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ARTICLE

The influence of mantle hydration and flexure on
slab seismicity in the southern Central Andes
Constanza Rodriguez Piceda 1,2,3✉, Ya-Jian Gao1,4,5, Mauro Cacace 1, Magdalena Scheck-Wenderoth1,6,

Judith Bott 1, Manfred Strecker2 & Frederik Tilmann 1,4

Knowledge of the causative dynamics of earthquakes along subduction-zone interfaces and

within oceanic slabs is relevant for improving future seismic hazard assessments. Here, we

combine the analysis of seismic tomography, the 3D structure of the slab and seismicity to

investigate the controlling factors driving slab seismic activity beneath the southern Central

Andes. We evaluate the ratio distribution between compressional and shear-wave seismic

velocities (Vp/Vs) as a proxy for the hydration state of the lithospheric mantle, oceanic slab,

and plate interface. Regions of high Vp/Vs, i.e. areas of hydrated mantle, are principally

caused by compaction effects and dehydration reactions. In contrast, slab seismicity in areas

of low Vp/Vs and inferred lower fluid content in the overriding plate is facilitated by

enhanced flexural stresses due to changes in the subduction angle of the oceanic plate. Plate-

interface background seismicity correlates with areas of higher Vp/Vs (hydrous interface) at

depths <50 km, while areas of most pronounced plate-locking coincide with regions of low

Vp/Vs (anhydrous interface). The regions of anhydrous plate interface are likely candidates

for future great megathrust events due to their higher potential for elastic energy accumu-

lation compared to more hydrated regions.
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In subduction zones, slab seismicity along the megathrust
interface (inter-plate seismicity) and within the oceanic crust
and mantle (intra-slab seismicity) represents one of the

sources of the greatest seismic hazards on Earth. An under-
standing of the causative mechanisms behind the spatial dis-
tribution of these earthquakes (e.g. extent of the seismogenic
zone) allows an improved evaluation of the seismic hazard in
these convergent settings. Thermomechanical modelling in var-
ious tectonic settings, including rifts, and transform and con-
vergent margins1–3, has shown how the long-term mechanical
strength of the lithosphere may control the distribution of seis-
micity, with the brittle-ductile transition (BDT) generally iden-
tified as the downdip limit to the seismogenic zone4,5. However,
oceanic plates in subduction zones generate seismicity at depths
greater than 50 km, where lithostatic pressure and temperature
conditions should tend to inhibit brittle failure6,7. In recent years,
a growing number of studies has discussed the role of weakening
due to fluids released during dehydration processes in the oceanic
plate as the cause for such intermediate-depth earthquakes
(50–300 km)8–11. While the exact physical mechanism is still a
matter of debate, the main processes proposed to enable brittle
faulting under hydrated conditions include dehydration
embrittlement8–10 and dehydration-related stress transfer11.
However, geological observations from fossil subduction zones12

and from rock mechanics experiments13 have shown that brittle
failure causing intermediate-depth earthquakes can also occur
under dry conditions. Thermal runaway slip weakening14 pro-
vides a plausible mechanism to explain their occurrence.

Irrespectively of the exact physical process involved, seismicity
is triggered in response to the build-up and distribution of
stresses in the slab. These reflect a balance between multiple
forces, including buoyancy forces associated with thermal and
metamorphic density contrasts, frictional resistance along the
subduction interface and slab, and flexural stresses related to
changes in the subduction angle8,9,15–17. Quantifying the relative
importance of dehydration mechanisms and slab stress in trig-
gering slab seismicity requires a comprehensive integration of
available geological, seismological, and geodetic observations.

The convergent margin of the southern Central Andes
(29°S–39°S), where the oceanic Nazca Plate subducts under the
continental South American Plate, is a subduction environment
where a high number of great earthquakes have been recorded
(e.g. 2010 M8.8 Maule and 2015 M8.2 Illapel)18,19. A distinctive
feature of this region is the change in the subduction angle of the
Nazca Plate between 33°S and 35°S from the Chilean-Pampean
flat-slab zone (<5° dip, 27–33°S) in the north to a steeper segment
in the south (~30° dip)20 (Fig. 1a). Domains with the highest
frequency of slab seismicity21 are associated with the oceanic slab
subducting sub-horizontally or with a shallow dip. These domains
are located either close to the trench or along the flat-slab seg-
ment, below the Andean Precordillera fold-and-thrust belt and
the thick-skinned Sierras Pampeanas morphotectonic provinces
(Fig. 1b).

