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a b s t r a c t

Considerable improvements in the measurement of the Earth gravity field from GOCE satellite mission
have provided global gravity field models with homogeneous coverage, high precision and good spatial
resolution. In particular, the vertical gravity gradient (Tzz), in comparison to the classic Bouguer anomaly,
defines more accurately superficial mass heterogeneities. Moreover, the correction of these satellite-
derived data from the effect of Earth topographic masses by means of new techniques taking into ac-
count the Earth curvature, improves results in regional analyses. In a recent work we found a correlation
between Tzz and slip distribution for the 2010 Maule Mw ¼ 8.8 earthquake. In the present work, we
derive the vertical gravity gradient from the last GOCE only model, corrected by the topographic effect
and also by the sediments on depocenters of the offshore region at the PerueChile margin, in order to
study a spatial relationship between different lobes of the gravity derived signal and the seismic sources
of large megathrust earthquakes. In particular, we analyze this relation for the slip models of the 1996
Mw ¼ 7.7 Nazca, 2001 Mw ¼ 8.4 Arequipa, 2007 Mw ¼ 8.0 Pisco events and for the slip models of the
2014 Mw ¼ 8.2 Pisagua and Mw ¼ 7.7 Iquique earthquakes from Schurr et al. (2014), including the
previously analyzed 2010 Mw ¼ 8.8 Maule event. Then we find a good correlation between vertical
gravity gradients and main rupture zones, correlation that becomes even stronger as the event magni-
tude increases. Besides this, a gravity fall in the gravity gradient was noticed over the area of the main
slip patches at least for the two years before 2014 Mw ¼ 8.2 Pisagua and Mw ¼ 7.7 Iquique earthquakes.
Additionally, we found temporal variations of the gravity field after 2010 Mw ¼ 8.8 Maule event, related
to the main patches of the slip distribution, and coseismic deformation. Therefore, we analyzed vertical
gravity gradient field variations as an indirect measure of the variable seismic coupling finding a
potential relationship between Tzz and the seismic b-value. These relationships exemplify the strong
potential of the satellite only derived models as a predictive tool to determine potential seismic energy
released in a subduction segment, determining the potential size of a potential rupture zone, and in
particular internal slip distribution that allows inferring coseismic displacement field at surface.

© 2015 Published by Elsevier Ltd.

1. Introduction

Prediction of potential seismic energy after major earthquakes
and distribution of coseismic displacements in active tectonic set-
tings have been major tasks in the last years from remote sensing
and field surveys, including measurements of gravity field and
ground deformations (e.g. Dreger and Kaverina, 2000; Peltzer et al.,
2001; among others). The PerueChile subduction zone, where
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about one third of the total last century worldwide seismic energy
was released, is characterized by the occurrence of large mega-
thrust earthquakes at the contact between the Nazca and South
American plates. Gravity measurements have proven to be very
useful for studying the structure, plate geometry and seismic seg-
mentation of the interplate megathrust (Llenos and Mc Guire,
2007; Sobiesiak et al., 2007; Tassara, 2010; �Alvarez et al., 2014,
2015a,b; Maksymowicz et al., 2015).

In particular, satellite gravity data have been used in offshore
and onshore studies monitoring density variations through the
forearc above a subduction zone. Song and Simons (2003) were the
first who correlated strong negative gravity anomalies parallel to
the trench with maximum slips of large earthquakes. Then Wells
et al. (2003) established a link between forearc gravity lows, ba-
sins developed on the frontal accretionary prism, enhanced sub-
duction erosion and large coseismic slips. From these analyses,
negative gravity anomalies seem to be related to areas of high-
shear traction on the interplate interface, in association with an
increment in the effective friction coefficient (Llenos and Mc Guire,
2007). More locally, Sobiesiak et al. (2007) observed positive cor-
relations between seismic b-value, isostatic residual gravity
anomalies and geologic structures along the Northern Chilean
margin. Similarly, Tassara (2010) correlated gravity and seismo-
genic structure of the Chilean margin, influenced by the varying
vertical stress loading the subduction zone due to a heterogeneous
density structure of the upper plate forearc. Following this hy-
pothesis, �Alvarez et al. (2014) have found a general agreement
between lows of vertical gravity gradients derived from GOCE-
satellite data (Gravity Field and Steady State Ocean Circulation
Explorer) and the location of higher slips on seismic sources of the
1960 Mw ¼ 9.6 Valdivia and 2010 Mw ¼ 8.8 Maule earthquakes
that occurred in south-central Chile. A more recent work of
Maksymowicz et al. (2015) based on 2-D gravity modeling showed
that the highest slip during the Maule earthquake is located in a
segment of the margin characterized by low densities in the con-
tinental wedge, low vertical loading over the seismogenic contact, a
well-developed shelf basin, and low taper angles consistent with a
low effective basal friction coefficient.

In this work, seismic sources of recent Mw > 7.5 earthquakes
that occurred next to the Arica bend region (14�S to 24�S) in the
Central Andes (Fig. 1) are first compared to the topography and
sediment corrected vertical gravity gradient obtained from the
GOCE model GO_CONS_GCF_2_TIM_R5 (Pail et al., 2011;
Brockmann et al., 2014). Then, vertical gravity gradient measure-
ments are locally compared with the seismic sources of other large
Peruvian events occurred in 1996 (Nazca, Mw ¼ 7.7), 2001 (Are-
quipa, Mw ¼ 8.4) and 2007 (Pisco, Mw ¼ 8.0). The slip distribution
models of the April 1st 2014 Mw ¼ 8.2 Pisagua earthquake and its
main aftershock on April 3rd 2014 Mw ¼ 7.8 Iquique that ruptured
partially the northern Chile seismic gap (Schurr et al., 2014) are also
compared with vertical gravity gradient measurements. The GOCE
only model GO_CONS_GCF_2_TIM_R4 and the following TIM_R5
were obtained by the Time-wise method and cover different time
data span, constituting a good tool for studying Earth gravity field
changes. The data span for both models allows to detect gravity
field changes after 2010 Mw ¼ 8.8 Maule and before the 2014
Mw ¼ 8.2 Pisagua and 2014 Mw ¼ 7.7 Iquique earthquakes. In this
work we analyzed the probable relationships/correlations between
slight Earth gravity field changes, detected by means of GOCE
gravity gradients, and different parameters as the degree of seismic
coupling and seismic b-value.

