
1.  Introduction
The seismic structure of the South American mantle, especially beneath the stable continental interior, has not 
been studied on a regional scale, with limitations in heterogeneous resolving power caused mainly by a dearth 
of seismographic stations outside the Andes Mountains. The continent is composed of three main tectonic do-
mains (Figure 1: the Archean-Proterozoic South American Platform, the Phanerozoic Patagonian Platform, and 
the active Andean Belt. The stable platforms are composed of several cratons and cratonic blocks (Figure 1) 
amalgamated in the Neoproterozoic to form the Gondwana supercontinent. In this stable interior, several regional 
scale tomographic studies using teleseismic P and S waves (e.g., Affonso et al., 2021; Assumpçao et al., 2004; 
Costa et al., 2020; Rocha, Assumpção, et al., 2019; Rocha, Azevedo, et al., 2019; Rocha et al., 2011; Schimmel 
et al., 2003; Simões Neto et al., 2019; VanDecar et al., 1995) have delimited the lateral extension of those litho-
spheric blocks and how they were affected by Mesozoic and Cenozoic intraplate magmatism. However, with the 
available station density in South America, teleseismic tomography models do not usually have enough vertical 
resolution to define the lithospheric thickness. On the other hand, regional and continental-scale surface-wave 

Abstract  We used 3D spectral-element seismic wave simulations and data from 112 earthquakes and 1,311 
seismic stations, totalizing 20,884 unique ray paths, to construct an adjoint waveform tomographic model of 
South America. We performed 23 conjugate-gradient iterations using exponentiated phase (EP) measurements. 
Our final model (SAAM23, South American Adjoint Model—iteration 23) shows a 50% decrease in the 
EP misfit relative to its 3D starting model. We further assessed the phase misfit reduction by using cross-
correlation travel-time measurements of 53 earthquakes not included in the inversion. We estimated SAAM23 
resolution using point-spread function tests and density coverage analysis. The Nazca Slab is well imaged and is 
shown to be continuous in the 300–500 km depth range. Beneath northern South America, the slab traverses the 
mantle transition zone and continues into the lower mantle. In the central and southern part of South America, 
the slab appears to flatten near the 650 km discontinuity before continuing into the lower mantle. In the stable 
Precambrian platform, both cratons (Amazonian and São Francisco), as well as covered cratonic blocks beneath 
the intracratonic Paraná and Parnaíba basins (Paranapanema and Parnaíba, respectively), show high velocities at 
lithospheric depths. The seismic Lithosphere/Asthenosphere boundary (LAB) agrees well with published values 
obtained by S-wave receiver functions. In the Amazonian craton, the positive lithospheric S-wave velocity 
anomalies and LAB depth increase with the average age of the geochronological provinces. No lithospheric 
high-velocity anomalies were found beneath the Río de la Plata Craton.

Plain Language Summary  We developed a new model of mantle seismic velocities beneath the 
South American Plate using adjoint waveform tomography by calculating synthetic seismograms that match 
observations from 112 earthquakes and 1,311 stations. This model (SAAM23, South American Adjoint 
Model—iteration 23) was validated with an independent set of observations. The model shows the Nazca 
Slab crossing the 410 and 650 km seismic discontinuities and plunging directly into the lower mantle. In the 
southern part of the continent, the Nazca Slab flattens and remains close to the 650 km discontinuity. The 
oldest continental regions (the Amazonian and São Francisco cratons, as well as the cratonic blocks buried 
beneath the Paraná and Parnaíba basins) have high velocities in the upper mantle. The boundary between the 
lithosphere (the rigid upper portion of the mantle) and the asthenosphere (the more ductile region below), called 
LAB, estimated by SAAM23 agrees well with other studies. In the Amazonian Craton, both the upper mantle 
velocities as well as the LAB depth increase with the average age of the geochronological provinces. However, 
no high velocities were found beneath the Río de la Plata Craton.
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tomography (e.g., Feng et al., 2004; Heintz et al., 2005; Rosa et al., 2016; Van der Lee et al., 2001) has better 
vertical resolution down to about 300 km and provides better estimates of lithospheric thicknesses. Surface-wave 
tomography has identified the deepest lithosphere in the oldest units of the Amazonian Craton (AC) and the 
southern part of the São Francisco Craton (SFC; Figure 1). However, due to the lower lateral resolution, com-
pared to body-wave tomography, smaller lithospheric blocks have not been identified in a consistent way. Feng 
et al.  (2007) and Celli et  al.  (2020) using partitioned waveform inversion (PWI; Nolet, 1990) and automated 
multimode inversion (AMI; Lebedev et al., 2005), respectively, better resolved the cratonic nuclei by inverting 
surface- and S-wave waveforms simultaneously.