In the southern Central Andes, a recent thermo-mechanical
modelling study22 constrained the downdip extent of the brittle-
ductile transition to 40–55 km depth (Supplementary Fig. 1), thus
implying that the spatial distribution of slab seismicity at depths
<50 km is expected from variations in the long-term strength of
the lithosphere. However, seismicity also occurs at depths
>50–70 km, where ductile rheological conditions are expected.
Though numerous studies have contributed to the current
understanding of the causative dynamics driving slab seismicity
below the brittle-ductile transition in different subduction
zones8,9,11,15, they cannot resolve this apparent inconsistency
and a gap in knowledge remains with respect to the southern
Central Andes.

In this study, we carry out an integrative analysis of the rela-
tionship between the observed seismicity distribution, seismic
properties, and the 3D geometrical configuration of the oceanic
plate to investigate potential mechanisms influencing the seismic
behaviour of the slab. We take advantage of a recent full wave-
form seismic tomography model of the southern Central Andes23

to demonstrate the existence of a causative relationship between
the state of hydration of the mantle and recorded slab seismicity,
both for intra-slab and inter-plate events21,24,25 (see “Methods”
section). We further investigate how in regions of likely slow
reaction kinetics and small fluid input to the overriding plate
seismic activity can be locally enhanced by flexural stress asso-
ciated with mapped variations in slab geometry. Overall, although
a direct comparison of seismic velocity structure and seismic
behaviour is generally well established, the integrative framework
presented in our investigation adds thermomechanical and geo-
logical constraints to minimise the degree of freedom and non-
uniqueness of geodynamical interpretations derived from geo-
physical modelling.

Results and discussion
To infer the driving physical mechanisms responsible for brittle
failure requires knowledge of parameters such as the state of
hydration of the mantle and slab geometry. Seismic tomography,
due to the sensitivity of P- and S-wave velocities to lithology,
fluid/melt-content and temperature, can be used as a proxy to
investigate the state of hydration of the mantle26–28 (Supple-
mentary Fig. 2). Specifically, low Vp/Vs (1.65–1.8) characterise
dry peridotite29, whereas high Vp/Vs (>2) indicate a hydrated
mantle with free fluids30,31. Intermediate Vp/Vs values between
1.8 and 1.9 likely correspond to a serpentinized mantle29,32–34. In
the oceanic mantle, serpentinization may result from water
penetration along normal faults cross-cutting the slab;35 con-
versely, in the mantle wedge, serpentinite is formed from fluids
migrating upwards from the subducting slab36. Ascent of fluids
from the subducting slab through the mantle of the overriding
plate may drive partial melting below the volcanic arc, likewise
leading to an increase in Vp/Vs (>1.9)37. Finally, very low Vp/Vs
(<1.65) may be indicative of a hydrated and anisotropic mantle,
the foliation of antigorite or the presence of a network of pre-
ferentially oriented cracks30,38,39.

Here, we analyse the Vp/Vs distribution from the full-
waveform inversion tomography model23. In the following, we
discuss our results relying on (i) three cross sections perpendi-
cular to the trench, considered representative of the different
subduction segments (Fig. 2a–c); (ii) a N-S cross section along the
forearc (Fig. 2d); and (iii) a map along a constant depth of 90 km,
which corresponds to the mantle of the overriding plate imme-
diately above the slab in the flat-subduction segment (Fig. 3).
Although the tomographic inversion solves for Vs radial aniso-
tropy (i.e., Vsv and Vsh) to avoid introducing artifacts into the
isotropic model, it is not robustly constrained40 and we thus
refrain from interpreting it.

