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SUMMARY

The Andean Subduction Zone is one of the longest continuous subduction zones on Earth. The
relative simplicity of the two-plate system has makes it an ideal natural laboratory to study
the dynamics in subduction zones. We measure teleseismic S and SKS traveltime residuals
at >1000 seismic stations that have been deployed across South America over the last 30 yr
to produce a finite-frequency teleseismic S-wave tomography model of the mantle beneath
the Andean Subduction Zone related to the Nazca Plate, spanning from ~5°N to 45°S and
from depths of ~130 to 1200 km. Within our model, the subducted Nazca slab is imaged
as a fast velocity seismic anomaly. The geometry and amplitude of the Nazca slab anomaly
varies along the margin while the slab anomaly continues into the lower mantle along the
entirety of the subduction margin. Beneath northern Brazil, the Nazca slab appears to stagnate
at ~1000 km depth and extend eastward subhorizontally for >2000 km. South of 25°S the
slab anomaly in the lower mantle extends offshore of eastern Argentina, hence we do not
image if a similar stagnation occurs. We image several distinct features surrounding the slab
including two vertically oriented slow seismic velocity anomalies: one beneath the Peruvian
flat slab and the other beneath the Parana Basin of Brazil. The presence of the latter anomaly
directly adjacent to the stagnant Nazca slab suggests that the plume, known as the Parana
Plume, may be a focused upwelling formed in response to slab stagnation in the lower mantle.
Additionally, we image a high amplitude fast seismic velocity anomaly beneath the Chile
trench at the latitude of the Sierras Pampeanas which extends from ~400 to ~1000 km depth.
This anomaly may be the remnants of an older, detached slab, however its relationship with
the Nazca—South America subduction zone remains enigmatic.

Key words: South America; Seismic tomography; Dynamics of lithosphere and mantle.

subducting slabs (e.g. Schmandt & Lin 2014; Tao et al. 2018). The

I INTRODUCTION heterogeneous image of the mantle has incited interest in the influ-

Improvements in global seismic instrument coverage have provided ence of non-slab anomalies on mantle flow dynamics which may
increasingly higher resolution models of the seismic velocity struc- play critical roles in global processes of material recycling and heat
ture of subduction zones. New models reveal a complex image of transport (e.g. Faccenna et al. 2013; Chang et al. 2016; Hu et al.
subduction, illuminating a mantle that is heterogeneous with fast 2018).

and slow velocity anomalies that surround and are in contact with
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Figure 1. (a) Tectonic map of South America. Black lines denote major plate boundaries (Coffin ez al. 1998) and convergence velocity (DeMets ef al. 2010).
The dashed regions correspond to the surface expression of cratons (adapted from Rocha ef al. 2011 and Rapela & Baldo 2014). Active Holocene volcanoes
are shown as triangles (Siebert ef al. 2011). Contours show the Slab2 model of the Nazca slab (Hayes et al. 2018). (b) Location of >MS5 earthquakes from 1960
until 1 January 2020 (NEIC-USGS, USA Earthquake catalogue 2020). Colour scale denotes the hypocentral depth, see colour scale within figure. (c¢) Inverted

triangles show the location of stations used within our model.

The Andean Subduction Zone is a long-lived and continuous
system with ongoing subduction since at least the Mesozoic (e.g.
Meégard 1987; Somoza & Ghidella 2012; Horton 2018). The sub-
duction zone is characterized by the eastward subduction of the
oceanic Nazca Plate beneath the continental South American Plate
for ~7000 km along strike (Fig. 1a). Convergence along most of
the margin is relatively uniform at ~7-9 cmyr™' at an azimuth of
~71-78° (DeMets et al. 2010). North of 2°S, convergence slows to
5.8 cmyr™' (Trenkamp et al. 2002). The spatial and temporal scale
and relative simplicity of the Andean Subduction Zone makes it
ideal for assessing the role of supraslab mantle anomalies on the
dynamics of the subduction system.

Global body wave tomography models image a continuous Nazca
slab from ~10°N to 35°S beneath South America (e.g. Bijwaard
etal 1998; Li et al. 2008; Fukao & Obayashi 2013; Lu e al. 2019).
The depth extent into the lower mantle and the morphology of the
slab are difficult to discern between models owing to a broadening of
resolution with depth. Many global models show some indications
of the Nazca slab extending into the lower mantle and stagnating
beneath northern Brazil at ~1000 km depth and subducting at a
normal dip of ~30° to the south. Regionally focused teleseismic
tomography studies echo such behavior with improved resolution of
the slab, revealing a more complicated slab geometry. Such models
show sharp transitions from flat to normal subduction angles both
along-strike and downdip (e.g. Scire et al. 2016, 2017; Portner
et al. 2020), the existence of tears and holes in the slab (Pesicek
et al. 2012; Scire et al. 2016; Portner et al. 2017, 2020) and the
interaction of the slab with sub- and supraslab velocity anomalies
(e.g. Scire et al. 2016, 2017, Portner et al. 2017; Celli et al. 2020).
The size and full geometry of many of these anomalies remain
ambiguous, particularly in teleseismic S-wave studies which have
been previously limited in their footprint in South America.

We improve on existing S-wave velocity models of the South
American mantle by achieving high-resolution images at the conti-
nent scale. Our results expand both laterally and in depth the S-wave
teleseismic tomography model of Scire et al. (2016), which covered

the upper mantle beneath southern Peru and northernmost Chile
and Bolivia. Our final model also complements the SAMS_P_2019
teleseismic P-wave velocity model (Portner et al. 2020), which in-
corporated the same seismic stations and model parametrization as
this study. Our new teleseismic finite-frequency S-wave model of
South America takes advantage of more than 30 yr of seismic data
collection across South America with a composite seismic station
array consisting of >1000 stations. By combining this data into a
single tomographic model, we are able to provide a high-resolution
image of the entire subduction system and the interactions of the
slab with the surrounding mantle. We provide a new context for
understanding previously enigmatic seismic anomalies such as the
Parana plume and a relic slab fragment.

2 METHODS AND DATA

2.1 Data

We measure the relative traveltime residuals of teleseismic S and
SKS arrivals recorded at 1056 stations to image the S-wave velocity
structure of the Andean Subduction Zone beneath South Amer-
ica (Fig. lc). Data used in the study is compiled from 52 tempo-
rary and permanent seismic networks across South America over
the last 30 yr [see Table S1; Institut De Physique Du Globe De
Paris (IPGP), & Ecole Et Observatoire Des Sciences De La Terre
De Strasbourg (EOST) 1982; Scripps Institution of Oceanography
1986; Albuquerque Seismological Laboratory (ASL)/USGS 1988,
1993; GEOFON Data Centre 1993; Silver ef al. 1994; Zandt 1996;
Beck et al. 2000; Asch et al. 2002; Russo 2004, 2007; GFZ Ger-
man Research Centre For Geosciences & Institut Des Sciences De
L’Univers-Centre National De La Recherche CNRS-INSU 2006;
Beck & Zandt 2007; Sandvol & Brown 2007; Gilbert 2008; Cesca
et al. 2009; Pritchard 2009; Beck et al. 2010; Roecker & Russo
2010; Wagner ef al. 2010; Waite 2010; West & Christensen 2010;
Observatdrio Nacional, Rio de Janeiro, RJ 2011; Vilotte & RESIF
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Figure 2. Data distribution. (a) Histogram of demeaned relative residuals for direct S (dark grey; n = 52535) and SKS (transparent light grey; plotted on
top of the S phases in plots a-b; n = 30 106) phases before inversion. (b) Backazimuth distribution of residuals divided into 30° bins. (c¢) Location of 1674
earthquakes (M, > 5) used in our model (NEIC-USGS, USA Earthquake catalogue 2020).

