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The south-central Chile margin experienced the largest and sixth largest earthquakes ever recorded -
the 1960 Mw 9.5 Valdivia and 2010 Mw 8.8 Maule megathrust earthquakes, respectively. In early 2017,
we conducted a seismic survey along 1,000 km of south-central Chile to image these rupture zones
using a 15.15-km-long multi-channel seismic streamer. We processed these data using pre-stack depth
migration, which provides the best look at the shallow part of the south-central Chile margin to date.
Relative to other sediment-dominated subduction zones, where sediment is typically accreted at the toe,

Keywords: an unusually large percentage of the thick trench sediments are consistently subducted beneath the slope
Chile with little thrust faulting or deformation. Analysis of the sediment P-wave velocities and structure in the
earthquake trench and outer wedge leads us to conclude that most of south-central Chile contains well-drained,
trench strong sediments. An exception in the vicinity of the subducting Mocha Fracture Zone (MFZ) has trench
sediment sediments that appear to experience localized delayed compaction, thus lowering their strength and
gfﬁggi?:;t allowing the development of protothrusts, similar to what is seen in other accretionary subduction zones.

The very shallow décollement along the south-central Chile allows more sediment to pass beneath the
lower slope than almost all other subduction zone, many of which have much thicker trench sections.
We conclude that subduction of the strong, well-drained, thick sediment layer beneath the lower slope is
typical for nearly all of the south-central Chile. Comparison to other thick-sedimented subduction zones
worldwide reveals that the subduction of such a large fraction of the trench sediment is particularly
unusual. This strong, thick, subducting sediment is likely a determining factor for developing a smooth
plate interface located well above the subducted crust topography that ultimately becomes a broad
megathrust with high, homogeneous frictional properties, and generates particularly large earthquakes
along the south central Chile margin.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction Ye et al., 2018). This relationship has been attributed to sediment
that is thick enough to bury the basement topography of the sub-
ducting crystalline crust, thus allowing the megathrust to form a
smooth homogeneous plate boundary (Contreras-Reyes and Car-
rizo, 2011; Wang and Bilek, 2014). Ultimately, it is the position

of the décollement within the trench sediment section that de-

Many of the world’s largest and most destructive earthquakes
occur along subduction zone megathrusts, particularly ones that
develop a smooth, homogeneous plate interface that allows broad
areas of strong plate locking and large strain accumulation (e.g.

Ruff, 1989; Scholl et al., 2015). Consequently, great earthquakes are
strongly correlated with subduction zones characterized by long
segments within which the thickness of trench sediment imme-
diately seaward of the deformation front is >1 km for hundreds
of kilometers (Ruff, 1989; Heuret et al., 2012; Scholl et al., 2015;
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termines how much of the trench sediment is removed, primarily
by accretion at the deformation front, and whether topography on
the subducted plate produces roughness on the plate boundary.
The development of the décollement is affected by weak litholo-
gies within trench sediments, (e.g. high smectite content; Kopf and
Brown, 2003) or high pore-fluid pressures (e.g. Bangs et al., 2004,
2009, 1990; Bray et al., 1986; Dean et al., 2010; Geersen et al.,
2013; Hipers et al., 2017) that often tend to lie within the lower
pelagic units rather than overlying trench fill sequences. With the
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Fig. 1. Study area A) Location of CEVICHE survey. B) Dashed lines shows the rupture segment of the 1960 Mw 9.5 Valdivia earthquake (Moreno et al., 2009) (purple) and the
2010 Mw 8.8 Maule earthquake (Moreno et al., 2010) (green). Black lines show CEVICHE multichannel seismic data lines. Red circle shows ODP site 1232 (Mix et al., 2003).
C) Contours show the interplate locking (Moreno et al., 2009, 2010, 2011). D) Subset of bathymetry along the margin showing the chaotic structure of the wedge and the
absence of long, continuous thrust ridges. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

exception of local or regional effects from subducting seamounts or
other basement structures (e.g. Bangs et al., 2006; Contreras-Reyes
and Carrizo, 2011; Moore et al., 2009; Morgan and Bangs, 2017;
Tréhu et al., 2012), the décollement commonly forms within the
lower half of the incoming trench sediments and removes a large
fraction (>50%) of the subducting sediment cover at the deforma-
tion front (e.g. Barnes et al., 2018; Dean et al., 2010; Eakin, 2014;
Han et al, 2017; Kopp et al., 2000; Li et al., 2018; Moore et al.,
2009, 1990; Nasu et al., 1982). In these instances, a thick, smooth,
laterally continuous plate boundary may not form as readily.