The W-E cross sections depict an across-strike variability in
Vp/Vs indicative of progressive eastward dehydration of the
oceanic mantle (Fig. 2). The southernmost part of the flat-slab
segment (32°S–33°S) shows a very low ratio (<1.65) at depths
shallower than 50 km, which can arise in an anisotropic mantle,
where anisotropy could be due to the foliation of antigorite or the
presence of an oriented network of fluid-filled cracks30,38,39

(S1,O1; Fig. 2a). Between 50 and 100 km, the ratio within the
slab and the mantle of the overriding plate increases from
intermediate (1.65–1.8; S2, O2; Fig. 2a) to high values (1.8-1.9; S3,
O3; Fig. 2a), indicating mantle serpentinization. At ~80 km, the
Vp/Vs ratio reaches values >1.9 (S4, O4; Fig. 2a), suggesting
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hydrated conditions with a free fluid phase. Deeper than 100 km,
the ratio decreases from values around 1.8 (S5; Fig. 2a) in the
central part of the slab to intermediate and low values (1.65–1.8;
S6, O5, O6; Fig. 2a) within the top part of the slab and within the
overlying mantle. While the Vp/Vs values in the central part of
the slab likely indicate a serpentinized mantle, the O6 anomaly
seems to indicate either dry or anisotropic hydrated conditions.
A dry slab that underwent complete eclogitization and deser-
pentization in its topmost domain would imply high densities;
this, in turn, is difficult to reconcile with the buoyancy needed
to maintain the sub-horizontal subduction angle of the slab in
these domains. Our preferred interpretation is that the slab is still
hydrated, but the decrease in Vp/Vs may be partly due to wave-
propagation artefacts in anisotropic minerals. Indeed, antigorite is
stable at upper-mantle pressures and temperatures <650 °C36,
which is consistent with the conditions modelled in this region of
the flat slab segment (~600 °C)41,42. However, Anderson et al.43

reported moderate anisotropy (~4%) for this part of the slab,
which is inconsistent with the very strong seismic anisotropic
signature (>30%)32 of foliated antigorite. Instead, these authors
attributed the medium-scale seismic anisotropy to sheared oli-
vine. In this context, the combined observation of low to inter-
mediate Vp/Vs ratios and moderate anisotropy in the flat slab

could indicate hydrated peridotite with isotropic antigorite and
anisotropic olivine44.

For the mantle of the continental plate above the flat slab, there
is little information on seismic anisotropy to draw more extensive
conclusions on its hydration state. We can speculate that dehy-
dration reactions within the slab being kinetically delayed due to
low temperatures would imply less fluid release detectable by
seismic methods in the overlying lithospheric mantle, which
could explain the observed low Vp/Vs in our study. An additional
factor contributing to the smaller fluid content within the mantle
of the overriding plate could be the pressure gradient generated
by the slab re-steepening, which would cause the fluids released
by the dehydration reactions in the central part of the slab to be
diverted from their expected vertical pathways further to the
east45. The increase in Vp/Vs (~1.7) from low values at 68.5°W to
high (~1.8) values at 67.5°W (Fig. 2a) lends support to this
hypothesis.

Unlike the flat-slab segment, the transitional segment to the
steeper subduction angle displays a more uniform Vp/Vs dis-
tribution. Below 50 km, an increase from low and intermediate
(1.65–1.9; S7, S8, O7, O8) to high (>1.9; S9, O9) values marks the
transition from serpentinized32 rocks to a mantle with a free fluid
phase30 (Fig. 2b). At depths >100–150, Vp/Vs decreases to values
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Fig. 1 The southern Central Andes and distribution of slab seismicity. a Main panel: topography and bathymetry of the southern Central Andes based on
the ETOPO1 global relief model89. The white rectangle encloses the extent of the area considered in this study (area of Fig. 1b); the black dashed rectangle
encloses the area shown in Fig. 1c; the purple rectangle encloses the area shown in Fig. 5. Black-dashed lines in the oceanic domain mark the boundaries
between subduction segments (flat slab in the north, steep slab in the south). Fracture zones of the Nazca Plate75 are highlighted by solid black lines.
Abbreviations of main fracture zones: MFZ=Mocha Fracture Zone; CFZ= Challenger Fracture Zone. White lines show the isobath contours (km below
mean sea level) of top of the slab (based on the Slab2 model75). The wide transparent white line denotes the position of offshore (full line) and projected
onshore (dashed line) tracks of the Juan Fernandez Ridge (JFR)90. The red triangles depict locations of active volcanoes91. The orange lines denote
locations of profiles shown in Fig. 2. The boundaries between the main morphotectonic provinces are shown by white dashed lines. Abbreviations of main
tectonic provinces: AO Andean orogen, CB Cuyo Basin, ESP Eastern Sierras Pampeanas, EAB extra-Andean basins, FA forearc, NB Neuquén Basin, P
Payenia volcanic province, Prc Precordillera, WSP Western Sierras Pampeanas. Left panel: extent of historical seismic ruptures92. Seismic gaps (SG) are
shown with red lines. b Seismic-event density (logarithmic scale) derived for a circular bin of 75 km radius for slab seismicity21. Seismicity marked by red
dots. Isobath contours of the top of the slab are drawn in grey. c Degree of locking of the subduction interface67.
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<1.8 (S10, S11, O10, O11; Fig. 2b), which indicates a slab that has
already been dehydrated29.