2011; PeruSE 2013; Universidad de Chile 2013; Poveda et al. 2015;
Meltzer & Beck 2016; Regnier et al. 2016; Ruiz 2016; Alvarado
et al. 2018; Barrientos & National Seismological Center (CSN)
Team 2018; Bianchi et al. 2018]. Our final data set includes 52 535
S and 30 106 SKS phase relative traveltime residuals from a com-
bined data set of 1674 earthquakes of magnitude 5.0 and larger
(Fig. 2). Traveltimes are determined using the multichannel cross-
correlation technique of VanDecar & Crosson (1990), modified by
Pavlis & Vernon (2010). Each waveform pick is visually inspected to
remove falsely correlated phases (e.g. cycle-skipped phases). Direct
S arrivals were picked on the transverse component of seismograms
from epicentral distance of 30° to 90° and SKS arrivals on the radial
component from epicentral distance of 100—120°. Traveltimes for
both S and SKS phases are picked in three filtered frequency bands:
0.1-0.7 Hz (16 per cent of our final data set), 0.04—0.16 Hz (37 per
cent) and 0.01-0.09 Hz (47 per cent) following prior teleseismic
tomography models (Schmandt & Humphreys 2010; Scire ez al.
2016).

2.2 Traveltime corrections

Relative traveltime measurements at each station are adjusted to
account for the effect of local variations in crustal thickness by
removing the estimated traveltime difference between the IASP91
crustal thickness of 35 km (Kennett & Engdahl 1991) and the esti-
mated local crustal thickness. Local crustal thickness estimates are
derived from a combination of receiver function, seismic reflection
and gravity studies (Fig. S1; Assumpcao et al. 2002, 2004, 2013;
Niu et al. 2007; Julia et al. 2008; Lloyd et al. 2010; Tassara &
Echaurren 2012; Poveda ef al. 2015; Albuquerque et al. 2017; Con-
dori et al. 2017; Rodriguez & Russo 2020). Where local data are
not available, crustal thickness is estimated by interpolating nearby
measurements. Traveltime residuals recorded at stations in the fore-
arc are additionally adjusted to account for relatively faster lower
crustal velocities, as is broadly seen in previous local and regional
studies of the forearc (Graeber & Asch 1999; Koulakov et al. 2006;
Schurr et al. 2006; Ward et al. 2013; Lynner et al. 2018, 2020).

Finally, SKS traveltimes are adjusted to account for azimuthal
anisotropy by:

s 2
tismropic =1 measured — O8I0 ¢ (])

(Stein & Wysession 2009; Nelson & Grand 2018), where 7 easured 1S
the traveltime of an SKS phase to a station, 47 is the station-averaged
delay time of the SKS arrival and ¢ is the angle between the station-
averaged fast polarization angle and event backazimuth. Station
averaged delay times are derived from a compilation of shear wave

splitting studies (Silver & Chan 1991; Vinnik et al. 1992; Helffrich
etal. 1994, 2002; Russo & Silver 1994; James & Assumpgao 1996;
Russo et al. 1996; Barruol & Hoffman 1999; Murdie & Russo 1999;
Polet et al. 2000; Kriiger et al. 2002; Heintz et al. 2003; Behn et al.
2004; Assumpgao et al. 2006, 2011; Pinero-Feliciangeli & Kendall
2008; Growdon et al. 2009; Abt et al. 2010; Masy et al. 2011; Hicks
etal 2012; Nowacki et al. 2012,2015; Rosa & Fuck 2012; Meighan
& Pulliam 2013; Porritt ef al. 2014; Wolbern et al. 2014; Bastow
et al. 2015; Eakin et al. 2015, 2016, 2018; Idarraga-Garcia et al.
2016; Long et al. 2016; Chagas de Melo et al. 2018; Reiss et al.
2018; Lynner & Beck 2020).

For stations without published shear wave splitting measure-
ments, values from the nearest neighbouring station are used. If
the nearest station is more than 50 km away, it is used only when
it is within a similar tectonic province (e.g. if a station was located
on a craton and the nearest station was not, the preferred splitting
measurement substitute was taken from the closest station on the
same craton). We show the effects of these corrections to our data
set and model in Figs S2 and S3. Although the fit to the relative
residuals did not improve significantly, the corrections resulted in
non-negligible changes to the model (in some cases by >4 per
cent dVs), the corrections overall do not affect our interpretations
which rely more heavily on relative variations in structure. The most
significant changes occur in the central part of the continent where
SKS splitting is stronger and more regionally consistent over several
hundreds of kilometres.

2.3 Tomographic inversion

We use the finite-frequency teleseismic tomography method of
Schmandt & Humphreys (2010) to invert for S-wave velocity struc-
ture. This method initially traces rays using the 1-D IASP91 S-wave
velocity model of Kennett & Engdahl (1991). Velocity sensitivities
for each ray are then estimated using Born theoretical kernels within
the first Fresnel Zone to approximate ray sampling (Dahlen et al.
2000; Schmandt & Humphreys 2010). The inversion uses damping,
smoothing, and station and event terms to add constraints to the
model (Schmandt & Humphreys 2010). Analysis of the trade-off
between data variance reduction and the model norm is performed
to choose damping and smoothing parameters of 4 and 5, respec-
tively, for the final inversion (Fig. S4). This choice of parameters
results in a variance reduction of 70 per cent for our final model.
We adopt the model space parametrization of SAMS5_P_2019
(Portner et al. 2020), which divides the mantle into depth and dis-
tance dilating nodes. This node setup additionally accounts for the
non-uniform station spacing across South America (Figs 1c and 3),
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Figure 3. Model node distribution maps. Circles denote model node centres and inverted triangles show the locations of seismic stations, for reference. (a)
The top layer of our model, 60 km depth. (b) The bottom-most layer of our model, 1450 km depth.

most notably in northern Pert, western Brazil, and Argentina, by
placing the smallest nodes (35 km lateral spacing) beneath the Cen-
tral Andes and increases spacing outward to 115 km where station
density is lowest (Fig. 3). The full model-space extends from 60
to 1450 km depth, with the vertical thickness of nodes expanding
from 35 km at the top of our model to 70 km in the lowermost
layer. We additionally include a version of our model with double
the lateral model spacing (70-230 km) in Figs S5 and S6. We note
that the large-scale geometries and locations interpreted structures
does not change in this model, but simply appear ‘smoother’. The
amplitudes of the anomalies decrease as expected with a smoother
model (Figs S5 and S6).

After an initial S-wave tomography inversion using the 1-D ray
tracing, the resulting velocity model is converted to absolute veloc-
ities using the ak135 S-wave velocity model (Kennett et al. 1995)
through which rays are retraced in the upper 750 km using the FM-
TOMO 3-D ray tracing code (de Kool et al. 2006; Rawlinson ef al.
2006). This conversion to absolute velocities is used solely for the
purpose of ray tracing and does not affect the velocity perturbations
inverted for in the model. We then re-invert using the new ray paths.
This process is repeated through six iterations following the initial
inversion, resulting in a final velocity model using iterative 3-D ray
tracing. The effects of 3-D ray tracing on our final model are shown
in Fig. S7.

To characterize the sampling of data in our model space, we
calculate normalized hit-quality (Fig. S8), following Schmandt &
Humphreys (2010). Hit-quality ranges from 0 to 1, where 0 indicates
that no rays sampled a given node and 1 indicates the node was
‘perfectly’ sampled. This measure weights the source location for
rays by binning the rays of each bin into six groups by backazimuth
as a proxy for crossing rays in each bin. A ‘perfectly’ sampled node
therefore indicates that the node is sampled by a high number of
rays from diverse backazimuths. For this study, we have chosen
a hit-quality threshold of 0.4 to qualitatively represent adequate
sampling based on the results of our synthetic resolution tests (see
Section 3.1). We ignore regions in our model that have normalized
hit quality <0.4.

