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Abstract: The Central Andes experienced major earth-
quake (Mw =8.2) in April 2014 in a region where the gi-
ant 1877 earthquake (Mw=8.8) occurred. The 2014 Iquique
earthquake did not break the entire seismic gap zones as
previously predicted. Geodetic and seismological observa-
tions indicate a highly coupled plate interface. To assess
the locking mechanism of plate interfaces beneath Cen-
tral Andes, a 2.5-D gravity model of the crust and upper
mantle structure of the central segment of the subduction
zone was developed based on terrestrial and satellite grav-
ity data from the LAGEOS, GRACE and GOCE satellite mis-
sions. The densities and major structures of the gravity
model are constrained by velocity models from receiver
function and seismic tomography.

The gravity model defined details of crustal and slab struc-
ture necessary to understand the cause of megathrust as-
perity generation. The densities of the upper and lower
crust in the fore-arc (2970 — 3000 kg m~3) are much higher
than the average density of continental crust. The high
density bodies are interpreted as plutonic or ophiolitic
structures emplaced onto continental crust. The plutonic
or ophiolitic structures may be exerting pressure on the
Nazca slab and lock the plate interfaces beneath the Cen-
tral Andes subduction zone. Thus, normal pressure ex-
erted by high density fore-arc structures and buoyancy
force may control plate coupling in the Central Andes.
However, this interpretation does not exclude other possi-
ble factors controlling plate coupling in the Central Andes.
Seafloor roughness and variations in pore-fluid pressure in
sediments along subduction channel can affect plate cou-
pling and asperity generation.
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1 Introduction

The Central Andes subduction zone is a classic exam-
ple of a mountain-forming convergent zone. The present
day structure of the convergent zone is the result of
200 Myr of ongoing Nazca plate subduction beneath the
South American continent (e.g. Isacks 1988; Allmendinger
et al., 1997; Oncken et al., 2006; Fig. 1). The margin is
highly segmented and exhibits along-strike variations in
tectonics, subduction angle, volcanism, crustal thinning,
crustal age, seismicity, and northward shallowing of slab
(Gutscher, et al., 2000; Lallemand et al., 2005; Tassara,
2005; Oncken et al., 2006; Anderson et al., 2007; Moreno
et al., 2008, 2009; Bilek, 2010; Moreno et al.,2011).

Large segment of the South American margin is seis-
mically active and has experienced several large magni-
tude earthquakes (Mw= 8+) during historical time (Bilek,
2010). This is the region where the massive 2010 Maule
(Mw = 8.8) earthquake occurred (Rietbrock et al., 2012;
Kato and Nakagawa, 2014). The largest earthquake ever
recorded in South America is the 1960 Valdivia earthquake
(Mw = 9.5). This earthquake caused large tsunamis and
slow rupture in the region (Moreno et al., 2008). Also no-
table is the Antofagasta earthquake, magnitudes 8.1. A
significant after-slip was observed after the major Antofa-
gasta earthquake (Moreno, et al., 2008; Rietbrock et al.,
2012; Kato and Nakagawa, 2014).

The rupture zones of the recent major earthquakes in
the Central Andes (Iquique 2014, Mw=8.2 and Illapel 2015,
Mw = 8.3; Li and Ghosh, 2017; Braitenberg and Rabinovich,
2017) are smaller than the rupture zones of major historical
earthquakes (Ruiz and Madariaga, 2018). The 2014 Iquique
earthquake (Mw=8.2) did not break the entire seismic gap
zone as predicted (Ruiz and Madariaga, 2018). Thus, a sig-
nificant section of the Peru-Chile convergent zone is build-
ing up stresses along the seismic gap zones. The region
still has a large seismic potential (Schurr et al., 2012). The
high interseismic coupling in northern and southern Peru
indicates increased elastic energy since the 1746 and 1868
earthquakes of magnitude 8.6 and 8.8, respectively (Chlieh
et al., 2011). The seismicity in the northern Chile exhibits
similar seismic patterns. The plates below northern Chile
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are highly coupled (Béjar-Pizarro et al., 2013; Métois et al.,
2013). The highly coupled zones in the northern Chile are
separated by narrow zones of low coupling (Fig. 2; Chlieh
et al., 2011; Béjar-Pizarro et al., 2013; Métois et al., 2013).
The 2014 Iquique earthquake (Mw= 8.2) occurred in the
narrow zone of low coupling off the coast of Pisagua (Kato
and Nakagawa, 2014).