The steep-slab segment depicts a region of intermediate Vp/Vs
values (1.8–1.9; S12, O12; Fig. 2c) within the slab domain proper
and the overriding plate mantle extending down to 60 km, which
again indicates a serpentinized32 mantle. Between 75 and 120 km,
we notice a local Vp/Vs low (1.7–1.8) within the slab (S13) and
the mantle of the overriding plate (O13), suggesting dry
conditions29 (Fig. 2c). However, to interpret a fully dehydrated
mantle at these depths is difficult, especially given the observed
Vp/Vs increase (>1.8) below 120 km (S14, O14, O15; Fig. 2c) and
the presence of the active volcanic arc immediately above in the
upper plate. Our preferred alternative scenario to reconcile the
observed intermediate Vp/Vs with the overlying volcanic activity
is the presence of hydrated but anisotropic mantle.

The southern Central Andes also display large along-strike
variability in Vp/Vs (Fig. 2d–e). For instance, at 90 km depth, the
orogenic domain displays intermediate (1.8–1.9) to high (>1.9)
values only in its central part (between 31°S–35°S, S8, S12, O8,
O12; Fig. 2d), while in the northern and southern regions Vp/Vs
decreases to values between 1.65-1.8 (S1, S15, O1, O15; Fig. 2d).
We can explain this enhanced hydration in the central orogenic
domain with its proximity to the Juan Fernandez Ridge, a sea-
mount chain subducting at 33°S (Fig. 1a). This ridge is associated
with pervasive faulting46, which enables fluids to reach the and

hydrate the oceanic mantle., These fluids are released through
dehydration reactions after subduction and ultimately enhance
hydration of the overriding mantle47. South of 33°S, the active
magmatic arc is located near the western edge of an extended
region of high (>1.8–1.9) Vp/Vs values in the mantle wedge at
90 km depth (Fig. 3). This suggests that the observed increase in
Vp/Vs can indeed be associated with the presence of melts due to
the reopening of the mantle wedge and the re-steepening of the
Nazca Plate42,48,49. Finally, Vp/Vs is high (1.84–1.9) beneath the
Precordillera and the western Sierras Pampeanas (29°S–31°S,
Fig. 2e), which spatially correlates with a zone of low Vs (Sup-
plementary Fig. 3) interpreted by Gao et al. 23 as a region of slab
thinning and tearing along the inland projection of the Juan
Fernandez Ridge.

Intra-slab seismicity, fluids and flexure. We now compare the
Vp/Vs distribution with the distribution of inter-plate and intra-
slab seismicity. First, for the subduction segment in the transition
zone (33°S–35°S), slab seismicity at depths shallower than 120 km
is limited to the slab domain with high Vp/Vs (>1.8, S8–S10,
Fig. 2b). Secondly, seismicity also occurs below a region of
hydrated continental mantle with a high velocity ratio (O8–O10,
Fig. 2b, d; O12, Fig. 2d). This points to a spatial correlation
between slab seismicity and mantle hydration in this region.
Seismicity ceases quite abruptly where the slab undergoes (nearly)
complete dehydration (as indicated by a lower Vp/Vs) and is not
able to release any more fluids to the mantle of the overriding
continental plate (e.g. S11, O11; Fig. 2b; S15, O15, Fig. 2d).
Likewise, the observed change from medium (1.7–1.8) to high
(>1.9) Vp/Vs in the overriding mantle spatially correlates with the
location of the active volcanic arc (Figs. 2d and 3) in the transi-
tion zone and steep-slab segments, at 69°W–70°W, which con-
firms the presence of fluid-related melts. In short, fluids
responsible for the generation of partial melts, which feed the
volcanic arc south of 33°S, are released west of 70°W and
the downdip limit of intra-slab seismicity is actively controlled by
the availability of fluids in the slab mantle.

