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In the south Central Andes region, the Nazca oceanic plate that subducts beneath the South American plate is
characterized by a rough topography derived from different oceanic features that collide against the continental
margin. These features determine an important segmentation of both themargin and of the interplate zone. The
Chilean subduction margin has been characterized by megathrust earthquakes affecting the plate interface with
large rupture areas reaching hundreds of kilometers parallel to the trench. The occurrence of these phenomena
has been linked, among other causes, to the subduction of sediments that fill the trench and their spatial relation
to the relatively prominent oceanic features. We calculated the topography corrected vertical gravity gradient
from GOCE satellite data and from EGM2008model in order to delineate mass heterogeneities related to density
variations along the south-central Chile subduction zone. Obtained results show a spatial relation between the
subduction of the Nazca oceanic highs and associated along-strike segmentation of the vertical gravity gradients
over the interplate zone. We compared our results with the different rupture areas and found a good correspon-
dencewith the ellipses for themain earthquakes such as the Valdivia-1960 andMaule-2010 ones. Then, we com-
pared vertical gravity gradients with slip distribution obtained from different models, finding that they are
actually correlated with high slip over negative vertical gradient. The GOCE derived gradient adjusts better
with the main slip distribution contour since its signal has a characteristic high wavelength. Instead, the
EGM2008 model presents a better performance in defining the high frequency anomalies. However, the last re-
sults need to be considered only in those regions where the statistical comparisonwith GOCE data shows a good
performance. This is because EGM2008 model data present varying quality of the original terrestrial data, while
the quality of the GOCE data is locally homogeneous.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Subduction zones are affected by the occurrence of giant earth-
quakes (Mw ≥ 8.0) generally related to rupture zones (e.g. plate
bounding faults) located in the contact between the underthrusting
oceanic lithosphere and the overriding plate. The Chilean subduction
zone has been the locus of giant earthquakes with rupture areas
reaching hundreds of kilometers, widespread strong shaking, and de-
structive tsunamis (Ruff, 1989), e.g. the 1960 and 2010 earthquakes.
Several studies related initially the age of the subducting oceanic
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lithosphere and relative convergence rate between plates with the var-
iable seismic coupling and consequent earthquake size (Kanamori,
1971; Ruff and Kanamori, 1980; Uyeda and Kanamory, 1979). Recently,
Heuret et al. (2011) explained that the subduction velocity is probably
the first‐order controlling parameter in physical characteristics of the
plate interfaces, determining both the geometry and themechanical be-
havior, finding an inverse relation between seismic coupling and sub-
duction velocity.

Seismic coupling has also been related to the presence of excess
trench sediments which enhances earthquake occurrence (Ruff, 1989).
This author explained that excess in trench sediments could be associat-
ed with the subduction of a coherent sedimentary layer, which at ele-
vated temperature and pressure forms a homogeneous and strong
contact zone between the plates. Later, Lamb and Davis (2003) pro-
posed additionally that these sediments could modify the transmission
of tectonic stresses across the plate interface.
gradient delineates great earthquake rupture zones along the Chilean
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Moreover, the size and frequency of large earthquakes, according to
some hypotheses, appear to be strongly influenced by subduction of
highly buoyant oceanic features (Hof's) such as seamounts, fracture
zones and seismic ridges (Bilek, 2007; Cloos, 1992; Cloos and Shreve,
1996; Das and Watts, 2009; Kelleher and McCann, 1976; Lay et al.,
1982; Scholz and Small, 1997; Watts et al., 2010; among others).
SubductingHof's either may trigger earthquakes acting as seismic asper-
ities (Bilek et al., 2003; Kanamori, 1994; Ruff, 1996) or may control the
seismic moment release and rupture area acting as seismic barriers to
earthquake rupture (Das and Aki, 1977; Kodaira et al., 2000; Wang and
Bilek, 2011). This would depend on the degree of seismic coupling
between the overriding and subducting plates in each region (Bilek,
2007). More recently, Contreras-Reyes and Carrizo (2011) proposed
that high amounts of subducted sediments might smooth the subduc-
tion interface resulting in a homogenous coupled region allowing rup-
tures overcome these barriers. Such large and homogeneously coupled
interface would favor along trench-parallel propagation of the rupture
zone producing large earthquake magnitudes (Contreras-Reyes et al.,
2010; Heuret et al., 2012; Ruff, 1989; Schertwath et al., 2009; among
others).

Even though the role of bathymetric anomalies of the oceanic plate
on seismogenic segmentation has been tested, based on direct bathy-
metric analysis (Contreras-Reyes and Carrizo, 2011; Müller and
Landgrebe, 2012; Sparkes et al., 2010), this has been recognized as not
the only cause for segmentation of megathrust at subduction zones.
Recent works (Heuret et al., 2012; Scholl et al., 2010) have related
empirically tectonic stresses and geometrical irregularities through the
subduction interface to giant earthquakes. Analysis of the relationship
between gravity field derivatives and seismogenic behavior at sub-
duction zones has contributed stating that gravity anomalies allow ob-
serving lateral variations of density “hindered” below topography/
bathymetry. These anomalies can then be connectedwith the geological
structure of both plates and/or with the frictional structure of
the interplate fault. Song and Simons (2003) had already correlated
strong negative trench parallel gravity anomalies, in the area interposed
between the coast and the trench, with maximum slip associated
with large earthquakes. These authors had related negative gravity var-
iations to high-shear traction on the interplate thrust, in association
with an increase in the effective coefficient of friction (Llenos and Mc
Guire, 2007). Wells et al. (2003) established a link between forearc
gravity lows, active basins, enhanced subduction erosion and large
coseismic slip, while Sobiesiak et al. (2007) observed positive correla-
tions between seismic b-value, isostatic residual gravity anomalies and
geologic structures along the Northern Chile margin. In this line,
Tassara (2010) proposed that the correlation between gravity and
seismogenic structure along the Chilean margin is mainly due to the
heterogeneous density and geological structure of the upper plate
forearc and its influence on spatially varying vertical stress loading the
megathrust.

The study of the structure, geometry and segmentation along
the interplate zone has been greatly enhanced by using potential
methods. Gravimetry is very useful for this propose as it allows detect-
ing mass inhomogeneities related to density variations. Particularly,
satellite gravimetry that presents a regional and homogeneous
coverage, and whose application to seismotectonic studies has not
been a common practice, is been used in the present work. A new and
complementary gravity derivative method, the vertical gravity gradient
obtained from satellite data, allows delineating an anomalous mass
with higher resolution than the gravity anomaly, especially where
the density contrast is high (Alvarez et al., 2012; Braitenberg et al.,
2011a). In this work, we use the vertical gravity gradient com-
puted from GOCE satellite new data (Floberghagen et al., 2011;
Pail et al., 2011) and from the EGM2008 model (Pavlis et al., 2008,
2012) to delineate mass heterogeneities along the Chilean subduction
zone, with the aim of finding a potential relation with great rupture
areas.
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
margin, Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.03.
2. Tectonic setting and seismic segmentation

Thewestern continentalmargin of South America, south of the Arica
bend up to the triple point among the Nazca, Antarctica and South
American plates, is characterized by the oblique subduction of the
Nazca Plate beneath the South American margin (Fig. 1). The Peru–
Chile trench, located at about 160 kmoff the coast, constitutes at surface
the plate interface with approximately 5900 km in length and a mean
width of 64 km (Lindquist et al., 2004; Völker et al., 2006).