3 RESOLUTION TESTS

As a means of assessing the robustness of our data and model, we
rely on a suite of synthetic resolution tests and bootstrap resampling.

3.1 Bootstrapping analysis

We use bootstrapping to determine the standard deviation of each
node of our model as shown in supplemental Figs S9 and S10. For
the bootstrap resampling method, we randomly sample a subset of
our data, with replacement, and rerun the tomographic inversion
using the new data subset. This process is repeated 100 times, each
with new, randomly selected data subsets, in order to fully character-
ize the stability of our result from our data set (Fig. S9). The effects
of removed or duplicated rays are seen in the resulting model from
each run. We then calculated the standard deviation of the resulting
velocity models at each node in the model space over the 100 boot-
strap runs (Fig. S9). This allows us to determine which anomalies
within the model space are more confidently required by the data.
For all bootstrap resampling and synthetic resolution tests we use
the same model parameters as in our final model inversion (e.g.
smoothing and damping) and refer to all results in terms of model
perturbations, however due to the computational requirements of
the 3-D ray tracing, the following resolution tests were calculated
using the initial S-wave velocity model produced by the 1-D ray
tracing.

The bootstrap results show that the standard deviations for most
of the model space with denser station coverage beneath the high
Andes is <1 per cent dVs, compared to low elevation areas of
Brazil and parts of eastern Argentina where the standard deviation
reaches ~2 per cent dVs due to the larger station spacing. Standard
deviations exceed 3 per cent dVs within the uppermost (60 and
95 km) and lowermost (1380 and 1450 km) layers of our model
(Fig. S10), hence we do not interpret these layers in our model. Rel-
atively high standard deviations are expected in these layers, since
they have the fewest crossing rays and are where the inversion
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typically places anomalies from outside of the model space
(Schmandt & Humphreys 2010). We also observe a gradual in-
crease in the average standard deviation with depth (Fig. S10). This
correlates well with increases in amplitudes of the velocity pertur-
bations with depth, excluding the aforementioned uppermost layers,
indicating that the increase in variance is not a consequence of re-
duced stability with depth. Our final tomography model velocity
perturbations generally varies within +8 per cent dVs with a few
regions having perturbations as much as 15 per cent dVs. Hence,
the anomalies we interpret are >2 per cent dVs (Fig. S8).

3.2 Checkerboard and recovery tests

To assess the resolution of recovered mantle structures in our tomog-
raphy model we perform a number of synthetic tests (Figs 4 and 5).
The first of these is a synthetic checkerboard test with input anoma-
lies alternating +9 per cent dVs and —9 per cent dVs for every three
nodes of our model separated by two nodes of 0 per cent dVs (Fig. 4).
We note that the size of these input anomalies varies with that of
the nodes, both laterally and with depth (Fig. 3). Checkerboard tests
in cross-sectional views and of additional sizes are included in Figs
S11-13. We do not include noise in our checkerboard or recovery
tests.

The checkerboard tests reveal that the highest amplitudes recov-
ered from our input anomalies occur beneath the Andean Cordillera
and eastern Brazil at depths greater than 660 km (Figs 4d—f). We
recover greater than half of our input anomalies across the model
at these depths, with the exceptions of regions of Ecuador/northern
Peru and southern Chile/Argentina. Overall, for these depths, we
observe increased lateral smearing particularly in the westernmost
portion of our model and decreased vertical smearing relative to
the upper mantle. This result is somewhat expected because of the
shallowing of ray incidence angle with depth. South of ~40°S we
recover more of the input anomaly in the lower mantle (>660 km
depth) than in the upper mantle and mantle transition zone layers.
However, the recovered anomaly remains less than 50 per cent of the
input anomaly across all depths at these latitudes. This reduction in
recovered amplitudes likely corresponds to the decrease in station
coverage to the south, with notably very few stations east of the
Cordillera south of ~35°S.

In the upper mantle, the checkerboard test reveals high lateral
resolution of our input anomaly and significant vertical smearing
in most of the model beneath the Andean Cordillera and eastern
Brazil (Figs 4a and b). The amplitudes recovered in these regions
are considerably lower than at greater depths, recovering 15-20
per cent of our input anomaly on average. At these depths within
the upper mantle, the consequence of uneven station density is
most apparent. Beneath westernmost Brazil and Bolivia, east of the
Andean Cordillera, we recover less than half of the input anomalies
where station spacing can exceed 400 km. We additionally observe
lateral smearing of the checkerboard anomalies, most notably in
northeastern Brazil, near the Peru-Brazil border, and in southern
Chile and Argentina. Throughout our model, we recover almost
none of our input anomaly outside of the 0.4 hit-quality measure
(Fig. 4). We therefore distinguish regions with the 0.4 hit-quality or
higher as adequately sampled.

In addition to the traditional ‘checkerboard’ analysis, we per-
formed a number of recovery tests simulating synthetic structures
based on the anomalies that we observe, or would expect to ob-
serve, in our model. The first of these tests is a synthetic Nazca slab
anomaly derived from the slab model of Portner ez al. (2020), which

Mantle dynamics of the Andean Subduction Zone 1557

is based on teleseismic P-wave tomography and earthquake data.
The synthetic anomaly has an input anomaly of +9 per cent dV’s. Re-
covery of the slab is qualitatively similar to that of the checkerboard
test, with the highest recovered amplitudes (>50 per cent) at lower
mantle depths (Fig. 5). Recovery of the input slab anomaly within
the upper mantle is relatively poor in the northern region of our
model space, beneath Peru and western Brazil. The recovered slab
anomaly is more diffuse, with less than half of the input amplitude
recovered (Fig. 5a). Further south, we recover similar amplitudes
in the upper mantle, <50 per cent of the input anomaly, however
there is significantly less lateral and vertical smearing of the slab
anomaly with the highest recovered amplitudes at the centre of our
input anomaly (Figs 5b—d).

Overall, our velocity model is well resolved from ~130 to
1200 km depth in the region of our >0.4 normalized hit quality
contour. The results of our synthetic tests show that the amplitude
and spatial resolution of our input anomalies is best recovered where
station density is highest, beneath the Cordillera from 15°S to 40°S
and eastern Brazil for the upper mantle. In the lower mantle, we
see improved input anomaly recovery throughout, with the highest
amplitudes recovered beneath Brazil, where node sizes are largest.

4 RESULTS

Our final S-wave tomography model, called SAM5_S_2020, using
3-D ray tracing is shown in Figs 6-8 and S14. Regions within our
model that fall below the 0.4 hit-quality measure are greyed out
and will not be discussed. We do not show regions in our model
shallower than 130 km and deeper than 1200 km. The results of
the bootstrap analyses and synthetic recovery tests show regions
outside of these depths to be the least robust. Within these bounds,
the maximum velocity perturbation is 13.2 per cent dVs, while
typical velocity perturbations range from =+ 8 per cent d/s. We note
that because we use relative travel time arrivals as our input data,
0 per cent dVs represents the regional average of the mantle in our
model. Thus, perturbations reported are regional deviations and are
not tied to the global average and cannot be interpreted in terms of
absolute velocity.

The most prominent feature in our model is a linear, high-
amplitude, fast velocity anomaly (~7 per cent dVs), extending from
~5°N to 40°S and from the top of our model space (~130 km
depth) to ~1100 km depth (Figs 6 and 7). This fast seismic velocity
anomaly parallels the Peri—Chile trench and is coincident with pre-
viously interpreted Nazca slab seismicity and models of the Nazca
slab itself (e.g. Cahill & Isacks 1992; Ammirati ef al. 2016; Hayes
et al. 2018; Portner et al. 2020). We therefore interpret this anomaly
to be the Nazca slab. We note that the upper mantle image of the
Nazca slab is somewhat limited by station distribution, manifesting
as amplitude undulations within the slab anomaly (Fig. 6) as seen in
our synthetic slab recovery tests (Fig. 5). This effect is diminished
by ~240 km depth, where we recover a Nazca slab anomaly with
more uniform velocity anomaly amplitudes (~7 per cent dVs; Figs 6
and 7).