The spatial relationship between the regions of mantle
hydration and the occurrence of slab seismicity showcases how
fluids play a primary role in the promotion of intermediate depth
seismicity. The release of fluids increases pore pressure and
enhances frictional weakening of the slab, thereby triggering
intra-slab seismicity even in regions where brittle failure should
be inhibited given local conditions of lithostatic pressure and
temperature. In this context, metamorphic reactions of constitu-
tive minerals in the oceanic crust (e.g. amphibole and epidote
breakdown during eclogitization9,50) and in the mantle (e.g.
serpentine breakdown10,28) can lower the rock frictional strength,
thereby offering an explanation for the observed intra-slab
seismicity at intermediate depths (50–300 km). Fluids from these
reactions can migrate trenchward, enabling intraplate earth-
quakes at shallower depths (~40 km) through a variety of
mechanisms51,52: (i) pore-pressure increase (dehydration
embrittlement)8–10,53,54; (ii) grain-size reduction13; and (iii)
dehydration-related stress transfer from the hydrous phases to
the dry host rock11. Since these reactions all affect the state of
hydration of the slab and overlying lithospheric mantle, it should
be expected that hydrated regions are seismically more active
than dry regions55–58, as observed in our analysis. Similar
relationships between seismic velocities and the distribution of
seismicity have been found in other subduction zones, such as
Cascadia55,56, Hirukangi57 and the north-western Pacific
margin58.

In the flat-slab segment (29°S–33°S), the relationship between
slab seismicity and hydration of the mantle is not straightforward.
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tracks of the Juan Fernandez Ridge (JFR)90, the active magmatic arc (red
triangles), and the coastline (blue line). For abbreviations of
morphotectonic provinces, see Fig. 1.
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For the flat-slab region between 31°S and 32°S, seismicity
shallower than 80 km occurs where the slab is hydrated (S1–S3,
Fig. 2a). However, this is not the case for the seismicity at larger
depths (80–100 km), east of the mantle wedge corner, beneath the
Precordillera and the Sierras Pampeanas (S6, Fig. 2a). Here, the
upper cluster of seismicity close to the top surface of the slab is
localised below a domain in the continental mantle and the

subduction interface that is characterised by low Vp/Vs (<1.8, O5,
O6) and, therefore, by low fluid content (Figs 2a, 4 and 5). Unlike
the southern part of the flat-slab segment, the overriding plate
mantle, and the subduction interface in the northern part
(29°S–31°S) are characterised by high Vp/Vs (1.8); these areas
are thus likely hydrated, while the underlying subducting plate is
aseismic (Figs. 3–5). These two observations (i.e., seismic and

Fig. 4 Conceptual model of the Vp/Vs ratios and relationship with slab seismicity. a 3D diagram of Vp/Vs distribution reflecting the state of hydration
within the mantle and the subduction interface, and slab seismicity colour-coded by hypocentral depth. The extent of labelled dry or hydrated slab only
pertains to the cross-sections in Fig. 2a, b and strongly varies along the strike of the subduction zone. The dashed white line shows the brittle ductile
transition (BDT)22. Magenta-coloured contours show the areas with a high degree of locking67. The 3D lithospheric layers used for this graph are based on
the structural model of Rodriguez Piceda et al.93. b Vp/Vs distribution in the region of the flat-slab to steep-dip subduction transition overlain with focal
mechanism solutions of inter-plate and intra-slab earthquakes24,25, colour-coded by depth and with white and black dots indicating P and T axes,
respectively. The inter-plate events are marked with a magenta circular outline. The isobath contours of the top of the slab75 are shown in white lines.

