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ABSTRACT 

The characterization of a seismogenic zone associated with the rupture process that occurs 

during great megathrust earthquakes has been approached from different perspectives. 

Different studies lightened the structural complexity and compositional heterogeneity of the 

interplate region. In this work, we address this relationship from the analysis of density 

contrasts provided by satellite gravity data and comparing these results with slip behavior 

along the rupture zone. We performed the calculation of gravity anomalies and gradients 

both corrected by the effect of topography and sediments. Then we analyzed this relation 

with the rupture zones of four megathrust earthquakes Mw>8 along the Peru-Chilean coast, 

associated with the largest earthquakes that occurred in the last years along this setting, 

finding that the maximum vertical displacements were located close to gravity minimums 

in the forearc zone. We finally obtained density models by inverting four trench-parallel 

profiles from the Gravity disturbance, finding low-density contrasts related to the maximum 

slips, and high density contrasts at its edges related to a decrease of the displacement or to 

the lateral ending of the rupture. The along-strike seismic segmentation observed 

previously in the gravity derivatives is also observed along dip, being slip increased at 

gravity lows and arrested at gravity highs, probably indicating that the forearc structure 

plays a key role in across strike rupture behavior in depth.  Our results agree with the 

hypothesis that persistent tectonic features, modeled at a high degree by the oceanic plate 

morphology, may control strain accumulation and release along the megathrust.  

 

Keywords: Megathrust Earthquakes, GOCE, Rupture Area, Seismic Hazard, Chile, 

Subduction Zones. 
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1. Introduction 

The upper plate along active margins deforms to accommodate subducting relief and in 

response to stress transmitted across the plate interface and reactivation of previous 

basement anisotropies. Additionally, basin formation and magmatism that develops as a 

function of dehydration of the subducted slab at depth and decompression melting during 

extension produce a highly heterogeneous upper plate. This heterogeneous composition 

results in variations of rigidity across the continental margin (Basset and Watts, 2015a). 

Along more than 3,500 km, the Peru-Chilean margin is subject to high stress as a 

consequence of the oceanic Nazca plate subduction beneath the South American plate (e.g., 

Barazangi and Isacks, 1976; Jordan et al., 1983; Ramos and Folguera, 2009; Ramos, 2010; 

Horton, 2018). Although part of the deformation resulting from plate convergence is 

accommodated in an aseismic way, large earthquakes also occur, affecting hundreds of 

kilometers along coastal areas. In the last decade, three large earthquakes have affected the 

Chilean coast: the 2010 Maule Mw=8.8, the 2014 Pisagua Mw=8.2 and the 2015 Illapel 

Mw=8.3 earthquakes; while the most recent great megathrust earthquake that affected the 

Peruvian coast is the 2001 Arequipa Mw=8.4 earthquake (See. Fig.1). 

Most studies show an anti-correlation between large earthquakes (Mw>8) and rough 

seafloor zones (aseismic ridges, plateaux, etc.), being these regions more favourable for the 

occurrence of many small earthquakes and creeping (Sparkes et al., 2010, Wang and Bilek 

2011, 2014) and thus preventing for the nucleation of great megathrust earthquakes. Metois 

et al. (2016) found that five of six low coupling zones correlate with the subduction of high 

oceanic features that enter into subduction and all of them are associated with singularities 

in the coastline morphology often related to crustal fault networks. This low coupling areas 

behaved as barriers and stopped the ruptures, while coseismic asperities correlate well with 

highly coupled segments for the three most recent Mw>8 events along the Chilean margin. 

The asperities (Lay and Kanamori, 1981; Lay et al., 1982) are heterogeneities along the 

megathrust that concentrate high coseismic slip, high seismic moment release and high-

stress drop, being most great megathrust earthquakes nucleated between 15-35km depth 

and promoting large rupture areas (Lay et al., 2012). Some asperities along central to 

southern Chile appear to have persisted over successive seismic cycles rupturing the same 

fault segment (such as happened in Japan, southern Alaska and Nankai), and appear to 
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correlate with persistent heterogeneities as sedimentary thickness or ocean roughness 

throughout the forearc and offshore regions. Along the Chilean coast, coseismic slip 

models, aftershocks and asperities are located seaward of the positive gravity derived 

anomalies, evidencing a direct relationship of these maxima and the downdip limit of 

seismogenic zone (Mendoza et al., 1994; Pritchard et al., 2007; Delouis et al., 2010; 

Loveless et al., 2010; Alvarez et al., 2014; Basset and Watts, 2015b).  

Song and Simons (2003) and Wells et al. (2003) found that exists, statistically and at a 

global scale, a relationship between seismic asperities (characterized by high shear 

strength) along the megathrust with free air and trench parallel gravity lows, mostly 

coincident with the deep-sea terrace and forearc basins. One mechanism that could explain 

this relationship between basins centered asperities and seismogenesis is that basal erosion 

generates permanent forearc subsidence in the cases that the elastic deformation is not 

recovered during earthquakes (Sugiyama, 1994; Wells et al., 2003). In this model, trench-

parallel variation in the forearc topography, gravity and seismogenic behavior is controlled 

by spatial variations in frictional properties of the plate interface. In contrast, Tassara 

(2010) proposed that the forearc density structure and related changes of vertical stress 

loading plays a key role on lateral variations of shear strength along the megathrust fault 

zone for the Chilean margin. Recently the higher resolution of GOCE data allowed 

mapping with greater detail the relationship between along strike density changes and 

historic rupture zones along the Chilean margin (Alvarez et al. 2014), a ratio that improves 

as the event magnitude increases (Alvarez et al., 2015a).  

Bilek and Lay (1999, 2002), Bilek (2007) and Lay and Bilek (2007) largely studied depth 

varying rupture attributes and general spatial heterogeneity and more recently Lay et al. 

(2012) introduced depth varying domains (A, B C, D) with distinct seismic radiation 

characteristics focused on the along-dip variation of short period energy release (See Fig. 

1). They found strong tsunami excitation at shallow depths from 5 to ~18 km (domain A) 

where there is very little high-frequency seismic radiation. Large and relatively uniform 

regions with unstable sliding frictional properties (asperities) generate modest levels of 

diffuse short-period radiation and large slip from the central domain B (at source depths 

spanning from 15 to 30 km) where most megathrust events occur. In this model, the down-

dip part of the megathrust may be enriched in patchy, isolated smaller-scale asperities 
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surrounded by “aseismic” conditionally stable areas, which would produce concentrated 

bursts of short-period radiation during domain C events (at depths between 30-50km) that 

accentuate strong ground shaking hazard from the deeper ruptures (Ye et al., 2016a, b). The 

last domain (D) represents a transition at the deep edge of the seismogenic zone and is only 

present in some regions, with diverse observations of slow slip events, low-frequency 

earthquakes and/or sesimic tremor.  

These distinct domains serve as a general framework for considering hazards for great 

megathrust earthquakes (Ye et al., 2016). Mapping these heterogeneities (along and across-

strike) is a formidable task that just started to develop, being approached from different 

methodologies and databases. Since satellite GOCE mission beginning, a possible 

contribution of GOCE derived gravity gradients to the improvement of interpretation of 

large earthquakes was expected, and this is being achieved. Due to its improved spatial 

resolution and homogeneous data quality, lateral variations in crustal and lithospheric 

thickness can be studied (i.e. Earth structure), to discriminate between linear and non-linear 

rheologies (i.e. Earth rheology) and also contribute to improving our knowledge of the 

mechanisms of stress accumulation and stress release (Bouman et al., 2012). Mapping 

along-strike and along-dip variations of the density structure over the seismogenic zone 

could serve as a proxy to study the distinct behavior of asperities and barriers during 

rupture propagation. In this work, we investigate a possible relationship between GOCE 

gravity field derivatives and slip patterns for the last Mw>8 earthquakes along the Chilean 

margin, to find a potential tool to characterize the megathrust to anticipate future margin 

behavior during rupture propagation. 

Figure 1 

 

2. Methodology 

Satellite-derived gravity data have the surpassing advantage of being able to map the whole 

megathrust zone without the limitations that currently condition (except for a few 

exceptions as seafloor geodesy) the terrestrial measurement systems (e.g. GPS, 

seismological stations) and also other satellite systems which only provide useful data on 

the earth's surface (InSar). Following Kopp (2013) who claims that it is imperative to 

‘overcome the shoreline’ in data analysis, a technologically induced obstacle that separated 
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geophysical studies into offshore and offshore domains. Exploiting this comparative 

advantage we performed a detailed gravity analysis using direct and inverse models, to 

unravel the density structure along the megathrust both along and across-dip to be 

compared to slip patterns for the last Mw>8 earthquakes along the Chilean margin. 

 

2.1. Satellite GOCE derived gravity data 

The disturbing potential (T) is derived (Janak and Sprlak, 2006) by subtracting the normal 

potential field of the reference ellipsoid (WGS84) from the observed potential. The last 

satellite GOCE model GO_CONS_GCF_2_DIR_R5 (Bruinsma, 2013) is a full 

combination of GOCE-SGG (Satellite Gravity Gradiometer), GOCE-SST (Satellite-to-

Satellite Tracking), GRACE (Gravity Recovery and Climatic Experiment) and LAGEOS 

(Laser GEOdynamics Satellite). This satellite-only model obtained by the direct approach 

method leads to an excellent performance of the long as well as of the short wavelengths 

when compared to previous GOCE models (processing details are given in Pail et al., 2011 

and Bruinsma et al., 2010). One outstanding characteristic is that presents homogeneous 

precision and it is presently the one of maximum degree/order (N=300) from satellite-only 

data up, being the half-wavelength resolution of approximately 67 km according to 

λ/2=πR/Nmax (Li, 2001; Hofmann-Wellenhof and Moritz, 2006; Barthelmes, 2013) with R 

being the mean Earth radius and Nmax the maximum degree/order of the harmonic 

expansion. 

