic expansion to analyze
the response as causative masses depth increase.
Featherstone (1997) associated the depth (Z;) of a
causative mass with a determined degree of the
spherical harmonic expansion (N) by performing a
spectral analysis of the geoid and gravity anomalies.
Here, we derived a similar equation, relating Z; with a
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determined N by performing an equivalent analysis
for gravity anomalies and vertical gravity gradient
(see “Appendix 57):

(RE +Hc)(N B 1)
(N+2)(N+1) "’

where Z; is the associated depth (for [ = N), Rg is the
Earth’s radius, Hc is the Tzz calculation height and
N is the selected degree/order of the harmonic
expansion. While higher orders are associated with
shallower sources (low Z;), decreasing orders are
related to deeper structures (higher Z;). Table 1
(Appendix 5) shows the used degrees/orders, the
corresponding depth Z; and spatial resolution, using
Re = 6,371 km as the mean Earth radius. This har-
decomposition (by truncating the
harmonic expansion) allows analyzing Tzz response
with increasing depths of the causative masses
(Fig. 6). Results combining different N and incor-
porating or not the sediment correction are presented
in Fig. 13, to explore different alternatives of mass
distribution and relationship to seismogenesis and
rupture area. Results (Fig. 13) indicate that removing
sediment effect is more relevant when calculating at
higher degrees (related to shallower mass anomalies,
Fig. 13a, b), while when calculating at lower degrees
(related to deeper mass anomalies) sediment correc-
tion loses relevance (Fig. 13e, f).

The cutting off of the harmonic expansion degree
from N = 300 to N = 250 (allowing to unveil deeper
sources) resulted in a subtle migration of the Tzz

Z =

monic tool

Pure Appl. Geophys.

Figure 6
Topography and sediment-corrected Tzz slices calculated at
different degrees of the harmonic expansion. Degree orders
between N = 225 and 300 depict anomalies at approximate depths
of the seismogenic zone (interplate contact), while higher degrees
as N = 175 and N = 150 show the effect of the Juan Ferniandez
ridge and Challenger Fz, respectively. In the right corner down the
relief Moho depths from Alvarez et al. (2015c) are depicted

lobes toward the N-NE through the plate conver-
gence direction (Fig. 13). The cutoff N = 225
presents a Tzz lobe (2.5 Eotvos) in better agreement
with the slip model from Tilmann et al. (2016).
Inland, the Tzz anomalies show no significant varia-
tion, keeping a good correlation the isolines/isocurves
with the relative minimum of Tzz. To the south of the
extrapolation of the Juan Fernandez ridge beneath the
South American Plate, the minimum Tzz lobe suffers
no major changes despite the different cutting off and
removal of the sediment effect. For the Illapel
earthquake, the best fit (between Tzz and slip distri-
bution) is obtained without sediment correction and
N between 225 and 250 (Fig. 13).

5.1. Oceanic features controlling rupture
propagation

By cutting the harmonic expansion to lower
degrees up to N = 100, we expand the limit of
observation exploring at depth and analyzing deeper

sources. Results indicate that the effect of the

Table 1

Associated depth (Z;) of a causative mass with a determined degree of the spherical harmonic expansion (N) for geoid height and Ag
(Featherstone 1997) and for our derived formulae for Tzz and Ag

Degree/order N Spatial resolution 1/2 = nR/Ny,,.x[Km] Z[Km] for A, (Eq. 6) (Featherstone 1997) Z,[Km] for Tzz (Eq. 18) (H. = 7 km)

300 66.72 21.31
275 72.78 23.251
250 80.06 25.581
225 88.95 28.441
200 100.07 32.011
175 114.37 36.611
165 121.3 38.84
150 133.43 42.76
125 160.12 51.38
100 200.15 64.35

20.98
22.86
25.11
27.85
31.26
35.62
37.73
41.40
49.42
61.29

Reprinted from the journal

>



Vol. 174, (2017)

Subducted
Challenger Fz

Analysis of the Illapel Mw = 8.3 Thrust Earthquake Rupture Zone...