The slab anomaly displays a general decrease in amplitude south-
ward, from ~7 to 2 per cent dVs. This is likely a result of poorer
resolution in the south as demonstrated by synthetic checkerboard
and slab tests (Figs 4 and 5). The geometry of the slab anomaly
also differs from north to south as it penetrates the lower man-
tle. Beneath Brazil, the Nazca slab thickens from ~200-300 km
thick to >400 km thick as it enters the lower mantle and flattens

020z Jequieoaq | Uo Jesn Areiqi euoziy Jo AusieAlun Aq 6.21265/€5S L/E/vEz/RIomeNB w00 dno-olwepeoe)/:sdny Wwoly papeojumod



1558  E.E. Rodriguez et al.

80°'W 70°'W 60°'W 50°'W 40'W

80°'W 70°'W 60°'W 50°W 40'W

80°'W 70°'W 60°'W 50°W 40'W

- 10°N
_0°
fsss
200 e b
geos=8 = g 20'
,,l Ok,_,‘ (@
jolviea)) ®
854, 4 - 30's
b4y 910)
B4 i
50 8
00 - - 40°S
OC
Ci0)
D2
’,Q - 50°S
- 10°N
‘0"
E]
- 10°S
o
5 @
QT /@ , ) - 20°S
-
= @ g )
O 3 (S & ® - 30°S
SN P # :l
.\C— !—3
) 'IE S - 40°S
[ 5 |
e
mp)-
=
- 50°S

80°'W 70°'W 60°'W 50°'W 40'W

8 -6 -4 -2

80°'W 70°'W 60°'W 50°W 40'W

80°'W 70°'W 60°'W 50°W 40°'W

Figure 4. Synthetic checkerboard test for example depth slices. Depth slices for each map are denoted in the right corner. For all maps the black solid lines
outline an input anomaly of +9 per cent d/s. Dashed black lines outline an input anomaly of —9 per cent dVs. Our input is designed as alternating positive and
negative anomalies in 3 x 3 x 3 model nodes (Fig. 3) with alternating positive and negative anomalies separated by 2 model nodes with an input of 0 per cent
dVs. The recovered synthetic anomalies are shown by the coloured scale. Note (a) and (d) depth slices at 240 km and 1100 km do not have any input anomalies
but we include them to show some vertical smearing. The thicker black line indicates the 0.4 hit-quality contour. Additional cross-sections and checkerboards

of varying sizes are included in Figs S9-11.

at ~1000 km depth (Figs 7a, 7b and 8e). In contrast, beneath Ar-
gentina we see a Nazca slab that maintains a uniform thickness,
~200 km, and subduction angle as it goes from the upper mantle to
the lower mantle (Fig. 7d). Continuity of the Nazca slab anomaly is
disrupted beneath the Peru-Bolivia border (15-18°S) and beneath
the Sierras Pampeanas (31-33°S). In these two regions, the slab
anomaly disappears for a ~250 km in the lower mantle transition
zone (~550-660 km) and upper mantle (~240-365 km), respec-
tively (Figs 6b, d and 7d), before reemerging at greater depths.

In addition to the Nazca slab anomaly, we observe several high-
amplitude features in our model. The first is a vertically oriented

slow velocity anomaly (S1) (—6 per cent dV’s) beneath the Peruvian
Flat Slab (Figs 6a—c and 8a). This anomaly extends from the base of
the slab anomaly to the bottom of the mantle transition zone, dipping
gently westward (Fig. 8a). The shallow portion of this anomaly
appears to extend laterally beneath the trench, southward along
the margin until ~30°S. Synthetic recovery tests of this feature
comparing two possible depth ranges, the first from 165 to 240 km
(Fig. 9a), and a second from 165 to 505 km (Fig. 9b), show that less
than 10 per cent of the input amplitude is recovered by the former
case. In contrast, the deeper extending input anomaly is recovered
by at least 50 per cent at its centre. Therefore, the observed extent of
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Figure 5. Synthetic slab anomalies test. For all cross-sections (a—d) the solid black line represents the 0.4 hit-quality contour. Greyed out are regions that
scored a hit-quality of less than 0.4. The thicker black contour denotes the location of the synthetic input anomaly, the solid line shows the location of the
+9 per cent dVs. The recovered slab anomaly is shown by the coloured scale. The inverted triangle denotes the location of the trench on the inset map and
corresponding cross-sections. Dashed lines correspond to depths of 410 and 660 km. Our input synthetic slab anomaly comes from the Nazca slab model of

Portner et al. (2020).

the anomaly from 165 to 660 km depth is unlikely to be an artifact
of smearing and is instead a robust result.

Further south directly beneath the slab, we image a relatively
large fast velocity anomaly (F1) ranging from 200 km depth to
the mantle transition zone that extends ~1000 km along the South
America margin (Figs 6a—d and 8b). This feature is subparallel to
the slab in the mantle transition zone. Within the upper mantle, it
appears somewhat amorphous with a more restricted along-margin
extent beneath the region of the Sierras Pampeanas, between ~25°
and 35°S. This anomaly at most depths is similar in amplitude to
the Nazca slab anomaly (~7 per cent dVs). Synthetic recovery tests
of this fast velocity anomaly (F1) show that the top and bottom
of this feature are well resolved, with very little vertical smear-
ing in the lower mantle and high amplitude recovery at its centre
(~8 per cent dVs, Fig. 9¢c), suggesting it is a real feature that we
recover.

Beneath eastern Brazil, we observe a cylindrical, high-amplitude
slow velocity anomaly (S2, Figs 7 and 8c—d). This anomaly appears
as arelatively thin vertical feature at 130 km depth and subvertically
extends to the bottom of our model. The anomaly is adjacent to the
eastern edge of the Nazca slab anomaly where the slab flattens
at ~1000 km depth (Figs 8c—d). he northern edge of this slow
anomaly connects with several other slow velocity anomalies in
the lower mantle along the length of the Nazca slab beneath Brazil
(Fig. 6f). Synthetic recovery tests of this vertical anomaly show
that the anomaly is well resolved, with high amplitude recovery
and very little vertical or lateral smearing (Fig. 9d), indicating that
the geometry, depth and amplitude of perturbation of the anomaly
observed are relatively robust.

5 DISCUSSION

5.1 The Nazca slab

The fast Nazca slab anomaly dominates our tomography model,
extending from ~5°S to 40°S in both the upper and lower mantle.

The imaged slab is coincident with Nazca Wadati-Benioff Zone
earthquakes (Cahill & Isacks 1992) and displays a similar geom-
etry as that imaged in previous P-wave velocity models (Pesicek
et al. 2012; Bianchi et al. 2013; Scire et al. 2016, 2017; Portner
et al. 2020). The slab anomaly within our model appears relatively
thicker (~200-300 km) than seen in that in SAMS5_P_2019 (Portner
et al. 2020) and other teleseismic P-wave models. This is expected
because the S waves used in this study have broader sensitivity ker-
nels, which naturally smooths the model relative to P-wave models.

With our model, we confirm that the slab anomaly continues
into the lower mantle along the entire subduction zone, similar to
Portner et al. (2020), with varying behavior and structure along
strike. Beneath northern Brazil, the slab anomaly stagnates in the
lower mantle around ~1000—1100 km depth. Further south beneath
Argentina, the slab appears to retain its subduction angle throughout
the observable lower mantle. While the slab anomaly is not as clear
south of 30° S due to sparser data coverage, we clearly do not
observe the same large-scale slab stagnation at ~1000-1100 km
depth (Fig. 7d). Near 35°S—40°S, the slab anomaly extends off-
shore of Argentina and out of our area of resolution. If the slab
does stagnate in the lower mantle in this region, it occurs east of the
South America continent under the western Atlantic Ocean.