2. Seismotectonic setting

The interplate zone along the Peru-Chilean trench has been

affected by large megathrust earthquakes, being some of them the
largest recorded in the world, including the 2010 Mw ¼ 8.8 Maule
earthquake in central Chile, and the 1960 Mw ¼ 9.5 Valdivia
earthquake in southern Chile. These earthquakes are produced
within the area of contact between the Nazca and South American
plates. The Nazca Plate subducts obliquely beneath the western
margin of Central and Southern South America (Fig. 1), defining the
PerueChile trench, located at about 150 km off the coast of Peru
and Chile (Lindquist et al., 2004; V€olker et al., 2006). Near the Arica
bend, the subducting oceanic Nazca Plate is associated with a series
of bathymetric highs: the Nazca ridge that intersects the trench at a
latitude of 15�S, the Nazca Fracture zone at 17�S, and the Iquique
ridge at about ~21�S (Fig. 1). The northern Chilean margin is char-
acterized as an erosive marginwith a trench that is virtually starved
of sediments, exhibiting a very steep offshore forearc (von Huene
and Scholl, 1991; Adam and Reuther, 2000; Lamb and Davis,
2003; V€olker et al., 2006; Tassara et al., 2006). Bangs and Cande
(1997) measured approximately ~0.5 km of sediment filling at the
trench north of 21�S, while to the south less than 0.1 km are present
up to 27�S. The lack of sediments in the trench at these northern
latitudes is explained by little precipitation during the past 20 Ma
on the western Andean slope (Scholl et al., 1970; Hartley and Jolley,
1995), with a minimal supply in the last 10 Ma as a consequence of

Fig. 1. Topography corrected vertical gravity gradient in the Central Andes and adja-
cent Nazca plate, obtained from GOCE satellite-only model GO_CONS_GCF_2_TIM_R5
from Brockmann et al. (2014) (Tzz is indicated with white contours). Convergence
between Nazca-South American plates (black arrow) is from Kendrick et al. (2003) (the
Perú-Chilean trench is indicated with a gray dashed line and the bathymetric highs
mentioned in the text with thin black lines). Superimposed slip distributions for the
2007 Mw ¼ 8.0 Pisco (1); 1996 Mw ¼ 7.7 Nazca (2), 2001 Mw ¼ 8.4 Arequipa (3),
2007 Mw ¼ 7.7 Tocopilla (6) and 1995 Mw ¼ 8.1 Antofagasta (7) from Chlieh et al.
(2004, 2011) and for the 1st April 2014 Mw ¼ 8.2 Pisagua (4) and 3rd April 2014
Mw¼ 7.7 Iquique (5) from Schurr et al. (2014). References: Red stars are the epicenters
for the different earthquakes shown in this figure. AR: Arica, IQ: Iquique, AF: Anto-
fagasta. Blue dashed line: 1877 Mw ¼ 8.6 reduced zone from Metois et al. (2013). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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extreme arid conditions after the uplift of the Altiplano (Garzione
et al., 2008). Subduction erosion processes in this region, related
to the morphological roughness of the oceanic plate and the lack of
sediments within the trench, have been proposed as the major
control in arc eastward migration in the last 100 My (Stern, 1991;
Haschke et al., 2006; Kay et al., 2005).

In Southern Peru, large megathrust earthquakes with moment
magnitude of 8.4�Mw� 8.8 occurred in 1604,1687,1784 and 1868
(Dorbath et al., 1990; Kelleher, 1972; Nishenko, 1985). However,
only indirect estimations of their approximate rupture length and
moment magnitude are available. Contrastingly, since the advent of
modern space-based geodesy and broadband seismology, the
seismic sources of recent large megathrust earthquakes, as the
1996Mw¼ 7.7 Nazca, 2001Mw¼ 8.4 Arequipa, and 2007Mw¼ 8.0
Pisco earthquakes, have been studied in detail (Pritchard et al.,
2007; Sladen et al., 2010; Chlieh et al., 2011) (Fig. 1). To the south,
along the northern Chile margin, the largest historical earthquake
occurred in 1877 (Iquique event) with magnitude Mw ~ 8.5e8.8
(Lomnitz, 2004), and estimated rupture zone from Arica to Anto-
fagasta. This zone was recognized as the Iquique seismic gap in
northern Chile, with a return period varying from ~111 to 264 yr
(Nishenko, 1985; Comte and Pardo, 1991; Chlieh et al., 2011). The
southern part of this gap was recently affected by the 2007
Mw ¼ 7.8 Tocopilla earthquake. Metois et al. (2013) using geodetic
measurements reduced the previously proposed rupture zone of
the 1877 earthquake (Kausel, 1986), which allowed to invert the
interseismic coupling distribution on the slab interface with better
precision and resolution (Fig. 1).