95

6000
4000
2000

—-2000
—-4000
-6000
-8000

Moho [Km]
-10

Tzz [Ebtvos]
20

- 15

10

5

0

-5

-10

Reprinted from the journal



0. Alvarez et al. Pure Appl. Geophys.

-29°00'

Depth

-29°30'

-30°00°

-30°30'

-31°00'

-31°30'

Ebtvos

-32°00'

-32°30'

-33°00

-33730'

-34°00°

Figure 7
Topography and sediment-corrected vertical gravity gradient obéined from GOCE satellite-only model GO_CONS_GCF_2_DIR_R5
(Bruinsma et al. 2013) up to N = 165. Ocean floor age (solid white line) marks the trend of the Challenger fracture zone. The Juan Fernandez
ridge isolines are marked by solid black contours. Red star indicates the 2015 Mw = 8.2 Illapel earthquake epicenter and the blue line the slip
distribution from Tilmann et al. (2016). The orange dashed line to the north follows the contour of a relative maximum Tzz that cuts across
the seismogenic zone in coincidence with the extrapolated path of the subducted Challenger Fz. The orange dashed line to the south highlights
the eastward inflection of the Tzz, mainly expressed by the +5Eo6tvos contour. This eastward inflection of the Tzz signal coincides with the
extrapolation of the subducted Juan Fernandez ridge beneath the South American plate. The maximum slip distribution from Tilmann et al.
(2016) is located between these two relative maximum Tzz, with the main peak located at its center and in coincidence with a relative minima
inland. Superimposed aftershock distribution up to April 14, 2016, from USGS catalog (from 5 to 55 km of depth). The diameter of the circle
is a function of the magnitude, while filling indicates the depth of the hypocenter. Aftershock activity seems to be controlled by the projections
of both oceanic features below the margin (as noted by Tilmann et al. (2016) earlier), here depicted by relative maximums in the vertical
gravity gradient signal. Rupture propagation also seems to be limited by these relative highs in Tzz probably to the long wavelength
characteristic of the GOCE-derived signal

sediments smoothens with depth and that the effect of observed between this Tzz high at approximately
the Challenger Fz is depicted by a high Tzz signal 41 km (N = 150) and the margin indentation also
(>+8 Eotvos) (Fig. 6). These high Tzz values (see observed in the inflections of the coastline. At higher
Moho depths in Fig. 6) are interpreted as derived degrees (N = 250/300), a high Tzz is observed in the
from higher densities related to the upwelling of the upper crust at intermediate depths, which is not
density structure in the mantle. A relationship is related to a topographic high. This is interpreted as
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high-density materials intruded by the Challenger Fz.
The effect of higher-density materials from the Juan
Fernandez ridge (>+10 Eo6tvos) is depicted at slightly
shallower depths at 36 km (N = 175) than the
Challenger Fz. To analyze the combined effect of
both bathymetric highs, we calculated Tzz by cutting
the harmonic expansion at an intermediate value
(N = 165) between N = 150 and N = 175. At the
extrapolated path of the subducted Challenger Fz
(Fig. 7), a high Tzz (for N = 165) is observed. The
extrapolation of the Juan Fernandez ridge coincides
with an eastward deflection of the positive Tzz
contours (mainly the +5 Eotvos). Both Tzz relative
maximums roughly correlate with rupture endings. A
minimum Tzz is observed inland in coincidence with
rupture contours.