The factors controlling seismic gaps in the Central An-
des are not well understood. However, the correlations of
oceanic features at the trench with trench-parallel changes
in slab geometry suggest that slab configuration may be
the main controlling factor of seismic gaps in the Cen-
tral Andes (Tassara et al., 2006). Several studies suggest
northward shallowing of the Nazca slab (Gutscher, et al.,
2000; Lallemand et al., 2005; Tassara, 2005; Moreno et al.,
2009). The shallow slab may have increased the compres-
sive stress near the trench and contributed to the seismic
gaps in the region.

Most of the seismic gaps in this region are well delin-
eated. However, the mechanism of plate coupling and as-
perity generation (regions of high seismic moment release)
is not well understood. Two hypotheses have been sug-
gested to explain the locking mechanism along the slab,
which have so far kept the slab from slipping to cause ma-
jor earthquakes in the region. One possible explanation is
that highly buoyant oceanic features undergo subduction,
pulling the slab upward into the overlying plate (Bilek et
al., 2003; Bilek, 2007; Audin et al., 2008; Alvarez et al.,
2014; Bassett and Watts, 2015). The second and equally
convincing hypothesis is that high density fore-arc struc-
tures and buoyancy forces exert pressure on the subduct-
ing slab, locking the interface between the subducting and
overriding plates (Delouis et al., 1996; Sobiesiak et al.,
2007; Tassara 2010; Schaller et al., 2015). Thus, mass dis-
tribution in the fore-arc may control plate coupling. The
slip distributions of major earthquakes in the Chilean mar-
gin correlate with trench parallel segmentation of vertical
gravity gradient, which is attributed to mass distribution
after major earthquakes (Alvarez et al., 2017).

Understanding complex relationships between plate
coupling and fore-arc structures in the Andes requires de-
tailed knowledge of the crust and upper mantle structure.
Existing gravity models in the Central Andes, developed
under the framework of collaborative researches (SFB 267,
574 & SPP 1257), show a highly segmented fore-arc (Gotze
et al., 1994; Schmidt and Gotze, 2006; Tassara et al., 2006;
Hackney et al., 2006; Prezzi et al., 2009; Gutknecht et al.,
2014 ). In this paper, I assessed the effects of the along-
strike crustal segmentation of the overriding South Ameri-
can lithosphere on plate coupling using 2.5-D satellite and
terrestrial gravity data modelling. The main goal of this
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study is three-fold: (1) determine the locking mechanism
of the Central Andes subduction zone, (2) establish the
link between trench-parallel crustal thickness and density
variations and short-term deformation (earthquake), and
(3) define details of crustal and slab structures in the sub-
duction zone.
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Figure 1: Regional map of the Peru Chile subduction zone. The ele-
vation data are from the National Oceanic and Atmospheric Admin-
istration. Black arrow indicates the direction of plate motion. Red
triangles are for volcanos. The yellow circles indicate earthquake
epicenters (events from 1957 - 2018; USGS Earthquake Archive).

2 Andean Tectonics and
Geodynamics
The current structure and configuration of the Andes are

the results of three major deformation events that ocurred
in the Early Cretaceous, Mid Eocene, and Late Oligocene.
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Figure 2: Distribution of interseismic coupling coefficient in the
Peru Chile subduction zone. The coefficients are determined based
on geodetic data (Chlieh et al., 2011). Black and green arrows are
observed and predicted horizontal GPS displacements, respec-
tively.