The south central Chile margin regularly experiences large
earthquakes and is the site of the 1960 Mw 9.5 Valdivia earth-
quake, which is the largest earthquake recorded by global net-
works (Cifuentes, 1989; Contreras-Reyes and Carrizo, 2011). The
Valdivia earthquake ruptured ~950 km of the margin north of
the Chile Triple Junction (Moreno et al., 2009; Plafker and Sav-
age, 1970) (Fig. 1A). The 2010 Mw8.8 Maule earthquake ruptured a
~500 km segment south of the Juan Fernandez Ridge, overlapping
spatially with the Valdivia rupture (Moreno et al., 2010). Geodetic
interplate locking models from GPS observed from 1996 to 2008
(Fig. 1B) show that large portions of the margin are fully locked
(i.e. where plate coupling is >80%) during the inter-seismic period
(Moreno et al., 2011, 2010, 2009).

In this manuscript, we present new, pre-stack depth migrated
seismic reflection images of recently-acquired seismic data as part
of the CEVICHE (Crustal Examination from Valdivia to Illapel to
Characterize Huge Earthquakes) project, and velocity models along
selected 2D transects from the incoming plate and sediments
across the deformation front and into the outer wedge. The re-
sults from analysis of deformation structures within the trench
and lower continental slope in these new data show that sed-
iment thickness in the trench is ~1.6-2.9 km, and that the dé-
collement forms at an unusually shallow level near the top of the
thick incoming trench sediment wedge along all of the Valdivia
and southern portions of the Maule rupture areas. Prior reflec-
tion surveys of south-central Chile have shown variability in the

depth of the décollement at the deformation front and in the par-
titioning of incoming sediment between accretion and subduction
(Bangs and Cande, 1997; Behrmann and Kopf, 2001; Diaz-Naveas,
1999; Contreras-Reyes et al., 2010; Geersen et al., 2011; Tréhu et
al., 2019). The CEVICHE dataset shows that sediment subduction,
as opposed to frontal accretion or erosion, is the dominant process
along these rupture segments. The development of an unusually
shallow décollement along south-central Chile results in under-
thrust sediment thickness that is more than double that at most
other margins (Table 1). We also show evidence based on seismic
velocities that this is a result of trench and underthrust sediments
that are well-consolidated and strong, which may also help main-
tain a shallow décollement and a thick, frictionally strong, under-
thrust section down dip into the seismogenic zone. The goal of
this study is to show that the south central Chile margin has very
little frontal accretion in comparison to other well-sedimented
subduction zones and a particularly thick, broad sediment section
subducts beneath the lower slope. This is significant for south-
central Chile as an initial step toward developing a broad, smooth
homogeneous megathrust that can store large stress and rupture
in large earthquakes (e.g. Scholl et al., 2015).

2. Seismic data acquisition and processing

In early 2017, we acquired 4,867 km of 2D seismic reflec-
tion data along south-central Chile as part of the CEVICHE project
(Fig. 1). Seismic sources generated by a 6,600 in® (108 L) air-
gun array were recorded on a 15.15-km, 1212-channel hydrophone
streamer towed by the R/V Marcus G. Langseth. Due to the long
source-receiver offsets relative to target depths, the streamer was
long enough to record deep-turning refraction arrivals and high-
quality reflections in a wide range of normal moveout that accu-
rately constrain seismic P-wave velocities (see Supplemental Files
for uncertainty estimation). The common midpoint spacing of the
data is 6.25 m and shots were fired every 50 m. We measured
interval velocities with depth for each of the lines using stack-
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Fig. 2. Pre-stack depth migrated images and interpretations, interval velocity model, and residual velocity for A) line 039, located ~34.5°S, B) line 018, located ~39.2°S,
and C) line 028, located ~40.3°S. Thrust faults are shown in orange on the interpretation, protothrusts in light orange, normal faults in blue, ocean crust in yellow, and the
décollement in green. Uninterpreted images extending to 10 km landward of the trench are presented in the Supplemental Material.

ing velocity analysis as a starting model. Velocities were iteratively
updated following residual velocity analysis during depth imaging
using Kirchhoff pre-stack depth migration. On two lines, MC13 and
MC18, we also derived velocities from tomographic inversions of
picked first arrivals from the streamer data after downward con-
tinuation to the seafloor (Arnulf et al., 2018, 2011).