The relationship between subducted high oceanic
features and earthquake rupture boundaries (along
strike or trench perpendicular) has been observed in
recent works for the last three megathrust earthquakes
along the Chilean margin (Maule 2010, Mw 8.8;
Iquique 2014, Mw 8.1; and Illapel 2015, Mw 8.4)
based on different data sets. Geersen et al. (2015)
reported that several subducted seamounts correlate
with the southward and up-dip arrest of the seismic
rupture during the 2014 Iquique earthquake. They
also found that structural variations in the lower plate
influence coupling and seismic rupture offshore
northern Chile, whereas the variable structure of the
upper plate plays a negligible role. In a recent work,
Métois et al. (2016) investigated the link between
coupling and seismicity over the Chilean margin
(38°-18°S) and obtained the first nearly continuous
map of interseismic coupling variations on the
subduction interface based on GPS networks. They
found that for the three (above mentioned) most
recent Mw >8 events, coseismic asperities correlate
well with highly coupled segments, while low
coupling zones (LCZ) behaved as barriers and
stopped the ruptures. They found at least six low
coupling zones (areas where coupling is low in
comparison to neighboring highly coupled segments),
five of which correlate with the subduction of ridges
or fracture zones of the Nazca plate that enter the
trench (Iquique, Baranquilla, La Serena, San Antonio
and Arauco LCZs).They also observed that all of
them are associated with singularities in the coastline
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morphology as peninsulas or bays (often related to
crustal fault networks). Particularly, the Illapel
earthquake rupture zone spread to the north up to
La Serena LCZ (related to Challenger Fz), while to
the south it reached the San Antonio LCZ (related to
the subduction of the JFR, see Métois et al. (2016) for
a detailed analysis).

Contrastingly, Tilmann et al. (2016) proposed that
the coseismic rupture was smaller than the gap
between these features, arguing against the possibility
that the rupture got arrested by either of them.
Instead, they highlight that the projections of both
oceanic features below the margin seem to mark the
limits of significant aftershock activity. Something
similar is pointed out by Shinohara et al. (2012) for
the Tohoku earthquake.

We plotted (Fig. 7) the aftershock distribution
(USGS earthquake catalog http://earthquake.usgs.
gov/earthquakes/search/ up to April 16, 2016) for
event magnitudes >2.5, and hypocenter depth
between 5 and 55 km over the vertical gravity gra-
dient map (with N = 165). Then we can observe that
the aftershock activity decays at a relatively high Tzz
signal at the extrapolated path of the subducted
Challenger Fz, with no activity north of it (orange
dashed line in Fig. 7). A similar situation occurs at
the Juan Fernandez ridge inception point, where Tzz
contours are deflected eastward. Here, the aftershock
activity is nucleated mainly to the north of the 45
Eotvos contour (orange dashed line in Fig. 7). The
auscultation depth for N = 165 is about 37.7 km,
being the above mentioned Tzz inflexion located at
an approximate depth adjacent to the five to six
aftershocks between 30 and 40 km of depth (green
circles in Fig. 7). Thus, Tzz relative highs and abrupt
changes in gravity gradient most probably signal
crustal faults along the seismogenic zone.

6. Concluding Remarks

Preliminary slip models along the Illapel rupture
zone depict a gross latitudinal slip distribution rang-
ing from 30°S to 32.5°S, which is in agreement with
margin segmentation produced by high oceanic fea-
tures, the Challenger Fz to the north and the Juan
Fernandez ridge to the south. The refined model from
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Tilmann et al. (2016) presents a homogeneous and
smaller rupture, centered between the extrapolated
paths of both subducted oceanic features. In this
region, a nearly sediment-starved trench produces
near-to-zero to positive values of Tzz, consequently
showing no clear correlation between high slips and
low Tzz values, as noted for other events along the
Peru—Chilean margin with partially filled trenches
(e.g., Valdivia-1960 and Maule-2010: Alvarez et al.
2014; Arequipa-2001, Nazca-1996 and Pisco-2007:
Alvarez et al. 2015a). We found that at heavily sed-
imented segments of the trench (to the South of JFR,
for the Maule and Valdivia earthquakes), Tzz relative
minima are highly adjusted to slip distribution. At
sediment-starved trenches,
(prior to the event) was observed in agreement with
the rupture area (for the Iquique—Pisagua earth-
quakes). For the Illapel event, relative minima were
found between two Tzz highs, where maximum slip
occurred, noting that slip coincides with a minimum
Tzz inland. The Tzz signal shows relative positive
values at the inception points of the Juan Fernandez
ridge and the Challenger Fz at higher depths, which
correlate with rupture endings.