By direct modeling of the satellite-only GOCE data, from the spherical harmonic 

coefficients (Janak and Sprlak, 2006) on a regular grid of 0.05º grid cell size, we obtained 

the gravity disturbance and the vertical gravity gradient. The gravity disturbance (Gd) is 

calculated by subtracting the effect of the reference potential from the observed gravity 

over the ellipsoid (Barthelmes, 2013). Then it was reduced by the topographic effect to 

highlight the different density contrasts inside the crust (Hofmann-Wellenhof and Moritz, 

2006; Molodensky, 1945; Molodensky, et al., 1962): 

 𝐺𝑑 = δ𝑔𝑡𝑟
(ℎ, 𝜆, 𝜙) = 𝑔𝑜𝑏𝑠(ℎ, 𝜆, 𝜙) − 𝛾(ℎ, 𝜙) − 𝑔𝑡(ℎ, 𝜆, 𝜙) [𝐦𝐆𝐚𝐥]  Ec. 1 

where 𝑔𝑜𝑏𝑠 is the observed gravity, gt is the effect of the topographic masses over ellipsoid 

and γ is the gravity of the reference potential. 
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The vertical gravity gradient (Tzz) is obtained as the second radial derivative of the 

disturbing potential (Tscherning, 1976; Rummel et al., 2011):  

𝑇𝑧𝑧 =
𝜕2𝑇

𝜕𝑟2
  [𝟏 𝐄ö𝐭𝐯ö𝐬 =  𝟏𝟎−𝟒

𝐦𝐆𝐚𝐥

𝐦
]     𝐄𝐜. 𝟐 

The Tzz is expressed in Eötvös and represents a better theoretical resolution than the 

gravity vector itself for detecting crustal density variations (Li, 2001) (mainly shallower 

structures with high-density contrast), allowing determining the edges of anomalous masses 

with better detail and accuracy. The gravity disturbance presents a spread signal 

highlighting deeper sources (Braitenberg et al., 2011). Although both quantities are slightly 

different for the same structures, they behave in a complementary way. This methodology 

has already been used in Alvarez et al. (2014, 2015a; 2017a, b; 2018a) and also in 

Spagnotto et al. (2018) for studying great megathrust earthquakes, with a detailed 

description presented in Alvarez et al. (2012, 2013).  

 

2.2. Reduction by topographic and sediments effect 

To eliminate the correlation of the gravity signal with the topography, the topographic 

effect must be removed from the satellite observations (Forsberg and Tscherning, 1997). 

The effect generated by the topographic masses on the gravity field and over its derivatives 

is calculated following Newton’s law of universal gravitation. To remove the topographic 

effect from Gd and Tzz, we calculated the topographic contribution by discretizing a global 

relief model which includes ocean bathymetry (ETOPO1, Amante and Eakins, 2009) using 

spherical prisms of constant density (Heck and Seitz, 2007; Wild-Pfeiffer, 2008; Grombein 

et al., 2010, 2013). 

By taking into account a spherical approximation (instead of a planar one), we considered 

the Earth’s curvature (Uieda et al., 2010, 2016), avoiding considerable errors as the region 

under study is wide (Hofmann-Wellenhof and Moritz, 2006; Alvarez et al., 2012, 2013; 

Grombein et al., 2013, Bouman et al., 2013). We performed the calculation of the 

topography contribution over Gd and Tzz using the software Tesseroids (Uieda et al., 2010; 

Alvarez et al., 2013), densities used are mean standard values for topographic density 

reduction: 2.67 g/cm3 for masses above sea level and 1.03 g/cm3 for seawater (e.g.  Ebbing 

et al., 2007, Braitenberg, 2014). The calculation height is of 7,000 m to ensure that all 

values are above the topography. For the vertical gravity gradient, the topographic 
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reduction amounts up to tens of Eötvös, and up to a few hundreds of mGal for gravity. The 

topographic effect was filtered by using a 4th order Butterworth filter at 133km wavelength 

to compare to satellite data at comparable wavelengths. 

The sediment reduction was performed using the same method considering a mean density 

of 2.4 g/cm3. This sediment density were used in the region by Ranero et al. (2006) and 

obtained from modeling wide-angle seismic and gravity data (Sallares and Ranero, 2005). 

Sediment thicknesses were obtained from the National Geophysical Data Center - NOAA 

(NGDC's) global ocean sediment thickness grid (Whittaker et al., 2013), an updated version 

of the NGDC's original ocean sediment thickness grid from Divins (2003). The sediment 

correction reaches up to 1.5 Eötvös to the south of JFR where sediment thickness is higher 

(more than 1km and increasing to higher latitudes), in this region, the sediment gravity 

effect has enough impact to be removed to solve buried structures. Over the region of the 

Illapel earthquake the reduction reaches between 1 and 1.5 Eötvös, and decreases to the 

north were the Chilean trench is almost starved of sediments (< 500m) (e.g. Lamb and 

Davis 2003, Völker et al., 2006).  

 

2.3. Tzz harmonic decomposition from spherical coefficients 

Featherstone (1997) performed a spectral analysis of the geoid and gravity anomalies and 

found that by cutting-off the degree/order of the harmonic expansion allows decomposing 

the gravimetric signal as causative mass depth increases. In recent work (Alvarez et al., 

2017a), we derived an equation (Ec. 1) relating the depth (Zl) of a causative mass with a 

determined degree of the spherical harmonic expansion (N) for the Tzz, based on the last 

author. 

𝑍𝑙 =
(𝑅𝐸 + 𝐻𝑐)(𝑁 − 1)

(𝑁 + 2)(𝑁 + 1)
   𝐄𝐜. 𝟑 

Where RE =6,371 km is the Earth’s radius, HC is the Tzz calculation height and N is the 

degree/order of the harmonic expansion. Table 1 shows for different degree/orders the 

corresponding depth Zl and spatial resolution. Higher orders are associated with shallower 

sources (low Zl), while low orders are related to deeper mass anomalies (higher Zl). 
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Results from this harmonic decomposition tool by truncating the harmonic expansion allow 

analyzing Tzz response with increasing depths of the causative masses for the different 

events under study. 

Table 1 

 

2.4. Inversion model from the residual gravity disturbance (Gd) 

We performed 2D inverse gravity modeling (see Spagnotto et al. 2018) from the 

topography and sediment corrected residual gravity disturbance (Gd) along different trench 

parallel sections over main ruptures along the Peruvian-Chilean trench. The inverse 

problem theory objective is to determine the model parameters �̂�, from the observations 

𝑔𝑜𝑏𝑠, such as predicted data �̂� = 𝑓(�̂�), minimizes the distance 𝑔𝑜𝑏𝑠 − 𝑓(�̂�).  For the 

estimation of the 2D density distribution model, the study region was divided into blocks of 

rectangular prisms.  The density model is adjusted through successive iterations until the 

signal generated fits with the observed data by using a 2-D inversion algorithm from 

Chaves and Ussami (2013). This algorithm is based on the minimum norm problem solved 

by the method of Lagrange multipliers following Boulanger and Chouteau (2001). As it is 

possible to find more than one set of parameters that precisely fit the observations, a priori 

known information (Menke, 1984) is needed to solve undetermined problems and to 

constrain the solution better.  

The algorithm solves the inversion problem by iteratively calculating the parameters of the 

model, such as density, considering a series of constraints such as minimum distance, 

flatness, smoothness and compactness, which are combined using a Lagrange function 

(Boulanger y Chouteau, 2001). Different "weights" were assigned to each block depending 

on its depth, a priori information of the density and its range of possible variation for the 

region under study was also considered. The recovery of the geometry (depth and size) and 

the distribution of densities of the original model are dependent on the set of constraints 

used. 

The resulting 2D model represents a possible distribution of densities contrasts that 

responds to the observed signal, taking into account many restrictions (e.g. depth of the 

model, range of density variation, block size, cells depth-depending weighting, and 

minimum volume) and the maximum error considered. Even though the solution that 
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satisfies the observed data can be obtained quickly, the non-uniqueness in the potential 

methods is due to the nature of the physics and low-determination of the problem 

(Boulanger and Chouteau, 2001).  

First, we calculated the gravity disturbance from the satellite GOCE model 

GO_CONS_GCF_2_DIR_R5 (Bruinsma, 2013) (on a regular grid with a cell size of 0.05º) 

up to degree/order N=300. The gravity disturbance was calculated after subtracting the 

gravity field of the reference ellipsoid (WGS84) from the observed gravity of 

GO_CONS_GCF_2_DIR_R5 model (Janak and Sprlak, 2006). Then we computed a 

residual Gd by subtracting the same model but developed up to degree/order N=10, and 

thus removing deeper sources and regional effects. Finally, we removed the topographic 

effect and the effect of sedimentary thickness by using the global relief model ETOPO1 

(Amante and Eakins, 2009) with a standard density of 2,670 kg/m
3
 and using sediment 

thickness from CRUST1.0 (Laske et al., 2013) with a standard density of 2,400 kg/m
3 

respectively (Uieda et al., 2017). 

For the construction of the 2D models, the study region was subdivided into rectangular 

cells (see Table 2). The estimated density model uses a starting model with density contrast 

equal to zero. The modeled density distribution is adjusted through successive iterations, 

until the signal generated fits with the observed data, considering a value of root mean 

square error of 0.1 (Chaves and Ussami, 2013). Other acceptance criterions for 

convergence of the solution were also considered as the ratio between 
∆�̂�𝑖

�̂�𝑖
 < 0.01 were �̂� are 

the iteratively esteemed model parameters obtained as �̂�𝑖+1 = �̂�𝑖 + ∆�̂�𝑖 (see Chaves and 

Ussami, 2013 for a detailed description). The inversion may also be stopped after 450 

iterations.  