3. Results
3.1. Seismic structure

To characterize the décollement, we selected and analyzed a
subset of the CEVICHE lines (Figs. 2 and 3) that shows represen-
tative examples of the deformation front adjacent to the Maule
and Valdivia rupture zones. This region is characterized by a
range in plate locking (Fig. 1), variation in trench sediment thick-
ness (Fig. 5), and changes in frontal deformation structures (all
frontal zones from CEVICHE are shown in the supplement, Sup-
plemental Figs. 4-16). These data show considerable structural
complexity across the deformation front with some indications of
frontal accretion, such as faulted and folded strata (Fig. 2B), or
shallow underplating, such as truncated reflections (Fig. 2A). Al-
though streamer feathering and scattering from complex seafloor
bathymetry increase the noise level of the images, the décolle-
ment can be determined to be very shallow. The décollement does
not produce a strong seismic reflection, as is commonly observed
along other margins (e.g. Moore et al., 1990); however, it can still
be identified by the contrast between the reflection character of
the wedge (chaotic, discontinuous, dipping reflections) and that
of the underthrust sediments (laterally-continuous, sub-horizontal
layered sequences; Figs. 2-4). The continuity of the undeformed,
underthrust trench strata shows that nearly all of the sediment
within the trench has bypassed the toe of the accretionary wedge
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Fig. 3. Pre-stack depth migrated image and interpretations, interval velocity model,
and residual velocity for line 013, located ~38°S. This is one of two lines showing
anomalous thrusting and velocities along the margin. Interpretation is the same as
for Fig. 2. Uninterpreted images extending to 10 km landward of the trench are
presented in the Supplemental Material.
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Fig. 4. Line MC39 showing sediment subducting in the Maule segment to >20 km from the deformation front. Yellow arrows show the top of the oceanic basement, while
green arrows show the décollement reflector, with sediment subducting in between. This contrasts some previous studies that have suggested that the Maule segment is
dominated by frontal sediment accretion (Bangs and Cande, 1997; Sick et al., 2006).
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Fig. 5. Top: Number of thrusts (blue) and seaward extent of thrust faults, measured
from the trench axis (purple). Orange squares mark where no thrusts faults prior to
the main frontal thrust are observed seismically. Bottom: Sediment thickness mea-
sured just seaward of the deformation front (red circles) and in the underthrust
section ~10 km east of the trench (green diamonds). Percent sediment that is un-
derthrust beneath the toe along the margin is shown with blue stars.

(Figs. 2-4, Supplemental Figs. 4-16). The plate boundary in south-
central Chile forms at a very shallow position in all of the 13 CE-
VICHE profiles across the trench, allowing ~80-95% of the trench
sediment to subduct beneath the toe and frontal wedge (Figs. 2-5;
Supplemental Figs. 4-16).

Along with the shallow décollement, we see little deformation
within the trench sediment associated with the deformation front.
All of the lines show low-offset (<20 m) normal faults in the in-
coming sediments that we attribute to plate bending (blue lines
on Figs. 2 and 3). These normal faults dip ~65-75° and extend
from the oceanic basement through the lower ~1/3 of the trench
sediments but do not typically intersect recently deposited sedi-
ments near the seafloor. A second, independent set of faults are
low-vertical displacement thrusts that form seaward of the main
frontal deformation with dips between ~40-50°. Protothrusts are
generally defined to be small offset thrust faults observed sea-
ward of the large displacement thrust fault that defines the de-
formation front (e.g. Barnes et al., 2018; Cochrane et al., 1994;
Moore et al, 1990) and are interpreted to define areas of com-
paction in the trench sediments (Barnes et al.,, 2018; Bray et al,,
1986). On nearly all of the CEVICHE profiles, there are relatively
few thrusts and they exhibit complex relationships. Here we iden-
tify “protothrusts” as thrust faults with displacement <30 m that
lie seaward of the high strain regions of the accretionary wedge,
which has thickened by large displacement thrusts that are not
well imaged due to the high strain. In any case, they do not extend
more than 2-3 km seaward of the high displacement thrust faults
that are actively involved in frontal accretion (Fig. 2; Supplemental

Figs. 4-16). These observations contrast significantly with observa-
tions from other well-sedimented margins such as Nankai (Moore
et al, 1990), Hikurangi (Barnes et al., 2018) or Oregon (Cochrane
et al., 1994; Han et al.,, 2017), where protothrusts form as far as
7.5-12 km seaward of the deformation front. Along Chile, there is
very little evidence of strain propagating into the trench sediment
beyond the deformation front.

The only region where the formation of considerable pro-
tothrusts are observed in the seismic data occurs near 38°S in lines
MC11 and MC13 (Fig. 3; Supplemental Fig. 8). Fig. 3 shows one
of the two profiles (line MC13) where thrusts with larger offsets
(>30 m) and conjugate dips (~35-50°) form within the incom-
ing trench section out to ~10 km seaward of the frontal thrust.
These protothrusts extend down to a deep layer near the top of
ocean crust; however, the down dip continuity of strata beneath
the lower slope implies that the long-term position of the décolle-
ment remains shallow, and a deep décollement does not develop.
The strain resulting from the protothrusts appears to be accom-
modated by internal deformation within the lower strata of the
subducting trench sediment, and protothrusts likely become inac-
tive once they are subducted. The shallow décollement position
appears to be stable in this region due to the consistent thickness
of continuous subducted sequences, congruous with the thick sed-
iment subduction observed along the rest of the margin.

