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The influence of flat slab subduction on the formation of intra-slab earthquakes, volcanic activities and
mantle seismic velocity anomalies remains unclear. We attempt to better understand these processes by
simulating the two flat slabs in Peru and Chile using data-orientated geodynamic models. Our results
successfully reproduce the observed flat slabs as mainly due to two subducting aseismic ridges. In
contrast to the traditional view of flat-slab subduction, we find that these slabs are internally torn, as
is due to the 3D nature of the subducting buoyancy features. This broken slab configuration, confirmed

Keywords: by regional tomography, naturally explains the abnormal distribution of and stress regimes associated
aseismic ridge with the intermediate-depth earthquakes. We further show that the slab tearing process could also better
slab tear explain the formation of adakitic and ore-forming magmatism, the evolution of the magmatic arc, and the
adakite

enigmatic mantle seismic structures beneath these regions. We propose that slab tearing may represent

seismic tomography a common result of buoyancy feature subduction and that the resulting mantle processes could affect the

Peruvian flat slab
Central Chile flat slab

long-term geodynamic evolution of continents.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The formation of flat slabs strongly affects the volcanic his-
tory, earthquake generation, and ore deposits along convergent
plate boundaries. In South America, the two most prominent flat
slabs, located in Peruvian and Central Chilean (Fig. 1), display
several unique characteristics, which apparently deviate from the
traditional understanding of flat-slab subduction. First, the dis-
tribution of intra-slab seismicity and volcanic activities (Fig. 1a)
along the South American subduction zone, especially at these two
flat-slab segments, show irregular spatial patterns (Brudzinski and
Chen, 2005; Gutscher et al., 1999). Although the location of earth-
quakes and the position of volcanic arcs are routinely used to de-
fine the geometry of subducting slabs (Coney and Reynolds, 1977;
Cahill and Isacks, 1992; Hayes et al., 2012), the distribution of
intermediate-depth earthquakes in South America is spatially het-
erogeneous with apparent gaps along the trench (Fig. 1a, 1b), and
the principal stress directions also deviate significantly from a sim-
ple configuration of flat slab (Anderson et al., 2007; Fig. 2). Con-
sequently, the exact geometry of these flat slabs remains debated
(Hayes et al., 2012; Anderson et al., 2007; Antonijevic et al., 2015)
(Fig. 2). Furthermore, the two flat slabs in Peru and Central Chile
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do not show clear inland migration of arc volcanism (Antonijevic et
al., 2015; Rosenbaum et al., 2005; Supplementary Figs. S1 and S2),
suggesting that the flattening process of the slabs may be more
complex than a mere reduction of local slab dip angle as tradition-
ally assumed (e.g., Coney and Reynolds, 1977).

Second, recent seismic tomography has imaged fast shear-wave
velocity (V) anomalies at ~70-100 km depth underlain by slow
Vs anomalies in both the Peruvian (Antonijevic et al., 2015; Scire
et al., 2016; Fig. 3) and Central Chilean flat-slab regions (Wagner
et al.,, 2005; Young, 2014; Porter et al., 2012; Pesicek et al., 2012;
Marot et al., 2014). Apparently, the nature of these seismic anoma-
lies has important implications on the property of the overriding
plate, the subducting slab, as well as the ambient mantle. Vari-
ous explanations were proposed to interpret these seismic struc-
tures, including petrological anomalies due to dehydration reac-
tions (Wagner et al., 2005), dry versus wet continental lithosphere
(Marot et al., 2014), hydrated flat slab overlain by depleted man-
tle lithosphere (Porter et al., 2012; Wagner et al., 2006), or the
flat slab sitting on a warm asthenosphere (Antonijevic et al., 2015;
Pesicek et al., 2012; Calkins et al., 2008). As a result, the origin of
these seismic anomalies remains uncertain.

Third, both the Peruvian and Central Chilean flat slabs are asso-
ciated with magmatic formation of adakites (Gutscher et al., 2000;
Figs. S1 and S2). On the one hand, since the chemical composition
of adakite is similar to that of Archaean tonalite-trondhjemite-
granodiorite (TTG), it has been proposed as a potential analogue
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Fig. 1. Geological and geophysical settings of South American subduction zone. a)
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Topography of the western South America overlain by depth contours of the

interpolated Benioff zones (Hayes et al, 2012), modern volcano locations based on www.ngdc.noaa.gov/hazard as well as CMT solutions from the IRIS database
(ds.iris.edu/spud/momenttensor). b) Seismicity distribution with depth (>70 km) from the IRIS seismic catalog. Seismically quite regions are highlighted with brackets
labeled with A, B, C, and D. We propose A, B and D may be caused by the subduction of Inca Plateau, Nazca Ridge and Juan Fernandez Ridge, respectively, while C is likely
due to lithospheric delamination (Mulcahy et al., 2014). We used IRIS EMC (Trabant et al., 2012) to prepare the data in this figure. (For interpretation of the colors in this

figure, the reader is referred to the web version of this article.)

for ancient continental growth (Drummond et al, 1996; Martin
et al.,, 2005). On the other hand, the existence of adakites repre-
sents unusual (i.e., hot) thermal states of subduction zones, and
thus may have important implications on subduction dynamics.
Initially, the formation of adakites was attributed to the melting
of young slabs (Drummond and Defant, 1990). However, this hy-
pothesis was challenged with the discovery of adakitic suites over
old subducting slabs (>25 Ma) (Macpherson et al., 2006). Conse-
quently, many other models were proposed, for instance, melting
of the subduction-eroded fore-arc crust (Kay and Mpodozis, 2002;
Goss et al., 2013), flux-induced mantle melting that fractionates in
the garnet-stable lower continental crust (Macpherson et al., 2006;
Hidalgo and Rooney, 2014), melting of the thick arc crust (Petford
and Atherton, 1996; Wang et al., 2005), as well as slab melting un-
der various conditions (Sajona et al., 1993; Gutscher et al., 2000).
Overall, the origin of adakites also remains controversial.