In order to improve the resolution of the inverse method this program implements some 

constraints comprised in the sensitivity matrix G (g=Gρ in a matrix notation) that relates 

the gravimetric acceleration g (data) and the contrast of density ρ (parameters), making data 

less dependent on the specific parameters of observations by giving different weights to 

them (Zhdanov 2002). A hard constraint is based on a priori known density variation range 

𝜌𝑚𝑖𝑛 ≤ 𝜌𝑗 ≤ 𝜌𝑚𝑎𝑥, for which we considered density ranges indicated in Table 2 for each 

case. Another constraint is the depth-weighting matrix Q (Li and Oldenburg 1996, 1998; 

Pilkington, 1997), which gives the same probability to each block during the inversion 
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process (Chavez and Ussami, 2013). By weighting cells with an inverse function of depth 

(z), such as 
1

(𝑧𝑖+𝜀)𝐵, this is a method to counteract cell’s sensitivity decrease with depth 

avoiding a shallow density concentration in the solution, being ɛ a small number to avoid 

singularity at the surface (Boulanger and Chouteau, 2001). Boulanger and Chouteau (2001) 

performed many tests and found that the best value of B is equal to 0.9 and an acceptable 

range is [0.5, 1]. Chavez and Ussami (2013) also selected this value based on the best fit of 

the data and the ability of the inversion algorithm in estimating a density model close to the 

synthetic one. After many tests, we selected a Β factor for each profile, as indicated in 

Table 2, to control the weight of Q on the matrix G. A minimum volume constraint matrix 

V modified by Boulanger and Chouteau (2001) from Last and Kubik (1983) is used to 

concentrate the solution in a minimum volume by decreasing the amplitude of density 

contrast 𝜌𝑗. Table 2 also shows the number of iterations, the RMS error and the ratio 

reduction for each profile. 

Table 2 

 

3. Analysis of seismotectonics from satellite gravity data 

Four major earthquakes with Mw>8.0 stroke the Peru-Chile margin in the last two decades. 

These events have been extensively analyzed from different datasets, with wide seismic and 

GPS networks along the margin, resulting in well-constrained slip models. In this work, we 

compared our results with the slip models for these events, analyzing the rupture 

propagation pattern and its relation with the distribution of mass heterogeneities from 

GOCE data. 

 

3.1. The Arequipa Mw=8.4 earthquake  

The June 23, Mw = 8.4 Arequipa earthquake in 2001 (16.265°S 73.641°W at ranging depth 

between 22km to 33 km as reported by Ruegg et al., 2001; Kikuchi and Yamanaka, 2001; 

Giovanni et al., 2002; USGS; among others) reactivated the northern portion of the 1868 

rupture, leaving the southern segment unbroken. This underthrusting event has an 

aftershock area of 320 km by 100 km approximately (Giovanni et al., 2002). The 2001 

Arequipa event Mw = 8.4 and its Mw = 7.6 aftershock (July 7, 2001) seem to have released 

less than 50% of the moment that was released during the great 1868 Mw8.8 earthquake 
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(Nishenko, 1985; Dorbath et al., 1990; Comnte and Pardo, 1991).  Analyzing the source 

time functions for the 1974 (M0 = 8.0), 1996 (MW = 7.7), 1942 (MW = 7.9–8.2), and 2001 

(Mw 8.2) earthquakes along the southern Peru trench (Beck and Ruff, 1989; Swenson and 

Beck, 1999, 1996), Giovanni et al. (2002) found that although there is some overlap along 

strike in their aftershock areas there seems to be no overlap in the rupture of the largest 

asperities associated with each event. The last authors observed that the regions of higher 

moment release for these events are small compared to the entire fault area as defined by 

the aftershocks.  

Figure 2  

3.1.1. Results: 

3.1.1.1. Earthquake rupture behavior from Tzz 

The expression of the Nazca Fz cutting across the forebulge (Fig. 2A) is clearly depicted by 

a segmentation of the gradient signal separating a domain of higher Tzz values (>+25 

Eötvös) from lower values to the south (up to +20 Eötvös). The extrapolation of this Fz 

path under the forearc, following the convergence direction (DeMets, 2010), coincides with 

a Tzz minima lobe (<-15 Eötvös). Basset and Watts (2015a) reported that subducting Fz. 

residual gravimetric expression extends >200 km landward of the trench axis. 

In a general analysis, there is a good spatial correlation along strike between low Tzz signal 

and high seismic slip over the marine forearc (Fig. 2A). This relationship was also 

addressed in a previous work by Alvarez et al. (2015a) who related minimum Tzz (<0 

Eötvös) to highly coupled regions that acted as seismic asperities mainly associated with 

subducted sediments and forearc basins. The harmonic decomposition of the Tzz (that 

allows mapping different mass heterogeneities along dip, see Fig. 3) shows a negative 

anomaly which continues in-depth, as shown by de inversion model (section 3.1.1.4). To 

the north and NE of the main rupture following the coastline, a local positive (> 

+15Eötvös) is unraveled coincident with the down dip ending of the rupture (Figs. 2 and 3).  

 

3.1.1.2. Southern directivity and main asperity from Tzz 

Previous studies (Bilek and Ruff 2002; Giovanni et al., 2002;  Audin et al., 2008) show that 

the rupture propagated unilaterally to the southeast over 300 km, presenting the second 

larger pulse of moment release at 120-130 km of the mainshock in this direction (centered 
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at approximately 17ºS 73W between the two main clusters of aftershocks); and stopped 

near the Ilo Peninsula. Giovanni et al. (2002) identified two regions of higher moment 

release (asperities) from the source-time functions, a first peak corresponding to a smaller 

asperity close to the hypocenter and a second larger peak that corresponds to the larger 

asperity containing more than 2/3 of the total moment release from the body waves. Strong 

unilateral rupture directivity to the southeast is also suggested by surface wave data (Bilek 

and Ruff, 2002). Different teleseismic-only models coincide in the location of largest 

moment release about 120 km southeast of the hypocenter (the main asperity), with a few 

other regions of significant moment release/enhanced slip (Kikuchi and Yamanaka, 2001; 

Bilek and Ruff, 2002). There are also two pulses in the GPS inversion (Norabuena, 2004), 

but Pritchard et al. (2007) found that a single station almost completely controls the slip 

distribution in this area. Comparing seismic and geodetic inversions, Pritchard et al (2007) 

found that slip from the InSAR-only model is more continuous between the hypocenter and 

the main asperity and that slip in the geodetic-only models is mostly located about 20 km 

deep, while there are two peaks in the teleseismic slip at about 60 km and 15 km depth 

respectively. 

The epicenter for de Arequipa earthquake nucleated close to a high Tzz anomaly (Figs. 2A 

and 2B), and an increase in slip is observed to the SE of the epicenter bounded by two Tzz 

highs (zoom highlighted in Fig. 2B). In the SE ending of the rupture area, a slight increase 

in slip coincides with other Tzz relative minima (red circle in Fig. 2B). When exploring in-

depth, by truncating Tzz up to N=200 (approx. 31km depth), a low Tzz anomaly is depicted 

(Fig. 2C) connecting the hypocenter location (33km) to the maximum slip patch 130 km to 

the southeast. This relative low Tzz to the SSE of the epicenter is probably indicating a 

heterogeneity that acted as a path to rupture propagation to the south (directivity) and 

further amplification (max. Slip patch) close to the Tzz minima lobe (<-2.5 Eötvös). 

 

3.1.1.3. Seismic barrier at the Ilo peninsula 

Many authors (e.g. Tavera et al., 2006; Audin et al., 2008) coincide that southward rupture 

propagation and migration of the aftershock sequence stopped near the Ilo Peninsula (area 

coincident with the location of the main aftershock on 7 July 2001, Mw=7.5, see Fig. 2A) 

suggesting the presence of an important seismic barrier. Bilek and Ruff (2002) observed 
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that no obvious tectonic feature exists in the subducting plate that could correspond with 

the southern termination of the rupture for these earthquakes (Mw=8.4 and Mw=7.7). 

Nevertheless, a landslide scar (right corner of Fig. 2A) is visible in the bathymetry (Smith 

and Sandwell, 1997; Amante and Eakins, 2009) between the trench and the coastline (Fig. 

2A) as highlighted by Audin et al. (2008). The last authors proposed that there may be an 

influence of the upper plate forearc structure, particularly the Chololo Fault System and a 

series of similar faults that trend perpendicular to the trench, on the subduction plane 

segmentation probably constituting a barrier. They interpreted this fault set as progressive 

step faults that may have been triggered by gravitational effects during major subduction 

earthquakes. Another plausible explanation given in this study is that these faults may be 

susceptible to permanent deformation preventing the accumulation of the elastic strain 

energy necessary to sustain seismic rupture. Thus constitute a seismic barrier since 

historical earthquake ruptures are confined to the north and south of the Ilo peninsula 

(Dorbath et al., 1990; Audin et al., 2008). 

Relative maximum in Tzz signal is mainly related to different types of subducting oceanic 

plate roughnesses (seamounts, aseismic ridges, etc.) controlling in a high degree seismic 

segmentation along the margin. At both lateral endings of the slip distribution, a narrowing 

of the gradient signal is observed, being the southern relative higher Tzz coincident with 

the bathymetric landslide scar highlighted by Audin et al. (2008) to the south of the Ilo 

peninsula (Fig. 2A). Inland, over the continental forearc, the Chololo Fault System (red 

circle of Fig. 2B) is depicted by Tzz (7.5 Eötvös) contours presenting a trend perpendicular 

to the trench. 

Figure 3 

 

3.1.1.4. Gravity disturbance and inversion model 

The topography and sediment corrected gravity disturbance (Fig. 2D) from GOCE satellite-

only model GO_CONS_GCF_2_DIR_R5 (Bruinsma, 2013) up to N=300 presents a relative 

minima (+25 mGal) close to maximum slip area, although with less resolution than Tzz. 

The trench parallel profile, along the marine forearc over maximum slip patch, shows that 

maximum slip is centered over gravity minima.  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

15 
 

The inversion model depicts a low-density contrast in the region of maximum slip and 

high-density contrast along lateral rupture borders. The local gravity disturbance minimum 

(+30 mGal) that correlates to maximum slip (Fig. 11A) is related to lower densities in the 

inversion model, that could reflect a forearc basin over the continental shelf, developed as a 

consequence of  the Nazca Fz subduction (Wells et al., 2003, Basset and Wats, 2015a). 