3. Data and method: direct modeling from satellite-derived
models

The GOCE model GO_CONS_GCF_2_TIM_R5 (Pail et al., 2011;
Brockmann et al., 2014) is a satellite-only model combining SST-
hl (high-low Satellite-to-Satellite Tracking) and SGG (Satellite
Gravity Gradiometer) data. It is a GOCE-only solution in a rigorous
sense since no external gravity field information is used, neither as
a referencemodel nor for constraining the solution. This model was
obtained by the Time-wise method, and is the one of the maximum
degree/order (N ¼ 280) from satellite-only data at this time, with
an effective data volume of approx. 42 months (data period: 01/11/
2009e21/10/2013). This allows obtaining a resolution of approxi-
mately l/2 z 2pR/Nmax z 71 km with R being the mean Earth
radius and Nmax the maximum degree and order of the harmonic
expansion (Li, 2001; Hofmann-Wellenhof and Moritz, 2006; Bar-
thelmes, 2009). The observed potential is obtained from the global
gravity field model, from which the disturbing potential (T) is
calculated after subtracting the potential field of the reference
ellipsoid (WGS84) (Janak and Sprlak, 2006). The gravity gradient
tensor (Marussi tensor) is obtained as the second derivatives of the
disturbing potential T (e.g. Hofmann-Wellenhof and Moritz, 2006)
and is composed of five independent elements. The Marussi tensor
components M ¼ Tij can be expressed and solved numerically in a
spherical coordinate system (Tscherning, 1976; Rummel et al.,
2011).

In the present work we calculate the vertical gravity gradient
(Tzz) in terms of the spherical harmonic coefficients up to degree/
order N ¼ 280 for the mentioned earth gravity field model, on a
regular grid of 0.05� grid cell size. The Tzz is obtained in E€otv€os
(10�4 mGal/m), as the second derivative of the disturbing potential
in the radial direction. The Tzz represents a better theoretical res-
olution than the gravity vector for some geophysical features (Li,
2001) and allows delineating the location of an anomalous mass
with better detail and accuracy than the gravity anomaly itself
(Braitenberg et al., 2011). The Tzz is particularly sensitive to

superficial density variations relative to gravity, although is totally
insensitive to flat extended mass inhomogeneities, whereas a flat
mass sums to the superficial effect of the gravity. In particular,
�Alvarez et al. (2014) have shown a correlation between low Tzz
values and high slip areas of the 2010 Maule seismic source.

With the aim of reducing the Tzz for the gravity effect of
topography, we used spherical prisms of constant density (Heck
and Seitz, 2007; Wild-Pfeiffer, 2008; Grombein et al., 2013;
among others), to discretize the digital terrain model and
contemplate the Earth's curvature (Uieda et al., 2010). This calcu-
lation with spherical prisms is used since a planar approximation
induces a considerable error (Braitenberg et al., 2011; Alvarez et al.,
2012, 2013; Bouman et al., 2013; Grombein et al., 2013). The Mar-
ussi tensor components M ¼ ðMijÞ due to the topographic masses
in a spherical coordinate system are given by Tscherning (1976) and
by Rummel et al. (2011). A standard density of 2.67 g cm�3 was used
for masses above sea level and a density of 1.03 g cm�3 for the sea
water. The potential generated by the topography is calculated from
the Digital Elevation Model (ETOPO1, Amante and Eakins, 2009),
using the software Tesseroids (Uieda et al., 2010; Alvarez et al.,
2013), where the calculation height is 7000 m to ensure that all
values are above the topography. The topographic correction
amounts up to tens of E€otv€os for the vertical gravity gradient,
becoming higher over the highest topographic elevations and over
the lowest topographic depressions such as the PerueChile trench.

The same method was used to perform the sediment correction,
taking into account a mean density of 2.4 g cm�3. These values of
sediment densities were used in the region by Ranero et al. (2006)
and were obtained from modeling wide angle seismic and gravity
data (Sallares and Ranero, 2005). Sediment thicknesses were ob-
tained from NGDC's global ocean sediment thickness grid from
Whittaker et al. (2013), an updated version of the NGDC's original
ocean sediment thickness grid from Divins (2003).

4. Results

The vertical gravity gradient (Tzz) allows delimiting a series of
features in both the Nazca and western South American plates, as
well as to study the heterogeneous density structure of the forearc
region related to rupture zones associated with large earthquakes.
In particular, the Nazca ridge is detected over the ocean floor by a
more negative Tzz signal than the surrounding Nazca Plate, ranging
from �10 to þ5 E€otv€os, becoming more positive near the trench
(Fig. 1). The Nazca fracture zone is also identified by the Tzz, pre-
senting subdued negative values than the surrounding ocean floor,
extending in the NE direction from the Nazca ridge to the trench.
Similarly, to the south, the Iquique ridge is detected by a more
negative Tzz signal ranging from less than �2.5 to more than þ10
E€otv€os. Parallel to the trench, the flexural bulge (outer rise) is
denoted by a high Tzz value reaching maximum values at the Arica
bend region. High positive Tzz values over the outer rise are
segmented by lower Tzz values of the Nazca and Iquique ridges and
the Nazca fracture zone (Alvarez et al., 2015b). This imprint on the
flexural bulge related to the high oceanic features (HOF's) has also
been noted at the southern Chilean margin for the Juan Fernandez
ridge (�Alvarez et al., 2014, 2015a) and for different Fz's related to the
Chile Rise.

More locally, between the trench and the coastline, the
segmented Tzz signal allows individualizing a series of negative
anomalies reaching less than �20 E€otv€os (Fig. 1). Tzz highlights
mass inhomogeneities that could reflect along-strike variations in
temperature, fluid pressure, and stresses on the subduction zone
probably caused by variations in overlying forearc thickness and
density. In this case the segmented Tzz signal is interpreted as the
expression of low-density materials in sedimentary depocenters

O. �Alvarez et al. / Journal of South American Earth Sciences xxx (2015) 1e15 3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

SAMES1466_proof ■ 7 October 2015 ■ 3/15

Please cite this article in press as: �Alvarez, O., et al., Gradients from GOCE reveal gravity changes before Pisagua Mw¼ 8.2 and Iquique Mw¼ 7.7
large megathrust earthquakes, Journal of South American Earth Sciences (2015), http://dx.doi.org/10.1016/j.jsames.2015.09.014



superimposed to the accretionary prism, as observed by �Alvarez
et al. (2014) for the South Central Chile region. Coseismic slips
tend to concentrate beneath these gravimetric lows, being an in-
direct indicator of the seismogenic structure (Wells et al., 2003;
Song and Simons, 2003; Tassara, 2010; �Alvarez et al., 2014;
Maksymowicz et al., 2015).