The non-removal of the sediment effect from Tzz
and the truncation of the degree of the harmonic
expansion up to N = 225 allow detecting a Tzz lobe
in coincidence with the main rupture. Inland, the
higher slip patch between 30°S and 30.5°S is well
correlated with a relative minimum Tzz at the forearc
region. This is consistent with the results for the
Constitucion 2010 Mw = 7.0 earthquake, being the
maximum slips located between two onshore Tzz
highs (Alvarez et al. 2014).

Even though a strong relationship between high
slips from preliminary models and Tzz lows for the
Illapel event have not been found (indeed, there are
practically no low Tzz (or <0 E&tvds) values present
in this region), as found at other segments of the
margin, seismic segmentation related to high oceanic
features appears to have a similar influence. The
cutting off of the degree/order of the harmonic
expansion allowed searching for deeper anomalous
mass heterogeneities. The expression developed in
Appendix E, allowed determining the auscultation
depth or associated depth of a causative mass for a
determined degree/order of the spherical harmonic

a gravity diminution
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expansion. In this way, we could relate high Tzz
values to the Challenger Fz and to the Juan Ferndndez
ridge, thereby removing shallower anomalies.

Even though a negative Tzz lobe (<—1 E&tvos),
located at the extrapolation of the Challenger Fz and
depicted at higher degrees of the harmonic expansion
(N = 250-300, i.e., at shallower depths), is most
likely related to the presence of underthrusted sedi-
ments, at lower degrees (N = 150/Z; ~ 40 km) a
high positive Tzz was found.

This analysis based on the Illapel earthquake
leads to highlight the influence of high oceanic fea-
tures on seismic segmentation, not only at heavily
sedimented trenches, but also at sediment-starved
segments.

Based on this analysis and on previous results,
there seems to be a link between Tzz and slip distri-
bution at relative minima, with relative Tzz highs
related to high oceanic features. This favors the
hypothesis that structural variations in the lower plate
highly influence seismic behavior and seismic seg-
mentation as proposed in previous works (Kelleher
and Mc Cann 1976; Lay et al. 1982; Cloos 1992;
Cloos and Shreve 1996; Scholz and Small 1997; Bilek
2007; Das and Watts 2009; Watts et al. 2010; Contr-
eras-Reyes and Carrizo 2011; Miiller and Landgrebe
2012; Sparkes et al. 2010; Landgrebe and Miiller
2015). Particularly, recent observations/studies from
the last three M > 8 earthquakes along the Chilean
margin show a clear correlation between subducted
oceanic features and seismic segmentation by (1)
degree of seismic coupling (GPS based Metois et al.
2012, 2013, 2014, 2016), (2) satellite-derived gravity
gradients (Tzz-GOCE, Alvarez et al. 2014, 2015a),
and (3) seismic data (Geersen et al. 2015).

Similar conclusions based on different data sets
highlight the importance of constructing an integrated
model combining different methods with different
resolutions with the aim to inferring the structure of
the seismogenic zone and its seismic cycle.
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Appendix 1: The Maule 2010 and Iquique 2014
Earthquakes

The GOCE model GO_CONS_GCF_2_-
TIM_R4 with an effective data volume of
approximately 26.5 months from 01/11/2009 to
19/06/2012 and GO_CONS_GCF_2_TIM_RS5 with
an effective data volume of approximately

Analysis of the Illapel Mw = 8.3 Thrust Earthquake Rupture Zone...

constitute good tools for studying the Earth
gravity field changes after the 27th February 2010
Mw = 8.8 Maule and before the April 1st 2014
Mw = 8.2 Pisagua and April 3rd Mw = 7.7
Iquique earthquakes.