Muller and Landgrebe (2012) found that the occurrence of great megathrust earthquakes 

(M≥ 8) is strongly biased towards regions were oceanic fractures subduct. The last authors 

explained that Fz’s generally have very large physical offsets and could play an important 

influence in interplate coupling. In this sense and particularly for this event the Nazca Fz 

increased the plate coupling between the two sides of the fault, resulting in a heterogeneous 

rupture, with the main stress release focussed on the Nazca Fz subduction zone intersection. 

 

3.2. The Maule Mw=8.8 2010 earthquake 

The Maule Mw=8.8 2010 earthquake initiated at approximately 36.5ºS (22.9 km ± 9.2 

depth), and ruptured the subduction plate interface bilaterally through two major slip 

patches affecting approximately 500 km of the Nazca-South American interface (Delouis et 

al., 2010; Lay et al., 2010; Lorito et al., 2011; Moreno et al., 2012; Pollitz et al., 2011; 

Tong et al., 2010; Vigny et al., 2011). Even though these studies vary significantly in 

determined slip magnitude and location, they roughly coincide in the location of the 

northern patch between  ̴ 34.5ºS and 35.5ºS which concentrated the major slip (15 to 20 m). 

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), existing a certain overlap between both 

ruptures. Moreno et al (2012) calculated the slip along the megathrust from a joint 

inversion of GPS, InSAR, and land-level changes data using Green's functions generated by 

a spherical finite-element model, being one of the best constrained models for this event. 

 

3.2.1. Results: 

3.2.1.1. Earthquake rupture behavior from Tzz 

In a previous work, Alvarez et al. (2014) performed forward modeling with a former 

satellite GOCE model (GO_CONS_GCF_2_TIM_R4, Pail et al., 2011) developed up 
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degree/order N=250 finding an inverse relationship between both quantities. In that work, 

the northern maximum slip patch matches the minimum Tzz lobe. Then Alvarez et al. 

(2015a) explained that coseismic and postseismic slips (elastic rebound) after the Maule 

earthquake left a significant imprint over the gravimetric signal, detected as an increase of 

the signal along the coast-line by subsequent GOCE models when compared up to the same 

degree/order (N=250). This change in the gravity gradient signal worsens the relationship 

between both quantities when using the last model up to its maximum degree. 

The topography and sediment corrected vertical gravity gradient calculated in this work up 

to N=300 (Fig. 4A) in the region of the Maule earthquake presents a first-order anti-

correlation with the rupture model of Moreno et al (2012) along the outer marine forearc. 

However, the GOCE model used presents relative minima Tzz lobes shifted to the trench 

with respect to maximum slip patches (as expected according to the above-explained). An 

along-strike segmentation of Tzz is observed, over both the marine and continental forearc, 

coinciding the northern and southern slip patches with relative minima Tzz over the 

coastline and the continental forearc. A higher-order model incorporates on its frequency 

spectral content information of shallower structures, being necessary to develop the model 

at lower degree/orders (cutting) to unravel deeper anomalies that may be related to 

seismogenesis. 

Figure 4 

 

3.2.1.2. High Vp down dip seismic barriers and Tzz 

Based on a seismic tomography Hicks et al. (2014) found a moderate Vp (5.5–7.0km/s, 

reduced Vp/Vs ratio of ∼1.71 and a Poisson’s ratio of 0.24), consistent with a granitic 

composition (Christensen, 1996) along the upper continental forearc (cf) beneath the 

Coastal Cordillera. In the lower forearc, they identified two prominent high Vp anomalies 

named Cobquecura and Pichilemu (with Vp 7.6–8.0km/s, Vp/Vs ratio of ∼1.81 and 

Poisson’s ratio of 0.28) lying beneath the coast (Vp model at 25km depth), coincident with 

a high positive Bouguer gravity anomaly (see fig. 8 from Hicks et al., 2014) for more 

detail). These authors suggested a moderate positive correlation between gravity and Vp in 

the lower forearc (Hicks et al., 2014).  
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The inspection of the Tzz map strengthens the proposal of Hicks et al. (2014) developed up 

to N=250/Z=25 km (Fig. 4B) where two highly positive Tzz regions roughly coincide in 

geometry with high Vp anomalies. These authors interpreted the seismic velocities and 

gravity signal associated with these anomalies as dense, ultramafic material, where 

coseismic slip was reduced, existing a general strong negative correlation between Vp and 

coseismic slip for the down-dip portion of the rupture. Moderate Vp found along the upper 

continental forearc (cf) coincides with relative minima in the gradient signal. Along strike 

segmentation of the gradient signal calculated in the present work at depths of 25 km 

(N=250) over the continental forearc, coincides with the Lanalhue (LF) and Pichilemu (PF) 

major upper plate faults (Moreno et al., 2012).  

Kiser and Ishii (2011) interpreted that, for the high-frequency part of the rupture, there is a 

striking interaction with the velocity structure along the plate interface. Comparing forearc 

tomographic results with coseismic slip distribution from Moreno et al. (2012), Hicks et al. 

(2014) proposed that the rupture was slowed by the high-velocity anomalies beneath the 

coast, generating stopping phases at the rupture’s down-dip termination (stepping down 

high-frequency energy released around the anomalies) and in part controlling the down-dip 

and along-strike distribution of slip during the rupture. The down-dip extension of the 

rupture region (defined by the 1-m slip contour from Moreno et al., 2012) reached depths of 

55 km and 50 km in the north-central and south-central parts of the rupture zone, 

respectively. This down-dip limit for the rupture could be mapped also by a long-

wavelength positive Tzz signal (Fig. 5), indicative of dense materials, mapped following 

the continental forearc for degree/orders 150<N<200 (between approximately 41km and 

31km depth). 

 

3.2.1.3. Asperities identification from Tzz 

Previous works showed that for the Maule earthquake, the greatest coseismic slip and 

aftershock activity occurred at depths of the plate interface beneath the outer wedge (17–

30km, “Domain B”) where the plate interface is structurally more homogeneous (e.g. Hicks 

et al., 2014). The last authors found low Vp (4.75–6.25km/s) and a high Vp/Vs ratio (1.9–

2.2, Poisson’s ratio of 0.31–0.37) along the marine forearc, and moderate Vp (∼6.5km/s) 

and elevated Vp/Vs ratio (∼1.86) beneath the outer wedge. They interpreted these Vp 
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velocities as consistent with sediments and meta-sediments in the frontal prism and outer 

wedge. This is consistent with low Tzz lobes indicative of lower density materials along the 

marine forearc, as shown by Alvarez et al. (2014).   

The slip model from Moreno et al. (2012) exhibits a concentration of high slip (up to 16 m) 

in the north-central part, and two secondary asperities with slip over 12 m at 36.1°S and 

37°S respectively. The last authors found slips longer than 5 m in the Arauco Peninsula that 

propagated up to 50 km inland of the coastline while at the northern patch, large slips 

concentrated beneath the continental shelf. When truncating the GOCE model up to N=200 

(Fig. 4C) reaching an auscultation depth of approximately 31km, the Tzz lobes (-10 

Eötvös) match the maximum slip patches (It is important to highlight that the southern 

patch that was not resolved by Tzz in Alvarez et al., 2014). The along-strike extent of the 

rupture coincides both north and south with a narrowing of the signal (relatively higher 

Tzz), which would be indicating the location of attenuators/barriers to seismic energy 

release (as previously mentioned in Alvarez et al., 2014). The southern end of the rupture 

zone overlaps an area with low locking degree (Moreno et al., 2010), which may have 

arrested further southward propagation of the rupture (Moreno et al., 2012).   

The last authors found a first-order spatial correlation of the interseismic locking patches 

with high coseismic slip regions for the Maule event. Similar results for the 2011 Tohoku-

Oki earthquake were exposed by Loveless and Meade, (2011) and by Ozawa et al. (2011). 

As previously explained, Metois et al. (2016) found a first-order correlation between 

coseismic asperities and highly coupled segments for the three most recent Mw>8 events 

along the Chilean margin. The last authors also explained that most low coupling zones, 

which behaved as barriers effectively arresting ruptures propagation, correlate with 

subducted high oceanic features associated with crustal fault networks. Moreno et al. 

(2012) suggest that splay faults in the upper plate limited rupture propagation in the up-dip 

and along-strike directions. Major upper plate faults mapped by the last authors as the 

thrust ridge, the Santa María Fault and the Lanalhue Fault (Fig. 4C), agree with the Tzz 

signal up to N=200/Z=30 km. The TR is coincident with the up-dip limit to rupture 

propagation and is depicted by a high gradient signal of -5 Eötvös. A gradient signal 

narrowing observed at different degrees of the harmonic expansion (Fig. 4C) depicts the 
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Lanalhue Fault that cuts across the entire forearc affecting the morphology and displacing 

geological units. 

Figure 5 

 

3.2.1.4. Gravity disturbance and inversion model 

Gravity disturbance relative minima (< +25 mGal) are close to high slip patches such as the 

previous relationship found with Tzz. Gravity minimum that matches the northern slip 

patch could be dominated by low-density materials filling a shelf basin (yellow dashed 

ellipse of Fig. 4D) centered at 35ºS. From a 2-D gravity modelling and the analysis of 

bathymetric profiles, Maksymowiccz et al. (2015) explained that main slip patches 

developed in a segment of the margin characterized (among other characteristics) by low-

density materials in the continental wedge and a well-developed shelf basin, such as was 

also observed by Wells et al. (2003) for other circum-Pacific earthquakes. Previous works 

mapped asymmetric half-graben basins beneath the continental slope and well-developed 

shelf basins in this region; whereas the geometry of the slope basins is controlled by the 

displacements on the bordering faults that accommodate differential tectonic subsidence 

and/or uplift in the continental wedge (Díaz-Naveas, 1999; Contardo et al., 2008; 

Contreras-Reyes et al., 2010, 2013; Maksymowiccz et al., 2015). Moreno et al. (2012) 

proposed that slab inflections may also have influenced the apparent overshoot in the 

northern asperity (between 34°S - 36°S) and suggested that the plate geometry may 

influence strain accumulation and release in a subduction zone.  