Here, we try to address these questions related to the Peru-
vian and Central Chilean subduction by investigating the temporal
and spatial evolution of the South American flat-slabs. We per-
formed a numerical simulation of the South American subduction
history since 100 Ma, using geodynamic models with data assimi-
lation (Hu et al., 2016). On the one hand, our model incorporates
all major tectonic elements of past subduction including the plate
motion history, seafloor ages, and a deformable Andean trench. On
the other hand, we further consider the effects of tectonic fea-
tures that are potentially related to flat-slab subduction, such as
buoyant oceanic crusts, an over-thickened oceanic plateau (Inca
Plateau) and two aseismic ridges (Nazca Ridge and Juan Fernan-
dez Ridge) (Gutscher et al., 1999), and thick continental cratons
(Fig. S3). Other model parameters that are more uncertain such as
the viscosity structure of the background mantle and the down-
going slab are constrained by predicting the present-day slab ge-
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Fig. 2. Different proposed flat-slab geometries in Peru (a) and Central Chile (b) overlain by the earthquake T-axes of CMT solutions from the IRIS database
(ds.iris.edu/spud/momenttensor). Green lines represent Benioff zone contours of slab 1.0. Blue lines are contours of two alternative models (Antonijevic et al., 2015 in
(a); Anderson et al., 2007 in (b). Thin black lines are slab contours predicted from this study. Thick black bars with identical length indicate the azimuths of the T-axes, and
the overlying red bars with variable lengths represent the horizontal components of the T-axes normalized by the total length of the vector. Therefore, a shorter red bar rep-
resents a stronger vertical component of T-axis, compared to a longer one. The observation that vertical component-dominated T-axes are mostly surrounding the slab tears
outlines a chimney-configuration of the tearing slab, consistent with our model prediction. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Surface-wave tomography models at depth 70 km (a) and 165 km (b) showing the fast and slow V; anomalies beneath the Peruvian flat slabs (from Antonijevic et al.,
2015). (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

ometry (Hu et al., 2016) outlined with intra-slab seismicity distri- V.u=0 (1)
bution (Hayes et al., 2012) and seismic tomography images (Scire N . N

et al, 2015). Finally, we evaluate the abnormal seismological and ~ —VP + V- [n(Vu+ V' u)] + (ome@ AT + Apc)g =0 (2)
magmatic observations using this constrained model of flat-slab 9T

subduction. o Fu VT = KkV2T 3)
2. Methods %—f#—ﬁ-VC:O )

We use the finite element code CitcomS (Tan et al., 2006; Zhong

et al., 2008) to solve thermal-chemical convection governed by the where u is velocity, P dynamic pressure, T temperature, pp the

conservation of mass, momentum and energy. We assume that an
incompressible mantle that has a variable viscosity and satisfies
the Boussinesq approximation.

density of the ambient mantle, Ap. and AT the compositional
density and temperature anomaly, respectively, 7 dynamic viscos-
ity, and C composition; «, k and g are thermal expansion coef-
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Fig. 4. Viscosity structure of an east-west cross-section at 20°S. Normalized viscosity is shown, with the reference viscosity being 102! Pas. The background viscosity follows
a 4-layer profile from the lithosphere to the lower mantle. A uniform east-dipping narrow weak zone and a weak mantle wedge are on top of the slab in order to decouple
the slab from the surface and to allow for asymmetric subduction. Because the maximum depth of the weak zone and the maximum viscosity cutoff within the slab hinge
determine the slab strength, they are varied in Fig. 6 to test the robustness of the predicted slab tears. Over-plotted contours are isotherms with different values of the
non-dimensional temperature. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

ficient, thermal diffusivity and gravitational acceleration, respec-
tively.

The model domain covers the region from 10°W to 100°W
in longitude, 70°S to 20°N in latitude, and from the surface
to 2890 km depth in radius, which is unevenly discretized by
257 x 257 x 65 grids with the finest resolution of 27 x 27 x 8 (km)
in the upper central domain. Viscosity is both temperature- and
composition-dependent, superimposed on a 4-layer background
viscosity profile (Fig. 4): lithosphere (0-100 km), asthenosphere
(100-300 km), transition zone (300-660 km), and lower mantle
(660-2890 km). The background viscosity ranges from 3 x 10'° Pas
within the asthenosphere to 1023 Pas within the lithosphere and
at around 1500 km depth, while the transition zone viscosity
is 102! Pas. The lower mantle viscosity increases from 660 km
to about 1500 km depth, and then gradually decreases toward
the core-mantle boundary. We also include a uniformly shallow-
dipping weak plate interface (decoupling weak zone) along the
subduction zone, a maximum viscosity cutoff within the slab hinge
and a weak mantle wedge above the slab in our models to facili-
tate asymmetric subduction, similar to our earlier models (Liu and
Stegman, 2011). This 3-D mantle viscosity structure is required to
best match the present-day slab geometry as geophysical data re-
veal (Hu et al.,, 2016).