In central Chile, at the latitudes of the subducted Nazca Plate
(~33°S), the trench is segmented by the Juan Fernandez ridge (JFR), a
hot spot chain formed by the amalgamation of a series of intraplate
volcanoes interposed between the trench and ~900 km to the west
(Yáñez et al., 2001), and to the south the Chile Rise, an active spreading
center subducting at 46.5°S (Völker et al., 2006). Between the JFR and
the Chile Rise numerous seamounts and fracture zones, relatively
minor in terms of relief, are located, such as Mocha, Valdivia and
Guafo transform systems (Fig. 1). These constitute oceanic highs that
are progressively buried by trench sediments as they submerge beneath
the frontal accretionary prism in the subduction zone (Völker et al.,
2006).

The sedimentary infill within the trench is mostly sourced from the
Andes and the fore-arc region and in a minor fraction from the abyssal
Pacific plains (Lamb and Davis, 2003; Völker et al., 2006). The higher
bathymetric gradients through the oceanic floor influence the distribu-
tion of sediments along the trench (Ranero et al., 2006). Within this
trench, a north-flowing axial channel that extends north of 42°S for
some 1000 km terminating at JFR, channels turbidity currents (Völker
et al., 2006). Then the JFR ridge constitutes a topographic barrier within
the trench that restrains the northward transport of these sediments
along the trench (Yáñez et al., 2001; among others). Therefore, north
of 32.5°S the trench is either completely starved or contains less than
1 km of sediments in thickness, being confined to a narrow axial zone
(Bangs and Cande, 1997; Schweller et al., 1981; among others). South
of the JFR up to the Chile Triple Junction, the trench is partly to
completely filled, mainly by turbiditic sections determining a flat bot-
tom bathymetry (Lamb and Davis, 2003; Ranero et al., 2006; Völker
et al., 2006). Along this section, sediment thickness varies from 2,2 km
to 3,5 km, in accordance with an increment in trench width from
25 km (33°S) to 80 km (41°S) (Völker et al., 2006). Variable volume of
sediments along the trench, and its relation to the incoming subducting
Hof's, strongly affects the development of the subduction channel and
promotes seismic segmentation (Contreras-Reyes and Carrizo, 2011;
Kopp, 2013).

Sparkes et al. (2010) found that rupturing in great earthquakes is
likely to be impeded by subducted topography with positive relief
(N1000 m), after analyzing the rupture limits of thirteen historic large
earthquakes along the South America–Nazca plate interface. In
this line, Contreras-Reyes and Carrizo (2011) studied the spatial rela-
tionship between large underthrusting earthquakes (Mw ≥ 7.5) and
bathymetric heterogeneities along the Chile–Peru subduction zone,
finding a strong relation between subduction of Hof's and earthquake
rupture segments. More precisely, Müller and Landgrebe (2012) found
a statistical relation between large earthquakes and the subduction of
oceanic fracture zones at a global scale, and also explained that other
oceanic features such as aseismic ridges and seamounts present an
aseismic behavior. This is supported by previous works which pointed
out that subduction of shallow seafloor relief produces crustal erosion
inhibiting the accumulation of elastic strain energy creating weak,
aseismic zones at the plate interface. This promotes an unfavorable con-
dition for the generation and propagation of large ruptures (Mochizuki
et al., 2008; Singh et al., 2011; Sparkes et al., 2010; Wang and Bilek,
2011).

Major rupture zones exemplify these relations. The Maule 2010
earthquake ruptured bilaterally through two major slip patches
(Delouis et al., 2010; Lay et al., 2010; Lorito et al., 2011; Moreno et al.,
gradient delineates great earthquake rupture zones along the Chilean
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Fig. 1.Morphology of the oceanic Nazca plate highlighting the main topographical features that are subducted at the Chilean trench (Amante and Eakins, 2009). Note the differences in
sediment thickness north and south of the Mocha Fz, and the JFR. Nazca/South America convergence rate is approximately 6.6 cm/yr with a convergence angle of 78°N (DeMets et al.,
2010; Kendrick et al., 2003). Chilean/Argentinian border is indicated by dotted and dashed line; coast line by black line; dotted line indicates Chilean trench.
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2012; Pollitz et al., 2011; Tong et al., 2010; Vigny et al., 2011), coinciding
approximately the northern patch (Fig. 2) with themost probably 1928
rupture zone, abutting to the north against the rupture area of the 1985
event (Lange et al., 2012). The northern end of the rupture zone for the
last event is located near the subducted JFR at the Chilean trench
(~32.5°S). The 2010 Maule aftershocks and the coseismic slip ended to
the south at the entering Mocha Fz, where the major asperity of the
1960 earthquake sequence is thought to have occurred (Lange et al.,
2012; Lorito et al., 2011). The rupture zone of the 1960 earthquake
ranges from the Mocha Fz to the Chile Rise, where slip distribution
also appears to be segmented by the incoming Hof's (Contreras-Reyes
and Carrizo, 2011; Melnick et al., 2009; Moreno et al., 2009).

3. Data and methods

The study of crustal anomalies at regional scale using gravity data
has been enhanced by the new earth gravity field models, with increas-
ingly improved resolution and accuracy from the new satellite missions
(e.g. EGM2008 model from Pavlis et al., 2008, and GOCE models from
Floberghagen et al., 2011; Pail et al., 2011; among others). Regional
structures, suture zones and partially buried volcanic Provinces have
been delineated by different studies by means of these models (e.g.
Alvarez et al., 2012, 2014; Braitenberg, in press; Braitenberg et al.,
2011a; Eyike et al., 2010; Li et al., 2013; Mariani et al., 2013; among
others).

The satellite GOCE mission (Gravity Field and Steady-State Ocean
Circulation Explorer, 2009–2013) was the most recent mission from
the European Space Agency designed to obtain global and regional
models of the gravity field and geoid with unprecedented high resolu-
tion and accuracy. Two techniques were utilized to fulfill these
objectives: the gradiometry (whose main instrument, an electrostatic
gravity gradiometer (EGG) measures the rate of change of the gravity
vector in all three perpendicular directions) and the satellite-to-
satellite tracking in a high-low mode (SST-hl, a double frequency GPS
receptor is used to extract gravimetric information by means of an
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
margin, Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.03.
accurate orbit perturbation analysis). By combining these techniques,
it is possible to recover the underlying dynamic models that govern
the satellite motion, including the earth gravity field.

The earth gravity field models are given as a series of spherical har-
monic coefficients up to a maximum degree/order on which depends
the spatial resolution of the model (Barthelmes, 2009). The last models
obtained from pure satellite GOCE data (e.g. GO_CONS_GCF_2_TIM_R4,
http://icgem.gfz-potsdam.de/ICGEM/, Pail et al., 2011) are developed up
to degree/order N= 250, so the smallest resolvable feature of the grav-
ity field is equal toλ/2= 80 km. Since the gravity field attenuates at the
high altitude of satellites orbits, thesemodels (satellite only) provide in-
formation only on the longwavelength part of the spectrum (Reguzzoni
and Sampietro, 2010). Despite this disadvantage, GOCE derivedmodels,
have homogeneous precision, as no errors or sampling biases, induced
by the terrestrial data, are present, as is themodel EGM2008 (a spatially
heterogeneous combination of data).

Particularly, the TimeWise Model solution (TIM) is a GOCE-only so-
lution (GOCE orbits and gravity gradients) in a rigorous sense, as no ex-
ternal gravity field information is used (neither as reference model, nor
for constraining the solution). The TIM_R4 model has the advantage of
longer data span than previous GOCE based models and improved gra-
diometer data based on the Level-1 data processing strategy given by
Stummer et al. (2012). The TIM models have been externally validated
by independent GPS/leveling observations for Germany (875 stations)
and Japan (873). Results (e.g. Hirt et al., 2011, 2012) indicate that glob-
ally the pure GOCE-model TIM_R4 performs significantly better than
EGM2008; even though the latter contains also terrestrial gravity data
(see GO_CONS_GCF_2_TIM_R4 datasheet from http://icgem.gfz-
potsdam.de/ICGEM/).