The harmonic decomposition of the Tzz shows a negative lobe which continues in depth up 

to higher orders (Fig. 5) and the local gravity disturbance minima (+15 mGal) centered at 

35ºS that correlates to maximum slip (Fig. 4D) are related to lower densities in the 

inversion model. The gravity minima centred over the basin could also be indicating the 

effect of the subducted plane inflection noted in Moreno et al. (2012). Gravity field 

derivatives could indirectly map changes in the dip angle: Alvarez et al. (2015b) mapped 

anomalous Moho depth thickening at the sites of inception of four high oceanic features 

(between 24ºS and 34ºS), and residual free-air gravity anomaly from Basset and Watts 

(2015b) clearly maps regions of flat slabs subduction (Chilean-Pampean and Peruvian flat 

slabs). 
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The trench parallel profile, along the continental shelf cuts across maximum slip patches 

showing maximum slip centered over gravity relative minima. Alvarez et al. (2014) 

obtained similar results for Tzz from GOCE DIR-R4 model. In the present work, the 

distribution and geometry of mass heterogeneities obtained from the inversion model depict 

a low-density contrast in the regions of maximum slip and high-density contrasts along 

lateral rupture borders. Inversion models for Arequipa (Fig. 11A) and for Maule (Fig. 11B) 

present a very low-density contrast in-depth in regions where the Nazca plate presents 

important inflections as the subduction of the Nazca Fz and the along-strike inflection 

between 34°S - 36°S reported by Moreno et al. (2012). Maximum slip propagated towards 

these areas corresponds to basins developed over the continental shelf indicating a complex 

relationship between subducting slab morphology, upper plate deformation with basin 

development and rupture propagation behavior. 

 

3.3. The Illapel Mw=8.3 2015 earthquake  

On September 16 2015 a Mw=8.3 earthquake occurred offshore Chile, with epicentre 

location near Illapel at an estimated depth of 25.0 km (USGS - 31.570ºS, 71.654ºW) or 

17.8 km (GCMT - 31.22°S, 72.27°W). The earthquake nucleated near the coast but then 

propagated northwards and up-dip, rupturing across the width of the seismogenic zone, 

with a maximum slip of 5-6 m, based on results obtained from a joint inversion of geodetic 

and seismological data sets (Tilmann et al., 2016). Several works (Lay et al., 2014; Tilmann 

et al., 2016; Shrivastava et al., 2016; Melgar et al., 2016) have agreed that high-frequency 

seismic radiation (HFSR) was mostly released downdip of the primary seismogenic zone 

(domain B), reaching both the shallow and tsunamigenic portion of the megathrust (domain 

A) and the deeper HFSR part (domain C) related to strong ground shaking. Along-strike 

rupture extension coincides approximately with a more highly coupled region of the 

megathrust (Tilmann et al., 2016; Métois et al., 2012). Fault geometry and location are 

consistent with the slip of the Nazca plate beneath the South American plate, as indicated 

by seismic source parameters. The Mw=8.3 Illapel earthquake occurred in a region with 

intermediate to low trench sediment infill, < 500m (Ranero et al., 2006; Völker et al., 

2006). This region between the Juan Fernández aseismic ridge (JFR) and the Challenger 

Fracture Zone (Fz) was identified as a seismic gap based on the occurrence of previous 
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great earthquakes that affected the interplate zone (Abe, 1981; Beck et al., 1998 Kelleher, 

1972; Nishenko, 1985). 

 

3.3.1. Results: 

3.3.1.1. The role of high oceanic features and their gravimetric expression 

Rupture propagation roughly arrested at regions with lower interseismic coupling (Metois 

et al., 2016; Tilman et al., 2016) which coincide with subducted oceanic plate features: the 

JFR to the south and the Challenger Fz to the north respectively probably acting as seismic 

barriers (Alvarez et al., 2017a; Shrivastava et al., 2016). However, Tilman et al. (2016) 

proposed that these features limited the aftershock zone rather than rupture, the latter 

occupying a smaller area. In fact, aftershocks clustered around the area of maximum 

coseismic slip, and in particular in lateral and down-dip directions (Lange et al., 2016) and 

into areas of intermediate locking to the south and north (Tilmann et al., 2016, Metois et al., 

2012).  

Aftershocks clustered around individual subducted seamounts that are thought to cause 

pervasive fracturing around the plate boundary fault zone, in this event were related to the 

down thrusting JFR at the southern rupture boundary (Lange et al., 2016). Subduction of 

the JFR and high relief horst-and graben structures erode frontally and basally the margin 

resulting in the collapse of the seaward part of the overriding plate (Contreras-Reyes et al., 

2015). Unfavorable conditions for rupture propagation of large subducted relief (>1000 m) 

(Sparkes et al., 2010) suggest that the subduction of the JFR controlled the southern 

boundary of the 2015 Illapel earthquake and the clustering of aftershocks between 32–33°S 

(Lange et al., 2016). The extrapolated Juan Fernández ridge beneath the South American 

Plate shows a segmentation of the +5 Eötvös contour (Fig. 6A), presenting a westward 

concave maximum relative in Tzz and in Ga (see Fig. 6B) related to the deformation 

produced by the JFR. 

The extrapolation of the Challenger Fz under the marine forearc coincides with a relative 

maximum and a higher degree of narrowing of the Tzz signal than the expression of the 

JFR to the south, cutting off the -2.5 Eötvös contour. This region of relatively low 

interseismic coupling (Métois et al., 2012; Tilmann et al., 2016) could be favoured by plate 

interface creeping acting as a seismic barrier, since all great historical earthquakes stopped 
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at this feature (Sparkes et al., 2010; Contreras-Reyes and Carrizo, 2011, Shrivastava et al., 

2016). The last author’s proposed that the CFZ could be considered as a persistent and 

strong barrier and that the JFR acted as a weak barrier working efficiently during the 2015 

event (see Shrivastava et al., 2016 for more details). This agrees with the proposal of 

Alvarez et al. (2014), who proposed that different degrees of attenuators/barriers to the 

propagation of seismic rupture could be mapped using along-strike segmentation of 

different relative maxima in Tzz. 

 

3.3.1.2. Asperities identification from Tzz 

The structure of Chilean margin to the north of the JFR subduction point is mainly erosive, 

with little sediments along the trench axis, and characterized by the presence of a 

subsided/collapsed outermost forearc material composed of highly fractured volcanic rocks 

(Contreras-Reyes et al., 2015). In this region, the Tzz over the marine forearc increases 

trench wards progressively and the Tzz minima lobe in this region (-2.5 Eötvös) is half 

wide than to the south of the JFR. This highly positive Tzz signal, at a high wavelength 

~100km and a minimum auscultation depth of 21 km, masks small asperities in the up-dip 

portion of the interface (Domain A).  In this domain most of the coseismic slip concentrated 

around a shallow (<20 km depth) seismic asperity (~100 km wide along-strike) according 

to Shrivastava et al. (2016), based on a GPS only model. 

However, slip also propagated in the down-dip direction (between 20 and 40 km depth) to 

the east of the central part of the rupture with a substantial coseismic slip of 3-5 m (Tilman 

et al., 2016; Shrivastava et al., 2016; Melgar et al., 2016; Lange et al., 2016). Inland, slip 

contours concentrate over a relative minimum of Tzz (Fig. 6A), being the rupture flanked to 

north and south by higher Tzz values (more than +15 Eötvos). Highly positive Tzz in the 

down-dip portion of the megathrust could indicate the existence of seismic barriers at 

depth, both along and across strike (as previously observed for the Arequipa and Maule 

earthquakes).  

Figure 6 

 

Tzz minima lobe over the marine forearc continues in depth from harmonic decomposition 

(Fig. 7) up to approximately 30 km coinciding with NW rupture propagation direction. At 
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depths of 36 to 40 km, the effect of the subducting slab inhomogeneities (CFZ and JFR) 

dominates the gravity signal over the marine forearc. From these results, we can 

hypothesize that oceanic features highly influence rupture behavior in this region of the 

megathurst as proposed by previous authors (e.g. Sparkes et al., 2010; Contreras-Reyes and 

Carrizo, 2011, Shrivastava et al., 2016). 

Figure 7 

 

Inland, at these depths (150<N<175), next to the coastline, low Tzz values coincide with 

maxima slip and strong ground shaking, being these anomalies probably related to unstable 

areas of domain C (Lay et al., 2012). This lower gravity derived signal, flanked latitudinally 

by two separate maximums observed in the continental forearc using harmonic 

decomposition, is also depicted by the Gd (next section). This observation (and after the 

analysis of other events in previous works) reveals that in this region of the forearc the 

gravity field is also useful to determine heterogeneities with different behavior  during 

rupture in the downdip portion of the megathrust, where the forearc structure seems to have 

a greater influence on the seismogenic behavior  (Tassara, 2010).  

 

3.3.1.3. Gravity disturbance and inversion model 

The gravity disturbance (Fig. 6B) presents a smooth decrease throughout the marine forearc 

probably dominated by the effect of the subducting slab. Inflections of the contours of +50 

mGal and +25 mGal coincide with the extrapolation of the subdtucted CFZ and JFR 

respectively. A minimum relative Gd lobe is depicted eastward to the coastline in the 

region where slip contours enter inland. Most slip and strong ground shaking in this region 

are supposed to come from down-dip conditionally stable areas of domain C (Lay et al., 

2012). This lower Gd lobe (<25 mGal) characterizes an anomalous zone with higher slip, 

with better detail than the Tzz signal (Fig. 6A) which only shows a relative minimum in 

this region (close to the down-dip limit of the seismogenic zone). Previous findings 

indicated that the gravity disturbance is better than the Tzz for unveiling deeper source 

anomalies (Braitenberg et al., 2011; Alvarez et al., 2012). The inversion model depicts a 

high-density contrast both sides of the rupture and a deep and smooth concavity at the 
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center of the rupture even though Gd signal varies very little along the profile over the 

marine forearc.  