All models use free-slip sidewalls and core-mantle boundary,
and imposed tangential velocities at the surface. The imposed sur-
face plate motion is from a recent plate reconstruction by Miiller
et al. (2008). We use the seafloor age taken from the same plate
reconstruction to define and update the thermal profile of oceanic
lithosphere by assuming a modified error function based on the
half-space cooling model (Hu et al., 2016). The continent is de-
fined as a high viscosity sheet that has a thickness of 75 km. To
simulate the dynamic suction force from cratons, we also param-
eterize thicker cratonic roots that extend to about 200 km depth.
The geometry of the cratonic roots at 75 km depth follows that
of Loewy et al. (2004), and their horizontal area shrinks as it goes
from 75 km to 200 km depth. The temporally variable geometry of
paleo-trenches is reconstructed by taking into account the short-
ening history of the central Andes (Arriagada et al., 2008). We use
compositional tracers to represent the geometry and volume of
oceanic crust, oceanic plateau and aseismic ridges. The buoyancy
of these features is equivalent to an 8-km thick crust with a den-

sity of 2.9 g/cm?3, and 15-km thick oceanic plateau/aseismic ridges
with the same density, respectively. More details about the geody-
namic models could be found in Hu et al. (2016).

3. Results
3.1. Present-day slab geometry

Fig. 5 illustrates the predicted 3-D present-day slab geome-
try that best-fits the available observational constraints (Hu et al.,
2016). In particular, this model successfully satisfies the overall
shape of the Benioff zones along South America (Fig. 5a). Mi-
nor mismatches include a slightly shallower (steeper) predicted
slab dip along the central Andes (northern Peru), compared to
that outlined by seismicity (Hayes et al., 2012). The predicted slab
geometry is also consistent with recent high-resolution tomogra-
phy images (Scire et al., 2015). More importantly, the predicted
along-trench variation of slab geometry closely matches the sharp
slab curvature changes across the flat slab segments (Figs. 5a, S4
and S5).

Among the various proposed physical mechanisms for flat-slab
formation including subduction of buoyancy features (Gutscher et
al,, 1999), hydrodynamic suction from a thick overriding plate
(Manea et al., 2012), and fast overriding motion of continents (van
Hunen et al., 2000), we find that the long-wavelength slab cur-
vatures result from the viscous suction force from the overriding
plate, and that the local flat slab geometry is mainly controlled
by the subducting oceanic plateau and aseismic ridges (Hu et
al.,, 2016). Therefore, it is the combined effects of these different
mechanisms that lead to the observed present-day slab geometry
along the entire South American trench.

An important result from these models is a major difference in
the geometry of flat slabs from the traditional view: the central
part of the flat slab tears apart with the two open limbs spanning
a seemingly flat configuration (Figs. 5a, S4). In order to test the
robustness of this model prediction, we perform three additional
models by varying the viscosity structure of the slab hinge (Fig. 4),
a key parameter controlling slab deformation (Fig. 6). These tests
show that the slab tearing process does depend on slab-hinge vis-
cosity and the degree of inter-plate decoupling. For example, the
extent of slab tearing in Central Chile decreases (Fig. 6b-d) when
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Fig. 5. 3-D geometry of the predicted present-day slab beneath South America and that of the Nazca Plate west of the trench (outlined using an isotherm of 300°C cooler
than the ambient mantle). a) 3D aerial view of the subducting Nazca Plate (temperature isosurface), with colors representing the depth of the slab’s upper surface on the
right side of the trench and depth of the plate’s lower surface on the left side. The slab tears are illustrated with both the isosurface of temperature and the evolution
of buoyancy features (translucent gray areas). Thin white lines are the interpolated Benioff zones from Hayes et al. (2012). Dashed lines within the subducting buoyancy
features outline their original intact geometry. Red stars indicate the locations of adakitic eruptions. b) Map-view comparison of the slab geometry with the distribution
of intermediate-depth seismicity (M, > 3.0 from ISC seismic catalog). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 6. The predicted present-day geometry of the subducting Nazca Plate (see Fig. 5 for a more detailed description) with different viscosity structures. a) The model with a
decoupling weak zone extending from 0 to 120 km depth. The maximum viscosity at the slab hinge is 5 x 1022 Pas. b) Same as (a), except that the decoupling weak zone
terminates at 60 km depth. ¢) Same as (b), except that the maximum viscosity at the slab hinge is 7.5 x 10?2 Pas. d) Same as (b), except that the maximum slab hinge
viscosity is 1023 Pas. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

the slab hinge becomes progressively stronger and the decoupling
weak zone gets shallower, relative to those in the best-fit model
(Fig. 6a). However, even in the case where the slab is the strongest
(Fig. 6d), the Chilean flat slab still severely stretches and thins due
to internal deformation caused by local buoyancy of the aseismic
ridge. The fact that this model predicts a steeper Central Chilean
slab but shallower slabs at greater depths than implied by the
Benioff zones (Fig. 6d) suggests that this viscosity structure is in-
appropriate.

For the Peruvian flat slab, the tearing event is a robust model
prediction as long as the subducting buoyancy feature is included
in the simulation (Fig. 6a-d). We emphasize that the slab tear in
visualization is defined for a given isotherm. This means a seem-
ingly continuous slab outlined with a hotter isotherm (e.g., Fig. 6d)
may appear torn when using a cooler isotherm. In general, these
models suggest that a broken or severely stretched flat slab is
required in order to best match the sharp slab dip variations as-
sociated with both the Peruvian and Central Chilean flat slabs
(Figs. 5, 6). This internal slab deformation is confirmed by recent
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Fig. 7. 3-D view on the temporal evolution of the subducting Nazca Plate (outlined using an isotherm of 300 °C cooler than the ambient mantle) from 10 Ma to present day.
The figure shows the evolution of initial slab flattening and deformation (a, b, d), and subsequent slab tearing and tear expansion (c-f) with time, for both the Peruvian and
Central Chilean flat slabs. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

seismic anisotropy measurements within the subducting Peruvian
slab (Eakin et al., 2016). As we subsequently further demonstrate
with more observational constraints, both these two flat slabs are
very likely to be torn.