The global earth gravity field model EGM2008 (Pavlis et al., 2008,
2012) that combines different kind of data presents the higher currently
available spatial resolution (N = 2159 / λ/2 = 9 km) but when com-
pared (up to the same degree/order) with the GOCE model, exhibits
some differences (see Appendix A). EGM2008 is a combined solution
composed of a worldwide surface gravity anomaly database of 5′ × 5′
gradient delineates great earthquake rupture zones along the Chilean
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Fig. 2. Topography corrected Vertical Gravity Gradient (Tzz) obtained from GOCE (Pail et al., 2011) and Nazca plate Hof's (dashed lines). To the right the dimensions of the approximate
rupture areas of the largest earthquakes along the Chile margin are indicated: Valparaíso-1985, Mw= 8.0: Barrientos (1988, 1995); Mendoza et al. (1994). Valparaíso-1906, Ms = 8.4:
Beck et al. (1998). Talca-1928, Ms = 8.0: Beck et al. (1998); Campos et al. (2002); Ruegg et al. (2009). 1835 Concepción-Constitución seismic gap, Mw = 8.5: Campos et al. (2002);
Darwin (1840, 1876); FitzRoy (1839); McCann et al. (1979). Maule-2010, Mw = 8.8: Lay et al. (2010); Lorito et al. (2011); Moreno et al. (2012); Vigny et al. (2011); among others.
Concepción May 21–1960, Mw = 8.2: Cifuentes (1989); Engdahl and Villasenor (2002); Plafker and Savage (1970). Valdivia May 22–1960, Mw= 9.5: Moreno et al. (2009); Plafker
and Savage (1970); Ruegg et al. (2009). Triangles indicate the current position of the active volcanic arc (Siebert and Simkin, 2002). Coastal line: thin black line, National borders:
thick black line.
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resolution (derived from terrestrial gravimetry, satellite altimetry,
ship-borne and airborne gravimetry), and GRACE-derived satellite
solutions (ITG-GRACE03S, Mayer-Gürr, 2007). Over poorly covered
regions (areas where only lower resolution gravity data were
available), their spectral content was “filled-in” with the computation
of Topographic/Isostatic gravitational models (i.e. information implied
by the topography; Pavlis et al., 2012). Over these areas, the gravity
anomaly information over the harmonics of degree from 721 to 2159
is supplemented by the gravitational information obtained from the
analysis of a global set of Residual Terrain Model-Implied (RTM-Im-
plied) gravity anomalies.

The accuracy of the terrestrial gravity observations depends on the
precision of the height measurements, so important inconsistencies
arise when considering large areas; the sparseness of data in some
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
margin, Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.03.
large continental regions does not allow for the recovery of low frequen-
cies of the gravimetric signal (Reguzzoni and Sampietro, 2010).
Braitenberg et al. (2011b) and Bomfim et al. (2013) showed in detail
how errors at high degree, enter the error of a downscaled EGM2008.
The agreement between EGM2008 and the GOCE models is good
where high quality terrestrial mean gravity anomalies are available,
such as in North America, Europe and Australia (geoid RMS-differences
on the order of 4–6 cm), although where the surface gravity data avail-
able for the development of EGM2008 is poor (South America, Africa,
South-East Asia or China), the RMS-differences span between 20 and
38 cm (Yi and Rummel, 2014). When analyzing the areas of the various
EGM2008 data sources, the “filled-in” regions present high RMS-geoid
height differences, and here GOCEdata lead to a significant improvement
(Yi and Rummel, 2014). Summarizing, the gravity derivatives obtained
gradient delineates great earthquake rupture zones along the Chilean
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fromGOCEmodel (Pail et al., 2011), allows delineating gravity anomalies
at a regional scale (tectonic interpretation of medium to long wave-
lengths) with higher precision but with lower resolution than the
EGM2008 model.

After the statistical analysis (Appendix A) and considering the
sparseness of terrestrial data in the region under study (Pavlis et al.,
2008, 2012), the most reliable areas to apply the EGM2008 model are
mainly off-shore and forearc regions comprised between 36°S and
40°S (Figs. A.1 and A.3, Appendix A). Thus the GOCE model (TIM_R4)
is more appropriate to apply than the EGM2008 model in the region
under study despite its lower resolution (but with a homogeneous
precision). Results obtained by means of the EGM2008 model will
only be analyzed and compared to GOCE in the regions of higher perfor-
mance, in order to solve the different anomalies in greater detail. The
combined use of both models, considering their best individual quali-
ties, has been tested in different studies (Alvarez et al., 2012, 2014).
Köther et al. (2012) explained that combined gravity models (as
EGM2008) can be used for density modeling of relatively smaller fea-
tures such as shallower crustal structures, while satellite-only models
are not appropriate for this “higher detail” purpose due to their low spa-
tial resolution.

3.1. The vertical gravity gradient

From the earth gravity field models, the disturbing potential T is
calculated. Then different derived quantities can be obtained such
as the gravity anomaly and the gravity gradient tensor (TGG). The TGG
or Marussi tensor is composed of five independent elements and
is obtained as the second derivative of the anomalous potential
(Hofmann-Wellenhof and Moritz, 2006). The Marussi tensor compo-
nents M ¼ Tij

� �
can be expressed and solved numerically in a spherical

coordinate system (Rummel et al., 2011; Tscherning, 1976). The vertical
gravity gradient (Tzz) is the secondderivative of the disturbingpotential
in the radial direction:

Tzz ¼
∂2T
∂r2

1 Eo
::
tvo
::
s ¼ 10−4 mGal

m

� �

where T[r,φ, λ] is the anomalous potential, r the radial distance, andφ, λ
the latitude and longitude respectively.

The vertical gravity gradient highlights superficial density anomalies
and allows delineating the location of an anomalous mass with better
detail and accuracy than the gravity anomaly itself (Braitenberg et al.,
2011a). The Tzz presents a better theoretical resolution than the gravity
vector for some geophysical features (Li, 2001). Since the Tzz is a deriv-
ative of gravity, the spectral power of gravity gradient signals is pushed
to higher frequencies, resulting in a signal more focalized to the source
than the gravity anomaly. Conversely, the latter has more signal power
at low frequency making it more sensitive to regional signals and
deeper sources.

The Tzz is more sensitive to superficial density variations relative to
gravity and is totally insensitive to flat extendedmass inhomogeneities,
whereas a flat mass sums to the superficial effect of the gravity.
Therefore Tzz is better for detection of the edge of geological structures
and to distinguish the signal due to a smaller superficial density
variation from an extensive deeper mass (Alvarez et al., 2012). In
the area under study, between the trench and the coast line the sedi-
ment infill determines with the ocean floor a flat bottom topography,
impeding to detect density differences by means of the Ga, which
emphasizes the use of Tzz. This results in an improvement in outlining
shallow buried structures when compared to Free Air or Bouguer
gravity anomalies. A positive gradient value is related to denser bodies
while a negative value is related to less dense bodies, and abrupt
changes may indicate a high density contrast between two different
lithologies.
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
margin, Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.03.
3.2. Calculation