Fig. 5 Slab geometry and slab seismicity in the region of the flat-slab to steep-dip subduction transition. Curvature gradient of the top of the slab in the
transition between flat and steep-slab subduction (Supplementary Note 2), superposed with a focal mechanism solutions of inter-plate and intra-slab
earthquakes24,25 colour-coded by depth (dots show the orientation of the P- (black) and T-(white) axes); and b P-(red) and T-(blue) axes projected
horizontally. Only the sub-horizontal axes (plunge <45°) are shown. The inter-plate events in a are bordered in magenta. The isobath contours of the top of
the slab are shown in grey lines. The geometry of the top of the slab was taken from Rodriguez Piceda et al.93, based on Hayes et al.75.
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partially anhydrous overriding plate mantle in the southern flat
segment versus aseismic and hydrated overriding plate mantle in
the northern flat segment) make it difficult to link the observed
intra-slab seismicity in the flat-slab segment to dehydration
reactions59,60. When examining the earthquake focal-mechanism
solutions in the region24,25 (Fig. 5a), we observe a lack of
compressional mechanisms, which also rules out the effect of
plate convergence as the main trigger for these earthquakes.
Seismicity in these domains could instead be related to enhanced
bending and unbending stresses in the presence of a non-fluid
related weakening mechanism where the slab resumes its steep
subduction angle east of 65°W, beneath the Sierras Pampeanas
and, to the south, beneath the Cuyo Basin. A possible mechanism
is thermal shear instability, where a positive feedback between
strain and temperature reduces friction and favours brittle
rupture13,14. This hypothesis agrees with the findings of previous
studies15,16 suggesting that, in regions of intermediate to low
pore-fluid pressure, flexural stresses can be more relevant than
fluids in triggering seismicity. Variations in the geometry of the
subducting slab may have triggered seismicity within its bending
and unbending parts, if the effective strain rates associated with
slab flexure exceed those associated with slab pull15,16,61,62.
Additional evidence for such a control by slab flexure on the
occurrence of seismicity comes from the observed spatial
correlation between the flexural regime and the orientation of
the earthquake moment tensors15,16. For example, slab segments
with positive curvature (i.e. concave down) gradients are usually
characterised by earthquake moment tensors with downdip
tensional axes in the upper part of the slab, whereas those with
negative curvature gradients display seismicity associated with
downdip compressional axes (Supplementary Fig. 4)4,16. Indeed,
we found a rather striking spatial correlation between seismicity
and slab geometry in the southern Central Andes based on the
orientation of the P- and T-axes of focal mechanisms24,25

(Fig. 5b). The focal mechanism solutions with a down-dip
orientation of the P-axis spatially correlate spatially with the
portions of the slab characterised by a negative curvature gradient
due to unbending in the transition from flat to steeper subduction
angles (Fig. 5b), and equivalently for down-dip T-axes indicating
bending. This supports the notion that inter-plate seismicity in
these regions is triggered by internal deformation of the slab, as
required by the flat-slab geometry.

In the steep-slab segment (35°S–39°S), seismicity is generally
limited to domains of hydrated mantle with high Vp/Vs (S12,
S14; Fig. 2c). However, similarly to events below the Precordillera
and Sierras Pampeanas, the largest seismic cluster in the steep-
slab segment correlates at 35°S with a local low in Vp/Vs at
80–120 km (S13, Fig. 2c). Unlike the flat-slab cluster, the steep-
slab segment lacks unbending portions below 20 km, making it
difficult to relate these events to flexural stresses. An alternative
explanation to reconcile the low Vp/Vs ratio with the seismic
activity is to consider that the mantle here is hydrated but
anisotropic. To date there is no direct evidence of anisotropy in
this part of the slab, hence further work targeting the anisotropic
signature of the steep-slab segment is needed to fully explain this
feature.

Interplate seismicity, fluids and locking degree. A wide range of
inter-plate seismic phenomena have been attributed to the effects
of high pore-fluid pressure, including deepening of the updip
limit of background seismicity and trenchward propagation of
megathrust earthquakes63. Typically, an increase in pore pressure
is linked to release of fluids, which can lead to enhanced frictional
weakening of the subduction interface. In this case, fluid
sources encompass: (i) pore water in the sediments released by