In this work, we compared the topography and sediment cor-
rected vertical gravity gradient (Tzz) computed from GOCE
(TIM_R5) model at 7000 m over the topographic masses with the
seismic sources of the 2007 Mw ¼ 8.0 Pisco (Fig. 2), 1996 Mw ¼ 7.7
Nazca (Fig. 3), and 2001 Mw ¼ 8.4 Arequipa (Fig. 4). Then we
compared our results with the slip models for the April 1st (Fig. 5)
and 3rd (Fig. 6) 2014 events from Schurr et al. (2014). In a general
analysis, we found a good spatial correlation between areas of low
and more negative Tzz and high seismic slip, especially for the
Mw � 8.0 events. North of 20�S the Tzz signal diminishes, deter-
mining a negative lobe up to 19�S (reaching less than �2.5 E€otv€os).
Maximum slip for the April 1st 2014 Mw ¼ 8.2 is located between
these latitudes (Schurr et al., 2014; Hayes et al., 2014). The relation
between more negative Tzz and higher slip was tested in
Figures 2e7. Then, we plotted the absolute value of the correlation
coefficient between Tzz and slip versus themaximum slip for all the
events (Fig. 8), including the 2010 Mw ¼ 8.8 Maule event (Fig. 7),
finding that when magnitude increases, the correlation between
low Tzz (10�4 mGal/m) and high slip (m) also increases. This is
particularly notorious for Mw � 8.0 events, probably due to the
high spatial resolution of GOCE only models (Fig. 8).

In particular, this correlation between high slips and low vertical
gravity gradients for the 2010 Mw ¼ 8.8 Maule earthquake is
recently explored by Maksymowicz et al. (2015). The authors
explain this relation by low densities in the continental accre-
tionary wedge, low vertical loading over the inter-plate contact, a
well-developed shelf basin and low taper angles consistent with a
low effective basal friction coefficient. Then, a qualitative relation
arises between high slips and low gravity signal (Wells et al., 2003;
Song and Simons, 2003) and even with lower Tzz values (�Alvarez
et al., 2014) for most of the subduction-related events at the
PerueChile margin (this work). Even though the main slip for the
2014Mw¼ 8.2 Pisagua earthquake is correlatedwith a low Tzz only

in the northern part, the correlation between high slips and rela-
tively lower Tzz is still observed (Fig. 5c).

Contrastingly, the 2014 Mw ¼ 7.7 Iquique and the 1995
Mw ¼ 8.1 Antofagasta earthquakes are mostly located over a pos-
itive Tzz signal (Fig. 1) being both events separated by a high
gradient signal of more than þ10 E€otv€os. This region of relative
higher Tzz is coincident with the 1877 seismic gap zone from
Metois et al. (2013) shown in Fig. 1. The seismic source of the 2007
Mw ¼ 7.7 Tocopilla earthquake (Fig. 1) is located landwards to this
area of relative higher Tzz values (more than þ10 E€otv€os). This
earthquake shows an anomalous behavior since ruptured only the
lower part of the interplate seismogenic zone (Delouis et al., 2009;
B�ejar-Pizarro et al., 2010; Peyrat et al., 2010; Chlieh et al., 2011)
being upwardly limited by an abrupt change in the dip of the
interplate seismogenic zone that may have acted as a barrier
(Contreras-Reyes et al., 2012). This higher Tzz signal could be
indicating an anomalous region along the seismogenic zone which
behaves as a seismic barrier to the propagation of the seismic en-
ergy, as proposed by �Alvarez et al. (2014).

Even though the main slips of the recent events of Pisagua and
Iquique tend to be concentrated over positive Tzz values, this region
presents relative lower values than to the south. The advantage of
the availability of the GOCE models, which include data measure-
ments from the last four years before these earthquakes occurred, is
making an analysis of the spatial-temporal variations of the gravity
field in this region prior to the main rupture (see next section).

5. Discussion

5.1. From GRACE to GOCE

Earth's gravity field temporal variations are mainly due to long-
standing mass transfer within the Earth, and at a minor scale
depend on other more local phenomena such as mass displace-
ments associated with glacial isostatic adjustments and coseismic
redistribution of masses. GRACE (Gravity Recovery and Climate
Experiment) data detected earthquake-induced gravity changes
over both ocean and land, providing constraints for long-
wavelength offshore deformation, from where geodetic

Fig. 2. Tzz (a) compared to slip distribution (b) from Chlieh et al. (2011) for the 2007 Mw ¼ 8.0 Pisco event. (c) Profile along Tzz vs. Slip and (d) Tzz vs. Slip histogram. Note the
relationship that exists between low Tzz signal and approximate location of the maximum slip. Grey line indicates the coastline, while dashed line indicates the PerueChile trench.
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measurements, such as GPS and InSAR, were not available (Wang
et al., 2012). In particular, coseismic variations of the gravity field
after the 2004 Mw ¼ 9.2 and 2005 Mw ¼ 8.7 Sumatra earthquakes
were detected using a wavelet analysis of GRACE (Tapley et al.,
2004) geoids products (Panet et al., 2007). GRACE was also used
to detect coseismic and postseismic deformation associated with
the SumatraeAndaman earthquake (Chen et al., 2007). Previously
to this, Han et al. (2006) had found an important coseismic gravity
decrease in the Andaman Sea that was explained as caused by
crustal dilatation after the 2004 earthquake.