The vertical gravity gradient from
GO_CONS_GCF_2_TIM_RS5 model was compared
to the main slip distribution of the Iquique sequence
(Schurr et al. 2014) noting that no negative vertical
gravity gradient lobes coincide with high slip
(Fig. 8a). However, the relative maximum Tzz is
observed to the north and south of the main slip
patches (as observed for Illapel in this work) and also
between both ruptures. When compared, both models
calculated up to the same degree/order (N = 250) a
decrease in the gravity signal in the region where the
maximum slip patch occurred, before the occurrence

42 months from 01/11/2009 to 21/10/2013 of the event. North and south of both slip patches, an
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Figure 8

a Topography-corrected Tzz obtained from GO_CONS_GCF_2_TIM_RS up to N = 250 compared to slip distribution (solid gray line) from

Schurr et al. (2014) for the 2014 Mw = 8.2 Pisagua earthquake and its main aftershock (Mw = 7.7) on Iquique. b Residual between R5 and

R4 superimposed to the foreshock sequence (ISC-International Seismological Centre) in the region of the 2014 Mw = 8.2 Pisagua and

Mw = 7.7 Iquique earthquakes. Black dashed line indicates the profile of Fig. 1a. The residual between both models shows a decrease in the

gravity signal (prior to event occurrence) over the maximum slip area with two maxima at its northern and southern terminations
(Fig. modified from Alvarez et al. 2015a)
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Figure 9
a Topography-corrected Tzz obtained from GO_CONS_GCF_Z_THgV[_R4 up to N = 250 compared to slip distribution (orange solid line)
from Moreno et al. (2012) for the 2010 Mw = 8.8 Maule earthquake. b Residual between R5 and R4 in the region of the 2010 Mw = 8.8
Maule earthquake. The difference shows that the gravity signal increased in the region of the maximum slip patch for the data time span
between 19/6/2012 and 20/10/2013. Black dashed line indicates the profile of Fig. 1b. (Figure modified from Alvarez et al. 2015a)

increase in the gravity gradient signal occurred (see
Alvarez et al. 2015a for more details).

For the 2010 Mw = 8.8 Maule earthquake, the
main slip patches coincide with the minimum Tzz
lobes (Fig. 9a) (see Alvarez et al. 2014 for a detailed
description). As mentioned above, both GOCE
models cover a data span after this event. The
residual between both models (Fig. 9b) reveals after
the event an increase in Tzz toward the coastline
(especially in the area where the main slip occurred),
probably indicating uplift of the upper plate due to
coseismic and post-seismic lithospheric stretching
along the subduction zone. Thus, temporal variations
in the gravity field are probably related to either mass
redistribution changes or variations in fluid pressure
after the 2010 Mw = 8.8 Maule and before the 2014
Mw = 8.2 Pisagua earthquakes (Alvarez et al.
2015a).

Reprinted from the journal

Appendix 2: Preliminary Slip Models

Rapid estimation of seismic source parameters
and preliminary finite-fault slip models for the 16
September 2015 Illapel earthquake were calculated,
especially to promptly determine the potential of
tsunami genesis and generate the corresponding
alerts. The resulting models are quite different (with
varying preliminary estimated rupture areas) as these
use single data sources in the inversion (e.g., tele-
seismic wave inversion or geodetic data).

Preliminary finite fault results for the September
16, 2015 Mw = 8.3 46 km W of Illapel, Chile
earthquake (Version 1) from USGS (Fig. 10a) are
based on inversion of the GSN broadband waveforms
(26 teleseismic broadband P waveforms, 11 broad-
band SH waveforms, and 42 long period surface
waves from the NEIC waveform server). The
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Figure 10

a Preliminary surface projection of the slip distribution superimposed on GEBCO bathymetry from USGS. b Slip distribution, source time

function, epicenter of main shock (star), and aftershocks (blue circles) from the University of Tsukuba. ¢ Estimated coseismic displacement

related to the Illapel 2015 earthquake from CSN-Chile. d Surface projection of the slip model from the Earth Observatory of Singapore; red
star indicates the epicenter location and the rectangle shows the boundary of the fault plane
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waveforms were first converted to displacement by
removing the instrument response and are then used
to constrain the slip history using a finite fault inverse
algorithm (Ji et al. 2002) (see http://earthquake.usgs.
gov/earthquakes/eventpage/us20003k7a-scientific_
finitefault for more detail). The results show a main
slip patch reaching up to 9 m.

Seismic source model of the 2015 off central Chile
earthquake (preliminary result) from the University of
Tsukuba (http://www.geol.tsukuba.ac.jp/ ~ yagy/EQ/
20150917/index.html) indicated Mw = 8.3 and fault
size of approximately 150 km x 100 km (Fig. 10b),
with a single main slip patch and reaching approxi-
mately 9 m.