3.2. Sediment velocity anomalies

Following other studies (e.g. Bangs et al, 1990; Cochrane et
al., 1994; Erickson and Jarrard, 1998; Han et al, 2017; Li et al,
2018), we look at P-wave velocities for additional clues to sedi-
ment consolidation state and inherent strength. By comparing sed-
iment velocities to a reference velocity curve for normally consoli-
dated distal turbidites (i.e. the offshore Oregon transect presented
by Han et al, 2017), we can detect over or under consolidated
strata within the incoming sediment section. We use velocities of
the undeformed trench sediment along Chile, which are similar to
those off Oregon (Han et al., 2017), and conclude that the refer-
ence is sufficiently similar that we can use the Han et al. (2017)
reference (see Supplemental Material for justification of reference
velocity). The residual velocity (observed minus reference velocity)
of the incoming sediment in each of our profiles is small across
the trench to the deformation front. This includes both regions of
the trench that are well seaward of the deformation, which is ex-
pected from our reference, as well as regions that are landward
of the deformation front. This sharply contrasts with what is seen
offshore Oregon, where the thick subducting sediment packet has
negative residual velocities both seaward and landward of the de-
formation front, presumed to be a result of delayed consolidation
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Fig. 6. Thickness of underthrust sediment for thick (>1 km) sedimented subduction zones. The colored values have along the trench have been interpolated from seismic
reflection profile measurements, whose locations are shown with dots. Blue dots represent measurements from depth sections; purple are from time sections. Sources found

in Table 1.

(Han et al., 2017). Delayed consolidation is also typical along other
margins, such as Barbados (Bangs et al., 1990; Bray et al., 1986;
Cochrane et al., 1994), Nankai (Bangs et al., 2009), and Alaska (Li
et al,, 2018). Landward of the trench in south-central Chile, under-
thrust sediments have small negative residual anomalies that are
too low to imply substantial delayed consolidation and possible
over-pressuring when compared to other margins (Cochrane et al.,
1994; Bangs et al., 1990; Han et al., 2017; Li et al., 2018; Fig. 3).

The only exception to this pattern in our data is near the MFZ
on lines MC11 (Supplemental Fig. 8) and MC13 (Fig. 3), where ve-
locities are slower than the reference velocity across the trench.
The slow anomalies in the sediments occur seaward of the pro-
tothrusts that form on these profiles, increase to near zero within
the area of protothrusts, and decreases again in the sediments
subducting beneath the wedge. This pattern suggests a region of
relatively poorly drained sediment near the MFZ, and that the pro-
tothrusts may locally provide drainage pathways to allow some
consolidation. Negative residuals within the incoming and under-
thrust sediment beneath the frontal wedge indicate lower Vp and
thus less overall consolidation here than the other CEVICHE pro-
files, consistent with weaker sediments that are more prone to
development of protothrusts. There is no evidence for particularly
high stress in this location to cause the protothrusts, and these ob-
servations imply stress propagating into south-central Chile trench
sediment is only sufficient to develop protothrusts where sedi-
ments may be locally somewhat weaker.

4. Discussion

4.1. Global compilation of underthrust sediment thickness at
well-sedimented margins

The deformation front is a critical zone for the development
of the seismogenic zone. A thick underthrust sediment section
relative to basement topography at the toe enhances the devel-
opment of a smooth and homogeneous plate boundary at seismo-
genic depths. Scholl et al. (2015) defines thick sediment where the
sediment thickness at the deformation front is greater than 1 km.
For the thick trenches that Scholl et al. (2015) have identified, we
have compiled examples of the sediment subduction fraction from
seismic reflection data, based on the authors’ decollement inter-
pretations (Fig. 6, Table 1). We attempted to maintain consistency
with measurements by using the original authors’ decollement
measurements instead of reinterpreting the data ourselves, which
was often not possible due to the resolution of published figures.
Whenever possible, we used depth sections for our measurements.

When depth sections were not available, we used time sections
and converted the two-way-travel time to depth using a constant
velocity of 2 km/s within the sediments (Table 1, highlighted in
purple), but we acknowledge an inherent uncertainty. We selected
only lines that did not have subducting basement structure, such
as seamounts, at the deformation front, as these features may af-
fect the amount of sediment bypassing the toe (i.e. Bangs et al,,
2006). The data were compiled from multiple sources for most of
the margins, and is intended as a representative, rather than com-
prehensive, sampling.