In the Andes, continental-scale teleseismic P- and S-wave tomographic models (e.g., Portner et  al.,  2020; 
Rodríguez et al., 2021) have mapped the geometry of the subducting Nazca Slab below the Andes. However, 
some structural features are still controversial, such as the continuity of the slab at depths beyond the stagnant 
segment near the Peruvian Andes (Mohammadzaheri et al., 2021), or the geometry of the slab in the mantle tran-
sition zone. Beneath the AC (north of ∼20°S) global tomography models (Hosseini et al., 2020; Lei et al., 2020; 
Obayashi et  al.,  2013; Simmons et  al.,  2012) as well as continental models (Portner et  al.,  2020; Rodríguez 
et al., 2021) tend to show the Nazca Slab plunging directly into the lower mantle. In the southern part of South 
America, on the other hand, the above models do not show a consistent position of the subducting Nazca Slab, 
which sometimes appears to be stagnant within the mantle transition zone (MTZ) and sometimes below it.

The recent installation of the Brazilian permanent network (Bianchi et  al.,  2018) and several temporary de-
ployments (e.g., Rivadeneyra-Vera et al., 2019) have enabled better seismic recording coverage of the plate’s 
tectonically stable interior, which help increase the resolution of tomographic images of the region. In this study, 
using the available seismic data, we performed adjoint waveform tomography (or “adjoint tomography”; Fichtner 
et al., 2006; Tape et al., 2007; Tarantola, 1984; Tromp et al., 2005), an iterative full-waveform inversion (FWI) 
technique, incorporating 3D numerical wave simulations in structural inversions to construct new P- and S- wave 
velocity models of South America. Adjoint tomography has so far been successfully applied in regional (e.g., 
Tape et al., 2009), continental (e.g., Fichtner et al., 2009; Zhu et al., 2015) and global (Bozdağ et al., 2016; Lei 
et  al.,  2020) scale studies and uses more information than classical body-wave travel-time and surface-wave 
phase/group velocity methods and the multi-mode PWI and AMI methods, thus improving lateral as well as 
vertical resolving power.

We calculated the wave propagation and data sensitivity kernels in 3D background models using spectral-element 
seismic wave simulations by the SPECFEM3D_GLOBE package (Komatitsch & Tromp, 1999, 2002a, 2002b; 
Komatitsch & Vilotte, 1998). We used the exponentiated phase (EP) misfit (Yuan et al., 2020), an instantaneous 
phase measurement (Bozdağ et al., 2011), to fit the phase information of body- and surface-waves and construct-
ed our model by performing 23 conjugate-gradient iterations.

In the following, we first describe the geology of South America and give information about how we performed 
our adjoint tomography in Sections 2 and 3, respectively. In Section 4, we assess the quality of our model. In Sec-
tion 5, we present SAAM23 and interpret our observations in the study region’s geological and tectonic context. 
We also compare SAAM23 to published tomographic models. Finally, in Section 6, we summarize our results 
and present our findings.

2.  South America Geological Provinces
The South American continent includes Archean cratons and sedimentary rock-covered Proterozoic platforms 
(so-called South American Platform), the Paleozoic orogenies of the Patagonia Platform, and Mesozoic-Ceno-
zoic deformation related to the active mountain building and volcanism in the Andean Belt (Figure 1). Here we 
summarize the most important tectonic and geological aspects of these three main domains.

2.1.  South American Platform

The South American Platform is defined as the tectonically stable continental area not affected by Phanero-
zoic orogenies such as the Andean and Caribbean orogenies. This area has two main domains (de Almeida 
et al., 2000): the Amazonian Domain (AD) and the Brasiliano Domain (BD), approximately separated by the 
Transbrasiliano Lineament (TBL; Chamani, 2020) and the Araguaia Fold Belt (AFB), as shown in Figure 1.
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The AD includes the AC, which comprises several large terranes that formed in the Archean to Neoproterozoic 
eons. These terranes are exposed in the Guyana and Central Brazil shields and overlain by the Paleozoic Amazon 
Basin (de Almeida et al., 2000; COUTINHO, Maria Glícia da Nóbrega, 2008) elsewhere. Teixeira et al. (1989), 
Tassinari and Macambira  (1999), and Cordani et  al.  (2016) separate the AC into six geochronological prov-
inces (Figure 1). The AC began as an Archean protocraton (Central Amazonian Province, >2.3 Ga) and had 
several terranes accreted via orogenic belts and magmatic arcs (Maroni-Itacaiúnas, 2.2–1.95 Ga; Ventuari-Tapa-
jós, 1.95–1.8 Ga; Rio Negro-Juruena, 1.8–1.55 Ga; Rondonian-San Ignácio, 1.5–1.3 Ga; and Sunsas-Aguapeí, 
1.25–1.0 Ga), eventually colliding with Laurentia (de Brito Neves & Fuck, 2014). Although Santos et al. (2000), 
Santos (2003), and Vasquez et al. (2008) prefer different boundaries for these geochronological provinces, both 
geochronological models show the same trend of younger ages toward the west.