3.2. Formation of internal slab tears

In order to better understand the formation of these slab tears,
we examine the temporal evolution of the flat-slab geometry dur-
ing subduction of the buoyancy features (Figs. 7 and 8). We find
that the initiation of the slab tear could be intuitively explained
by the differential sinking rates between the subducting aseismic
ridges and the surrounding slab portions: since the aseismic ridges
are less dense than the surrounding slab (Gutscher et al., 1999),
they tend to sink more slowly, which causes extensional strain to
accumulate at the down-dip tips of these subducting ridges. An-
other way to think of this process is to consider the conservation
of mass: since formation of the two prominent flat slabs requires
an increase of local slab surface area relative to the steeply sub-
ducting parts (Fig. 6), the slab has to stretch internally. This can
be seen from the subtle divergence of the horizontal velocity field
across these growing slab tears and associated toroidal mantle flow

around the open limbs of these slab tears (Fig. 8). Due to the local-
ized distribution of buoyancy force within the aseismic ridges, this
internal strain effectively stretches and thins the slab, eventually
forming a gap. In contrast, the stress originated from hydrody-
namic suction due to a thick overriding plate (Hu et al., 2016) is
more distributed and temporally varying, and thus is less likely to
cause the slab to tear (Taramon et al., 2015).

When subduction continues, the area of slab tear expands and
the upper edge of the tear propagates toward the trench as the
aseismic ridges subduct deeper (Fig. 7). The expansion of these slab
tears is likely further related to the over-pressure of the sub-slab
mantle (Liu and Stegman, 2011). The pressure beneath the slab is
overall higher than that above because the slab’s weight presses
the mantle below but reduces the pressure above (Tovish et al.,
1978). As a hole forms within the slab hinge, the high-pressure
mantle beneath it pushes though the hole and moves upward; this
local mantle upwelling warms up the surrounding slab and causes
the slab to weaken further and the area of the slab tear to expand
(vertical cross-sections in Fig. 8).

Furthermore, the temperature-dependence of slab strength sug-
gests that a small extensional strain within the slab would quickly
accumulate, because the positive feedback between temperature
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Fig. 8. 2-D view on the temporal evolution of the Peruvian (a) and central Chilean (b) slab tears. In each panel, both the map (left) and cross sectional (right) views are
shown, corresponding to different times. All maps are at 100 km depth, and cross sections are E-W at the given latitude. The background color is for temperature (note
the different color scales for the maps and cross sections) and arrows for velocity fields. The slab-tear induced upwelling likely generates partial melting (red transparent
pattern), eclogitized crustal fragments at shallower depths (cyan transparent patterns) and adakitic eruptions (red stars in map views and triangles in cross sectional views).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and viscosity facilitates strain localization. In addition, the strain-
rate dependence of rheology, which is not included in our model,
may further enhance this process (Arrial and Billen, 2013). In re-
ality, possible existence of faults within the aseismic ridges during
their emplacement into the subduction zone (Kopp et al., 2004)
and a perturbed thermal structure due to the initial hot spot as-
sociated with the aseismic ridge (Yafiez et al, 2001) may also
weaken the slab. Collectively, these factors should lead to stronger
and faster local slab deformation compared to without. In our
model, since the buoyancy features are the original source of stress
for deformation to occur, the narrow aseismic ridges and oceanic
plateaus ultimately become the location of slab detachment, which
initiates at the down-dip end of these buoyancy features and prop-
agates upwards as subduction continues (Figs. 7, 8).

According to our results, the formation of slab tears is associ-
ated with localized asthenosphere upwelling below these regions
(Fig. 8). Dynamically, this upwelling is both passively driven by the
outward extension of the flat slab (Figs. 6, 7) and actively driven by
the excess sub-slab dynamic pressure as mentioned above (Liu and
Stegman, 2011; Hu et al,, 2016), which in the extreme case may
form a large igneous province (Liu and Stegman, 2012). In Peru,
strong localized upwelling occurred at 9 Ma along the eastern edge
of the subducting Inca Plateau and at 4 Ma along the western edge
of this Plateau as it further subducts (Fig. S6). Another phase of
prominent upwelling started at 7 Ma along the down-going Nazca
Ridge and sustained to the present (Fig. 8a). As subduction con-
tinues, these slab gaps and associated asthenosphere upwelling in
Peru migrated southeastward (Fig. 8a). In Central Chile, a similar
yet weaker upwelling started around 5 Ma when the slab tear ini-
tiated, and subsequently waned toward the present-day (Fig. 8b).