Coseismic slip calculated for the Illapel 2015
earthquake and aftershocks processed by the Centro
Sismolédgico Nacional (CSN, https://www.csn.uchile.
cl/estimacion-del-desplazamiento-que-produjo-el-terre
moto-de-illapel-2015/) are shown in Fig. Blc. The
maximum slip reaches up to 7 m with two main slip
patches. The slip model was obtained by geodetic data
inversion (GNSS).

Figure 10d shows the surface projection of the
slip model obtained by inversion of 31 teleseismic P
waves and 24 SH waves, assuming NEIC epicenter
location and W-phase focal mechanism (http://www.
earthobservatory.sg/news/september-16-2015-chile-
earthquake). This model of the kinematic rupture
process of the Illapel 2015 earthquake shows a main
slip patch with more than 8 m of slip peak and a
secondary lobe south of the epicenter.

Appendix 3: GOCE Error Assessment

GOCE gravitational models have global and
homogeneous coverage, with well-defined stochastic
properties, but are not errorless. We calculated GOCE
Tzz errors on a regular grid of 0.05° of cell size, in
the local north-oriented reference frame (LNOF)
from spherical harmonics coefficients. Calculation
was performed in spherical coordinates at satellite
(250 km) and calculation (7000 m) heights using
WGS84 as the reference system. For error calcula-
tion, we used GrafLab (GRAvity Field LABoratory,
Bucha and Jandk 2013), a novel graphical user
interface program for spherical harmonic synthesis
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(SHS), which allows computing 38 different func-
tional of the geopotential (including the error
propagation) up to ultrahigh degrees and orders of
spherical harmonic expansion.

Considering the Tzz signal in the region of study
(Fig. 5), between Challenger Fz and Juan Fernandez
ridge, which ranges approximately between —1 and
+7.5 Eo6tvos, the error is below 1 % of the signal
(Fig. 11b).

Appendix 4: Uncertainties Which Should Originate
from the Topography and Sediment Corrections

Removing all possible effects, even small, leads
to a “cleaner” signal that allows us to reveal buried
structures. Regarding the topographic correction, we
used spherical prisms (Heck and Seitz 2007;
Asgharzadeh et al. 2007; Wild-Pfeiffer 2008; Uieda
et al. 2010; Alvarez et al. 2013; Grombein et al.
2013) instead of a planar approximation (Forsberg
1984; Forsberg and Tscherning 1997; Nagy 1966;
Nagy et al. 2000) that greatly reduces calculation
errors when calculating big areas since earth curva-
ture is taken into account. Regarding the assumed
density, we used a density value of 2.67 g/cm’ used
in previous works and considered as standard.

The forward calculation of the gravity effect for
the sediment package (Fig. 12b) was calculated using
a linear approximation with varying densities as
depth increases (see Braitenberg et al. 2007). To
perform this operation, we used the bathymetry from
ETOPO1 (Amante and Eakins 2009) and offshore
sediment thickness available from NGDC’s global
ocean sediment thickness grid (Whittaker et al. 2013;
Divins 2003) which cover homogeneously the off-
shore region. We considered a mean density of 2.4 g/
cm® for sediments which was calculated modeling
wide-angle seismic and gravity data (Sallares and
Ranero 2005; Ranero et al. 2006). Figures were added
showing the magnitude of both corrections (Fig. 12a,
b).

The sediment gravity effect has enough impact to
be removed to solve buried structures. The sediment
correction reaches up to 1.5 Eotvos over the region
where sediment thickness is higher (south of JFR)
and between 1 and 1.5 E6tvos over the region of the
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Figure 11

GOCE error for the GO_CONS_GCF_2_DIR_RS (Bruinsma et al. 2013) model calculated at a satellite height of 250 km(a) and at a
calculation height of 7000 m (b)

Ilapel rupture (Fig. 12b). Figure 13 compares the
calculations with and without sediment correction,
analyzed with the values of the sediment correction
shown in Fig. 12b.