 

3.4. The Pisagua 2014 Mw=8.2 earthquake 

On April 1, 2014 a Mw=8.2 earthquake initiated at ~ 95 km NW of Iquique, at a depth of 

about 20 km, with both epicentre and focal mechanism consistent with an event that 

ruptured the plate boundary interface between the Nazca and South America plates (Ruiz et 

al., 2014; Bürgmann, 2014; Schurr et al., 2014; Moreno et al., 2014; Lay et al., 2014). To 

the south, the largest historical earthquake occurred in 1877 (Iquique event) with magnitude 

Mw ~ 8.5-8.8 (Lomnitz, 2004), and estimated rupture zone from Arica to Antofagasta. 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 Iquique rupture affected an area of intermediate to high interseismic coupling 

(Metois et al., 2013; Schurr et al., 2014; Ruiz et al., 2014) and rupture propagation 

accelerated downdip following the gradient towards higher locking with a peak slip of 8 m 

to the southeast of the hypocentre at depths of 30-40 km (Schurr et al., 2014; Hayes et al., 

2014). Slip models coincide in showing a very compact rupture area for an earthquake of 

this size, and rupture did not penetrate the low coupling zones (Hayes et al., 2014; Ruiz et 

al., 2014). Slip models also agree that earthquake rupture diminished towards the shallow-

most up-dip part of the subduction zone (Geersen et al., 2015).  

 

3.4.1. Results:  

3.4.1.1. The relation between subducted seafloor roughness and foreshock activity to the 

gravimetric signal of Tzz  

An intense foreshock activity developed in the previous months to the main event (with 

seismic swarms since 2005), which accelerated towards the final foreshock sequence, with 

a slow slip event on the interplate preceding the 2014 Iquique earthquake (Ruiz et al., 

2014). Schhur et al. (2014) inferred gradual unlocking of the plate interface and physical 

changes at the plate boundary from a decrease in b value three years before earthquake 

occurrence. These smaller asperities ruptured progressively by foreshocks will have loaded 

the remaining larger asperities in this zone until their failure (Schhur et al., 2014). Geersen 
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et al. (2015) imaged multiple large seamounts along the plate interface under the marine 

forearc in the intermediate coupled central part (19º to 20.5º S) of the northern Chile 

seismic gap, from marine seismic reflection and swath bathymetric data. These authors 

proposed that those subducting seamounts likely exert primary control on regional-scale 

plate-coupling variations and that limited the up-dip and southward extent of the seismic 

rupture during the 2014 earthquake.  

The area that ruptured during the 2014 Iquique earthquake matches the width of the 

subducted Iquique Ridge (Fig. 8) under the marine forearc (Metois et al. 2013; Rosenbaum 

et al. 2005; Geersen et al. 2015). At degrees higher than N=200, relative lower Tzz values 

(<+10 Eötvös) over the Nazca Plate indicate crustal flexure from loading associated with 

seamounts related to the IR, indicating a segmentation of the forebulge (Fig. 8A, B, C). 

Figure 8 

 

Schurr et al. (2014) proposed that the Iquique segment seems to have been dominated by 

mostly smaller locked asperities embedded in a conditionally stable environment, this 

precludes identifying an inverse relationship between Tzz and slip patches due to the high 

wavelength characteristic of GOCE signal. In fact, slip patch for this earthquake shows no 

clear correlation to a minimum Tzz lobe, although a narrowing of the signal to the north 

and south coincides with rupture ending (Fig. 8B). For this region, the density structure 

morphology presents a distinct behavior as auscultation depth increases, in contrast to what 

was analyzed for the other events (where minima Tzz lobes match to maximum slip). As 

auscultation depth increases (N≤200), is observed a positive Tzz signal for over the 

maximum slip region.  

Another hypothesis suggests that subducted lower reliefs may act not only as barriers but 

also as asperities linked to seismic rupture (Husen et al., 2002; von Huene et al., 2012; 

Bilek et al., 2003) depending on earthquake rupture nucleation location. Many studies 

indicate that subducting seamounts generate networks of small-scale fractures and faults 

causing unfavorable conditions for seismic rupture propagation, as observed in high-

resolution seafloor images and reproduced in analog modeling (Cloos, 1992; Mochizuki et 

al., 2008; Dominguez et al., 2000; Wang and Bilek, 2011; Kopp, 2013). Some works 

(Sobiesiak et al., 2007; Llenos and McGuire, 2007; Tassara, 2010) already focused on these 
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Central Andean forearc asperities and their link to gravity highs (mafic bodies) reflected in 

a high-VSA. In the Southern Andes, the forearc is felsic-dominated (low-density) 

producing neutral-to-negative VSA (being VSA the Vertical Stress Anomaly that accounts 

for the component of normal stress due to the weight of the overlying crustal column; 

Tassara 2010). In this sense, a high Tzz signal is observed over maximum slips for N= 200 

(Z=31km) in a region dominated by a lack of sediments along the trench and basal tectonic 

erosion of the forearc crust. For N=150 (Fig. 8D) an eastward inflection of the +10 Eötvös 

contour is observed in the area where the foreshock sequence and maximum slips took 

place. This highly positive signal could be related to subducted seamounts and basal 

erosion associated with the subduction of the Iquique ridge (Alvarez et al., 2018a).  

Down-dip rupture propagation ending correlates with a high Tzz signal across the 

continental forearc beneath the coastline, as observed for the other earthquakes analyzed. 

The main aftershock on April 3, 2014 an Mw=7.7 propagated further inland over a region 

with relative lower Tzz signal, as exposed by Alvarez et al. (2015a). 

Figure 9 

 

3.4.1.2 Gravity disturbance and inversion model 

The gravity disturbance presents a wide inflection of the +75 mGal contour coinciding with 

the extrapolation of the subducted Iquique ridge. This change in the gravity signal is more 

abrupt to the north where a subducted seamount is clearly depicted by the bathymetry 

(ETOPO1).  Rupture coincides with this relative higher gravity as shown by Tzz at degrees 

between 150<N<200. Such a correlation is expected as gravity anomaly depicts deeper 

mass sources than Tzz when compared at the same degree/order. The fact that rupture 

coincides with a relatively higher gravity signal (and deeper Tzz anomalies) reinforces the 

hypothesis that the IR exerted a primary control on this earthquake nucleation and rupture 

propagation rather than shallower marine forearc structures. The inversion model (Fig. 20) 

depicts a high-density contrast both sides of the rupture and a deep and smooth concavity 

close to the epicenter. 

Figure 10 

Figure 11 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

27 
 

4. Discussion  

4.1. Events Nucleation 

After the analysis of the GOCE signal up to the maximum degree of the harmonic 

expansion  N=300 (maximum spatial resolution and shallower sources), we observed that 

the Mw>8.0 earthquakes nucleated close to a local positive high gradient zone to the 

coastline. In this sense, Tassara (2010) previously showed that ruptures along the Andean 

margin generally nucleated at the edge of geological heterogeneities in the forearc. Hicks et 

al. (2014) reported that the Maule earthquake nucleated in a region of high Vp (∼7.2km/s) 

and strong dip-parallel Vp gradient, at the periphery of the Cobquecura anomaly. They 

suggested a positive correlation between Vp and a high positive Bouguer gravity anomaly, 

explaining that a local increase in stress at the edge of this anomaly could have led to the 

onset of the rupture. The higher spatial resolution that can be obtained from satellite GOCE 

allows mapping different anomalies along the forearc with better detail than ever before. 

Additionally, the Tzz allows mapping shallower geological structures and mass 

heterogeneities with greater detail than the gravity anomaly (Bouguer), as performed by 

other authors formerly. This improvement could help to infer probable future earthquake 

nucleation areas using Tzz maps along different coasts of the Earth.  

 

4.2. Downdip rupture limit 

Wells et al. (2003) exposed that seismic slip decreases landward across a strong gravity 

gradient marking the landward edge of the forearc basins and deep-sea terrace in most 

cases. Kopp (2013) explained that the limited downdip extent of the seismogenic zone is 

also supported by gravity data and thermal modeling (Grevemeyer and Tiwari, 2006) as 

well as by the forearc morphology (Krabbenhoeft et al., 2010). From the analysis of 

ruptures of  historical great megathrust earthquakes along the Chilean margin, Alvarez et al. 

(2014) noticed that many ruptures arrested to the west of a positive Tzz anomaly (more 

than +10 Eötvös),  and proposed that this high could potentially reveal the location of a 

seismic barrier marking the eastern edge of rupture propagation. Basset and Watts (2015) 

already correlated the high gravity signal along the coast to the downdip limit of the 

seismogenic region with high coseismic slip and strong plate coupling and that minimal 

coseismic slip occurred landwards of this gravity high. In this work, using detailed analyses 
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of higher resolution Tzz (at different degrees of the harmonic expansion), we infer that this 

highly positive signal, when calculated at N=200 and the corresponding depth of approx. 30 

km, could be indicating the down-dip limit of the seismogenic zone. On the other hand, 

relative minima under in this coastal region (continental forearc), where slip increased, 

could be unveiling smaller asperities typical of domain C.  

 

4.3. Directivity effect 

Different approaches have been tested to explain earthquake directivity. McGuire et al. 

(2002) found, in a global analysis, that most earthquakes are unilateral, and fault 

segmentation might explain this observation for large earthquakes. Other authors (Rubin 

and Gillard, 2000; Pritchard et al., 2007) proposed as alternative explanations the history of 

previous earthquake ruptures, preferential orientation of structures on the fault interface due 

to oblique  convergence  or  the  superposition  of  different materials across the fault zone. 

For the 2001 Arequipa earthquake, the gravity signal shows a “path” of relative low Tzz 

that matches unilateral rupture propagation towards the southeast, as mapped from 

seismological studies (Giovanni et al., 2002; Pritchard et al., 2007; Robinson et al., 2006; 

Salichon et al., 2003; Swenson and Beck, 1999). Positive Tzz (+5 Eötvös contour) to the 

SE, NW and W of the hypocenter could be indicating different material properties 

impeding rupture propagation in those directions. 