Formation of these slab tears explains several otherwise
counter-intuitive observations. Since a slab tear releases sub-slab
dynamic pressure (Stegman et al., 2006; Liu and Stegman, 2011)
that initially facilitates slab flattening (Fig. 8), the mechanically de-
tached frontal part of the slab would sink more easily than the
intact rear part. Therefore, the larger slab gap inside the down-
going Nazca Ridge than that in the Juan Fernandez Ridge explains
why the former that has a greater buoyancy generates a shorter
(~400 km) flat slab than that due to a less buoyant ridge in cen-
tral Chile where the flat slab is ~700 km long (Figs. 5, S4; Hayes
et al., 2012). Furthermore, the observation that the Inca Plateau
that is shorter in the trench-normal direction than the aseismic
ridges only partially tears along its edges (Fig. 5a), suggests that
an oceanic plateau could likely translate a more intact flat slab far
inland. This is consistent with the observation that a landward mi-
gration of volcanic arcs occurred over a large subducting oceanic
plateau, best illustrated as the Late Cretaceous subduction of the
Shatsky conjugate beneath western United States (Henderson et
al,, 1984; Liu et al, 2010). In contrast, a landward arc migration
is largely absent during the Peruvian and Chilean slab flattening
where aseismic ridges subduct (Rosenbaum et al., 2005) (Figs. S1
and S2). More implications of the slab tearing process are dis-
cussed in the next section.

3.3. Abnormal seismological and volcanic observations controlled by
tearing flat slabs

Both the tearing flat-slab geometry and the associated astheno-
sphere upwelling provide new perspectives to better understand
the abnormal seismological and volcanic observations along the
South American subduction zone.



J. Hu, L. Liu / Earth and Planetary Science Letters 450 (2016) 40-51

o 70-115km

® 115-160 km
@ 160-205 km
® 205-250 km

b

140

_2()° .

47

-80°

-600 -400 -200

Fig. 9. Model comparison with seismic properties. a) Comparison of slab geometry (outlined using an isotherm of 200 °C cooler than the ambient mantle) at different depths
(using different color lines) with seismicity (M > 4.0 from ISC seismic catalog, larger than the M} threshold of 3.0 in Fig. 5b in order to show the background slab geometry).
Overplotted are earthquake T-axis orientation (horizontal component; white bars) and the position of a vertical pair of slow (red sphere) and fast (cyan disk) Vs anomalies.
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this article.)

3.3.1. The distribution of intermediate-depth earthquakes

Our new flat-slab configuration naturally explains the enig-
matic spatial variation of intermediate-depth (>70 km) seismic-
ity along the South American trench (Brudzinski and Chen, 2005).
At a glance, the map view (Fig. 5b) reveals a strong correlation
between the three slab holes and a scarcity or lack of seismic-
ity over these regions. All proposed models for the generation of
intermediate-depth earthquakes require the presence of an oceanic
lithosphere (Houston, 2007). Therefore, the predicted slab gaps ex-
plain the lack of seismicity in these regions, which are otherwise
counter-intuitive since flat slabs likely concentrate large stresses
and should, therefore, produce more earthquakes than the sur-
rounding regions (Anderson et al, 2007). The other two regions
in South America where reduced seismicity is observed are the
equator and ~27°S (Fig. 5b), with the former corresponding to the
subducting Carnegie Ridge (Fig. S7) that is not simulated in our
model and the latter attributed to possible lithospheric delamina-
tion (Mulcahy et al., 2014).

To better understand the spatial correlation between earth-
quakes and slab configuration, we compare the detailed 3-D dis-
tribution of seismicity with the predicted slab geometry at four
different depth ranges (Fig. 9). For each range, we plot earthquake
epicenters with M, magnitude >4.0, and compare their locations
with the geometry of the slab at a similar depth. We note that
earthquake location errors for these regions are about 10-30 km
(Anderson et al., 2007; Dougherty and Clayton, 2015), which is mi-
nor compared to the overall slab dimension considered here. Fig. 9
reveals that almost all earthquakes fall into the slab interior at all
depth ranges for both the Peruvian (Fig. 9b) and Chilean (Fig. 9a)
slab segments. This provides another strong support to our model
prediction, especially in Chile where high-resolution tomography is
still lacking and the slab tear is more localized.

A closer examination of the modeled slab configuration sug-
gests that the central Chilean slab gap with a west-downward tilt-
ing geometry between 30°S and 32°S is clearly delineated by the

westward retreating seismicity distribution from 70 km to 200 km
depths. The predicted reconnection of the slab below ~150 km
depth on the eastern side also coincides with a chain of deep seis-
micity at a similar location (Fig. 9a). The predicted Peruvian slab
gap (between 10°S and 14°S) goes largely vertically except near
the trench where the slab reconnects at shallow depth (Fig. 9b).
And this geometry is also delineated by the associated seismicity
distribution, with the deeper side of the Peruvian slab gap aligned
with some small-magnitude earthquakes (Fig. 5b).

3.3.2. The stress state of flat slabs

Our model results also better explain the unusual stress pat-
tern of flat slabs in South America and, therefore, help to reconcile
the existing debates on their geometry (Cahill and Isacks, 1992;
Hayes et al., 2012; Anderson et al., 2007; Antonijevic et al., 2015).
The analysis of earthquake focal mechanisms in Central Chile sug-
gests a spatial pattern of slab stress (Anderson et al., 2007) (Fig. 9a)
that is inconsistent with a wide flat slab traditionally defined by
interpolating earthquake locations (Cahill and Isacks, 1992), and
this stress pattern has been argued to imply a much narrower flat
slab (Anderson et al., 2007) (Fig. 2b). Similarly in Peru, a recent to-
mography and focal mechanism analysis suggest a more localized
flat slab (Antonijevic et al.,, 2015; Kumar et al., 2016), compared
to that based on interpolated Benioff zones (Hayes et al., 2012)
(Fig. 2a). From our model, the remarkable matches between the
predicted tearing flat slabs and earthquake locations suggest that
the debated flat slab geometry may be reconciled by realizing the
existence of these internal slab tears.