Most significantly, the Late Oligocene deformation caused
the division of the Farallon plate into the Nazca and Co-
cos plates (Tassara, 2010; Charrier et al., 2013). This lat-
est deformation event caused an increase in the conver-
gence rate between the Nazca plate and the South Ameri-
can plate (Tassara, 2005, 2010; Charrier et al., 2013).

The successive deformation events in the Andes re-
sulted in along-strike segmentation of the convergent
zone. Each segment differs in topography, crustal age, vol-
canism, seismicity, seafloor spreading, and slab configu-
ration (Tassara et al., 2006).

Seismological data indicates northward shallowing of
the subducting Nazca slab (cf. e.g. Gutscher, et al., 2000).
The flat slab subduction in Peru and south-central Chile
has strong effects on the crustal structure of the convergent
zone and is one of the controlling factors of plate coupling
and asperity generation.

Various hypotheses have been suggested to explain
the cause of flat slab subduction in the Andes. The cor-
relation of the subducting Juan Fernandez Ridge with the
shallow slab suggests that the buoyancy of the thickened
ridge crust may have controlled the style of subduction
(Gutscher et al., 2000; Yafiez et al., 2001; Anderson et al.,
2007). In addition to the buoyant nature of the Juan Fer-
nandez Ridge, westward motion of the South American
plate (Lallemand et al., 2005) and structural segmentation
of the overriding South American continental lithosphere
have been suggested as factors affecting the present config-
uration of the slab in the Central Andes subduction zone
(Pérez-Gussinyé, et al., 2008).
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The Andean convergent zone exhibits along-strike
variations in crustal age and volcanism. The region ex-
hibits volcanic gap between the southern and central vol-
canic zones. The volcanic gap has been developing for 10
Myr and is due to the occurrence of flat sections of the sub-
ducting slab at depths between 100 and 150 km (Tassara
etal., 2006; Tassara, 2005, 2010). The variations in crustal
age are largely associated with fracture zones and oceanic
ridges, which cause seafloor spreading and influence slab
geometry (Tassara et al., 2006; Bilek, 2010; Tassara, 2010).

3 Gravity Databases

The satellite missions have provided unprecedented grav-
ity and gravity gradient data from extremely low altitude
(e.g. 255 km for GOCE mission). Earth gravitational mod-
els derived from CHAMP, GRACE and GOCE data provide
global gravity field with a spatial resolution of ~ 80 km
(e.g. EIGEN-6S Forste et al., 2011; GOCO03S Mayer-Giirr
et al., 2012; GOGRAVO02S Yi and Rummel, 2013). The res-
olution becomes much higher (~ 8 km) when satellite-
derived gravity data are combined with surface and satel-
lite altimetry-derived gravity data (e.g. EGM2008 Pavlis et
al., 2012; EIGEN-6C4 Forste et al., 2014). The gravity data
from these missions can be used to fill data gaps in regions
where previously no terrestrial gravity data were available.
In particular, the gravity gradient tensors from the GOCE
mission are unprecedented and add new information to
the regional scale lithospheric modelling and interpreta-
tion of active convergent margins.

The gravity data used for this study are based on the
European Improved Gravity Model of the Earth (EIGEN-
6C4; Fig. 3). The EIGEN-6C4 geopotential model is a spher-
ical harmonic representation of the gravitational field of
the Earth up to degree and order of 2190 and is based
on the WGS84 reference system (Forste et al., 2014). The
geopotential model is constrained by terrestrial and satel-
lite gravity data from the LAGEOS (Laser Geodynamics
Satellites), GRACE (Gravity Recovery And Climate Experi-
ment) and GOCE (Gravity Field and Steady-State Ocean Cir-
culation Explorer) satellite missions (Forste et al., 2014).