Subduction-related earthquakes are in some cases associated
with large rupture areas that are expressed by slip distribution

models, obtained by a joint inversion of different kind of data
(e.g. teleseismic -P, SH and Rayleigh waves-, geodetic -static and
continuous GPS, InSAR- and tsunami data). The inversion
method (Beresnev, 2003), fault geometry (Lee et al., 2006) and
data type (Delouis et al., 2010) influence the determination of
the slip distribution. Seismic inversions are also sensitive to the
types of included waveform data and the frequency band (Lay
et al., 2010; Shao et al., 2010; Pollitz et al., 2011). Page et al.
(2009) explained that in regions without enough data con-
straints, the model would exhibit some artifacts which would
look similar to seismic asperities. In this sense, gravity gradients
from GOCE are very useful for mapping density related

Fig. 3. Tzz (a) compared to slip distribution (b) from Chlieh et al. (2011) for the 1996 Mw ¼ 7.7 Nazca event. (c) Profile along Tzz vs. Slip and (d) Tzz vs. Slip histogram.

Fig. 4. Tzz (a) compared to slip distribution (b) from Chlieh et al. (2011) for the 2001 Mw ¼ 8.4 Arequipa event. (c) Profile along Tzz vs. Slip and (d) Tzz vs. Slip histogram.
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heterogeneities since these present a homogeneous coverage
and an rather objective tool.

In the Chilean subduction zone, different works (Heki and
Matsuo, 2010; Han et al., 2010) have shown the coseismic signa-
ture of the 2010 Mw ¼ 8.8 Maule earthquake, by using different
methods that led to different resolutions. Unlike the 2004 Suma-
traeAndaman earthquake which ruptured a 1500 km-long and
150 km-wide segment along the Sunda subduction zone (Chlieh
et al., 2007) leading to more than þ10 mGal gravity change in
GRACE observation (Han et al., 2006), the 2010 Maule earthquake
produced positive gravity changes of only 1e2 mGal which is close

to the error level of GRACE observation (Wang et al., 2012).
Even though ESA's GOCE satellite was not designed to visualize

changes in Earth's gravity over time, high-resolution gravity gra-
dients of GOCE measured over Antarctica between November 2009
and June 2012 revealed changes in gravity interpreted as associated
with a decrease in ice mass volumes. Thus GOCE data complement
GRACE data, designed to show changes in Earth gravity field, with a
finer resolution. Then, combined datasets have offered a greater
insight into the dynamics of the gravity field in many regions
(Bouman et al., 2014). For example, signatures in the Earth's gravity
field associated with the 2011 Mw ¼ 9.0 Japan Tohoku-Oki

Fig. 5. Tzz (a) compared to slip distribution (b) from Schurr et al. (2014) for the April 01, 2014 Mw ¼ 8.2 Pisagua Earthquake. (c) Profile along Tzz vs. Slip and (d) Tzz vs. Slip
histogram.

Fig. 6. Tzz (a) compared to slip distribution (b) from Schurr et al. (2014) for the April 03, 2014 Mw 7.7 Iquique earthquake. (c) Profile along Tzz vs. Slip and (d) Tzz vs. Slip histogram.
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earthquake were detected by data of the GRACE mission but also
from the GOCE mission with higher spatial resolution (Fuchs et al.,
2013). These authors modeled the coseismic earthquake geoid
signal, converting it to vertical gravity gradients at GOCE satellite
altitude and thus finding that the earthquake signal is well above
the accuracy of the vertical gravity gradients at orbital height.
Finally, coseismic gravity changes of the Japan Tohoku-Oki earth-
quake left a statistically significant signal in the GOCE measured
gravity gradients (Fuchs et al., 2013).

Then, the GOCE only models obtained by the Time-wise
GO_CONS_GCF_2_TIM_R4 method with an effective data volume
of approx. 26.5 months (01/11/2009e19/06/2012) and the
GO_CONS_GCF_2_TIM_R5 with an effective data volume of approx.
42 months (data period: 01/11/2009e21/10/2013) constitute good
tools for studying the Earth gravity field changes after the 27nd
February 2010 Mw ¼ 8.8 Maule and before the April 1st 2014
Mw ¼ 8.2 Pisagua and April 3rd Mw ¼ 7.7 Iquique earthquakes.

Thus, the vertical gravity gradient from GO_CONS_GCF_2_-
TIM_R4 model (Fig. 9a) was compared to the Tzz from
GO_CONS_GCF_2_TIM_R5 model (Fig. 9b) both calculated up to
the same degree/order (N ¼ 250) in the region of the Pisagua and

Fig. 7. Tzz (a) compared to slip distribution (b) from Moreno et al. (2012) for the 2010 Mw 8.8 Maule earthquake. (c) Profile along Tzz vs. Slip and (d) Tzz vs. Slip histogram
(modified from �Alvarez et al., 2014).

Fig. 8. Correlation coefficient between Tzz and Slip versus the maximum slip for
different events. As event magnitude increases the correlation between Tzz lobes
(mGal/m) and high slip (m) increases.
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Iquique 2014 earthquakes and were superimposed to the main
slip distribution of both events (Schurr et al., 2014). The last model
shows a decrease in the gravity signal in the region where the
maximum slip patch occurred, before the occurrence of the event
between 19/6/2012 and 20/10/2013 (Fig. 9c,d). The profile shown
in Fig. 10 (center) depicts clearly the negative correlation between
residual Tzz (R5-R4) and Slip distribution for the main shock.
North and south of both slip patches an increase in the gravity
gradient signal occurred, as it is shown in the residual calculated
from both models (Fig. 9c,d and Fig. 10-center). At about 18.8�S,
70.75�W the bathymetry shows a bulk, interpreted as an asperity
(subducted seamount?) (Fig. 9d), where the main slip patch ends
and the gravity residual computed from models increases
(Fig. 9c,d). This is consistent with the relation between subducted
Hof's, higher Tzz, and seismic segmentation along the south-
central Chilean margin found in other studies (Bilek, 2007;

Sparkes et al., 2010; Contreras-Reyes and Carrizo, 2011; �Alvarez
et al., 2014).