More specifically, we examine the pattern of earthquake focal
mechanisms by first plotting the representative horizontal compo-
nent of T-axis (i.e., extensional stress direction, white bars in Fig. 9)
inferred from relocated earthquakes in Central Chile (Anderson et
al.,, 2007) and Southern Peru (Kumar et al., 2016). We can see
that while the stress field to the north and south of these flat
slabs is generally consistent with down-dip extension that is gen-
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erally perpendicular to the trench, an obvious change in the T-axis
orientation occurs both at 29°S-32°S (Fig. 9a) and at 10°S-15°S
(Fig. 9b); they both form a quasi-circular pattern that strongly re-
sembles the outline of the two slab tears. This intuitively suggests
that the abnormal stress pattern reflects the spatial distribution of
slab deformation during the formation of these tears (Figs. 7, 8).

By further analyzing the 3-D orientation of the dilatational fo-
cal mechanisms around the two flat slabs using data from IRIS
(ds.iris.edu/spud/momenttensor), we find that most of the T-axes
close to the edges of our predicted slab tears have a dominant ver-
tical component over the horizontal one (Figs. 2a, 2b), and that
those farther away from the two slab tears demonstrate a stronger
horizontal component. This observation strongly reinforces our
proposition that these T-axes outline the chimney-shaped slab
edge geometry around the tearing flat slabs in both Peru and Chile
(Figs. 2, 5, 9). Indeed, these T-axis orientations could be best in-
terpreted as a superposition of the local down-dip direction fol-
lowing the highly distorted slab geometry and slab-edge parallel
extension due to the expanding tears, with the former represent-
ing the major component of slab stress. Therefore, we conclude
that our predicted broken slab geometry reconciles contrasting ear-
lier hypotheses on the slab geometry using different observational
proxies (Fig. 2), and that new insights on intra-slab earthquake for-
mation emerge from these geodynamic simulations.

3.3.3. Seismic velocity structures

The asthenosphere upwelling associated with the breaking flat
slabs helps to explain unusual seismic velocity structures below
these regions. Recent shear-wave tomography imaged a fast Vg
anomaly at depth between ~70 km and ~100 km in Central Chile,
underlain by a slow Vg anomaly with a similar size (Wagner et al.,
2005; Porter et al., 2012; Marot et al., 2014; Calkins et al., 2008).
Interestingly, a recent ambient noise tomography investigating the
Peruvian flat slab (Antonijevic et al., 2015) discovered similar seis-
mic structures and with an even larger size (Fig. 3). Although the
p-wave property of these fast V; anomalies are uncertain or some-
what inconsistent among different studies (Wagner et al., 2005;
Marot et al.,, 2014; Pesicek et al., 2012), reduced p-wave veloc-
ities associated with the slow Vg anomalies seem to be con-
firmed, especially in Peru (Scire et al, 2016; Marot et al., 2014;
Pesicek et al., 2012). According to our models, both the present-day
geometry and position of asthenosphere upwelling are consistent
with those of the observed slow seismic anomalies (Figs. 3, 8, 9).
This strong correlation suggests that the slow seismic anomalies
very likely represent the hot asthenospheric mantle with possible
partial melts due to decompression melting.

In contrast, the nature of the fast Vs anomalies is more elu-
sive. If these structures have low p-wave velocities as proposed
by Wagner et al. (2005), the resultant low V,/V; ratio of ~1.70
may indicate a highly depleted, pyroxene and Mg rich continental
lithosphere (Wagner et al., 2006; Porter et al., 2012). A remaining
question for this interpretation is why these lithosphere segments
that are clearly outside of the tectonic cratons strongly correlate
with the underlying slow seismic anomalies and the slab tears. If
the fast Vs anomalies have fast p-wave velocities, they may in-
stead represent the fragmented oceanic crusts. Since the flat slab
has been thinned and stretched significantly, some oceanic crust
could be easily stripped off and entrained by the asthenosphere
upwelling. Due to the appropriate temperature and pressure con-
ditions, these crustal fragments would easily convert to eclogite
(Aoki and Takahashi, 2004), which at this depth range is seismi-
cally faster than both the continental crust (Anderson and Bass,
1984) and ambient mantle lithosphere (Worthington et al., 2013).
Although future work is needed to further distinguish the above
two scenarios, they both suggest that these fast Vs anomalies are
not part of the flat slabs. Consequently, both these interpretations

explain the apparent lack of seismicity in these regions, since these
fast anomalies are mechanically decoupled from the subducting
oceanic slabs (Fig. 8).

3.3.4. The formation of adakites

The upwelling asthenosphere beneath the tearing flat slabs also
provides an ideal condition for the slab, especially its crust, to
melt, which could be responsible for the formation of adakitic
magmatism. In Central and South America, adakites formed above
the subducting Chile Rise, Cocos Ridge, Carnegie Ridge, Nazca
Ridge and Juan Fernendez Ridge (Gutscher et al., 2000). Among
these, subduction of active mid-ocean ridges, such as Chile Rise
and Cocos Ridge, can naturally result in slab melting (Drummond
and Defant, 1990). But this is unclear for the latter three Ridges
that are far away from spreading centers. Our model, with the
asthenosphere upwelling beneath a tearing slab, provides a nat-
ural explanation for the observed adakites at these sites where
the internal extension of the flat slab causes local temperature in-
crease, which, together with the upwelling asthenosphere, could
easily melt the much-thinned slab and its basaltic crust (Fig. 8).