The spatial resolution of the geopotential models (e.g.
EGM2008, EIGEN-6C4) depends on the availability of high-
quality land gravity data. The resolution is higher where
topographic relief is moderate (<3000 m; Koether et al.,
2012; Alvarez et al., 2012; Bomfim et al., 2013; Hosse et al.,
2014; Gutknecht et al., 2014; Goetze and Pail, 2018).

There are existing land gravity data in the Central An-
des, and these data are included in the EGM2008 and
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Figure 3: Complete Bouguer anomaly map of the Peru Chile sub-
duction zone. The gravity data are from the EIGEN-6C4 geopotential
model that includes terrestrial and satellite-derived gravity data
(Forste et al., 2014). The EIGEN-6C4 model has degree and order of
2190 (spatial resolution ca. 8 km).

EIGEN-6C4 models (cf. e.g. Pavlis et al., 2012; Forste et al.,
2014).

To develop the 2.5-D gravity models of the Central
Andes subduction zone, the free air gravity anomalies
of the region (between 67°W/10°S and 75°W/20°S) have
been downloaded from the data portal of the International
Centre for Global Earth Models (ICGEM: http://icgem.
gfz-potsdam.de/ICGEM/). Then, the complete Bouguer
anomalies of the Central Andes (Fig. 3) have been com-
puted using Gravity Terrain Correction code, GTeC (Cella,
2015). The GTeC code is based on spherical cap corrections.
The complete Bouguer reduction includes curvature and
terrain corrections. The code calculates the gravity effect
of a rectangular prim for distant zone and a polyhedron
for closest zone. The terrain corrections have been applied
up to a radius of 168 km. The corrections are based on el-
evation data from the Shuttle Radar Topography Mission
(SRTM; Jarvis et al., 2008) and global relief model of the
Earth’s surface (ETOPO-1; Amante and Eakins, 2009). The
standard reduction density for this study is 2670 kg m~>.
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4 Initial Model and Data
Constraints

The Central Andes has been the subject of research interest
for more than five decades. The results of previous stud-
ies in the region (discussed below) have been used to con-
strain the initial 2.5-D gravity model and reduce the inher-
ent ambiguity in gravity data interpretation.

The densities and geometries of major structures, such
as the crust, lithospheric mantle, asthenosphere, and the
subducting slab were constrained by velocity models from
receiver function and seismic tomography (e.g. Gutscher
et al., 2000; Yuan et al., 2000; Husen et al., 2000; Oncken
et al., 2003; Krabbenhoft, et al., 2004; Comte et al., 2004).
The P-wave velocities of the crust, as determined from seis-
mic refraction-reflection experiments and earthquake to-
mography, range from 6.5 to 7.3 km s™! in the ocean and
from 5.0 to 7.3 km s~! in the continental upper and lower
crust (Husen et al., 2000; Oncken et al., 2003; Krabbenhoft
et al., 2004). A range of density values for the sediments
were obtained from P-wave velocity of the continental mar-
gin (2.0 — 4.5km s~!; Husen et al., 2000; Krabbenhoft et al.,
2004).

The geometric configuration and density structures of
the slab and overriding continental lithosphere were con-
strained by seismic tomography and receiver function. The
velocities of the oceanic and continental lithospheric man-
tle range from 7.8 to 8.15 km s~! and from 7.6 to 8.1 km s,
respectively (Norabuena and Snoke, 1994; Oncken et al.,
2003; Krabbenhoft et al., 2004). The density of the as-
thenosphere is based on P-wave travel time model (Nor-
abuena and Snoke, 1994).

The P-wave velocity structures of the Central Andes
were converted to their respective densities at relevant
pressure and temperature conditions using empirical P-
wave velocity—density relation following the Sobolev &
Babeyko approach (Sobolev & Babeyko, 1994).