The stagnation of slabs within the lower mantle observed in other
subduction zones around the globe (e.g. Fukao & Obayashi 2013;
Goes et al. 2017) has been attributed to mantle layering caused by
changes in composition and/or viscosity (Ballmer et al. 2015, 2017;
Marquardt & Miyagi 2015; Goes et al. 2017) and/or slab properties
such as strength (e.g. Billen & Hirth 2007; Li et al. 2015) or absolute
motion (e.g. Billen 2010). For the Nazca slab, stagnation is unlikely
to be related to variations in slab properties because the emergence
of lower mantle stagnation does not match any known changes in
slab properties, such as absolute motion and plate age. Motion is
relatively uniform along the entire margin as well as relative plate
convergence velocity during the past 10-20 Myr (Kendrick et al.
2003; DeMets et al. 2010), which promotes uniform stagnation
across the margin. The age of the Nazca Plate decreases towards
the south, making the southern, younger/weaker segment of the slab
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Figure 6. S-wave tomography model depth slices from the 3-D ray tracing results (SAM5_S_2020). For all layers the solid black line represents the 0.4
hit-quality contour. Greyed out are regions that scored a hit-quality of less than 0.4. The dashed line represents our interpreted Nazca slab anomaly. The Slab2
model of the Nazca slab at corresponding depths is denoted by the thicker contour (Hayes ez al. 2018). The circles represent > 5 earthquakes from 1960 to 1
January 2019 (NEIC-USGS, USA Earthquake catalogue 2020). F1: Fast velocity anomaly 1. S1-3: Slow velocity anomalies 1-3.

more likely to stagnate. Neither of these patterns matches what we
presently observe.

The slab stagnation beneath Brazil at ~1000-1100 km is more
consistent with mantle layering hypotheses, which can vary over
the observed length scales (Marquardt & Miyagi 2015). Ballmer
et al. (2017) suggest there may be viscosity and compositional
changes at ~1000 km as a result of preserved bridgmanite-enriched
lower mantle. These regions of bridgmanite-enriched mantle may
be regionally preserved for long periods of time and separated by
regions of upwellings due to mantle convection (Ballmer et al.
2017). If these or some other form of lower mantle viscosity layering
(Marquardt & Miyagi 2015; Rudolph et al. 2015) exist, the regions

of slab stagnation at ~1000—1100 km depth may give us clues to
the scale of the mantle heterogeneity. In the case of the stagnant
Nazca slab beneath Brazil it suggests that lower mantle viscosity
jumps may expand over regions of at least 20° by 20°.

In the upper mantle, we observe two gaps within the Nazca slab
anomaly. The first is located at ~18°S at ~550 km depth (Fig. 7a).
This gap has been previously observed in an S-wave tomography
model of the region (Scire et al. 2016) but is absent in P-wave
tomography studies (Fig. S15; Scire et al. 2016, 2017; Portner
et al. 2020). Synthetic recovery tests indicate that a gap of this
size is difficult to resolve due to low amplitude recovery and signif-
icant smearing in this region (Figs 9a and S16). This suggests that
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the imaged slab gap in our model near the Bolivia orocline is not
sufficiently resolved to contradict prior suggestions of a continuous
slab (Portner et al. 2020).

The second slab gap is observed beneath the eastern Sierras Pam-
peanas at the southern edge of the Pampean Flat Slab, extending
from ~200 to 400 km depth (Figs 6b and 7d). Within this gap
we observe a relatively slow velocity anomaly (—3 per cent dVs)
that extends from the lower mantle through the slab gap. Synthetic
resolution tests that include a similar feature suggest the gap is re-
solvable (Fig. S15). Additionally, a gap within the slab anomaly here

has been well imaged in previous teleseismic tomography studies
(Fig. S16; Portner et al. 2017, 2020) and is supported by shear wave
splitting observations (Lynner et al. 2017).

The slow velocities imaged within the gap appears to extend
from the gap to at least 900 km depth and possibly to the base
of the model (1200 km depth). In the lower mantle, the anomaly
appears to spread out and/or connect with other low velocity material
giving it the appearance of a plume-like feature (Fig. 7d). Given the
structure and that slow velocities at these depths are most commonly
attributed to hot temperatures, the anomaly is consistent with prior
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extending from 60 to 660 km depth.

interpretations of it being a conductive feature such as a plume (Burd
etal. 2013). Portner et al. (2017), using a sub-set of the same stations
and P-wave tomography, did not image the slow velocity anomaly
extending into the lower mantle prompting them to hypothesize that
the slow velocity material represents asthenospheric mantle being
dragged into the subduction zone from an offshore hotspot. This
inconsistency could be due to the differences in the capabilities of
P and S waves to capture slow velocity anomalies, where S waves
can potentially provide higher resolution images of slow velocity
anomalies due to the stronger effects of slower velocities on delay
times (e.g. Maguire et al. 2016, 2018). However, this requires further
investigation for this region.

5.2 The surrounding mantle

We image several high amplitude seismic velocity anomalies within
the mantle surrounding the Nazca slab including two slow velocity
anomalies (S1 and S2, Fig. 8) and a high amplitude fast velocity
anomaly (F1, Fig. 8) that we discuss below.

5.2.1 Subslab slow velocity anomalies

The most prominent slow velocity anomaly within the upper mantle
near the slab lies beneath the Peruvian Flat Slab (anomaly S1) and
extends from beneath the flat slab to the base of the mantle transition
zone (~660 km depth). The slow velocity anomaly beneath Pert has
been imaged by a variety tomography studies (Amaru 2007; Li et al.
2008; Antonijevic e al. 2015, 2016; Scire et al. 2016, 2017; Portner
et al. 2020). The nature of this anomaly has attracted several viable
scenarios of its origin including: asthenospheric upwelling related
to locally thinned oceanic mantle lithosphere associated with the
Nazca Ridge (Scire et al. 2016), volatile-enriched submantle (An-
tonijevic et al. 2016), or hotspot material entrained by the motion
of the Nazca slab (Portner et al. 2017). In our model, this anomaly

(~—5per cent slow) extends into the mantle transition zone (Fig. 8a)
implying a deeper origin than these upper mantle related hypotheses.
This observation is consistent with the SAMS5_P_2019 teleseismic
P-wave model (Portner ez al. 2020) which shows the anomaly down
to ~900 km depth.

Regardless of its origin, the anomaly likely represents relatively
hot, buoyant mantle. Its existence may impact the behavior of the
Nazca slab by increasing the local buoyancy beneath the slab. The
Peruvian flat slab flattens at a depth of 70 km (Bishop et al. 2017;
Antonijevic et al. 2015) before resteepening into the mantle at a near
vertical angle, ~400-500 km from the trench (this study; Antoni-
jevic et al. 2016; Scire et al. 2016, 2017; Portner et al. 2020). The
flattening of the slab has been linked to the subduction of the over-
thickened oceanic crust of the Nazca Ridge (Gutscher et al. 2000).
Numerical models have suggested, however, that the increased buoy-
ancy associated with overthickened oceanic crust may not be enough
to flatten the slab on its own, calling for other mechanisms such
as over-thrusting of the overriding plate (van Hunen et al. 2002),
subslab overpressure (Schepers et al. 2017), or slab-suction (Manea
etal. 2012) to contribute to slab flattening. Using receiver functions,
Bishop et al. (2017) suggest the oceanic crust of the Nazca Plate
is eclogitized ~350 km from the trench, and that the slab should
therefore be resteepening nearer to the trench than is observed if
supported solely by slab buoyancy. Bishop et al. (2017) attribute the
continued flattening of the slab to buoyancy forces associated with
hot subslab mantle. Our model shows the slow anomaly extending
to shallow depths (~130-200 km) coincident with the inboard ex-
tension of the Peruvian flat slab, supporting the hypothesis that it
represents a volume of buoyant sub-slab mantle material.