In observation, adakitic eruptions in central Chile took place
around 6-3 Ma, along ~31°S (Gutscher et al., 2000), which corre-
lates remarkably with the initial formation of the slab gap (Fig. 8b).
In Peru, the adakitic eruptions occurred along a ~300 km N-S
distance range during 10-4 Ma (Gutscher et al., 2000). This pro-
cess could have resulted from the joint contribution of slab tear-
ing due to subduction of the Inca Plateau and the Nazca Ridge,
during which toroidal flows advecting the hot mantle around lo-
cal slab edges converge at the location of the adakite formation
(Fig. 8a). Toward the present day, the cessation of adakitic erup-
tion is largely correlated with the waning asthenosphere upwelling
after the initially accumulated sub-slab dynamic pressure was re-
leased and with the gradual cooling of the mantle wedge as the
slab further flattens (Fig. 8). These dynamic processes seem also
consistent with the ore deposition history over these flat-slab seg-
ments (Rosenbaum et al., 2005).

4. Discussion

Our subduction model provides new perspectives for multiple
enigmatic observations associated with the South American flat
slabs. Consequently, this requires us to reconsider several conse-
quences of flat slab subduction.

First, the mechanism for intermediate-depth earthquakes in
Peru and Central Chile is uncertain. Currently, dehydration embrit-
tlement (Raleigh and Paterson, 1965; Kirby et al., 1996; Peacock
and Wang, 1999; Houston, 2007) represents a popular hypothesis
for the cause of these earthquakes. Accordingly, Porter et al. (2012)
suggest that the intermediate-depth seismicity in Central Chile oc-
curs in the subducting oceanic mantle (Gans et al., 2011), where
dehydration reaction of antigorite takes place (Kirby et al., 1996).
They further suggest that the reduced seismicity below the front
of the flat slab where steep subduction resumes, results from the
cessation of dehydration, as the increased bending and extension
within the upper half of the slab thickness release all the water
(Porter et al., 2012). However, this hypothesis is not entirely con-
sistent with the facts that the seismicity is already significantly
diminished or absent along the flat part before the slab resumes
steep subduction, especially in Peru (Figs. 1b and 9b) and that a
small number of earthquakes reappear at greater depth below the
inland portions of the flat slabs that are seismically quite (Figs. 5b
and 9).

In order to reconcile this paradox, Kumar et al. (2016) propose
that the thick crust due to the emplacement of the Nazca Ridge di-
minishes the initial hydration of oceanic mantle lithosphere, which
limits the amount of subsequent mantle dehydration as the ridge
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subducts, resulting in the reduced seismicity within the inboard
projection of the Ridge. However, this explanation needs to be
further verified, since dehydration embrittlement is not a fully
confirmed hypothesis for intermediate-depth earthquake formation
(Houston, 2007), and it is also unclear how the aseismic ridge
could reduce the amount of hydration within the oceanic plate.
In comparison, the slab gaps revealed by our model could explain
both the reduced seismicity (Figs. 5, 9) and the slab stress state
(Figs. 2, 9) more naturally, without the need to further modify the
dehydration hypothesis. In addition, the locally elevated tempera-
ture of the torn or severely stretched flat slabs, below which hot
mantle upwelling occurs, may be also responsible for the reduced
seismicity.

Second, the exact geometry of flat slabs, especially that in Cen-
tral Chilean, has been debated. Early receiver functions (Gilbert
et al., 2006; Heit et al, 2008) could not resolve the flat slab
due to the limited data coverage. As more regional seismic ar-
rays are deployed, tomography models with relatively high reso-
lution emerged. However, the presence of strong fast Vs anoma-
lies at shallow depth (Wagner et al., 2005; Porter et al., 2012;
Antonijevic et al., 2015), which were interpreted as depleted man-
tle lithosphere (Wagner et al., 2005) and/or eclogite converted
from fragmented oceanic crust (this study), has severely obscured
the detection of the down-going slab. Our best-fit model shows
that in Central Chile much of the flat slab remains intact and the
slab tear mainly occurs where the slab resumes steep subduction
at the tip of the Juan Fernandez ridge. A more recent receiver func-
tion analysis by Gans et al. (2011) confirmed the existence of this
flat slab on the west, but they could not resolve the slab geometry
further east. In fact, Gans et al. (2011) observed multiple offsets
of oceanic Moho depth trenchward of our predicted slab gap along
the Juan Fernandez ridge and implies severe deformation within
the flat slab, consistent with our model (Fig. 8). Alternatively, the
flat slab in Central Chile may be severely deformed and thinned,
but has not been fully torn apart yet (Fig. 6d). This slab configura-
tion, alternative to our best-fit model, is still potentially consistent
with the stress pattern and the adakitic magmatism above a local-
ized mantle upwelling. However, this model is likely inconsistent
with the distribution of intermediate-depth earthquakes. Neverthe-
less, the existing uncertainty in the mechanisms of intermediate-
depth earthquakes requires more observational work to verify the
existence of the Central Chilean slab gap.

Future research also needs to address several new questions
raised from this study. In Peru, our modeling results show that
the slab tear is a robust feature and has a lager slab gap com-
pared with the one in Central Chile (Figs. 5 and 6), but its southern
and northern edges are still continuous. This is consistent with the
receiver function analysis by Phillips and Clayton (2014) that re-
veals a continuous southern side of the flat slab. However, along
the northern side, Scire et al. (2016) imaged a ridge-parallel slab
tear through body wave tomography, although the seismic reso-
lution of this feature is limited. Antonijevic et al. (2015), based on
ambient noise tomography, imaged a ridge-normal slab tear (Fig. 3)
much closer to the trench and further north than that implied by
both Scire et al. (2016) and this study. We suggest that the slab
tear imaged by Antonijevic et al. (2015) could be related to the
subduction of the Inca Plateau, although the latter is slightly more
to the north (Figs. 5 and 8).