The 2.5-D gravity model was developed using GM-SYS
Gravity and Magnetic Modelling software which makes use
of Green’s theorem to calculate the gravity anomalies of ir-
regular structures. A finite strike length of 100 m has been
used on each side of the gravity profile. The densities of
the tectonic units are constant along the strike. To improve
the fit of the observed gravity to predicted, density val-
ues were inverted using ridge-regression algorithm. The er-
rors in the misfit were minimized in a least-square sense.
The density values of the final gravity model are shown in
Fig. 4. The standard deviation of the final density values is
in the order of + 25 kg m~3.
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5 Results and Discussions

5.1 Lithospheric Structure

Geodetic data and models, based on continuous Differen-
tial GPS measurements, indicate a highly coupled plate in-
terface in the Central Andes subduction zone (Chlieh et
al., 2011; Béjar-Pizarro et al., 2013; Métois et al., 2013). To
assess the coupling mechanism of the plate interface be-
tween the subducting Nazca slab and the overriding South
American plate, a 2.5-D gravity model was developed
along 19° S (Fig. 4). The model shows the crust and up-
per mantle structure of the central segment of the subduc-
tion zone. The observed long-wavelength gravity anoma-
lies in the Central Andes are well explained in terms of
a subducting Nazca slab along the Peru-Chile trench and
a highly segmented fore-arc in the crust and upper man-
tles structures. The Nazca slab exhibits variable density
with depth. The densities range from 2900 to 3200 kg m 3
in the oceanic crust and from 3200 to 3360 kg m in the
lithospheric mantle. The variation of density with depth
is due to dehydration and densification of the subduct-
ing oceanic lithosphere. The reaction within lithospheric
mantle involves breakdown of serpentinite into olivine, or-
thoclase, and release of water from the slab.

As shown in Fig. 4, the dip of the slab changes along
latitudinal line from 37 degree near the trench to 46 de-
gree far from the trench in the fore-arc. The shallow sub-
duction, adjacent to the trench (approximately between
70° and 72° longitude), may have increased the contact
area between the subducting and overriding plates and re-
sulted in more compressional stresses in the fore-arc closer
to the trench (cf. e.g. Lallemand et al., 2005). The high com-
pressive stresses, due to shallow slab near the trench, may
have contributed to plate coupling in the Central Andes.
This is in addition to the latitudinal variations of plate cou-
pling attributed to changes in subduction angle.

The crustal structure of the overriding South American
plate is segmented much like the subducting Nazca slab.
The crustal thickness in the Central Andes increases with
increasing elevation from Central to Eastern Cordillera.
The maximum crustal thickness in the Central Andes
(ca. 50 km) was observed below Altiplano and Eastern
Cordillera (Fig. 4). This might be attributed to crustal thick-
ening in the overriding plate that responds to the on-going
convergence of the Nazca and South American plates.

The short-wavelength anomalies over the ocean and
fore-arc are attributed to crustal heterogeneity at shallow
depths (Fig. 4) and could not be modelled due to lack of
information.

Plate Coupling Mechanism of the Central Andes Subduction: Insight from Gravity Model
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5.2 Plate Coupling & Asperity Generation

The densities of the upper and lower crust in the fore-
arc (2970 - 3000 kg m~>) are much higher than the aver-
age density of continental crust (Fig. 4). This is in agree-
ment with results of P-wave tomography of the Central An-
des (Fig. 5; Husen et al., 2000). The P-wave tomography
of the central Andean subduction zone images the pres-
ence of high Vp anomalies (> 7.0 km/s) in the lower crust
of the overriding South American plate (Fig. 5; Husen et
al., 2000).

The high density and high Vp anomalies are inter-
preted as remnants of magmatic intrusions and correlate
with plutonic outcrops on the surface (cf. e.g. Husen et
al., 2000; Schaller et al., 2015). The anomalous fore-arc
structures could be batholites or ophiolites emplaced onto
continental crust. Previous studies documented the pres-
ence of ophiolites in the basement of the southern seg-
ment of South America (cf. e.g. Ramos et al., 2000). How-
ever, the existence of ophiolites in the Central Andes is not
well known. Castroviejo et al (2010) reported the emplace-
ment of ophiolites in the central Peruvian Andes in East-
ern Cordillera. Thus, the high-density fore-arc structures,
shown in the gravity and velocity models of the Central An-
des, could be ophiolites emplaced onto continental crust.