The April 1, 2014Mw¼ 8.2 earthquake initiated at ~95 kmNWof
Iquique, at a depth of about 20 km, with both epicenter and focal
mechanism consistent with an event that ruptured the plate
boundary interface between the Nazca and South America plates.
Prior to this earthquake, seismicity rates had increased after March
16Mw¼ 6.7 event, with similar faulting mechanism. This foreshock
sequence (Fig. 9c) had a spatial distribution that migrated to the
north, starting near 20�S and moving up to ~19.5�S. This sequence,
characterized as a slow slip event (Ruiz et al., 2014; Bürgmann,
2014; Schurr et al., 2014; Moreno et al., 2014; Lay et al., 2014),
occurred very close to the regionwhere the vertical gravity gradient
signal presents a relative higher amplitude separating a northern
main lobe from a southern secondary lobe (Fig. 9a,b). The northern
lobe is closer to the main slip patch for the Pisagua event while the

Fig. 9. Topography corrected Tzz obtained from GO_CONS_GCF_2_TIM_R4 (a) and from GO_CONS_GCF_2_TIM_R5 (b) both up to N ¼ 250. (c) Residual between R5-R4 super-
imposed to the foreshock sequence (ISC-International Seismological Centre) in the region of the 2014 Mw 8.2 Pisagua and Mw 7.7 Iquique earthquakes, (d) superimposed to the
bathymetry from the Digital Elevation Model ETOPO1 (Amante and Eakins, 2009). White dashed line indicates profile of Fig. 10. The white dotted line in (a) shows the segmentation
of the outer rise probably related to the subduction of a Hof. Its extrapolation over the seismogenic zone approximately coincides with the relative maximum between both Tzz
lobes and also with the intersection between both slip models (a and b). The residual between both models (c and d) shows a decrease in the gravity signal over the maximum slip
area with two maxima at its northern and southern termination.
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southern one is related to the Iquique main aftershock, being both
separated by an anomaly that segments the outer rise. The relative
higher gravity signal between both lobes (R4), and the subsequent
gravity fall (R5-R4) could be the expression of upper plate subsi-
dence or extension resulted from basal erosion that could be pro-
moted by a subducting oceanic feature (e.g. seamount, ridge or
plateau, dotted line in Fig. 9). The association between forearc ba-
sins and slip during subduction thrust earthquakes (Wells et al.,
2003) suggests a link between processes controlling upper plate
structure and seismic coupling on the subduction-zone thrust fault
(Fuller et al., 2006). The last authors, presented amechanism for the
formation of these basins finding that maximum slip during great-
thrust earthquakes tends to occur where sedimentary basins sta-
bilize the overlaying wedge, based on numerical simulations. The
lack of deformation in these stable regions increases the likelihood
of thermal pressurization of the subduction thrust, allows the fault
to load faster, and allows greater healing of the fault between
rupture events. These effects link deformation of the subduction

wedge to the seismic coupling of the subduction thrust (Fuller et al.,
2006).

5.1.1. The 2010 Maule event
As previously exposed, both GOCE models cover a data span

after the 2010 Mw ¼ 8.8 Maule earthquake. The comparison be-
tween both models (Fig. 11a,b) reveals after the event a fall in
gravity signal near the trench with an increase towards the coast-
line. The residual between both models (Fig. 11c) shows that the
gravity diminished at a higher rate to the north and south of the
main slip patch (between the trench and the þ0 E€otv€os contour
white dashed line in Fig. 11c) probably indicating an increase in the
stress accumulation in these regions. Between the þ0 E€otv€os con-
tour (white dashed line in Fig. 11c) and the coastline, an increase in
the gravity residual is observed, probably indicating exhumation of
the upper plate due to co-seismic and post-seismic lithospheric
stretching along the subduction zone. The area where the main slip
occurred (between 34.25�S and 35.5�S) presents a higher residual

Fig. 10. From top to bottom: Profile along the bathymetry (see location on Fig. 9d) from the Digital Elevation Model ETOPO1 (Amante and Eakins, 2009). Center: Profile along
residual Tzz between R5-R4 vs. slip distribution for the April 01, 2014 Mw ¼ 8.2 Pisagua and for the April 03, 2014 Mw ¼ 7.7 Iquique earthquakes from Schurr et al. (2014). The
negative correlation between residual Tzz and Slip is notorious for the main shock. Bottom: Tzz from R5 and R4 models (Pail et al., 2011), the relative lower Tzz (less than þ5 E€otv€os,
grey shaded) between 19�S to 20.75�S (long wavelength) is well corresponded to the main shock (Mw ¼ 8.2), while the relative lower Tzz between 20.5�S to 20.75�S is related to the
main aftershock (Mw ¼ 7.7) The bathymetry (top) also shows a good correspondence with both slip distributions at long wavelength (Dashed line-main shock, Dot and Dashed line-
main aftershock).
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between the þ0 E€otv€os contour and the coastline, while trench-
wards gravity decreased at a lower rate.

5.2. Vertical gravity gradient field and its variations in relation to
the earthquake cycle: an indirect measure of the seismic coupling?