The results of the compilation (Fig. 6 and Table 1) show that
apart from south-central Chile, no other setting has more than
50% of the incoming sediment subducted beneath the wedge, and
<25% is more typical. Except for the extremely thick (7.5 km)
Makran setting, underthrust sediment thickness is typically less
than 1 km (Kopp et al., 2000). There are localized areas in Cas-
cadia, Barbados, and Hikurangi where >1 km of sediment is sub-
ducting past the toe, but as Fig. 6 shows, this does not typically
extend for large sections of the margin. Many subduction zones
with thick (>1 km) trench sediment sections around the globe de-
velop décollements within pelagic and hemipelagic sections near
the base of the trench section; however, the décollement forms in
an extremely shallow position within the turbidite sequences in
south-central Chile. The compilation shows that the large amount
of trench sediment that is typically scraped off the subducting
plate makes the frontal zone a critical determining factor for what
will eventually be subducted down to the seismogenic zone.

4.2. Thick underthrust sediment section along Chile

One of the most remarkable observations from the CEVICHE
dataset is that the décollement forms at an unusually shallow level
at the deformation front, near the top of the trench sediments. The
shallow décollement along Chile allows the subduction of a thick
(>1.5 km) trench section beyond the toe (Fig. 2, 4), despite having
only moderate trench sediment thickness (Fig. 6). Where sediment
subduction greater than 1 km does occur at other convergent mar-
gins, it is localized and likely dependent on a change in lithology,
like Cascadia (Han et al,, 2017), or due to a subducting seamount
or ridge, such as what is hypothesized in Nankai (Bangs et al.,
2006), and observed in Alaska (von Huene et al., 2012). The local-
ized sediment accretion that is observed on one seismic line just
north of our lines in the Maule rupture area is interpreted by Tréhu
et al. (2019) be a temporary process needed to “heal” an embay-
ment in the margin caused by a large topographic feature at least
2 Ma. Otherwise, the shallow décollement forms along the entire
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Table 1

Global sediment thickness for thick (>1 km) trenches. Sediment thicknesses were measured from seismic sections, and underthrust thickness
is based on author’s décollement interpretation. Purple highlighted sites are based on time sections, where a constant 2 km/s was applied to

convert time to depth.