Appendix 5

The depth of a mass heterogeneity that generates a
determined anomalous potential (7) keeps an
approximate relationship with the spectral content of
the correspondingly derived quantities (e.g., geoid,
gravity anomaly, vertical gravity gradient). The
analysis of Featherstone (1997) is based on this
approximate relationship between the spectral content
of the geoid and the depth of a mass density anomaly

which generates a corresponding geoid wavelength
(for a determined degree of the spherical harmonic
expansion: N).

The maximum depth (z) at which a point mass
anomaly (dm) generated the geoid height at the
Earth’s surface is given by (Bowin 1983):

_ Gom

N ;
2y

(1)

where G is the gravitational constant (Newton) and 7
is the normal gravity. Similarly, the gravity anomaly
corresponding to the same point mass is:

_ Gom

8=25 @

Featherstone (1997) combined both equations and
obtained the limiting depth at which a point mass can
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exist to generate the corresponding observed geoid
N.s.e) and gravity anomaly A, ») = —%—{ at the

Earth’s surface,

S (3)

Z A,
and extended to the frequency domain using (Bar-

thelmes 2013):

GM lmux

=
X Py, sin @,

R\ B
Nirjo) = (—) Z(Clm cosml + Sy, sinml)

r m=0

(4)

/
i

:
I
:
i
b
'
i
i

]
:

EL T

Pure Appl. Geophys.

Figure 13 »
Vertical gravity gradient from GO_CONS_GCF_2_DIR_RS5 (Bru-
insma et al. 2013) compared with surface projection (blue dashed
line) of the slip distribution from Tilmann et al. (2016). a,
b N =300, ¢, d N = 250, e, f N = 225. Left without sediment

correction. Right with sedimentary thickness effect removed

GM = (R\'

M) =—5D (7) (=1
1=0

(Cimcosmi+ S, sinml) x Py, sin g,

(5)

l
X

m=0

where G is the geocentric gravitational constant, M is the
mass of the Earth, v is the normal gravity on the reference

Figure 12

a Topographic correction calculated from ETOPO1 (Amante and Eakins 2009) using spherical prisms (Uieda et al. 2010; Alvarez et al. 2013)
of constant density (2.67 g/cm®). b Sediment correction calculated from ETOPO1 and from NGDC’s global ocean sediment thickness grid

(Whittaker et al. 2013) using a linear approximation with varying densities as depth increases (considering a mean density of 2.4 g/cm?)
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ellipsoid, (r, 4, ¢) are the spherical geocentric coordinates
of the computation point (radius, longitude, latitude), R is
the reference radius (mean semi-major axis of the Earth),
Py, sin ¢ are the fully normalized associated Legendre
functions of degree / and order m, and Cyn and Sy, are
the fully normalized spherical harmonic coefficients
(stokes coefficients), which gives an estimate of the
maximum depth of a causative mass anomaly as a
fraction of the Earth’s radius (R), corresponding to
each spherical harmonic degree. Then:

R
N-1)

7= (6)

The vertical gravity gradient corresponding to a
determined point mass is given by (Wild-Pfeiffer
2008; Grombein et al. 2010):

2Gom
I, = 3 (7)
Z
The vertical gravity gradient (Tzz = %77?) can be

expressed in a spherical harmonic expansion as the
second derivative of the disturbing potential (Bar-
thelmes 2013):

GM s /RN L. o
Tirig) = — Z (7) (Ciy cosml + Sy, sinmA)

=0 =0
X Py, sin @,
(8)
2GM ¢ (R
Tzz(r‘i,(p) = r_32 <;) (l + 1)(l + 2)
=0

1
X Z(C’;m cos mA + Sy, sinmi) Py, sin .

m=0
©)

Equations 2 and 7 are now combined to give the
limiting depth at which a point mass can exist to
generate the corresponding observed gravity anomaly

and vertical gravity gradient at the Earth’s surface:
T2 = 2A,7%. (10)

Reorganizing the expression we obtain an equa-
tion similar to Eq. 3, but relating A, and T