The Global Positioning System (GPS) velocity field, acquired
between 2008 and 2012 from Metois et al. (2013), describes
interseismic deformation between 18�S and 24�S, showing
coupling variations on the subduction interface both along-strike
and through-dip (Fig 12a). Particularly, they found that the North
Chile seismic gap is segmented in at least two highly locked seg-
ments where average coupling is higher than the mean value (Loa
and Paranal) bounded by narrow areas or intersegment zones of
weak coupling (Iquique and Mejillones). The authors related these
areas, where average coupling is lower, with high background
seismic rate (with both deep intraslab and moderate magnitude
subduction-type shallow earthquakes, and post-seismic creep
documented for the Mejillones intersegment) to local tectonic
complexities on the upper and downgoing plates. These local de-
creases on the degree of coupling are correlated with structural
complexities either in the subducting plate (subduction of a
seamount in the Iquique intersegment), or in the upper plate
(peninsula crustal-fault system for the Mejillones intersegment)
proposing that these zones could either stop or slow down the
propagation of seismic ruptures (Metois et al., 2013).

Other studies (B�ejar-Pizarro et al., 2013; Metois et al., 2013; Ruiz
et al., 2014)Q3 indicated stronger coupling on the deeper portion of
the megathrust and less coupling updip near the Iquique events on
2014, consistent with the slowly migrating updip foreshock
sequence followed by the deeper downdip main shock (Lay et al.,
2014). Lay et al. (2014) proposed that improved onshore and
offshore geodetic and seismic networks inmany regions are needed
to establish the role of slow-slip events in foreshock sequences and
to have a better confidence in the identification of foreshock se-
quences prior to large interplate events.

GOCE models present homogeneous quality of data (both
onshore and offshore) overcoming the lack of data present in other
methods and thus being a good tool for mapping crustal hetero-
geneities. Structural complexities either in the subducting plate or

in the upper plate were correlated with a local decrease in the
degree of coupling (Metois et al., 2013), so we compared the Tzz
(Fig. 12b) from the model GO_CONS_GCF_2_TIM_R4 up to N ¼ 250
(it integrates data acquired between 2009 and 2012) to the seismic
coupling (Fig. 12a) based on a GPS data span between 2008 and
2012 (Metois et al., 2013; Ruiz et al., 2014). We found over the
seismogenic zone a spatial correlation between the different seg-
ments and intersegments proposed by Metois et al. (2013), relating
a higher coupling degree to higher Tzz values (Fig. 12a,b).

Holtkamp and Brudzinski (2011) found that certain earthquake
swarms localized around the Pacific subduction zones tended to
concentrate in regions of either low interplate coupling or on the
margins of large slip zones as it is the case for the Iquique earth-
quakes. Gravity changes before the occurrence of both megathrust
earthquakes reveal a decrease in Tzz over the region where the
foreshocks occurred (Fig. 9c,d). Thus, as the coupling coefficient
could be considered as a proxy for the mechanical behavior of the
subduction interface (Metois et al., 2013), gravity field variations
(revealing changes in density structure across the interplate) could
be indirectly related to variations in stress coupling. Variations in

the Tzz
�
Tzz ¼ v2T

vr2

�
are related to gravity changes in the radial di-

rection so it could be a good indicator of mass redistribution before
and after a megathrust event, and also with vertical stress varia-
tions ðszz ¼ rgzÞ.

5.3. Correlation between Tzz and seismic b-value

The slope in the GutenbergeRichter relation (Gutenberg and
Richter, 1944; Ishimoto and Iida, 1939) which relates the fre-
quency of earthquake occurrence and the magnitudes of earth-
quakes in a certain area is represented by the seismic b-value. It has
been commonly used to describe statistically the relative occur-
rence of large and small events (a high b-value indicates a larger
proportion of small earthquakes, and vice versa for a specific area)
(Schorlemmer et al., 2005). In seismically active regions the long-
term average b-value is close to unity, although a wider ranging
of possible values (0.3� b� 2.5) has been reported in the literature
(El-Isa and Eaton, 2014). The b-value varies systematically for
different styles of deformation, being normal faulting events

Fig. 11. Topography corrected Tzz obtained from GO_CONS_GCF_2_TIM_R4 (a) and from GO_CONS_GCF_2_TIM_R5 (b) both up to N ¼ 250. (c) Residual between R5-R4 in the region
of the 2010 Mw 8.8 Maule earthquake. The last model shows that the gravity signal decreased at a higher rate in the regions north and south of the maximum slip patch for the data
time span between 19/6/2012 and 20/10/2013.
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usually characterized by higher b-values, while events associated
with contractional settings tend to present lower values
(Schorlemmer et al., 2005). This variability is also sensitive to a
variety of other factors such as prevailing stress state, crustal het-
erogeneities, focal depth, pore pressure, geothermal gradient, tec-
tonic setting, petrological/environmental/geophysical
characteristics, clustering of events, incomplete catalog data, and/
or method, factors that seem to be linked, directly or indirectly, to
the effective state of stress (El-Isa and Eaton, 2014). Schorlemmer
et al. (2005) inferred that the b-value acts as a stress meter that
depends inversely on differential stress. Ghosh et al. (2008) pro-
posed that b-value studies may be useful in identifying regions of
increased interface locking in subduction zones, which may indi-
cate regions capable of large slip in future large earthquakes after
examining seismicity patterns across Nicoya, Costa Rica. Similar to
the 2009 l’Aquila earthquake (De Gori et al., 2012), the foreshock
activity for the Iquique events occurred close to a low b-value zone
(Schurr et al., 2014).