These inconsistencies between the two tomography models
(Antonijevic et al., 2015; Scire et al., 2016) and with our geody-
namical predictions also propagate into different interpretations
of the observed fast Vs anomaly: the tomography model in Peru
(Antonijevic et al., 2015) interprets the associated fast anomaly as
part of the flat slab, but a similar fast anomaly in Central Chile is
interpreted as depleted mantle lithosphere (Wagner et al., 2006;
Porter et al., 2012; Marot et al., 2014). However, the fact that

the fast Vs anomaly in Peru does seem to have a low V veloc-
ity as revealed by a recent body-wave tomography (Young, 2014)
questions the slab interpretation. In addition, a new slab gap is
tomographically detected at 33°S to the southeast of the Cen-
tral Chilean flat slab (Anderson et al., 2007; Burd et al., 2013;
Pesicek et al., 2012). This slab gap might be due to other dynamic
processes, such as a locally hot mantle eroding the slab, which are
not simulated in our model. Overall, the existing discrepancies in
both seismic imaging and geodynamic interpretation suggest ad-
ditional work is needed to better constrain the nature of these
abnormal mantle structures.

Another outstanding question is the formation mechanism of
adakites in South America. Petford and Atherton (1996) attributed
adakites in Peru to be derived from the newly underplated basaltic
sources. Kay et al. (1994) and Kay and Abbruzzi (1996) argued for
melting of the over-thickened continental crust followed by delam-
ination as the source of adakites in the Argentine-Puna Plateau.
Kay and Mpodozis (2002) and Goss et al. (2013) proposed that
the chemical signature of adakite in Central Chile was generated
through the melting of the fore-arc crust that was eroded and
transported by the slab into the mantle wedge. On the contrary,
Gutscher et al. (2000) proposed that warming up of the leading
edge of the flat slab as it propagates into the hotter asthenosphere
accounts for the formation of adakite both in Peru and Central
Chile.

While these hypotheses are probably petrologically feasible,
they all seem to have limitations. For example, Kay and Kay (2002)
pointed out that the underplating rate of basaltic magma proposed
by Petford and Atherton (1996) is too slow to account for crustal
thickening that is required for adakitic magmatism. They also ques-
tioned the slab melting model of Gutscher et al. (2000) by query-
ing the existence of the 1200°C isotherm at 60 km depth much
east of the trench that is required by their model. On the contrary,
Gutscher et al. (2000) argued that the crustal melting model of Kay
et al. (1994) could not explain the paradox that adakitic eruption
in Peru and Central Chile ceased in Pliocene but the thick crust
preserves to the present. These arguments may not necessarily rule
out the questioned hypotheses, due to the apparent complexity of
geological processes. In stead, different hypotheses may account for
different adakitic suites (Kay and Kay, 2002).

By reproducing the 4-D evolution of subduction, our model
shows that the intense adakite production correlates well with the
pulses of asthenosphere upwelling accompanying the slab tearing
process. We propose that the asthenosphere upwelling may have
significantly heated and partially melted the fragmented oceanic
crust, which eventually leads to the formation of adakites. There-
fore, our model is similar to Gutscher et al. (2000), but with a
different geodynamic process to form slab melting. On the other
hand, our model is not inconsistent with the “crustal melting”
hypotheses. In these earlier models, a locally enhanced temper-
ature is required in order to melt the crust to form adakites.
Our model, by showing localized upwelling beneath a thinned
or torn slab, provides the heat source for these models. In addi-
tion, the transient upwelling also gives a natural explanation for
the short duration of adakitic magmatism which is not fully ex-
plained by the two “crustal melting” hypotheses (Kay et al., 1994;
Kay and Abbruzzi, 1996; Kay and Mpodozis, 2002; Goss et al.,
2013). To further narrow down on the exact mechanism, more
research should focus on the detection of melt sources of these
adakites.

5. Conclusion
In this paper, we present a new flat-slab configuration that

reconciles multiple observations, including spatial discontinuities
in intermediate-depth earthquake distribution, unusual slab stress
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Fig. 10. Schematic representation of the broken flat slab during aseismic ridge subduction. In the overriding plate, only the crustal layer is shown. The vertical axis is

exaggerated in scale.

patterns revealed by earthquake focal mechanisms, the elusive
seismic anomalies around the flat slab regions, as well as the for-
mation of adakites above the subducting aseismic ridges.

This new configuration of flat-slab subduction is illustrated in
Fig. 10. The key feature is a down-dip oriented slab tear within
the subducting aseismic ridge, where the two limbs of the broken
slab span a geometry that is consistent with the traditional flat-
slab geometry based on interpolated Benioff zones. Formation of
the slab tear induces asthenosphere upwelling from beneath the
slab, similar to processes occurring at a mid-ocean ridge (Key et
al,, 2013). The upwelling asthenosphere warms up and melts the
severely stretched oceanic crust, leading to adakitic eruption and
mineral enrichment at the surface during the initial stage of slab
tearing. We propose that our discovered slab tearing events should
represent a common consequence of flat-slab formation due to
subduction of small to medium sized buoyancy features. The im-
plied lithosphere buoyancy change and rheological variations due
to the slab breaking process would likely affect the long-term dy-
namic evolution of the overriding continent.
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