In order to delineate the spatial distribution of the anomalies related
to density variations along the Chileanmarginwe calculated the vertical
gravity gradient (Tzz) field from themodel expressed as coefficients in a
spherical harmonic expansion (Janak and Sprlak, 2006). For calculation
we used the global model of GOCE GO_CONS_GCF_2_TIM_R4; Pail et al.,
2011) in a geocentric spherical coordinate system at the calculation
height of 7000 m to ensure that all values were above the topography.
The values were calculated on a regular grid with a cell size of 0.05°,
with the maximum degree and order of the harmonic expansion
(N = 250) for this model. The topographic effect was removed from
the fields in order to eliminate the correlation with the topography
(Alvarez et al., 2013). Topographic mass elements obtained from
the global relief model ETOPO1, which include ocean bathymetry
(Amante and Eakins, 2009), were approximated with spherical prisms
(Grombein et al., 2010, 2013; among others) of constant density in a
spherical coordinate system to take into account the Earth's curvature
(Uieda et al., 2010). Calculation with spherical prisms is needed since
a planar approximation induces a considerable error (Bouman et al.,
2013; Grombein et al., 2010, 2013). Differences between calculations
using spherical and rectangular prisms are shown in Alvarez et al.
(2012), Heck and Seitz (2007), Wild-Pfeiffer (2008), among others. A
standard density of 2.67 g/cm3 was used for masses above sea level
and a density of 1.03 g/cm3 for the sea water. The topographic correc-
tion amounts up to tens of Eötvös for the Tzz. It becomes higher over
the maximum topographic elevations (e.g. the Main Andes) and lower
over the topographic depressions such as the Chilean trench.
4. Results

The vertical gravity gradient (Tzz) highlights the mass inhomogene-
ities of the Nazca oceanic plate, the paths of the Juan Fernandez Ridge
(JFR), and the Chile Rise being notorious both expressed by gradient
values lower than in the surrounding bathymetry (Fig. 2). Seaward of
the trench, the outer rise of the downgoing Nazca plate is marked by a
high positive Tzz, indicative of a shallower asthenosphere related to
the bending of the oceanic plate prior to subduction. This is segmented
by the different oceanic plate features (Hof's), being particularly notori-
ous the inception of the JFR, the Mocha Fz and the Chile Rise in the
trench.

The abrupt decrease in the gradient signal east to the trench is due to
the effect of the low density trench sediment infill which is accreted and
underthrusted in the accretionary prism and subduction channel re-
spectively. Between the trench and the coastline, an elongated trench
parallel negative Tzz anomaly is noted, reaching less than −10 Eötvös.
This low gradient signal is dominated by the effect of low-density sedi-
ment filling marginal sections and a thinner crust beneath the forearc
deep sea terrace. Sedimentfilled slope basins, resting upon thinned con-
tinental crust that extends to about 50 km of the trench, were recog-
nized in free-air gravity maps and in seismic profiles of the southern
Chile margin (ANCORP Working Group, 2003; Flueh et al., 1998; von
Huene et al., 1997). Wells et al. (2003) found prominent free-air gravity
lows following the physiographic slope and basins in areas of high sed-
imentation rate as the Southern Chile continentalmargin. The JFRmarks
the northern termination of this low Tzz, while the Chile Rise and the
Mocha Fz mark important attenuations.

As indicated, the crest of the subducted JFR causes 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). The more
positive values of Tzz north of JFR represent the scarcity of sediment
infill into the trench at these latitudes. Here, Bangs andCande (1997) re-
ported a narrow sedimentary prism (b1.0 km) that passes to a starved
trench north of Copiapo (27°S). The Tzz evinces these trench sediment
thickness variations showing very low values south of JFR, intermediate
gradient delineates great earthquake rupture zones along the Chilean
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Fig. 3. (A): Relation between the variable relief of the oceanic floor and the segmentation of the Tzz signal. Black contours delineate bathymetry, while white contours show the Tzz seg-
mentation. Red arrow indicates the convergence direction between Nazca and South American plates. Red dashed line shows the Tzz profile location of Fig. 4. (B): Positive relief of the
oceanic Nazca plate relative to the mean seafloor depth of approximately −4000 m. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Latitudinal cross section of the inferred subducted seafloor relief through the Nazca plate beneath the accretionary prism (gray shaded). Superimposed is the Tzz signal (black line).
Note the general correlation that exists between bathymetry and Tzz. The observed little shift is a consequence of the obliquity between bathymetry profiles and Tzz (see Fig. 3) related to
the convergence direction and because the Tzz signal has a long wavelength characteristic. Black dashed line delineates the sediment thickness from Whittaker et al. (2013).
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values between JFR and the Copiapo ridge and positive values north of it
(Figs. 2 and E.1 in Appendix E).

At the Chile Rise (46.5°S), the subduction of the spreading center
promoted the swallowing of the trench bathymetry (Fig. 1) with the
subsequent abrupt decrease in the sediment thickness (Bangs and
Cande, 1997), and the narrowing of the frontal accretionary prism
(Cande et al., 1987). These features are revealed by a higher Tzz signal
at these latitudes (46.5–47°S). The positive Tzz that parallels the coast-
line along the forearc is the expression of high density materials, prob-
ably related to obducted Permo-Triassic fragments of offscraped
oceanic crust engulfed in the active accretionary prism, typical of most
convergent margins (Hackney et al., 2006).

The negative gradient signal that parallels the trench is divided into a
series of segments by zones of higher Tzz values. Such segmentation is
probably related to the depth variation of the subducted oceanic crust
since higher Tzz values coincide with the entering Hof's (Figs. 3 and 4).
These highs in the Tzz signalmay also be related to denser intruded bod-
ies offscraped into the accretionary prism. Spatial variation of the Tzz
signal, therefore reveals the location of mass heterogeneities of the
upper crust over the seismogenic zone. South of Mocha Fz, lower Tzz
mean values over the seismogenic zone were obtained, reaching less
than−15 Eötvös (magenta elliptical anomalies of Fig. 2, see also profile
of Fig. 4). Between Mocha Fz and the Chile Triple junction, sediment
thickness is higher to the south, in relation with a thicker subduction
channel (N1.5 km) (Contreras-Reyes and Carrizo, 2011). North of it, be-
tween JFR and Mocha Fz the subduction channel is only b 1.0 km thick.
These authors indicate that this contrasting thickness has a strong influ-
ence in rupture propagation size. Whereas north of the Mocha Fz, the
Hof's mainly control the size of the rupture area, to the south the thick
subduction channel has a stronger influence on the abnormally large
rupture propagation areas that affected the region. In fact, Heuret et al.
(2011) reported a higher seismic coupling in this region south of
Mocha Fz, where lower Tzzmean values are found over the seismogenic
zone.

4.1. Relation between Hof's and segmentation along trench parallel
Tzz signal

In this section, we explore the relation between the variable relief of
the segmented oceanic floor and the segmentation of the Tzz signal
along the seismogenic zone, as it is a good indicator of density heteroge-
neities. In the next section (4.2) we compare results of the Tzz signal
with large earthquake rupture zones.

We contoured the relief from ETOPO1 (Amante and Eakins, 2009) at
500 m intervals and then superimposed to the topography corrected
vertical gravity gradient from GOCE (Fig. 3A). A notorious relation be-
tween these bathymetric irregularities and Tzz highs/lows comes out
from this analysis. It is noted that the oceanic relief contours (black con-
tours of Fig. 3A) projected into the subduction zone following the con-
vergence direction, roughly coincide with the Tzz segmentation over
the seismogenic zone (white contours of Fig. 3A).