The additional buoyancy provided by hot subslab mantle may
impact coupling along the subduction zone interface. We observe
relatively shallow (<200 km depth) slow velocities along several
other parts of the South America margin in addition to the prominent
slow velocity anomaly beneath Pert. The most laterally continuous
of these subslab slow velocity anomalies is between ~34° and ~45°
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S (Fig. 10). This subslab slow is coincident with the 1960 A, 9.5
Valdivia earthquake rupture and the 2010 M,, 8.8 Maule earthquake
rupture (Barrientos & Ward 1990; Lay et al. 2010), suggesting a
possible correlation between sub-slab slow velocities and increased
megathrust plate coupling (Fig. 10). If these subslab slow velocity
anomalies represent asthenospheric upwellings and hence, cause
some small increased mantle buoyancy they may contribute to plate
boundary segmentation. The increase mantle buoyancy could be
one factor of many that could increase the plate coupling at the
megathrust interface along the segment.

Other smaller subslab slow velocity anomalies are observed in
northern Chile and southern Peru, but they are more limited in
size and may not be sufficiently resolved in our model to corre-
late them with any one earthquake rupture. For example, a small,
low-amplitude anomaly is coincident with the M, 8.3 2015 Illapel
earthquake rupture in central Chile (Melgar ef al. 2016). However,
there is evidence of several varying sized ruptures during different
earthquake cycles along the coast of Chile near ~34°S and 20°S
(e.g. Ruiz & Madariaga 2018) that makes it difficult to assess its di-
rect relationship to the observed slow velocities. More detailed seis-
mic tomography along the trench is needed to improve resolution
along the western South America margin to confirm the correlation
between possible mantle upwelling and any particular plate bound-
ary segmentation. Similarly, sub-slab slow velocity anomalies of a
comparable size and extent have been imaged at other subduction
zones, including Cascadia where subslab slow velocity anomalies
beneath the trench correlate with possible megathrust rupture seg-
ments (Bodmer et al. 2018). Bodmer et al. (2018) suggested that
the subslab buoyancy modulates the thrust interface coupling.

5.2.2 The Parana plume anomaly

Beneath the Parana Basin in easternmost Brazil is a second high-
amplitude slow velocity anomaly (anomaly S2; Figs 8c and d). This
anomaly has been imaged using both teleseismic P- and S-wave
tomography and the vertical geometry of the anomaly has led to its
designation as the ‘Parand plume’ (VanDecar ef al. 1995; Schimmel
et al. 2003; Rocha et al. 2011). It is unclear from previous studies
the extent of the plume in the upper and lower mantle leaving its
origins enigmatic. Determining the origin of this anomaly has been
hindered by a lack of surface expression related to a plume (e.g.
high heat flow, recent volcanism, etc.). Previous interpretations of
the anomaly have included a fossil conduit of the Tristan da Cunha
hotspot (VanDecar et al. 1995), which currently resides beneath
the Mid-Atlantic Ridge, and an upwelling produced by edge driven
convection as the result of the disruption of mantle flow from a
cratonic lithosphere root (King & Ritsema 2000; Assumpgao et al.
2004, King 2007; Rocha et al. 2016, 2019a, b). The most recent
volcanism in the region comes from flood basalts and alkali volcan-
ism dated to between 80 and 137 Ma, corresponding to the opening
of the South Atlantic Ocean and the impingement of the Tristan
da Cunha plume (e.g. Thiede & Vasconcelos 2010). However, as
pointed out by VanDecar et al. (1995) if the surface volcanic out-
crops are related to the imaged mantle fossil plume then the entire
upper mantle must have moved with the South America Plate over
the last 80-137 Ma.

Our model shows the slow anomaly extending well into the lower
mantle (at least to 1200 km) and is located directly adjacent to the
southern edge of the stagnant Nazca slab at ~1000—1100 km depth.
The bottom of this anomaly is unresolved at the base of our model
and may extend deeper than 1200 km. The position of the anomaly

Mantle dynamics of the Andean Subduction Zone 1563

does not agree with predictions made by the fossil plume hypothesis.
The westward absolute motion of the South America Plate predicts
the anomaly would be much further east if it were associated with the
Tristan da Cunha plume rather than beneath the modern exposure
of volcanic rocks. Additionally, anomaly S2 appears to connect
with several slow velocity anomalies along the entire margin of the
Nazca slab at ~1000 km depth beneath Brazil (Fig. 6) suggesting
the anomaly is sourced by a much broader feature.

We offer a new interpretation for the origin of the ‘plume’ based
on its widespread lateral extent and its relationship with the Nazca
slab. We propose that the Parana ‘plume’ anomaly is the result of a
localized upwelling induced by the continued motion of the leading
edge of the stagnant Nazca slab (Fig. 11). Plume formation and
focused ‘wet’ upwellings can occur as the result of a stagnant slab
entering the lower mantle (e.g. Faccenna et al. 2010; Richard &
Iwamori 2010). Similarly, the descent of slabs into the lower mantle
can disrupt the thermal stability of the mantle at the tip of the slab,
forming focused upwellings (Tan et al. 2002). The stagnation of the
Nazca slab may be producing a similar effect, creating a 1000-km-
thick convection cell and inducing a focused upwelling beneath the
Parana Basin. Both models match the distribution of slow velocity
anomalies surrounding the Nazca slab in the lower mantle within
our tomography model.

Alternatively, it is possible that the slab is stagnating in response
to an existing plume rather than inducing the plume. This would
appear similarly in our results. This hypothesis has been proposed
for the Tonga slab, which stagnates within the mantle transition
zone where it intersects the Somoan plume rising beneath it (Chang
et al. 2016). We may be seeing a similar process beneath South
America where Parana plume induces stagnation of the Nazca slab
at ~1000 km depth. Such a model requires rapid trench retreat fol-
lowing stagnation (Chang et al. 2016). In our case, there is a lack
of evidence for a recent pulse of rapid trench retreat of the South
American margin, beyond the background westward migration of
South America (e.g. Seton et al. 2012). Additionally, contact be-
tween the Parana ‘plume’ and the Nazca slab occurs at one edge of
the stagnated slab and not along the entire margin, with ‘normal’
subduction occurring to the south, making this scenario unlikely.
We would also expect a thermal anomaly at the surface if this were
a typical plume sourced at the core—mantle boundary.

From our tomography model alone, the nature of this upwelling
is difficult to resolve. We are unable to determine whether the slow
anomaly is a thermal perturbation (Tan et al. 2002), or ‘wet’ (Fac-
cenna ef al. 2010) from the tomography alone. There is no evidence
for a large thermal perturbation at the surface, suggesting that this
large slow velocity anomaly is not thermal in origin. Focused studies
on the Parana plume have proposed that the slow velocity anomaly
is likely related to a localized compositional change (e.g. Liu ef al.
2003; Rocha et al. 2011) lending support for its interpretation as
a ‘wet’ plume. Additionally, receiver function studies of the upper
mantle transition zone in the Parana Basin (Liu et al. 2003; Bianchi
et al. 2019) have not detected any anomaly that could be attributed
to a thermal origin. However, most numerical models and imag-
ing studies that suggest the formation of ‘wet’ plumes focus on slab
stagnation or fragmentation in the mantle transition zone rather than
the lower mantle (e.g. Faccenna ez al. 2010; Tao et al. 2018). Recent
studies suggest that there are hydrous mineral phases in slabs that
are stable at pressure and temperature conditions in the lower mantle
that could contribute to a seismic low velocity anomaly (Schmandt
et al. 2014; Ohtani 2015; Hermann & Mookherjee 2016). While
it is unclear if a slab can retain enough hydrous mineral phases
to produce a ‘wet’ upwelling in the lower mantle, the lack of a
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Figure 11. Cartoon interpretation of the S2 anomaly beneath the Parana basin. The S2 slow velocity anomaly’s interpreted geometry is represented by the
eastern-most surface. The western-most surface shows the top of the Nazca slab anomaly from our S-wave tomography model. The dashed line plotted on the

topography shows the location of the S2 anomaly from the 130 km depth slice.

measured heat flow anomaly or recent volcanic rocks at the surface
suggests the upwelling maybe related to hydration and composi-
tional changes. Our S-wave images of this deep-rooted low velocity
zone is consistent with upwelling of material leaving open the pos-
sibility that the Nazca slab retained sufficient hydrous phases into
the lower mantle to excite a ‘wet’ plume.