compaction and (ii) bound water within hydrous minerals of the
sediments, oceanic crust, and mantle released by dehydration
reactions63. Dewatering due to sediment compaction is restricted
to the shallow part of the fault interface (3–7 km depth)64, while
fluids from dehydration reactions become predominant below
this depth. For the Chilean margin between 37°S and 42°S, pre-
vious studies have identified a correlation between the state of
hydration of the mantle and pore-fluid content, the spatial extent
of locked zones along the subduction interface65, and the recur-
rence time of great earthquakes66. They found that domains of
high Vp/Vs, interpreted as being dominated by high pore-fluid
pressure, correlate with areas of a low degree of locking65, which
are able to slip predominantly aseismically. In contrast, interfaces
with low Vp/Vs and thus inferred low pore-fluid pressure, display
a high degree of locking65 and tend to cause seismic slip less
frequently. Our findings support these observations and expand
their spatial coverage. For the domains of the southern Central
Andes between 29°S and 39°S we have been able to detect a
similar correlation between low Vp/Vs and locked areas67 along
the plate interface (Fig. 4a and Supplementary Fig. 5). This sug-
gests that variations in pore-fluid pressure should be considered
as the main factor controlling pre-seismic locking along the plate
interface in the southern Central Andes. In agreement with
previous studies65, we can correlate the presence of N–S varia-
tions in pore-fluid pressures with the distribution of fracture
zones in the Nazca plate (Fig. 1a). Due to this structural control,
slab regions that underwent a higher degree of fracturing are
prone to contain more fluids and are characterised by a higher
degree of hydrologic connectivity. This in turn translates into
higher Vp/Vs values and a lower degree of plate locking com-
pared to regions where fracturing is less intense.

Our findings therefore provide new insights into the general
characteristics of regional seismic hazard of the southern Central
Andes. At the latitudes of the flat-slab segment, large megathrust
earthquakes exhibit a recurrence interval of ~60–90 year68, based
on the frequency of the most recent historical events with M ≥ 8
(AD 1822, 1906, and 1985 in the Valparaiso sub-segment and
1880, 1943 and 2015 in the Illapel sub-segment). The segment
north of 29°S, which last experienced a major rupture in 1922
represents a seismic gap, the so-called Atacama gap (Fig. 1a).
Geodetic measurements furthermore indicate that the near-
trench subduction interface at these latitudes is locked69 (Figs. 1c
and 4a). This raises the question as to how a seismogenic rupture
will be produced along these portions of the subduction interface
and if stresses will be released either in the form of either several
large but not great earthquakes (M7-8) or during one great
earthquake (M > 8.5). Regions that are subjected to high fluid
pressures are generally weaker and more unstable under the stress
build-up than faults under dry conditions63,70. As such, weak
faults are more prone to seismic rupture and favour stress release
by several earthquakes of moderate magnitude66. Conversely,
regions with a drier interface can accumulate elastic energy for
longer periods of time, which can then be released by less
frequent, but very high-magnitude earthquakes. The locked
region, the subduction interface displays low Vp/Vs, thereby
indicating dry conditions (Fig. 4a, b). It thus follows that this
domain is likely to be able to generate a great earthquake in the
future, a conclusion that calls for increased geodetic monitoring
of the seafloor to better assess the updip limit of locking and thus
provide more accurate estimates of the size of a future
earthquake.

Conclusions
This contribution examines the relationship between observed
seismicity, seismic attributes, and the 3D configuration of the
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oceanic plate to determine the mechanisms impacting the seismic
behaviour of the slab in the southern Central Andes. Our
synopsis of Vp/Vs data in the area from a regional full waveform
inversion tomography suggests that local fluid overpressure
resulting from disequilibrium compaction beneath the forearc
and dehydration reactions of hydrous minerals below the
remaining regions are responsible for embrittlement of the
lithosphere and the triggering of intra-slab and inter-plate seis-
micity in the transition zone between flat and steep subduction
and within steep-slab segments of the southern Central Andes.
The distribution of Vp/Vs in the flat-slab segment suggests that:
(i) dehydration reactions are being kinematically delayed due to
low-temperature conditions and (ii) the migration pathways of
fluids are influenced by pressure gradients generated by
unbending stresses from variations in the slab geometry. Here,
seismicity occurs in regions where Vp/Vs is low and fluids are
thus unlikely to cause sufficient weakening to induce rupture.
Instead, bending and unbending stresses in the presence of
thermal shear instabilities constitute the most likely mechanism
to explain the local cluster of seismicity observed in these regions.