In order to highlight this relation, we have recalculated seafloor ba-
thymetry by taking the difference between the depth at a point and the
mean depth of the seafloor, taken as approximately−4000 m (Sparkes
et al., 2010) using seafloor topography from ETOPO1 (Amante and
Eakins, 2009). Data were selected about 100 km away from the trench
(Fig. 3b), since fracture zone topography is often completely covered
by sediments close to the trench and in order to avoid the forebulge
high zone (Franke et al., 2008; Müller and Landgrebe, 2012; Robinson,
2007). Then we calculated block mean values from the seafloor relief
on sliding windows of 20′ × 20′. The mean values were extrapolated
to the east into the subduction zone following the relative convergence
between the Nazca and South American plates (Fig. 4). In this step, we
assumed a continuity of the seamount chain beneath the continent
with a relief of similar in magnitude to the present seafloor topography
next to the plate interface as assumed by Sparkes et al. (2010).
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
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Additionally, a profile following the minimum Tzz signal was traced
(see Fig. 3A for profile location).

Three regionalmaxima of the Tzz signal (Fig. 4) are related to the JFR,
the Mocha Fz and the subduction of the Chile Rise (at Taitao Fz). Be-
tween the JFR and the Mocha Fz the high/low values of the Tzz signal
are related to high/low's of the inferred subducted seafloor. The region
of the inferred location of the subductedMocha Fz presents a smoothed
Tzz signal, probably related to a wider zone of deformation resulting
from the obliquity of this Fz with respect to the convergence angle
and to the trench (based on a pure geometric analysis — Japas and Re
(2005)). To the south of Valdivia Fz, a similar pattern to the one ob-
served north of Mocha Fz is found (Fig. 4). Here, the bathymetric high/
lows related to the different fracture zones also appear to be related to
the high/low values of Tzz across the interplate zone. This is always con-
sidering that the GOCEmodel has a longwavelength character and thus
smoothes the anomalies impeding an exact matching with the inferred
subducted bathymetric anomalies.

4.2. Relation between Tzz and seismic segmentation

Wells et al. (2003) found that there is a tendency for coseismic slip in
subduction faulting to be focused beneath the forearc basins and deep-
sea terrace gravity low, rather than beneath the intervening highs,
based on a gravimetric analysis. They indicate that this could reflect
along-strike variations in the temperature, fluid pressures, and stresses
on the subduction zone caused by variations in overlying crustal thick-
ness and density. If coseismic slip tends to be concentrated beneath
these low density materials, and since the Tzz highlights mass inhomo-
geneities, this could be a good indirect indicator of the seismogenic
structure.

In order to find a spatial correlation between the Tzz anomalies and
large earthquake rupture zones along the Chilean margin, the extent of
the inferred rupture areaswere plotted (Fig. 2). Sparkes et al. (2010) in-
dicate that there is a degree of uncertainty (less than 50 km, Kelleher,
1972) in the mapped limits of rupture zones that is due to different fac-
tors such as the gradual decrease in slip toward the rupture tip, the im-
perfect correlation between the rupture zone and the distribution of
aftershocks, seismic intensities and co-seismic subsidence. In spite of
this, the mapped rupture areas were compared to Tzz segmentation as
a first approach.

In particular, the rupture areas that correspond to the 1985, 1928
and 1835 earthquakes roughly coincide with one Tzz patch of about
−7 Eötvös (Fig. 2, fromnorth to south respectively). The positive anom-
aly above +10 Eötvös, observed at the forearc, probably reveals the lo-
cation of a seismic barrier marking the eastern edge of the rupture
propagation zone for 1906 and 1985 events. The main rupture zone
for the Maule 2010 earthquake embraces two low Tzz anomalies,
being limited to the south by the entering Mocha Fz at its intersection
point with the trench. The northern Tzz anomaly is more pronounced
(more negative) than the southern one, and approximately coincides
with the 1928 rupture zone, and also with the northern stronger, in
terms of displacement, patch of the 2010 earthquake. The northern end-
ing of the Maule 2010 and 1928 main rupture zones coincide with the
southern ending of the rupture of the 1985 earthquake. At this latitude
(34°S) the−10 Eötvös contour narrows and throttles, indicating a dis-
continuity in the Tzz signal, probably influenced by the existence of a
barrier (Figs. 4 and 5).

The large Valdivia 1960 earthquake rupture zone ends, to the north,
at the southern termination of the 2010 rupture and develops to the
south up to the Chile rise (47°S). Contreras-Reyes and Carrizo (2011)
propose that theMocha Fz has an important role in controlling the rup-
ture propagation area of the 1960 and 2010 earthquakes. The northern
and southern limits for the 1960 earthquake rupture, coincide with a
notorious narrowing in the Tzz contours. The Concepcion earthquake
in May 21–1960, Mw 8.2 earthquake (Fig. 2) occurred one day before
the Valdivia earthquake Mw 9.5 (Ruiz et al., 2012). Its rupture area is
gradient delineates great earthquake rupture zones along the Chilean
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Fig. 5. Fault slip distribution contours predicted by the precise 3D FEM model of Moreno
et al. (2009) superimposed to GOCE Vertical Gravity Gradient in the zone of the Valdivia
1960 earthquake. The northern−10 Eötvös contour coincideswith slip distribution pattern.
South of 42°S the correspondence is not so clear, showing a shift between the Tzz lows and
the slipmodel. As mentioned in the text, Moreno et al. (2009) reported that south of Isla de
Chiloé (42°S) data used for the inversion are not as reliable as in the northern zone.
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comprised in the area of wide deformation related to the Mocha Fz co-
inciding with a smooth Tzz. Contrastingly, the Valdivia May 22–1960
main slip is comprised between two inferred subducted bathymetric
highs (Mocha Fz and Chiloé Fz).
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
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5. Discussion

Slip distribution through a rupture area associatedwith a subduction
zonemegathrust earthquake, can be obtained by a joint inversion of dif-
ferent kind of data, e.g. teleseismic (P, SH and Rayleighwaves), geodetic
(static and continuous GPS, Interferometry) and tsunami data. Determi-
nation of the slip distribution is influenced by the inversion method
(Beresnev, 2003) and depends strongly on the type of data used for
the inversion (Delouis et al., 2010). Lee et al. (2006) examined the
fault geometry effect and the corresponding coseismic slip distribution
for different fault models, and concluded that fault geometry also influ-
ences the results. Particularly, trial inversions (Lay et al., 2010; Shao
et al., 2010) obtained for the Maule 2010 earthquake indicate that the
seismic inversions are sensitive to the types of waveform data being in-
cluded and the frequency band (Pollitz et al., 2011). Furthermore, in
poorly resolved regions (without enough data constraints), the model
would exhibit some artifacts which will look similar to seismic asperi-
ties (Page et al., 2009). Summarizing, different slip distributions can be
obtained for the same seismic event, depending on the data used, the
fault model geometry and the inversionmethod. For a detailed analysis,
we superimposed the slip distribution of two of the largest earthquakes
along the Chilean margin over the Tzz maps.

5.1. The Valdivia 1960 Mw = 9.5 earthquake

For this earthquake we superimposed the slip distribution of
Moreno et al. (2009) over the Tzz from GOCE (Fig. 5). To obtain a vari-
able slip distribution for this earthquake, Moreno et al. (2009) inverted
the same geodetic data set as Barrientos and Ward (1990) (vertical
displacement, inland elevation differences and surface shear strain
compiled by Plafker and Savage, 1970). Nevertheless, instead of using
an elastic dislocation model with a planar fault geometry (such as
Barrientos and Ward, 1990), they implemented a precise 3D finite ele-
ment model (FEM) derived from geophysical data. This model (3D
FEM) avoids the occurrence of some artifacts that could be interpreted
as asperities that take place when using simplified planar fault geome-
try. Even though the use of this model improved the final results,
Moreno et al. (2009) reported that the best constrained region of the
model is north of Isla de Chiloé (42°S), where most geodetical data
were acquired. South of Isla de Chiloé, data used for the inversion are
not as reliable as to the north.