5.2.3 Avrelic slab in the mantle?

In addition to the slow velocity anomalies in the mantle, a high-
amplitude fast velocity anomaly (anomaly F1, Fig. 8b) lies be-
neath the Chile trench adjacent to the Pampean Flat Slab. This
fast anomaly occurs between ~25°S and 35°S and extends variably
from ~200 km depth at some latitudes to ~1000 km depth at others.
Within the mantle transition zone, the anomaly appears parallel to

the Nazca slab anomaly. The amplitude of this anomaly (~+4-5 per
cent), particularly in the mantle transition zone, is similar to, and
at some depths higher than, the Nazca slab anomaly (Fig. 8b). This
anomaly has been imaged in previous teleseismic P wave (Pesicek
et al. 2012; Portner et al. 2017, 2020; Scire et al. 2017) and global
imaging studies (e.g. Li e al. 2008), but with variable shape, size,
and amplitude.

The shallow depth of the top of the F1 anomaly (~200—400 km)
may suggest that it is a relatively young feature. Slab sinking rates
are extremely variable but assuming a globally averaged slab sinking
rate of ~1-2 cm yr ! (e.g. Butterworth et al. 2014), this feature could
be as young as 10-20 Ma. It is unlikely to be a part of the Nazca slab
as the slab anomaly is continuous into the lower mantle, extending
for >2000 km in length directly adjacent to the F1 anomaly (this
study, Portner et al. 2020). With no obvious recent evidence of tear
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in the Nazca slab that would give rise to the size of the F1 anomaly, it
needs to be much older than the Nazca slab. Additionally, the Nazca—
South America trench has experienced >900 km of westward trench
retreat over the last ~50 Ma (e.g. O’Neill et al. 2005; Torsvik et al.
2008; Doubrovine et al. 2012; Somoza & Ghidella 2012; Schepers
et al. 2017), thus any broken off remnant segment of the Nazca slab
would be expected much further east.

If the F1 anomaly is indeed older than Nazca subduction, then
it may be a relic slab that has become trapped in the upper mantle
and is not sinking at typical rates, despite being beneath an actively
subducting plate. Plate reconstructions of the southeastern Pacific
have proposed the existence of an oceanic spreading ridge, between
the Farallon and Phoenix (or Aluk) plates, which subducted beneath
South America during the Palacogene (e.g. Cande & Leslie 1986;
Somoza & Ghidella 2012; Maloney et al. 2013; Gianni et al. 2018,
Fig. S17). Maloney et al. (2013) further divide the Phoenix Plate
into two smaller plates, the Chasca and Catequil plates but for
our purposes we will refer to it as the Phoenix Plate. The exact
location and evolution of the Farallon-Phoenix ridge subduction
at the trench is uncertain, but estimates suggest that it may have
subducted initially near 30°S-36°S relative to the present trench
(Aragon et al. 2013; Maloney et al. 2013; Gianni et al. 2018)
and then migrated southward. The Phoenix Plate was completely
subducted by Late Cretaceous (Maloney et al. 2013; Gianni et al.
2018). The subduction of this oceanic ridge (between the Phoenix
and Farallon plates) has been coupled with a proposed detachment of
the Phoenix Plate in most plate reconstructions (Somoza & Ghidella
2012; Aragon et al. 2013; Gianni et al. 2018). The F1 anomaly could
be a remnant of the Phoenix slab which detached and stagnated in
the mantle transition zone prior to the Nazca slab subduction in
this region. Becoming stagnant is possible with an extremely young
slab and/or if the slab were to become entrapped by a small-scale
convection cell (e.g. Simmons et al. 2015; Wang et al. 2018). This
model, however, still fails to reconcile the westward retreat of the
South America margin where we would continue to expect an old
slab fragment to be further southeast of the present-day trench.
Further work on plate reconstructions and mantle flow are needed
to determine if our suggestion that the F1 anomaly is a slab relic.

Another possibility is that the F1 anomaly may not be a relic
slab but instead may be a compositional anomaly relative to the sur-
rounding mantle. It has been proposed by Ballmer et al. (2017) that
compositional layering of the lower mantle at ~1000 km depth could
prevent full-mantle convection. Disruption of full-mantle convec-
tion could produce long-lived dense materials which resist mantle
entrainment of convections cells and are perhaps seismically de-
tectable (Ballmer et al. 2017). Although compositional layering is
possible, the elongate shape of the anomaly and the high amplitude
(~5 per cent) of the anomaly lead us to prefer a slab origin for the
F1 anomaly.

6 CONCLUSIONS

We present a 3-D ray tracing finite-frequency teleseismic S-wave
tomography model (SAMS5_S_2020) for the mantle above 1200 km
depth beneath South America. Our model reveals a continuous
Nazca slab subducting eastward beneath South America from the
top of our model to ~1100 km depth which is consistent with
previous imaging studies (e.g. Portner ef al. 2020). Lower man-
tle penetration by the slab is characterized by a discrete change in
slab morphology along strike, from a high-amplitude slab anomaly
which broadens and flattens or stagnates at ~1000 km beneath
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Brazil to a less coherent, weakened slab anomaly which appears to
subduct at a ~30° dip through the transition zone beneath Argentina.
The stagnation of the Nazca slab at 1000 km depth beneath Brazil
is potentially coupled with a focused upwelling at the southern edge
of'the flattened slab, beneath the Parana Basin of Brazil. We suggest
this low velocity anomaly may be related to slab dehydration in the
lower mantle.

We image several extensive slow velocity anomalies beneath the
Nazca slab which may, in part, locally increase mantle buoyancy
beneath the slab. We image a slow-velocity anomaly which extends
from the mantle transition zone to ~165-200 km depth beneath
the inboard extension of the Peruvian Flat Slab. Its buoyancy likely
contributes to prolonged flattening of the slab.

We also see a fast, slab-like anomaly beneath the Nazca slab in the
region of central Chile, extending variably ~200-1000 km depth,
which we suggest could be a relic slab segment, possibly related to
the Phoenix/Aluk Plate which subducted along the margin during
the Palacogene. However, further work on plate reconstructions and
mantle flow are needed to determine how such a slab could persist
in the upper mantle with current understandings of reconstructions
of the Nazca—South America subduction zone.
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SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Table S1. List of networks used in model. Temporary deployments
are denoted by the years running in parentheses.