Subduction Zone  Thickness Thickness  Thickness  Percent Percent Lat Long Source

subducted at DF accreted subducted accreted
Makran 3.00 7.50 4.50 0.40 0.60 25.00 63.15 Kopp et al. (2000)
Chile 2.75 2.85 0.10 0.96 0.04 —42.83  —75.53 this study
Chile 2.73 2.85 012 0.96 0.04 —36.06 —74.08 this study
Chile 243 2.52 0.09 0.96 0.04 —4234  —75.50 this study
Chile 2.25 2.30 0.05 0.98 0.02 —36.18 7418 this study
Chile 2.00 2.10 0.10 0.95 0.05 —4400 -75.86 this study
Chile 1.76 1.97 0.21 0.89 0.11 —3799  —74.60 this study
Chile 1.65 1.70 0.05 0.97 0.03 —39.08 —74.96 this study
Chile 1.62 1.91 0.29 0.85 0.15 —3784  —74.59 this study
Chile 1.57 1.65 0.08 0.95 0.05 —40.50 —75.16 this study
Chile 1.52 1.62 0.10 0.94 0.06 —3448 7339 this study
Chile 1.51 1.60 0.09 0.94 0.06 —3479  -73.52 this study
Cascadia 1.50 340 1.70 0.44 0.50 44.60 —125.30 Han et al. (2017)
Chile 1.45 1.65 0.20 0.88 0.12 —39.22 7497 this study
Barbados 1.40 2.90 1.50 0.48 0.52 14.45 —57.50 Bangs et al. (1990)
Cascadia 1.25 3.20 1.95 0.39 0.61 44.70 —125.80  Cochrane et al. (1994)
Chile 115 1.40 0.25 0.82 0.18 —40.41 —75.15 this study
Hikurangi 110 4.00 2.90 0.28 0.73 —40.80 178.10 Barnes et al. (2018)
Barbados 1.10 2.50 1.60 0.44 0.64 13.40 —57.50 Bangs et al. (1990)
Hikurangi 1.00 3.70 2.70 0.27 0.73 —41.00 177.75 Barnes et al. (2018)
Taiwan 1.00 2.50 1.50 0.40 0.60 19.00 120.00 Eakin (2014)
Barbados 0.90 1.80 0.90 0.50 0.50 16.20 —59.00 Bangs et al. (1990)
Taiwan 0.80 2.30 1.50 0.35 0.65 2140 119.80 Eakin (2014)
Alaska-Aleutians 0.75 175 1.00 0.43 0.57 57.00 —149.00  von Huene et al. (2012)
Alaska-Aleutians  0.90 2.30 145 0.33 0.63 54.20 —156.25  Lietal (2018)
Hikurangi 0.60 3.80 3.20 0.16 0.84 —4020 17850 Barnes et al. (2018)
Alaska-Aleutians 0.60 2.00 140 0.30 0.70 58.00 —148.00  von Huene et al. (2012)
Nankai 0.60 2.40 1.80 0.25 0.75 33.00 136.10 Moore et al. (2009)
Colombia 0.52 1.30 0.78 0.40 0.60 0.40 —81.00 Marcaillou et al. (2016)
Sumatra 0.50 4.50 4.00 0.11 0.89 2.40 94.75 Dean et al. (2010)
Sumatra 0.50 4.50 4.00 0.11 0.89 1.30 96.40 Dean et al. (2010)
Alaska-Aleutians 0.50 1.20 0.70 0.42 0.58 53.20 —160.40  von Huene et al. (2019)
Nankai 0.50 1.60 110 0.31 0.69 33.20 136.80 Park et al. (2002)
Nankai 0.50 1.00 0.50 0.50 0.50 32.30 135.00 Bangs et al. (2006)
Alaska-Aleutians 0.35 1.40 1.05 0.25 0.75 55.90 —152.47  Davis and von Huene (1987)
Java 0.30 1.30 1.00 0.23 0.77 —9.10 —254.00  Kopp et al. (2009)
Taiwan 0.25 2.20 1.95 0.11 0.89 19.20 119.90 Eakin (2014)
Sumatra 0.20 3.00 2.80 0.07 0.93 2.75 94.15 Gulick et al. (2011)
Cascadia 0.20 3.10 3.10 0.06 1.00 4730 —126.30  Han et al. (2017)
Sumatra 0.20 2.60 2.40 0.08 0.92 3.80 93.30 Gulick et al. (2011)
Chile 0.00 3.30 3.30 0.00 1.00 —4758  —76.30 Behrmann and Kopf (2001)
Nankai 0.00 140 1.40 0.00 1.00 31.90 133.80 Nasu et al. (1982)
Sumatra 0.00 3.20 3.20 0.00 1.00 10.00 90.00 Moeremans et al. (2014)
Taiwan 0.00 2.75 2.75 0.00 1.00 21.20 120.00 Lester et al. (2013)
Hikurangi 0.00 1.60 1.60 0.00 1.00 —3917 17875 Pedley et al. (2010)
Hikurangi 0.00 1.50 1.50 0.00 1.00 —3942 17875 Pedley et al. (2010)

~1,000-km-long segment of the Maule and Valdivia rupture areas
that we surveyed and along southern portions of the Valdivia rup-
ture that we did not cover (Scherwath et al., 2009; Behrmann and
Kopf, 2001). Our observation is also consistent with previous ob-
servations that the frontal accretionary prism along south central
Chile is small relative to the trench supply since Pliocene (Bangs
and Cande, 1997; Contreras-Reyes et al., 2010), and over the long
term most of the incoming trench material is subducting beyond
the toe and not frontally accreted.

The formation of the shallow décollement along this margin
may be explained by trench sediments that drain more readily
and are stronger than at other subduction settings. As the trench
section approaches and passes beneath the deformation front, it
becomes subjected to additional stresses. Along other margins, the
result is delayed consolidation as far as 15 km seaward of the
trench, as evidenced by drilling results and slow seismic velocities
in sediments beneath the décollement and proto-décollement (e.g.
Bangs et al., 1990; Cochrane et al., 1994; Han et al., 2017; Li et al,,
2018; Moore et al., 2009). Along the section of the Chile margin
spanned by our study, with the exception of the MFZ region, resid-
ual velocity anomalies are mostly neutral seaward of the trench

and only slightly negative beneath the lower slope (Fig. 2; Supple-
mental Figs. 4-16). We also observe very few thrusts that extend
seaward into the trench section. This may be a result of minimal
stress propagation from the wedge into the trench section, but it
is also consistent with strong resistance to thrusting due to par-
ticularly strong sediment or the lack of weak intervals within the
trench section. These observations imply that the sediment is well-
drained before reaching the deformation front and can drain fast
enough to maintain normal consolidation as subduction beneath
the lower slope increases overburden. Minimal overpressures form
within the subducted sediments in south-central Chile, in contrast
to what is seen offshore Oregon (Han et al., 2017), Barbados (Bangs
et al, 1990), Nankai (Bangs et al., 2009), and Alaska (Li et al,
2018), where slow velocity layers are observed both beneath the
décollement and the proto-décollement.