 

4.4. Asperities and Along Strike Seismic Segmentation 

Relative maxima in Tzz along strike are well correlated to slip decrease and also to lateral 

rupture ending, as exposed by Alvarez et al. (2014), implying that high Tzz could be related 

either to the forearc structure as splay faults or to subducted high oceanic features acting as 

seismic barriers.  Minima Tzz lobes are highly related to slip increase (Alvarez et al., 2014, 

2015a) and to regions where the rupture propagates, except for Iquique earthquake where 

the rupture seems to have nucleated over subducted plate roughnesses.  

Different trench parallel profiles along the marine forearc over maximum slip patches for 

the analyzed events, shows that maximum slip is centered over gravity disturbance minima, 

but with higher resolution than previous works (Song and Simons, 2003; Wells et al., 

2003). 
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The analysis at different depths (by cutting de degree/order) shows a better correlation 

between slip and Tzzz signal when using N=200 (z=30km). At this minimum depth, Tzz 

lobes could be indicating regions with a homogeneous asperity distribution related to a 

smooth and strongly coupled interface, typical of domain B (Fig. 12). This domain is 

characterized by large and relatively uniform regions with unstable sliding frictional 

properties (asperities) and large slip (at source depths spanning from 15 to 30 km) where 

most megathrust events occur Lay et al. (2012). 

 

4.5 Seismic segmentation along the continental forearc  

The high gravity gradient to the coastal line that marks the downdip limit of the 

seismogenic zone presents an along-strike segmentation where relative low interposed Tzz 

values coincide with slip increase over the continental forearc. Particularly for the Maule 

earthquake, these relative minima in the gradient signal are close to regions of lower Vp. 

Thus by using Tzz and Gd, it would be possible to map smaller heterogeneities over the 

continental forearc. This higher achieved resolution is of great importance since the 

ruptures analyzed (e.g. the southern patch of the Maule earthquake, the Iquique main 

aftershock, the Illapel rupture and the small increase in slip for Arequipa earthquake), 

occurred inland over the downdip limit of the seismogenic zone and correlate to relative 

minimum in Tzz signal over the continental forearc (see Fig. 12).  Whether these relative 

minima of the signal inland are shallower effects (ground effects) mainly at high orders 

(less depth) or deeper asperities typical of the domain, C (observed at lower orders) is a 

matter of future works. Along and across strike segmentation of the coastal Tzz highs and 

interspersed gravity lows greatly improve the mapping of heterogeneities located over the 

downdip limit with respect to previous works, and could serve as a proxy of seismogenic 

behavior of densely populated coastal areas. 

  

4.6 The “distinct” behavior of the 2014 Pisagua-Iquique (Chile) earthquake sequence 

A comparison between the 2010 Maule and 2014 Iquique sequences highlights the broad 

range of seismotectonic behavior that could be expected along the same subduction zone, 

leading up to and in response to megathrust ruptures (Hayes et al., 2014). Schurr et al. 

(2014) concluded that gradual weakening of the central part of the seismic gap accentuated 
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by the foreshock activity in a zone of intermediate seismic coupling was instrumental in 

causing final failure, distinguishing the Iquique earthquake from most great earthquakes. 

Lay (2015) also highlighted that the large slip for this earthquake was unusually 

concentrated for a great earthquake.  

At the latitudes of the Pisagua earthquake, the Chilean margin has been characterized as 

erosive (von Huene and Scholl, 1991; Laursen et al., 2002; Adam and Reuther, 2000; 

Völker et al., 2006). In this region of the Andes, subduction erosion processes have been 

related to the morphological roughness of the oceanic plate and to the climate-related lack 

of sediments within the trench (Ranero et al., 2006) being the gradient signal along the 

marine forearc more positive than in the other analysed regions (were sediment accretion 

has been reported as to the south of JFR and with well developed shelf basins). 

From this work, we can observe that the gravity signal presents a distinct behavior for the 

Pisagua earthquake when compared to the other events analyzed. Harmonic decomposition 

shows Tzz maxima in the region of maximum slip for degrees between 150<N<200 being a 

plausible explanation that this gravity high is related to the subducted IR, favoring the 

hypothesis that subducion of the IR played a key role in rupture propagation (the intense 

foreshock sequence has been associated with subducted seamonts). In recent work, Alvarez 

et al. (2018a), found differential variations of geoid heights along the marine forearc related 

to IR subduction. These results agree with along-strike variation in coupling from Metois et 

al. (2012) and Ruiz et al. (2014), with fore-slip models (Socquet et al., 2017), and to slip 

models (e.g. Schurr et al. 2014; Socquet et al. 2017). In this sense, it would be possible to 

associate negative Tzz to sediments accretion, positive Tzz to subduction erosion and 

consequently to distinct rupture behaviors depending on the tectonic setting. 

 

5. Conclusions 

Many authors coincide that interseismic strain is transformed into permanent forearc 

geologic strain via faulting, folding or buckling which leaves a deformation imprint that 

could remain relatively stable throughout the repetition of the seismic cycle along the 

Chilean margin.  Gravity signal is in part the expression of dynamic processes along the 

margin such as uplift, long-term subsidence, erosion and accretion processes, reflecting 

plate interactions.  
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Along the Chilean margin, where data show a seismic segmentation, co-seismic slip 

distribution tends to concentrate along forearc basins (Wells et al., 2003, Song and Simons, 

2003) and structural heterogeneities correlate with forearc features (Tassara, 2010) which 

probably modulated along strike by downgoing plate heterogeneities (Hicks et al., 2014, 

Basset and Watts, 2015). In this framework, GOCE gravity derived signal allowed mapping 

along and across strike heterogeneities related to seismic rupture behavior, geological 

structures and velocity anomalies. 

Figure 12 

 

From the analysis of the last Mw>8.0 earthquakes along the Peru-Chilean margin, we found 

that meghathrust slip behavior is highly related to density structure along the seismogenic 

zone as revealed by GOCE gradients. The relationship between high/low coupling with 

higher/lower slip patches observed by other authors is now mapped by relatively low/high 

Tzz; thus demonstrating the usefulness of the gravity derived signal as a first-order proxy 

for mapping asperities and barriers along the seismogenic zone (Fig. 12). The methodology 

used in the present work could help to better mapping physical properties along the plate 

interface to determine regions with higher seismic hazard; also by mapping forearc gravity 

high anomalies, related to mass heterogeneities, it is possible to infer probable nucleation 

areas. Tzz minima distribution along the marine forearc is well correlated to slip maxima 

and could serve to estimate seismic hazard close to densely populated coastal regions.  
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Figures Legends: 

Figure 1: Up: Shaded relief map of the Nazca-South American plates from ETOPO1 

(Amante and Eakins, 2009) with main bathymetric features. Orange dashed ellipses 

indicate locations of the main areas displayed in Figs. 2–10 for the last Mw>8.0 

earthquakes along the Peru-Chilean margin. References: A) 2001 Mw=8.4 Arequipa 

earthquake, B) 2010 Mw=8.8 Maule earthquake, C: 2015 Mw=8.3 Illapel earthquake, D: 

2014 Mw=8.4 Pisagua-Iquique earthquake. Down: Schematic cross-section explaining 

rupture domains of megathrust rupture characteristics from Lay et al. (2012). Domain A is 

located close to the trench where tsunami earthquakes or anelastic deformation and stable 

sliding occur. The central megathrust “domain B” is where large earthquakes and high 

slip occurs with minor short-period seismic radiation along large and relatively uniform 

regions with unstable sliding frictional properties (asperities). Downdip is located domain 
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C were moderate slip occurs along patchy smaller scale regions of stable sliding 

surrounded by conditionally stable areas. The transitional domain D where slow slip 

events, low frequency earthquakes, and seismic tremor can occur is only present in some 

areas around the world. References: grey shaded ellipse in Domain A represent sediments 

and pore fluids at shallow depths. Dark shaded irregular bodies labeled “seismic” are 

regions that present unstable frictional sliding. Small, isolated patches may behave as 

“repeaters” when quasi-static sliding of surrounding regions regularly load them to 

failure. Thick black dotted line represents the interplate megathrust fault. For more details 

see Lay et al. (2012). 

Figure 2: Topography and sediment corrected vertical gravity gradient in the Central 

Andes and adjacent Nazca plate, obtained from GOCE satellite-only model 

GO_CONS_GCF_2_DIR_R5 (Bruinsma 2013), A: up to N=300. In the right corner is 

shown in detail the landslide scar with white solid lines (Smith and Sandwell, 1997; 

Amante and Eakins 2009; Audin et al. (2008) and the Chololo Fault System with blue solid 

line. B: up to N=250. In the right corner is shown the enlarged forearc area were slip 

increased in a region of relative minima Tzz. A similar pattern is highlighted at the SE 

ending of the rupture (dashed red circle). C: up to N=200. The +5 Eötvös contour (thick 

black line) depicts higher densities to the NW and SE of the epicenter along the forearc. A 

low Tzz anomaly to the SSE of the epicenter connects to the maximum slip, following the 

rupture propagation in the southward direction (blank white arrow). D: Topography and 

sediment corrected residual gravity disturbance in the Central Andes and adjacent Nazca 

plate, obtained from GOCE satellite-only model GO_CONS_GCF_2_DIR_R5 (Bruinsma 

2013) up to N=300-10.  Red dashed line indicates profile of Fig. 11A. References: Nazca-

South American plates convergence (white arrow) is from Kendrick et al. (2003), the Perú-

Chilean trench is indicated with a gray dashed line. Supperimposed slip distribution 

(orange solid line) for the 2001 Mw=8.4 Arequipa earthquake (Chlieh et al. 2011). Red 

star indicates the epicenter. 

Figure 3: Topography and sediment corrected Tzz slices calculated at different degrees of 

the harmonic expansion. Degree orders between N=200 to 300 depict anomalies at 

approximate depths of the seismogenic zone (interplate contact), while higher degrees as 

N=175 and N=150 show the effect of the oceanic plate. References: black dashed ellipses 
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indicates main asperities of region B, white dashed ellipse indicate minor asperities in 

region C, black dotted ellipses indicate the location of seismic barriers, white blank arrow 

indicates rupture propagation direction. 