Sobiesiak et al. (2007) observed positive correlations between
seismic b-value, isostatic residual gravity anomalies (IR) and
geologic structures south of the Mejillones peninsula (from 23�S to
24.4�S, Fig. 5 of Sobiesiak et al., 2007). The isostatic corrections are
used to remove, in part, the effect of the crustal roots or deeper
masses from the gravity anomalies, allowing to highlight geological
structures located in the upper crust. Thus, the isostatic residual
anomaly (Cordell et al., 1991) is a method to highlight gravity
anomalies in the upper crust which gives very similar results to the

vertical gravity gradient. We mapped (Fig. 13a) the seismic b-value
from Schurr et al. (2014) north of the Mejillones peninsula (�23�S
to �19�S) over the seismogenic zone and compared it to the
topography and sediment corrected Tzz, finding a good correlation
between both quantities. The study of Wyss et al. (2004) in the
Parkfield and Morgan Hill sections of the San Andreas fault system
supports the hypothesis that low b-values prior to a large earth-
quake indicate position of asperities on the fault plane.

Different case studies (Wyss and Lee, 1973; Smith, 1981, 1986; Li
et al., 1978; Imoto, 1991; Hirose et al., 2002; Tsukakoshi and
Shimazaki, 2008; Schurr et al., 2014) show a tendency for the b-
value to decrease prior to a large earthquake, and that in a high
stress state, the seismic b-value decreases particularly in the region
where maximum slip occurs. This decrease in b-value prior to large
earthquakes has been confirmed in numerical simulations
(Yamashita and Knopoff, 1992; Hainzl et al., 2003) and also in
laboratory experiments (Scholz, 1968; Ohnaka and Mogi, 1982;
Sammonds et al., 1992; Lei et al., 2004).

Considering the positive correlation between the Tzz and b-
value (Fig. 13) and also with IR (Sobiesiak et al., 2007), we can use
gravity as an indirect tool for mapping low b-value zones and more
indirectly potential zones of asperities along the seismogenic zone
that could trigger large events (�Alvarez et al., 2014). Particularly,
taking into account the decrease of the gravity signal in the region
where maximum slip occurred prior to the Iquique events (Fig. 9c),
we can relate it (Fig. 13c) to the decrease in the b-value reported for
several events including the analyzed ones. Regarding to this, a

Fig. 12. (a) Seismic coupling from Ruiz et al. (2014), the different segments were defined by Metois et al. (2013) based on differences in degree of coupling. (b) topography corrected
Tzz from the GO_CONS_GCF_2_TIM_R4 up to N ¼ 250. A good correspondence between the different segments is observed over the seismogenic zone.
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decrease in the gravity signal is also observed in the region of the
1877 seismic gap. But in this case, the gravity decrease fills only the
trench-wards half of the seismogenic zone (Fig. 13c). To the north,
were the Piasgua and Iquique events occurred, the gravity decrease
filled the entire seismogenic zone between the trench and the
coastline. If subsequent gravity models show that this decrease in
gravity over the 1877 seismic gap advances landwards, it should be
considered as a potential increase of the probable occurrence of a
great megathrust event in the region.

6. Conclusions

Satellite gravimetry has been used to detect earthquake-
induced gravity changes, with the advantage of presenting homo-
geneous data coverage and increasing precision between different
missions. As previously noted for the south Central Chilean margin,
high Tzz values interposed between the trench and the coastline
coincide with the extent of the recognized rupture zones of recent
earthquakes. On the other hand maximum slips into rupture zones
of large megathrust earthquakes in northern Chile and southern
Peru are concentrated near low Tzz values. This relationship is
particularly clear for those events with Mw � 8.0, probably due to
the high wavelength characteristic of the gravity derived signal.

From the comparison between the Tzz derived from the two last
satellite GOCE only models GO_CONS_GCF_2_TIM_R4 and
GO_CONS_GCF_2_TIM_R5, we propose that temporal variations in
the gravity field are probably related to mass redistribution-
changes or variations in fluid pressure after and before the 2010
Mw ¼ 8.8 Maule and the 2014 Mw ¼ 8.2 Pisagua earthquakes
respectively. Regarding this, we found a good agreement between
the main slip patch for the last earthquake and its main shock with
a gravity fall and an increase at its northern and southern termi-
nations. Moreover the gravity signal presents a relative higher
value close to the area of the foreshocks, probably indicating the
presence of an asperity. These HOF's have been related to increases
in the seismic activity with lowmagnitude and basal erosion of the
upper plate in the region where the plate interaction occurs. This
mechanism could explain the foreshock sequence and the gravity
fall at least in the last two years prior to the main shock of April 1st

2014. This gravity fall is probably related to upper plate collapse and
extension due to the basal erosion (Fig. 9b).

When comparing both models for the 2010 Mw ¼ 8.8 Maule
event, we found a gravity decrease near the trench, but this fall is
higher north and south of themain slip patch, probably indicating a
higher rate of gravity diminution due to an increase in the stress in
these regions, were the slip was minor. Towards the coastline the
gravity derived signal indicates an increase probably related to the
uplift along the coast after the Maule event.

Vertical gravity gradient derived from satellite GOCE is an
important quantity for delineating structural heterogeneities
related to density changes both in the upper and downgoing plates,
and for analyzing the different phenomena related to the subduc-
tion of high oceanic features such as seamounts, plateaus and
ridges. These oceanic features could act as seismic barriers (Fig. 9d)
when are related to a high gravity signal and also promote earth-
quakes by upper plate erosion and subsequent extensional collapse,
shown by lows and/or a decrease in the gravity signal. Moreover
important relationships between Tzz and other quantities such as
seismic b-value and even seismic coupling need to be explored in
more detail. This analysis suggests that the GOCE only model, and
in particular the calculation of the second spatial derivative of the
anomalous potential T in the radial direction (Tzz), could be used as
a predictive tool to determine potential coseismic displacements in
a seismic gap, such as the case study of the Iquique gap in northern
Chile. The advantages of gravity satellite derived data are the ho-
mogeneous coverage over the whole plate interface, and that data
are available before the earthquake occurrence. This study high-
lights the importance of further improvements in themonitoring of
spatio-temporal variations in the earth gravity field at interplate
regions through satellite gravity missions.
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