Surface-wave tomography models (Celli et al., 2020; Feng et al., 2007; Heintz et al., 2005) generally show high 
lithospheric velocities in the eastern part of the AC (beneath the oldest provinces of Central Amazon, Maroni-It-
acaiúnas, and Ventuari-Tapajos) compared to the younger western provinces. Feng et al. (2007) found lithospher-
ic thicknesses up to ∼200 km beneath the oldest Central Amazonian Province, including beneath the western part 
of the Amazon Basin, but found no correlation between the distribution of high lithospheric velocity anomalies 
and the smaller geochronological provinces. Heintz et al. (2005) and Celli et al. (2020) found similar lithospheric 
velocities as well as waning lithospheric velocities beneath the Amazon Basin.

The BD is comprised of the large SFC, as described by Heilbron et al. (2016) and references therein, and several 
other smaller cratonic fragments, some of which (Parnaíba and Paranapanema blocks, and part of the Río de 

Figure 1.  Major geological structures in South America. The Andean Belt (AB) appears in light brown and the Patagonian 
Platform (PP) in light gray. The cratons are represented by all the other colored polygons. The Amazonian Craton is 
composed of the Guyana Shield (GUS) to the north and the Central Brazil Shield (CBS) to the south. We also show the six 
geochronological provinces: Central Amazonian, Maroni-Itacaiúnas, Ventuari-Tapajós, Rio Negro-Juruena, Rondonian-San 
Ignácio, and Sunsas-Aguapeí. The darkblue polygon is the Paranapanema Block (PpB) and the lightgreen the Paranaíba 
Block (PnB). The map also includes the Paraná (blue contour) and the Parnaíba (green contour) basins, the Transbrasiliano 
Lineament (TBL) and the Araguaia Fold Belt (AFB). BP, NZR, and CHR are the Borborema Province, the Nazca Ridge 
and the Chile Ridge, respectively. Inset map: South American Platform (light green), Patagonian Platform (light gray), and 
Andean Belt (light brown). The Amazonian Domain (AD) is separated from the Brasiliano Domain (BD) by the TBL in the 
southern and central parts of Brazil, and possibly by the AFB in the north.
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la Plata Craton) inferred to lie beneath intracratonic basins, as shown in Figure 1. Archean to Paleoproterozoic 
rocks are exposed in the northeast and the south of the SFC. These cratons and cratonic blocks were amalgamated 
during the assembly of Gondwana, together with the AC (de Almeida et al., 2000; de Brito Neves & Fuck, 2014; 
Cordani & Teixeira, 2007; Cordani, Teixeira, et al., 2009; Teixeira et al., 2020).

Global tomography models, such as CAM16 (Priestley et al., 2018) or GLAD-M25 (Lei et al., 2020) do not 
usually show separate high-velocity anomalies for the AC and the SFC, but continental scale tomography models 
(Celli et al., 2020; Feng et al., 2007; Heintz et al., 2005) do. However, the SFC is not always distinguished from 
the smaller neighboring blocks. Clearly, although there is general agreement among regional tomography models 
regarding the high-velocity lithosphere of the two domains of the South American Platform, smaller blocks and 
cratons have not yet been consistently delineated.

2.2.  Patagonian Platform

The Patagonian Platform, the portion of the stable South American continent south of 35°S (Figure 1), is younger 
in age and was involved in Phanerozoic orogenic processes (de Almeida et al., 2000). According to Ramos (2004), 
Patagonia is composed of allochthonous terranes that joined Gondwana in the Early Permian. This younger age 
is reflected in low upper-mantle velocities seen in both global (e.g., Lei et al., 2020; Priestley et al., 2018) and 
continental scale surface-wave tomography models (Celli et al., 2020; Feng et al., 2007; Heintz et al., 2005).

2.3.  Andean Belt and Nazca Plate

The Andes Mountain Belt, the second highest orogenic belt on Earth, were generated by the Cenozoic tecton-
ic shortening of the South American Plate margin overriding the subducting Nazca Plate (e.g., Ramos, 1999; 
Sobolev & Babeyko, 2005). Along the Andean Belt (Figure 1), there are several cordilleras, sierras, plateaus, 
basins, and valleys (Cordani et al., 2000). Formation of the Andes began in the late Cretaceous with subduction 
of the Farallon Plate beneath the northern part of the continent, propagating to the southern portion of the Andes 
by the early Paleogene (e.g., Chen et al., 2019).