Methods
Seismic catalogue. We derived the seismicity distribution for the study area
between 1964 and 2018 from the reviewed bulletin of the International Seismo-
logical Centre71–74, from which we removed all events with fixed depth or a depth
error >5 km. We then filtered the events related to the oceanic slab (‘slab seismi-
city’), according to their proximity to the subduction interface, which is repre-
sented by the top of the slab from the Slab2 subduction zone geometry model75. All
events below the top of the slab, with a tolerance given by the uncertainty of the
Slab2 model were extracted, a total of 9125 slab earthquakes, which comprises both
plate interface events and intraslab events. To classify the events into ‘intra-slab’
and ‘inter-plate’ seismicity, we relied on the focal mechanism solutions from the
GCMT catalogue24,25. An earthquake was considered as inter-plate seismicity if it
fulfilled four criteria76: (i) it occurs in the interval defined by the depth of the top
slab ± the uncertainty of the Slab2 model75; (ii) the slip vector orientation repre-
sents thrusting; (iii) the strike of one of the nodal planes is equal to the strike of the
top slab surface from Slab275 (±15°); and (iv) the dip angle of one of the nodal
planes differs <15° from the dip angle of the top of the slab surface75. The
remaining earthquakes were considered as intra-slab seismicity. There were 873
events with GCMT mechanisms of which 114 events were classified as intra-slab
events and 759 as inter-plate events.

P- and S- wave seismic tomography. We derived the Vp/Vs model from the
isotropic P and S velocity models presented in Gao et al.23. Here, we only provide a
brief summary of the methodology followed to construct the tomography model;
more technical details about the inversion workflow can be found in the original
publication23.

The seismic velocity model is the result of a multi-scale full waveform
inversion6 based on the adjoint methodology77,78, starting from the 3D seismic
velocity model SP12RTS77. Solutions of the visco-elastic wave equation in a radially
anisotropic Earth model are obtained from Salvus77,79.

Long-wavelength surface topography from the EGM2008 Geoid80 and
Earth2014 global topography model81 with Earth ellipticity according to WGS84
and the Moho depth from the global model CRUST1.082 were implemented by
deforming the mesh grid vertically. The surface topography and Moho depth have
been filtered with a maximum angular order of 128, equivalent to a spatial
resolution of 155 km. In order to constrain the deep structure of the upper mantle,
we initialised our inversion from long-period surface wave data at 60–120 s and
progressed in seven stages to a final period range of 12–120 s. The progressive
extension to shorter periods mitigates the risk of falling into local minima. The
model updates are driven by the Limited-Memory Broyden–Fletcher–Goldfarb
–Shanno algorithm (L-BFGS)83. We employ the Time-Frequency Phase Shift and
Cross-Correlation-Coefficient misfits as misfit functions during stages 1–5 and 6–7,
respectively, with the assistance of the Large-scale Seismic Inversion Framework
2.084,85.

Data availability
Waveform data and station meta data for the seismic tomography were downloaded
using the ObsPy16 module through the International Federation of Digital Seismograph
Net291 works (FDSN) web services from GEOFON Data Management Center (https://
geofon.gfz-potsdam.de/waveform/archive/) and Incorporated Research Institutions for
Seismology Data Management Center (IRIS-DMC, http://www.iris.edu/ds/nodes/dmc/).
The seismic tomography model can be accessed via GFZ data services (https://doi.org/10.

5880/GFZ.2.4.2021.008). The earthquake hypocentres were taken from the ISC reviewed
bulletin21. The provider agencies are: International Seismological Centre71 (UK), Centro
Sismológico Nacional (Chile), Instituto Nacional de Prevención Sísmica73 (Argentina),
International Data Centre (Austria, https://www.ctbto.org/) and National Earthquake
Information Centre72 (USA, https://www.usgs.gov/programs/earthquake-hazards/
national-earthquake-information-center-neic). The focal mechanisms solutions in
Figs. 3–5 were taken from the Global Centroid Moment Tensor catalog (https://www.
globalcmt.org). The 3D structural model used to plot the geometry of the lithospheric
layers in Fig. 4a and to calculate the curvature of the slab can be accessed via the GFZ
data services (https://doi.org/10.5880/GFZ.4.5.2020.001). The colour scales used in
Figs. 1–4 were taken from Scientific Colour Maps (https://doi.org/10.5281/zenodo.
4491293).

Code availability
Code sharing not applicable to this article as no code was generated during the current
study. Plots were generated with Adobe Illustrator, QGIS86, Generic Mapping Tools87

and Paraview88.
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