(11)
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Extending to the frequency domain by replacing
A, (Eq. 5) and T, (Eq. 9) in Eq. 10:

2GM &= (R
- ;(ﬂ I+ 1)(1+2)

1
X Z<Cl’” cos ma + Sy, sinmi) Py, sin @

m=0
GM lmax R I
A2
=2 ,—z;(y) (=1
l -_ -— —
X Z(Clm cos ml. + S, sinmA) Py, sin . (12)
m=0
Reorganizing:
I I I 1
max Z R max R
(Z; <7> (+1)(I+2) = > <7> (1— 1))
1=0 =0
] _ _ —
X <Z (Ci cos mA + Sy, sinmi) Py, sin qo) =0
m=0
(13)
as (Z;ZO(C’W cos mA + Sy, sinma) Py, sin (,/)2, as
spherical harmonic coefficient form a basis in L2, the

expression can be overridden only when they do all
the coefficients. Therefore, Eq. 15 must hold for all /:

<§;§<§>ZU+ 1)(1+2) —2(5;)[(1— 1)) =0,
(14)
§<§>1(1+1)(l+2)— G)l(l—l):o Vi, (15)

G(H D(1+2)— (- 1)) (5;); 0,  (16)

where (5;)1 # 0 except for r —» oo; then at the
Earth’s surface (r = R):

RN —1)

SCERE "

where Z is the associated depth (for [ = N), R is the
mean Earth radius and N the degree/order of the
harmonic expansion utilized. As Tzz is calculated
above the topographical masses (the Laplace equa-
tion is fulfilled in the space outside the masses), we
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introduced a correction factor He (calculation height)
to the Earth’s radius:
(R+H.)(N-1)
(N+1D)(N+2)°

Z = (18)

Table 1 computes different associated depths of a
causative mass with a determined degree/order of the
harmonic expansion for Eqgs. 6 and 18 (columns 3

and 4). In Fig. 14a, both expressions are plotted, for

Analysis of the Illapel Mw = 8.3 Thrust Earthquake Rupture Zone...

0 < N <500, depicting that for Tzz the associated
depth is shallower than for Ag and geoid for the same
degree/order (N) of the harmonic expansion. This is
as expected, since the vertical gravity gradient (that
a gravity derivative) highlights the
superficial density anomalies (Braitenberg et al.
2011; Alvarez et al. 2012). The spectral power of the
Tzz signal is pushed to higher frequencies, resulting
in a signal more focalized to the source than the Ga
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Figure 14
a Associated depth (Z)) of a causative mass with a determined deggree of the spherical harmonic expansion (N) for geoid height and Ag
(Featherstone 1997)(red dashed line) and for our derived formulae for Tzz and Ag (blue solid line). Note that with Tzz, the associated depth is
shallower than for Ag and geoid for the same degree/order (N) of the harmonic expansion. b Associated depth (Z)) of a causative mass with a
determined half-wavelength spatial resolution (for a determined degree of the spherical harmonic expansion Eq. 19) for geoid height and Ag
(Featherstone 1997) (red dashed line) and for our derived formulae for Tzz and Ag (blue solid line). Note that for a determined horizontal
spatial resolution, the associated depth is shallower for the Tzz than for Ag and geoid for the same degree/order (V) of the harmonic expansion
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(Li 2001), with the gravity anomaly being sensitive to
regional signals and deeper sources (Alvarez et al.
2012).

The half-wavelength spatial resolution is expres-
sed by Li (2001), Hofmann-Wellenhof and Moritz
(2006) and Barthelmes (2013):

iy = Ry (19)

with R being the mean Earth radius and N, the
maximum degree/order of the harmonic expansion.
So, each degree/order (N) corresponds to a deter-
mined minimum wavelength (column 2 of Table 1)
that can be solved (this wavelength is representative
of the respective anomalous mass). By replacing
Eq. 19 in Eq. 6 and in Eq. 18, we can express the
associated depth (Z)) of a causative mass with a
determined spatial resolution i/2 depending on the
degree/order of the utilized spherical harmonic
expansion (N) (Fig. 14b).
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