Previousworks (Wells et al., 2003) had found a coincidence between
the size and distribution of coseismic slip calculated by Barrientos and
Ward (1990) and the dimensions of forearc basins obtained by
Mordojovich (1981) from seismic reflection surveys, which are also vis-
ible as a chain of pronounced lows in the satellite gravity data (Wells
et al., 2003). They found that slip patches and basins are roughly limited
by the subducted fracture zones, suggesting that the margin is seismi-
cally segmented (Barrientos and Ward, 1990).

In the Tzzmap (Fig. 5), four lobes with very low gradient values are
found (less than −15 Eötvös). The −10 Eötvös contour located be-
tween 38.5°S and 41.2°S coincides with the upper patch of the slip dis-
tribution. The northern lobe (−15 Eötvös), located inside this contour,
coincides with the maximum slip in this area. South of Chiloé Fz (42°S
to 46°S),where the slipmodel ofMoreno et al. (2009) is not so accurate,
the lobes of Tzz present a shift with respect to the peaks of the slip
distribution. In Appendix D the slip distribution of Moreno et al.
(2009) is superimposed to the Tzz obtained from the EGM2008 model.
Here a better agreement between slip patches and low Tzz is found in
most places.

5.2. The Maule 2010 Mw = 8.8 earthquake

For this event, we superimposed the models of Tong et al. (2010)
(Fig. 6A), Vigny et al. (2011) (Fig. 6B) and Moreno et al. (2012)
(Fig. 6C). The earthquake of Maule 2010 initiated at approximately
gradient delineates great earthquake rupture zones along the Chilean
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Fig. 6. GOCE vertical gravity gradient in the zone of the Maule 2010 earthquake, superimposed to fault slip distribution contours obtained by A: (Tong et al., 2010). B: (Vigny et al., 2011).
C: (Moreno et al., 2012). Note the correlation between the northern patch for the slip models and the lobes with low Tzz values. D: Coseismic slip model for the 2010 Maule earthquake
(Moreno et al. (2012).
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36.5°S, and ruptured the subduction plate interface bilaterally with two
major slip patches located between 34°S and 38°S (Delouis et al., 2010;
Lay et al., 2010; Lorito et al., 2011; Pollitz et al., 2011; Tong et al., 2010;
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
margin, Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.03.
among others). Different works (Table 1) show a similar spatial pattern
for the Maule 2010 earthquake rupture zone. These studies roughly co-
incide in the location of the northern patch located approximately
gradient delineates great earthquake rupture zones along the Chilean
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Table 1
Different kind of data used in the slip models for the Maule 2010 megathrust earthquake.

Slip model

Data used in the joint inversion model Reference

Teleseismic (P, SH), INSAR, near and far cGPS/hrGPS Delouis et al. (2010)
Teleseismic P, SH and Rayleigh observations Lay et al. (2010)
Tsunami and geodetic observations (cGPS, INSAR and
land-level variation from Farías et al. (2010))

Lorito et al. (2011)

INSAR, near and far cGPS Tong et al. (2010)
INSAR, near and far cGPS and campaign GPS data Pollitz et al. (2011)
Survey GPS, near field and far field cGPS data,
land-level variation from Farías et al. (2010) and
INSAR from Tong et al., 2010.

Vigny et al. (2011)

Survey GPS, continuous near field and far field GPS data,
INSAR, land-level changes.

Moreno et al. (2012)
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between 34°S and 36.5°S, which concentrated the major slip (15 to
20 m) between ~34.5°S and 35.5°S. Most authors, located the other
patch south of the epicenter, centered at about 37°S, with a lower over-
all slip (less than ~10 m).

In the Tzzmapwe found two lobes (−7 Eötvös): the first located be-
tween 34°S and 35.2°S and the other between 35.5°S and 36.5°S (Fig. 6).
These negative Tzz values show a strong correlation with the main
northern slip patch of the Maule 2010 earthquake. The northern lobe
Fig. 7. A) Plot of Tzz field versus slip model both sampled over a regular grid (B) and profile alo
quantities is observed (high slip over negative Tzz).
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shows lower Tzz values in coincidence with the concentration of the
major slip calculated by the different models. As an example Fig. 6
shows TzzGOCE results overlapped to slip distributionmodels obtained
by (A) Tong et al. (2010), (B) Vigny et al. (2011) and (C) Moreno et al.
(2012).

Vigny et al. (2011) used data from a near-dense cGPS array
constrained by land level changes from Farías et al. (2010); INSAR
data from Tong et al. (2010) were only used for the areas with scarce
GPS data coverage, representing only the 7% of the total dataset. Thus
only in a few areas these two models included the same kind of data
for the inversion, thus explaining their differences (see Fig. 6A and B).
Later, Moreno et al. (2012) used a finite element model that takes into
account the geometrical complexities of Chile subduction zone to
avoid introducing slip artifacts due to geometrical simplification. The
maximum slip for both lobes of the northern patch obtained by these
authors (Fig. 6C) is better correlated with low Tzz lobes than the other
works (Fig. 6A and B).

Even though the superposition here presented shows a general cor-
relation between Tzz and slip distribution, a quantitative analysis was
performed: We sampled a digital representation (Fig. 6D) of the slip
model of Moreno et al. (2012, supplementary material) and the Tzz
field over a regular grid (Fig. 7B). Then, we plotted slip vs Tzz (Fig. 7A)
tracing a profile along Tzz representing also the slip distribution
(Fig. 7B). The relation between high slip over negative Tzz is observed
ng Tzz and slip distribution. In both representations an inverse relationship between both

gradient delineates great earthquake rupture zones along the Chilean
011

http://dx.doi.org/10.1016/j.tecto.2014.03.011


Fig. 8.Different orders of barriers/attenuators proposed that segment the southern Clilean
subduction zone, based on Tzz from GOCE satellite data constrained by the available rup-
ture zones for large megathrust earthquakes (Mw ≥ 8.0).

11O. Álvarez et al. / Tectonophysics xxx (2014) xxx–xxx
in both representations. Then, we made a statistical quantification of
both variables and obtained a correlation coefficient of = −0.6919.
The deviation of data distribution regarding the fit line is σ =
3.0262 m/Eötvös. Song and Simons (2003) had proposed the premise
that spatial variations in gravity over the forearc served as a proxy for
the long-term state of stress on the plate interface. Wells et al. (2003)
explained that the empirical relationship between large co-seismic
slip and the observed gravity low along deep sea terraces and their ba-
sins may be a proxy for the long term coseismic slip distribution along
some subduction zones. Since vertical gravity gradients derived from
earth gravity field models present a higher resolution than gravity
anomalies, this allowed us to describe this relation quantitatively and
to obtain a more detailed characterization of the seismogenic structure
along the Chilean subduction zone.

The southern patch, depicted by the different slipmodels, is not well
solved by GOCE data. This may be related mainly to the fact that its size
is in the order of the spatial resolution of this model. Moreover, as slip
increases a better correlation with lower Tzz values appears, as is seen
in Fig. 7A. Since the southern patch exhibits minor slip and extension
than the northern patch, the correlation is weaker. When the method
applied in this work, is performed using the EGM2008 model, a low
Tzz anomaly is depicted (see Fig. B.1, Appendix B) in coincidence with
the maximum slip area of the southern patch. In the Appendix A,
we show a statistical analysis of the existent differences between
both models defining the areas where we can be confident with the
EGM2008 model. The rms gravity residual anomaly (Fig. A.3) shows
a good agreement between both models just over the area of the
Arauco peninsula, making the EGM2008model reliable where themax-
imum peak of the southern patch is located. Since this high frequency
anomaly is not resolved by the long wavelengths characteristic of the
GOCE signal, we can infer that the southern patch is also related to
low Tzz values.