The low amplitude of the décollement reflection is not a result
of poor imaging, as we can see reflections from layers beneath this
reflector. Instead it results from the small contrast in density and
seismic velocity above and below the décollement. It is thus con-
sistent with the presence of a well-drained, normally consolidated
trench section that does not contain excess fluid to be expelled
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and trapped along the décollement as a result of subduction. Large
impedance contrasts and high amplitude décollements are com-
monly seen along other margins and are attributed to differences
in consolidation across the décollement, where accreted sediments
may be over-consolidated (e.g. Morgan and Karig, 1995; Han et al.,
2017), and underthrust sediments undergo delayed consolidation
(e.g. Moore et al., 1990; Bangs et al., 1990; Cochrane et al., 1994;
Han et al, 2017; Li et al,, 2018). Our Vp anomalies do not indi-
cate that there is substantial difference in the consolidation of the
sediments above and below the décollement (Fig. 2, Supplemental
Figs. 4-16).

The hypothesis that the trench sediments drain readily and
strengthen enough to resist faulting is verified by our observations
within the Mocha Fracture Zone region where this does not occur.
Along this segment we find slower Vp and negative Vp anoma-
lies in the incoming sediment section that imply they are poorly
drained, and possibly over-pressured (Erickson and Jarrard, 1998)
making them inherently weaker (Fig. 3) (Jaeger and Cook, 1969).
Coincidentally, we observe a high number of protothrust faults ob-
served on MC13 (Fig. 3) and MC11 (Supplemental Fig. 8). Further-
more, we also see that Vp increases (and the Vp anomaly lessens)
in the vicinity of the protothrusts presumably by partially drain-
ing this section prior to subduction under the lower slope (Fig. 3).
The initial development of a deep décollement in the protothrusts
region may not be sustainable due to the lack of a weak hori-
zon within the deep pelagic sequences, and may fail to continue
to develop once these protothrusts drain fluids out of the deeper
horizons. This appears to be a rare, localized effect, since our other
lines, including other areas with fracture zones (Guafo FZ, Fig. 1),
do not display evidence of frontal thrust ridges in the bathymetry,
deeply penetrating thrusts within profiles, or large negative Vp
anomalies. The bathymetry data show only one other possible nar-
row region of frontal ridges in our study area near the Chiloe FZ
(~41.7°), but there are no seismic lines to indicate if there are
associated thrusts. Tréhu et al. (2019), in a region north of our
study area, demonstrate that observations of ridges formed by pro-
tothrusts in swath bathymetry data are not enough to infer how
much sediment accretion or subduction is occurring. In either case,
the effect appears to be localized since it does not appear on other
lines, and may not affect the long-term position of the décolle-
ment.

There is little drilling data in the incoming sediment section
to provide ground truth to our observations; however, what does
exist supports the hypothesis that the trench sediment has effec-
tive drainage. Along the entire Chile margin, the incoming sedi-
ment sequence consists of only 30-150 m of pelagic sediments
on top of the incoming plate (Kudrass et al., 1998). Consequently,
thick pelagic and hemipelagic sequences that we presume are clay-
rich, low-permeability sediment are largely lacking in the Chile
trench. The bulk of the ~1.6-2.9 km of trench sediment consists
of recently deposited trench turbidites (Mix et al., 2003; Volker
et al., 2013). ODP Site 1232 in south-central Chile (Fig. 1) re-
covered ~371 m of sandy turbidite sequences, consisting of one
lithologic unit, ~70 km seaward of the trench (Mix et al., 2003).
The coarse turbidite sands are numerous, averaging 2.7 coarse lay-
ers/m, and may provide ample permeable fluid pathways relative
to other subduction zone trenches. The sand layers could facili-
tate drainage and explain localized positive residual Vp observed
in trench sediment (Kulm and Woollard, 1981; Mix et al., 2003).
The strength of the sediments offshore Chile could be similar to
the strong, dehydrated sediment found off the coast of Sumatra
(Geersen et al., 2013; Gulick et al., 2011); however, evidence of
a high-fluid-pressure proto-décollement has been found in Suma-
tra, which does not appear to be present in south-central Chile
(Geersen et al., 2013; Hiipers et al., 2017). Along Chile, the trench
sediments are transported along-strike by an axial channel mainly

to the north as the seafloor becomes deeper (Voélker et al., 2013),
which creates a thick, trench turbidite section along the entire seg-
ment of the margin that may not contain regions of overpressure
or localized weak layers. These conditions lead to the shallowest
sediments being the most mechanically weak, resulting in the for-
mation of the shallow décollement (Le Pichon et al., 1993).