2000-_-—‘_._—_\
£

®  Observed
Caleulated

Figure 4: 2.5-dimensional (2.5-D) gravity model of the Central An-
des subduction zone along 19° S. The numbers in the model are
densities in kg m~3. The white circles are earthquake hypocenters
(events from 1957 - 2018).

The high density fore-arc structures in the Central
Andes and buoyancy forces may be exerting pressure
on the subducting slab and lock the plate interfaces be-
tween the overriding and subducting plates. Thus, the
along-strike segmentation of the overriding South Ameri-
can plate (crustal thickness and density variations) may be
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the controlling factor of plate coupling and asperity gen-
eration (regions of high seismic moment). The presence
of high-density structures in the upper and lower crust
resulted in lithostatic load variations in the fore-arc. Fig-
ure 6 shows the variations of vertical stress on top of the
subducting Nazca slab along East-West transect. The ver-
tical stress anomalies, which are based on density model,
are determined relative to a reference lithospheric column.
The reference lithospheric column represents the average
structures of continental crust and upper mantle and con-
sists of 15 km thick upper crust, 20 km thick lower crust,
and lithospheric mantle. The densities of the reference up-
per crust, lower crust and lithospheric mantle are 2670,
2900, and 3350 kg m 3, respectively.
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Figure 5: P-wave velocity tomography of Central Andes (Husen et

al., 2000). The vertical section shows the presence of high P-wave
velocity anomalies (> 7.0 km/s) in the lower crust of the overriding
South American plate. White circles are hypocenters. Star marks the
hypocenter of the 1995 Antofagasta earthquake. Abbreviations: CC,
Coastal Cordillera; LV, Longitudinal Valley; MJ, Mejillones Peninsula.

As shown in Fig. 6, the fore-arc, where the high-
density crustal structures are present, is characterized by
positive vertical stress anomalies. The anomalies range
from 8.7 MPa near the trench to 34.6 MPa in the fore-
arc. This indicates that the high-density fore-arc structures
may be exerting pressure on the subducting Nazca slab.

6 Conclusions

Geodetic measurements and seismological studies in the
Central Andes indicate a highly coupled plate interface be-
tween the subducting Nazca and overriding South Amer-
ican plates. The convergent zone is accumulating elastic
energy and building up stresses. The present study as-
sessed the locking mechanism of plate interfaces in the
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Figure 6: Vertical stress anomalies on top of the subducting Nazca
plate along East-West transect at 19° S.

Central Andes based on gravity data modelling. The grav-
ity model provided a possible explanation of plate cou-
pling that resulted in seismic gap zones in the Central
Andes. The Gravity model indicates that the densities of
the fore-arc in the upper and lower crust are significantly
higher than the average density of continental crust. The
high density fore-arc structure in the continental crust and
Bouyancy force may have exerted pressure on the Nazca
slab and locked the plate interfaces beneath the Central
Andes subduction zone. Thus, the trench-parallel crustal
thickness and density variations in the Central Andes may
control plate coupling and asperity generation. The high
compressive streses near the trench, due to shallow sub-
duction, may have contributed to the interseismic cou-
pling in the Central Andes.

The present study does not include other possible fac-
tors that control plate coupling and asperity generation.
Seafloor roughness and variations in pore-fluid pressure
may control plate coupling and asperity generation in the
Central Andes (Delouis et al., 1996; Bilek et al., 2003; Bilek,
2007; Bassett and Watts, 2015). An increased pore-fluid
pressure in sediments along subduction channel can re-
duce normal stress and hinder elastic strain accumulation
(Delouis et al., 1996; Tassara, 2010). I leave a more detailed
evaluation of the effects of Seafloor roughness and pore-
fluid pressure on plate coupling for future studies.
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