Figure S1. Station crustal corrections. (a) The estimated crustal
thickness at each station used in our inversion. Crustal thickness
estimates are derived from a combination of receiver function, re-
flection, and gravity studies (Assumpgio et al. 2002, 2004, 2013;
Niu et al. 2007; Julia et al. 2008; Lloyd et al. 2010; Tassara &
Echaurren 2012; Poveda ez al. 2015; Albuquerque et al. 2017; Con-
dori et al. 2017; Rodriguez & Russo 2020). Crustal thicknesses
range from 70 km in the high Andes to 35-40 km in the craton
regions. (b) The crustal traveltime correction at each station relative
to the IASPEI model with a crustal thickness of 35 km.
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Figure S2. Relative traveltime residuals distributions. (a) The initial
demeaned data of our traveltime residuals. (b) The same traveltime
residual data of (a) after running an initial 1-D inversion. (c¢) The ini-
tial demeaned traveltime residual data after correcting SKS arrivals
for known shear wave splitting (SWS). (d) The same traveltime data
of (c) with SWS corrections after running an initial 1-D inversion.
Initial data sets (a and c) include a crustal correction and are de-
meaned. The standard deviations are similar for both S and SKS
phases and the SWS corrections makes very little difference in the
relative residuals of the SKS phase.

Figure S3. The effects of shear wave splitting (SWS) traveltimes
corrections on our initial (1-D ray traced) model. Column 1 shows
the tomographic inversion using 1-D ray tracing with no traveltime
corrections to the SKS relative residuals using SWS (variance re-
duction of 65.5 per cent). Column 2, the result after correcting the
initial SKS traveltime residuals for SWS (variance reduction of 67.4
per cent for the 1-D ray traced model). Column 3, the difference
between the two models. We note that the most significant changes
to the model occur in the top and bottom-most layers, where the
inversion typically puts unaccounted for anomalies. Smoothing and
damping parameters were kept the same for each iteration. For all
models, the black line denotes the 0.4 hit-quality contour.

Figure S4. Trade-off analysis curve. Data variance reduction ver-
sus L2 model norm for choices of smoothing and damping param-
eters ranging from 1 to 10 are plotted by the green circles. The
solid/dashed lines correspond to constant damping (denoted as D
1-10) and smoothing (denoted as S 1-10) trends, respectively. The
model with a damping parameter of 5 and smoothing parameter of
4 (yellow star) was chosen for analysis.

Figure S5. Model node distribution maps for a model with node
spacing twice as large as our final model. Red dots denote model
node centres and purple inverted triangles show the locations of
seismic stations, for reference. (a) The top layer of our model, 60 km
depth. Lateral node spacing in this layer varies from 70-230 km.
(b) The bottom-most layer of our model, 1450 km depth.

Figure S6. S-wave tomography model depth slices from a model
using double the node spacing as our final model (see Fig. S5).
We note a change in the colour-scale from all other figures. For
all layers the solid black line represents the 0.4 hit-quality contour.
The magenta line contour denotes the Slab2 model of the Nazca
slab at corresponding depths (Hayes ez al. 2018). The green circles
represent >M 5 earthquakes from 1960 to 1 January 2019 (NEIC-
USGS, USA Earthquake catalogue 2020).

Figure S7. The effects of 3-D ray tracing on our initial model.
Column 1 shows the tomographic inversion using the 1-D ray tracing
with a variance reduction of 65 per cent. Column 2, the result after
1 iteration of 3-D ray tracing. Column 3, our finial model, after
6 iterations of 3-D ray tracing with a variance reduction of 70
per cent. Column 4 is the difference between the 1-D ray tracing
model (column 1) and the model after 6 iterations of 3-D ray tracing
(column 3). Smoothing and damping parameters were kept the same
for each iteration. For all models, the black line denotes the 0.4 hit-
quality contour.

Figure S8. Normalized hit-quality maps. In all panels, the black line
contour marks the 0.4 normalized hit-quality. The depth of each slice
is denoted in the bottom right. We use the 0.4 normalized hit-quality
contour to denote the area of the model with good resolution. We
do not interpret any features of the model outside this contour.
Figure S9. Standard deviations of the bootstrap resampling results.
We used bootstrapping to determine uncertainties in our model and
plot the standard deviations as a function of depth. Depth slices
for each map are denoted in the lower right. Greyed out are regions

below 0.4 hit-quality. Areas with high station density generally have
standard deviation of <1 per cent while regions with broader station
density have standard deviations of up to ~2 per cent.

Figure S10. RMS of the standard deviations from the bootstrap
resampling within the 0.4 normalized hit-quality from the bootstrap
resampling for each depth layer in our model. Greyed-out are the
layers in our model which we do not interpret.

Figure S11. Cross sections of synthetic checkerboard tests. For
all cross-sections the black solid lines outline an input anomaly of
49 per cent dVs. The dashed black lines outline an input anomaly
of —9 per cent dVs. Our input is designed as alternating positive
and negative anomalies in 3 x 3 x 3 model nodes separated by
2 model node with an input of 0 per cent dVs. Note, some of
our checkers appear distorted due to the cross-section choices and
dilating geometry of our nodes. The thick black line indicates the
0.4 hit-quality contour.

Figure S12. Depth slices of additional checkerboard tests (2 x 2 x
2 nodes). For all maps the black solid lines outline an input anomaly
of 49 per cent dVs. The dashed black lines outline an input anomaly
of —9 per cent dVs. Our input is designed as alternating positive
and negative anomalies in 2 X 2 x 2 model nodes separated by 1
model node with an input of 0 per cent dVs. The thick black line
indicates the 0.4 hit-quality contour.

Figure S13. Depth slices of additional checkerboard tests (5 x 5 x
5 nodes). For all maps the black solid lines outline an input anomaly
of +9 per cent dVs. Dashed black lines outline an input anomaly of
—9 per cent dVs. Our input is designed as alternating positive and
negative anomalies in 5 x 5 x 5 model nodes separated by 3 model
nodes with an input of 0 per cent dVs. The thick black line indicates
the 0.4 hit-quality contour.

Figure S14. S-wave tomography all model depth slices from the
3-D ray tracing results. For all layers the thick black line represents
the 0.4 normalized hit-quality contour. Greyed out are regions that
scored a normalized hit-quality of less than 0.4. The magenta line
outlines the Slab2 model of the Nazca slab at corresponding depths
(Hayes et al. 2018). The green circles represent >M 5 earthquakes
from 1960 to 1 January 2019 (NEIC-USGS, USA earthquake cata-
logue 2020).

Figure S15. Synthetic slab tear tests. The black contour denotes
the location of the synthetic input anomaly of +9 per cent dVs
representing the Nazca slab. (a) Shows the recovered slab anomaly
(coloured scale) with a gap in the input anomaly from 505 to 660 km
depth beneath the northern portion of the Bolivian orocline. (b) The
recovered slab anomaly (coloured scale) with a gap in the input
anomaly from 280 to 410 km depth beneath the Sierras Pampeanas.
Plotted above the model cross-sections is topography. The yellow
inverted triangle denotes the location of the trench on the map
and corresponding cross-sections. Our input synthetic slab anomaly
comes from the Nazca slab model of Portner et al. (2020) with the
addition of slab gaps.

Figure S16. Slab gap comparison cross-sections. For all cross-
sections (a—d) the Slab2 model of the Nazca slab at corresponding
depths is denoted by the thicker contour (Hayes et al. 2018). The
circles represent >M 5 earthquakes from 1960 to 1 January 2019
(NEIC-USGS, USA Earthquake catalogue 2020). The inverted tri-
angle denotes the location of the trench on the inset map and corre-
sponding cross-sections. Cross-sections (a) and (c) show the cross-
sections through our final S-wave tomography model. The solid
black line represents the 0.4 hit-quality contour. Greyed out are re-
gions that scored a hit-quality of less than 0.4. Cross-sections (b)
and (d) show the equivalent cross-sections through the SAM_P_2019
(Portner et al. 2020) model. In these cross-sections the thick solid
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black line represents their 0.2 hit-quality contour, where authors de-
limit resolved regions of their model (Portner et al. 2020). Greyed
out are regions that scored a hit-quality of less than 0.2.

Figure S17. Plate reconstruction of the southeastern Pacific at 60
Ma. Arrows represent corresponding plate motions. After Gianni
et al. (2018).
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