4.3. Relationship to megathrust earthquakes

The position of the décollement well above the subducting to-
pography limits the development of possible heterogeneities along
the plate interface. These observations are consistent with mech-
anisms for the margin-wide locking at depth during interseismic
periods (Ruff, 1989; Scholl et al., 2015), because the sediments
cover the topography on the down-going plate and prevent inter-
actions with the upper plate that localize stresses and trigger rup-
tures (Mochizuki et al.,, 2008; Wang and Bilek, 2014). This allows
stress accumulation to higher levels and over broader areas than
décollements that interact with rough crust. What we have yet
to determine is whether the position remains shallow at greater
depths or if it steps down closer to the top of the crust. Studies
of mass balance along the Chile margin do provide some broad
constraints on total accretion. Although subduction has occurred
here since the late Carboniferous (Willner et al., 2004), and trench
sediment levels have likely been near-constant since the Miocene
(Bangs and Cande, 1997), only a very small frontal accretionary
prism exists, <40 km wide (Bangs and Cande, 1997; Contreras-
Reyes et al., 2010). Therefore, proportionally small amounts of the
trench sediments have been accreted by either frontal or basal ac-
cretion (Bangs and Cande, 1997; Kukowski and Oncken, 2006) and
on average, the décollement must have maintained a very shallow
position at the deformation front as it is currently.

The rapid drainage and consolidation that we observe for the
trench sediments may also be a factor in their frictional properties
along the megathrust. The somewhat greater strength of the trench
sediment may be because of the turbidite lithologies, or from un-
usually efficient, shallow fluid loss that lessens the potential for
high-fluid pressure along the megathrust. Either of these could
enhance velocity-weakening behavior at shallower depth than is
typical for most subduction zones, similar to what has been sug-
gested in Sumatra (Geersen et al., 2013; Gulick et al., 2011; Hiipers
et al.,, 2017). These conditions are conducive to strong locking and
rupture along the entire segment of the subduction zone. They
may also contribute to tsunamigenesis by promoting slip closer to
the trench, like what occurred during the 2011 Tohoku and 2004
Sumatra earthquakes (Geersen et al., 2013; Gulick et al., 2011; Ko-
daira et al., 2012; Lay et al., 2011). Rupture up to the trench has
been modeled for both the Valdivia and Maule ruptures (Moreno
et al., 2009; Yue et al.,, 2014).

Ultimately, images of the top of ocean crust and subducted
sediment along the deeper, strongly locked portions of the Chile
rupture areas are needed to fully assess fault conditions leading
to great earthquakes. We expect to image structure beyond the
toe with further work, but this is challenging in this complex set-
ting. Projection to depths beyond the lower slope is difficult for
most subduction zones and a more complete understanding of this
mechanism globally is still limited. Scholl et al. (2015) noted that
the 2011 Tohoku Mw ~9.0 rupture occurs where there is <1 km
of sediment on the incoming plate, so other mechanisms beyond
the lower slope may have a role (Seno, 2017). Our assessment of
subducted sediment thickness beyond the lower slope (Fig. 6) may
also raise questions regarding other sites with great earthquakes
that cannot yet be fully addressed without a more complete pic-
ture of deeper structure. However, our study does show very little
frontal accretion along the south central Chile margin, and this
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margin is especially prone to developing a smooth, homogeneous
megathrust over a very broad region.

5. Summary

The incoming sediments along the south-central Chile mar-
gin, composed almost entirely of trench wedge turbidites, ap-
pear to be stronger and potentially better drained than sediments
found in other subduction settings. This leads to almost the en-
tire 1.6-2.9 km trench section subducting beneath the toe. Our
data show an unusually shallow décollement forms along nearly
1,000 km of the south central Chile margin, and that this is un-
usual, compared to other subduction zones worldwide (Fig. 6,
Table 1). The homogeneous, frictionally strong, and well-drained
trench sediment, which results in a smooth and relatively strong
plate boundary, may be responsible for the widespread strong
locking between the Nazca and South American plates observed
along the margin (Fig. 1), leading to large megathrust earthquakes.
This study highlights that the thickness, consolidation state, and
strength of the incoming sediments may exert direct control on in-
terplate coupling and megathrust earthquake behavior, and, build-
ing on the argument by Han et al. (2017), trench and lower slope
processes impact the seismogenic zone by controlling sediment
partitioning past the toe. Our results also point out that this be-
havior is anomalous when compared to sediment-rich subduction
zones worldwide where, in general, most of the incoming sedi-
ment is accreted. Regional differences in the partitioning between
accreted and subducted sediment should be included in sediment
recycling estimates and models of subduction zone behavior.
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