Figure 4: Topography and sediment corrected vertical gravity gradient in the region of 

Maule earthquake, obtained from GOCE satellite-only model GO_CONS_GCF_2_DIR_R5 

(Bruinsma 2013), A: up to N=300. B: up to N=250. Superimposed are the Lanalhue (LF) 

and Pichilemu (PF) major upper plate faults (grey dashed lines) from Moreno et al (2012). 

The upper continental forearc (Cf), the 40 km wide and 20 km thick Cobquecura anomaly 

(CA), and the smaller Pichilemu anomaly (PA) lying above the plate interface (at 25km 

depth) were taken from Hicks et al (2012). C: up to N=200. The -5 Eötvös contour (thick 

black line) roughly coincide with the seismogenic zone along the forearc. The -10 Eötvös 

contour coincides with the location of maximum slip lobes. Solid white arrows indicate a 

narrowing of the Tzz minima contours which corresponds to slip ending.  White dashed 

lines are major upper plate faults from Moreno et al (2012): Thrust Ridge (TR), Santa 

María Fault (SMF), Lanalhue Fault (LF) and Pichilemu Fault (PF). D: Topography and 

sediment corrected residual gravity disturbance obtained from GOCE satellite-only model 

GO_CONS_GCF_2_DIR_R5 (Bruinsma 2013) up to N=300-10.  Red dashed line indicates 

profile of Fig. 11B. Dashed ellipse contours a shelf basin from Maksymowiccz et al. (2015). 

References: Nazca-South American plates convergence (black arrow) is from DeMets et al. 

(2010), the Perú-Chilean trench is indicated with a gray dashed line. Supperimposed slip 

distribution (orange solid line) for the 2010 Mw=8.8 Maule (Moreno et al. 2012) 

earthquake. Red star indicates the epicenter. 

Figure 5: Topography and sediment corrected Tzz slices calculated at different degrees of 

the harmonic expansion. Degree orders between N=200 to 300 depict anomalies at 

approximate depths of the seismogenic zone (interplate contact), while higher degrees as 

N=175 and N=150 show the effect of the oceanic plate. The minima Tzz lobe to the north 

could be related to a higher dip angle of the slab as reported by Moreno et al. (2012). 

References: black dashed ellipses indicates main asperities of region B, white dashed 

ellipse indicate minor asperities in region C, black dotted contours indicate the location of 

seismic barriers, white blank arrow indicates rupture propagation direction. 
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Figure 6A: Topography and sediment corrected vertical gravity gradient in the region of 

Illapel earthquake, obtained from GOCE satellite-only model GO_CONS_GCF_2_DIR_R5 

(Bruinsma 2013) up to N=300. B: Topography and sediment corrected residual gravity 

disturbance obtained from GOCE satellite-only model GO_CONS_GCF_2_DIR_R5 

(Bruinsma 2013) up to N=300-10.  Red dashed line indicates profile of Fig. 11C. Blue 

dashed lines indicate inflections of the +50 mGal and +25 mGal contours related to these 

oceanic features. Slip increases inland over a Gd relative minima lobe. References: solid 

orange contours indicate the slip distribution for the 2015 Mw=8.3 Illapel earthquake 

(Tilmann et al. 2016), red star indicates the epicenter. Nazca-South American plates 

convergence (white arrow) is from DeMets et al. (2010), the Perú-Chilean trench is 

indicated with a gray dashed line, white dashed lines are approximate to the extrapolation 

of the CFZ and JFR beneath the continent. 

Figure 7: Topography and sediment corrected Tzz slices calculated at different degrees of 

the harmonic expansion. Degree orders between N=200 to 300 depict anomalies at 

approximate depths of the seismogenic zone (interplate contact), while higher degrees as 

N=175 and N=150 show the effect of the oceanic plate as the inception points of the CFZ 

and the JFR. References: black dashed ellipses indicates main asperities of region B, white 

dashed ellipse indicate minor asperities in region C, black dotted contours indicate the 

location of seismic barriers, white blank arrow indicates rupture propagation direction. 

Figure 8: Topography corrected vertical gravity gradient in the region of Pisagua 

earthquake, obtained from GOCE satellite-only model GO_CONS_GCF_2_DIR_R5 

(Bruinsma 2013) between N=150 and N=300. Nazca-South American plates convergence 

(black arrow) is from DeMets et al. (2010) (the Perú-Chilean trench is indicated with a 

gray dashed line. Supperimposed slip distribution for the 2014 Mw=8.4 Pisagua-Iquique 

earthquake from a joint inversion (Schurr et al. 2014). Red star indicates the epicenter.  At 

degrees between 150<N<200 a high tzz signal matches rupture and foreshocks sequence. 

This suggests that the IR subduction played a key role in rupture process as suggested by 

other authors (e.g. Geersen et al. 2017). 

Figure 9: Topography and sediment corrected Tzz slices calculated at different degrees of 

the harmonic expansion. Minimum Tzz lobe dissipates as depth increases (N>200) giving 

place to a high gradient signal in the region where foreshocks sequence and rupture 
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occurred. For N=225, rupture roughly coincides with minimum Tzz lobe and relative Tzz 

highs at rupture endings, which could be indicative of seismic barriers. References: black 

dashed ellipses indicates main asperities of region B, white dashed ellipse indicate minor 

asperities in region C, black dotted ellipses indicate the location of seismic barriers, white 

blank arrow indicates rupture propagation direction. 

Figure 10: Topography and sediment corrected residual gravity disturbance obtained from 

GOCE satellite-only model GO_CONS_GCF_2_DIR_R5 (Bruinsma 2013) up to N=300-

10. Red dashed line indicates profile of Fig. 11D. Opposite to that observed for the other 

events, the rupture area coincides with a relative maximum of the gravity signal. 

Figure 11: Inversion models along 2D sections of the topography and sediments corrected 

residual gravity disturbances (see Figs. 2D, 4D, 6B and 10 for location on profiles). A: For 

the 2001 Mw=8.4 Arequipa earthquake maximum slip occurred over minimum Gd. Low 

density contrast along both plates is interpreted as due to a marine forearc basin caused by 

upper plate bending related to the subduction of the Nazca Fz. B: for the 2010 Mw=8.8 

Maule earthquake maximum slip occurred over minimum Gd. Subducted plane inflection 

between 34ºS and 36ºS is from Moreno et al. (2012). C: for the 2015 Mw=8.3 Illapel 

earthquake Slip is confined between two high-density regions along strike, related to 

subducted high oceanic features. D: for the Pisagua earthquake slip nucleated to the south 

of the higher density contrast to the north related to a subducted seamount.  

Figure 12: Schematic interpretation of vertical gravity gradient from GOCE and its 

relation to rupture area. Low Tzz lobes between the trench and the coastline are indicating 

the location of seismic asperities in the “Domain B” from Lay et al. (2012); these low Tzz 

lobes are related to regions with a high slip, higher degree of seismic coupling and to 

marginal basins. The along strike segmentation (white dashed lines) is marked by a 

narrowing of the signal along the marine forearc, this along strike segmentation coincides 

whth regions of intermediate to low degree of seismic coupling (Metois et al. 2016). 

Beneath the coastline high Tzz values are indicating anomalous regions (with a higher 

density and high Vp) acting as across strike seismic barriers (close to the downdip limit of 

the seismogenic zone). Low Tzz values along the continental forearc (close to the coastline) 

coincide with regions were slip increased and with lower Vp (Hicks et al. 2014). These low 
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Tzz anomalies are probably indicating the location of seismic asperities typical of 

“Domain C” from Lay et al. (2012). 

Table 1: Associated depth (Zl) of a causative mass with a determined degree of the 

spherical harmonic expansion for Tzz. 

Table 2: Parameters, restrictions and statistics for the different models: D (profile 

distance), Z (depth of the model), ncel (nº of blocks in the x and y directions), B factor, 

range of density variation, number of iterations until convergence of the solution, RMS 

error and ratio reduction. 
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Degree/Order N 
Spatial resolution 

λ/2=πR/Nmax [Km] 

Zl[Km] for Δg  

(Featherstone 1997) 

Zl[Km] for Tzz  

(Hc=7km) 

300 66.72 21.31 20.98 

275 72.78 23.251 22.86 

250 80.06 25.581 25.11 

225 88.95 28.441 27.85 

200 100.07 32.011 31.26 

175 114.37 36.611 35.62 

165 121.3 38.84 37.73 

150 133.43 42.76 41.40 

125 160.12 51.38 49.42 

100 200.15 64.35 61.29 

 

Table 1: Associated depth (Zl) of a causative mass with a determined degree of the 

spherical harmonic expansion for Tzz. 
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Profile 
D 

(km) 

Z 

(km) 
ncelx ncely B 

𝝆𝒎𝒊𝒏 

(Kg/m
3
) 

𝝆𝒎𝒂𝒙 

(Kg/m
3
) 

Nº 

it 

RMS 

(mGal) 
Ratio 

Arequipa 460 25 46 25 0.9 -50 75 14 0.214066 0.005560 

Maule  580 25 58 25 0.95 -75 75 6 0.085989 0.058921 

Illapel 270 25 54 25 0.95 -50 200 44 0.171580 0.009714 

Pisagua 280 25 28 25 0.9 -50 200 34 0.461098 0.009814 

 

Table 2: Parameters, restrictions and statistics for the different models: D (profile 

distance), Z (depth of the model), ncel (nº of blocks in the x and y directions), B factor, 

range of density variation, number of iterations until convergence of the solution, RMS 

error and ratio reduction. 
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Highlights 

 Slip behavior along the Chilean margin is highly related to the density structure 

 GOCE signal allows mapping along and across strike heterogeneities and directivity 

 This method allows determining regions with higher seismic hazard along the 

margin 

 Satellite GOCE data allows mapping physical properties along the plate interface  
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