6. Conclusions

From a direct modeling of the gravity signal using satellite GOCE
data and EGM2008 model, at medium to long wavelengths, we identi-
fied an along strike segmentation of the Tzz signal. We showed how
the different Hof's compartmentalize the gradient signal into well de-
fined segments, where highs in the gradient signal appear to be related
mostly to the subducted oceanic floor highs. Particularly, the JFR, the
Mocha Fz and the Chile Rise are related to a high Tzz signal. We derived
a spatial relation between the subduction of theHof's in the oceanic lith-
osphere of the Nazca plate and associated segmentation of the vertical
gravity gradients in the interplate zone, along the south-central Chile
subduction zone. Then we compared the Tzz with the main and robust
characteristics of the slip distribution for different megathrust earth-
quakes. From this, we have found a rough spatial relation between
high Tzz values with the rupture limits for some events.

We found that low Tzz values are roughly correlated with the loca-
tion of the rupture zones for large earthquakes along the central to
southern Chile margin. In a more detailed analysis, we found a correla-
tion between high slip and low Tzz values for theMaule 2010 event. The
different slip models analyzed in this work exhibit some differences
in relation to the kind of data and model used for the inversion. The
Tzz presents a better adjustment with the model of Tong et al. (2010)
and Moreno et al. (2012) both based on INSAR and cGPS data. This is a
direct consequence of the low frequency characteristics of the GOCE sig-
nal. When the slip models are compared with Tzz obtained from
EGM2008, a good correlation is obtained, especially for those regions
where both GOCE and EGM2008 are in agreement. In this case the
EGM2008 model resolves the high frequencies of the gravity gradient
signal and depicts some anomalies that are not solved by GOCE. This is
the case for the southern patch of the Maule 2010 earthquake.

Results suggest that Tzz is a better proxy than gravity anomaly to de-
lineate along strike variable coupling of the seismogenic structure that
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
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occurs beneath the deep-sea terrace and its basins for the analyzed seg-
ment (high coupling would be related to low Tzz values and lower seis-
mic coupling to high Tzz values in the seismogenic zone). Since vertical
gravity gradients derived from satellitemodels are useful for the charac-
terization of the seismogenic structure along subduction zones, it has a
number of implications on the general understanding of seismogenic
processes and on seismic (and tsunami) hazard assessment.

We delineated the segmentation of the margin (Fig. 8) defining two
kinds of barriers using Tzz contours and their relation to the large
gradient delineates great earthquake rupture zones along the Chilean
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Fig. A.1. Absolute difference between the gravity anomaly from EGM08 and GOCE. The
black square in the vicinity of the JFR shows an areawith erroneous data. Thewhite square
shows an area over the Nazca Plate (Near Mocha FZ) with better quality data. Red dashed
line indicates the most reliable areas to apply the EGM2008 model. Argentinian/Chilean
border indicated by dotted and dashed line; coastal border indicated by black line.

Table A.1
Statistical parameters for the difference.

Average difference 0.147 mGal
Standard deviation 12.45 mGal
Maximal value of difference 52.52 mGal
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megathrust earthquakes in the area under study. Two main segments
are distinguished, the first between JFR and Mocha Fz, and the second
between Mocha Fz and CTJ. The limits of the different rupture zones
are here defined as “attenuators” instead of “barriers” since these pres-
ent a certain overlap (Fig. 8) and some events, particularly the 1730
earthquake (Appendix E), probably crossed these “barriers”. In this
sense, the vertical gravity gradient signal shows a gradual transition be-
tween highs and lows along strike (by means of the high wavelength
signal of GOCE) and certain continuity in the low Tzz anomaly with in-
terspersed highs along and across-strike (delineated by the high fre-
quency EGM2008 model). The Tzz signal shows different higher values
at the location of these “barriers”, thus indicating a degree of blockage
rather than a barrier to rupture propagation. We defined the Tzz highs
related to theseHof's (JFR, Mocha Fz and CTJ) asfirst order barriers or at-
tenuators, as they coincidewith themain segmentation of the Tzz signal
(cut off of the−5 Eötvös contour) coinciding with the limits of the two
longest rupture zones occurred in this zone (Maule 2010Mw=8.8 and
Valdivia 1960Mw= 9.5). The second order barriers/attenuators are de-
fined by the contours of the Tzz signal generating the different second-
ary lobes (Fig. 8).

Finally, we might conclude the following sequence of events: When
a megathrust earthquake takes place, the rupture propagates along the
fault interface following main asperities. Depending on its magnitude,
the rupture zone would cut across these attenuators/barriers in a de-
creasing order until the seismic energy release would be dissipated by
minor order attenuator/barrier, i.e. the main rupture zone will be re-
strained in function of the relation between earthquake magnitude
and attenuators/barriers order.
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Appendix A. GOCE vs EGM2008 data comparison

The last models available derived from data of the GOCE mission
(e.g. Pail et al., 2011) have been published after more than 26 months
of measurements, but with a lower spatial resolution than mixed
satellite-terrestrial global models like EGM2008 (Pavlis et al.,
2008). The satellite-only gravitational model of GOCE GO_CONS_
GCF_2_TIM_R4, (datasheet_go_cons_gcf_2_tim_r4.pdf, http://icgem.
gfz-potsdam.de/ICGEM/) is useful to examine the quality of the terres-
trial data entering in the mixed satellite-terrestrial global models like
EGM2008 (Pavlis et al., 2008, 2012) by a comparison analysis (see
Alvarez et al., 2012; Braitenberg et al., 2011b for a more detailed de-
scription). Yi and Rummel (2014) made a comparison of GOCE models
with EGM2008 and found that the agreement between EGM2008 and
the GOCE-models up to degree and order 200 is good, with a global (ex-
cluding the polar gaps of GOCE orbits, throughout) geoid difference RMS
of 11 cm, in the ocean areas 8 cm and 20 cm in the continental areas.

A simpleway to evaluate the quality of the terrestrial data contribut-
ing to themodel (for degrees greater than N= 120 EGM2008 relies en-
tirely on terrestrial data) is to make a comparison analysis up to degree
N = 250 with the pure GOCE-satellite derived model. The errors of the
original terrestrial data heavily affects the errors of the EGM2008 values
up toN=250, because the spherical harmonic expansion can be seen as
an averaging process. The standard deviations between GOCE and
EGM2008 thus represent varying quality of the original terrestrial
Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
margin, Tectonophysics (2014), http://dx.doi.org/10.1016/j.tecto.2014.03.
data, because the quality of the GOCE data is locally homogeneous.
Where the standard deviations are small, the original data must have
been accurate or otherwise the same downscaled values and a small
standard deviation would have been only obtained by chance (See
Braitenberg et al. (2011a) and Alvarez et al. (2012) for a more detailed
explanation). Therefore GOCE is a remarkably important independent
gradient delineates great earthquake rupture zones along the Chilean
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Fig. A.2.Histogram of the residual gravity anomaly between EGM08 andGOCE (up to degree and order N= 250). Left (Good tile): white square of Fig. A.1. Right (Bad tile): black square of
Fig. A.1.

Fig. A.3. Root mean square of the gravity anomaly residual on 1 × 1 tiles. Red dashed line
indicates the most reliable areas to apply the EGM2008 model.
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quality assessment tool for EGM2008, especially in those areas were no
precise terrestrial data are available in the EGM2008 model as is the
case of large parts of SouthAmerica. Here, substantial differences are ex-
pected, especially in the Andes region wherein the topography is high
and very rough in many areas. An assessment for the intercomparison
of terrestrial observations and EGM2008 and GOCE was made in
Bomfim et al. (2013).

We calculated the gravity anomaly derived from the EGM2008
model (Pavlis et al., 2008) and from the GOCE satellite (Pail et al.,
2011) up to N = 250. The absolute value of the difference field
(EGM2008-GOCE) is shown in Fig. A.1. Statistical parameters for the dif-
ference between the two fields are shown on Table A.1. A high-quality
region is compared with a low-quality region in terms of the residual
histogram. The white square in Fig. A.2 marks a 2° × 2° area with rela-
tively high quality; which is compared to a square of equal size
(black) of degraded quality. The histograms of the residuals (Fig. A.3) il-
lustrate a limited error (+/−5 mGal) for the white square and more
than 25% of coincidence between both models (80% between +/−2
mGal). Instead, the black square, presents a high error (+/−30 mGal)
with a uniform distribution.
Fig. A.4. Histogram of the rms deviations on 1 × 1 tiles.
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Fig. B.1. EGM2008 Vertical Gravity Gradient in the zone of theMaule 2010 earthquake, superimposedwith fault slip distribution contours obtained by the joint inversion of: A: INSAR, near
and far cGPS (Tong et al., 2010). B: Survey GPS, near field and far field cGPS data, land-level variation and INSAR (Vigny et al., 2011). C: Survey and continuous near and far field GPS data,
INSAR, and land-level changes (Moreno et al., 2012). Note the agreement between the maximum displacements and lower Tzz values. The maximum slip for the southern patch (at the
Arauco peninsula) coincides with a low Tzz value.
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The rootmean square (rms) deviationwas calculated from themean
on slidingwindows of 1° × 1° as a statistical measure of EGM2008 qual-
ity. The result is shown on Fig. A.3. The most frequent value of the rms
deviation is 4mGal as is shown in Fig. A.4. The locations where the ter-
restrial data have problems reflected greatly increased values. The 75%
of the rms deviation is below 6 mGal.
Fig. C.1. Slipmodel for the Constitucion 2010Mw=7.0 aftershock ofMaule 2010 (Ruiz et al., 20
epicenters of the 2012 earthquake computed using the P1 and P2waves, respectively. Slip distri
data (thick black line contours slip from1m to 0m thin black dotted line) and fromGPS and stro
0 m).

Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
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Appendix B. Tzz from EGM2008 model for the Maule event

Analysis made on Section 5, shows a good correspondence between
the Tzz fromGOCE and the northern patch of the slip distribution for the
Maule 2010 earthquake. Nevertheless, the southern patch could not be
depicted as a consequence of the high wavelength characteristic of the
13) superimposed to GOCE (A) and to EGM2008model (B). The red and blue stars are the
bution obtained from teleseismic records (color dots), togetherwith InSAR images andGPS
ngmotion records (thickwhite line contours slip from2.14m to 0m thinwhite dotted line
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GOCE signal. In this section we present the topography corrected verti-
cal gravity gradient obtained from the EGM2008 model (Fig. B.1)
superimposedwith the same slip models from Fig. 6. The physiographic
slope and its basins (ANCORP Working Group, 2003; Flueh et al., 1998;
Von Huene et al., 1997), described byWells et al. (2003) as a prominent
Fig. D.1. EGM2008 Vertical Gravity Gradient in the zone of the Valdivia 1960 earthquake,
superimposedwith fault slip distribution contours predicted by the precise 3D FEMmodel
from Moreno et al. (2009).

Please cite this article as: Álvarez, O., et al., GOCE derived vertical gravity
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free-air gravity low, are delineated with the EGM2008 model with bet-
ter detail than with GOCE satellite only data.

According the prior statistical analysis, we can be confident on
EGM2008 model only in a few areas over the margin. Between 36°S
and 40°S the EGM2008 seems to be in good agreement with the GOCE
model, especially at the Arauco peninsula. Here the Tzz signal shows a
low value in coincidence with the peak of the slip for the southern
patch depicted by the different models. The northern patch from the
models of Tong et al. (2010) andMoreno et al. (2012) shows a great cor-
respondence with low Tzz values. The northern patch from the Vigny
et al. (2011) model, shows a N-NW orientation which coincides with
the Tzz signal in a more regional way.
Appendix C. March 25–2012 Mw = 7.0, a Maule-2010 aftershock

One of the largest Mw = 7.0 thrust interplate aftershocks of Maule
Mw = 8.8 earthquake occurred on 25 March 2012. It was recorded by
a network of high-rate GPS stations, local seismometers and accelerom-
eters, Global Seismographic network and SAR acquisitions by the
ENVISAT satellite (Ruiz et al., 2013). The slip distribution of this event
(Ruiz et al., 2013) is plotted in Fig. C.1 over Tzz from GOCE (Fig. C.1A)
and over Tzz from EGM2008 model (Fig. C.1B). A notable concordance
with lower Tzz values from EGM2008 and GOCE is observed, being the
maximum slip between two Tzz highs.
Appendix D. Tzz from EGM2008 model for the Valdivia 1960 event

The statistical analysis (Appendix A) shows in general, a better
agreement between both models south of 36°S. In Fig. D.1, we
superimposed the slip model from Moreno et al. (2009) with the
Tzz obtained from EGM2008. Here it can be noted a good correspon-
dence, as obtained with GOCE model, but with higher resolution. By
a direct comparison with Fig. 5, it can be elucidated how the GOCE
signal “averages” the different anomalies, an obvious consequence
of the higher spatial resolution. The size and distribution of the
forearc basins (very low Tzz) shows a notorious coincidence with
the distribution of high coseismic slip from Moreno et al. (2009)
as found by Wells et al. (2003) between slip patches and basins by
means of the gravity anomaly.
Appendix E. Tzz from GOCE and EGM2008 for the 1730 earthquake

The 1730 earthquake with an epicenter offshore near Valparaíso
(33.05°S 71.63°W) and a magnitude of 8.7 affected a zone stretching
for more than 1000 km along the coast from Copiapó to Concepción
and caused great damage in Santiago and Valparaíso (Udias et al.,
2012, 2013). Based on contemporary documents, these authors suggest
that the 1730 earthquake crossed the subducted Juan Fernandez Ridge
and extended from approximately 30°S to 38°S. Even though the histor-
ical record of very large earthquakes along the Nazca margin stretches
back to at least 1575 (Cisternas et al., 2005), events before 1868 are in-
sufficiently documented to determine the extent of their rupture
zones in any detail (Sparkes et al., 2010). Then,we analyzed thepossibil-
ity of this large rupture bymeans of the Tzz. In Fig. E.1, we plotted the Tzz
from GOCE (A) and from EGM2008model (B). In this figure is notorious
the abrupt decrease in the negative Tzz anomaly over the seismogenic
zone north of JFR. However, a negative gradient is also detected up to
−29°S with GOCE and up to−28° with EGM2008model. In this region,
the agreement between bothmodels is very poor when compared up to
the same degree/order. Nonetheless, both maps are showing that exists
a continuity to the north of JFR of the low Tzz values, which would indi-
cate thepossibility of a certain degree of continuity over the seismogenic
zone, enabling the rupture propagation across the subducted JFR.
gradient delineates great earthquake rupture zones along the Chilean
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Fig. E.1. Tzz fromGOCE (A) and from EGM2008model (B) depicts important differences north of the JFR over the seismogenic zone. This reflects a decrease in sediment thickness north of
JFR and no trench sediment infill at all north of Copiapo as explained by many authors (e.g. Bangs and Cande, 1997; Flueh et al., 1998; Laursen et al., 2002; Schweller et al., 1981; Völker
et al., 2006; von Huene et al., 1997).
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