The Andean subduction zone is one of the most tectonically and seismically active on Earth. The convergence of 
the Nazca and the South American plates caused the uplift of the Andes and also created a volcanic chain along 
the whole mountain belt. The seismicity and volcanic activity along the western edge of South America vary sig-
nificantly as a result of complex geological processes (Hayes et al., 2015) caused by spatial and temporal changes 
in the dip angle (Ramos, 1999) of the subducting Nazca Slab. At present, the subducting Nazca Slab has three 
relatively flat slab segments (Figure 2): the Colombian Flat Slab (from 8°N to 5°N), the Peruvian Flat Slab (from 
3°S to 15°S), and the Pampean Flat Slab in Argentina (25°S to 32°S). The two largest flat segments (Peruvian and 
Pampean), are imaged at about 100–150 km depth by surface-wave tomography models (e.g., Celli et al., 2020; 
Feng et al., 2007; Heintz et al., 2005).

Earthquakes in South America are typically shallower than 300 km or deeper than 500 km. The deep earthquakes 
concentrate in two zones: one that runs beneath the Peru-Brazil border and another that extends from central 
Bolivia to central Argentina (Hayes et al., 2015). The slab geometry presented by Hayes et al. (2018; Figure 2) 
interpolated earthquake gaps by using seismic-tomographic models. However, some tomographic models sug-
gest gaps in the subducting Nazca Slab, such as downdip from the Peruvian Flat Slab (e.g., Mohammadzaheri 
et al., 2021).

3.  Adjoint Tomography
The resolution of seismic-tomographic models is directly controlled by data coverage and the chosen forward 
and inverse theory used in tomography. Seismic tomography is traditionally based on ray theory, which is a 
high-frequency approximation (Cervenỳ, 2001). Since the current resolution of seismic tomography has reached 
the limits of ray theory (Peter et al., 2009) finite-frequency effects (e.g., Dahlen et al., 2000) have been taken 
into account both in body-wave (e.g., Montelli et al., 2004) and surface-wave (e.g., Zhou et al., 2006) tomo-
graphic studies computing Fréchet kernels in 1D reference models. Advances in numerical methods and com-
putational power have enabled to solve the wave equation numerically by taking the full complexity of the me-
dium and source into account. Lekić and Romanowicz  (2011) and French and Romanowicz  (2015) used 3D 
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spectral-element wave simulations (Capdeville et al., 2003; Chaljub et al., 2003; Chaljub & Valette, 2004; Ko-
matitsch & Tromp, 1999, 2002a, 2002b; Komatitsch & Vilotte, 1998; Peter et al., 2011) combined with kernels 
derived using non-linear asymptotic coupling theory (NACT; Li & Romanowicz, 1995, 1996) in waveform in-
versions. Today’s computational resources have enabled us also to compute 3D data sensitivity kernels (so called 
Fréchet kernels) numerically in 3D background models in full-waveform inversions based on the adjoint method.

Introduced by Tarantola (1984) into seismology, the adjoint tomography takes advantage of the full complexity 
of the seismic wavefield both in the computation of synthetic seismograms and Fréchet kernels (using the ad-
joint-state method) to iteratively update seismic-tomographic models (Fichtner et al., 2006; Plessix, 2006; Tromp 
et al., 2005; Virieux & Operto, 2009). 3D waveform simulations allow for maximizing the information extracted 
from each seismic record with appropriately defined misfit functions based on the difference between observed 
and simulated (synthetic) data (e.g., Bozdağ et al., 2011; Brossier et al., 2010). A review of methods, including a 
discussion of the tomographic resolution of the mantle models, may be found in Liu and Gu (2012).

In this study, we provide new constraints on geological and tectonic processes in South America by constructing 
new P- and S-wave velocity models based on adjoint tomography. At this stage, we use the phase information 
measured by comparing observed and synthetic waveforms only excluding the amplitude information of wave-
forms to simplify the inverse problem and focus on the elastic structure. We used the SPECFEM3D_GLOBE 

Figure 2.  Representation of the Nazca Plate based on the Slab2 model. Contours are plotted at every 50 km. The subducting 
Nazca Slab is relatively horizontal beneath northern Colombia (CO), Peru (PU), and western Argentina (Pampean Flat Slab, 
PP), as shown by the far eastern 150 km depth contour.
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package (Komatitsch & Tromp, 2002a, 2002b) to perform both forward (to compute synthetic seismograms) and 
adjoint simulations (to compute the gradient of our misfit function using the adjoint-state method).

Our tomography workflow has three basic stages (numerical simulations, pre-processing, and post-processing) 
which closely follow Zhu et al. (2012) and Bozdağ et al. (2016), except the pre-processing part (Figure 3). The 
pre-processing stage involves selection of measurement windows and computation of adjoint sources where 
we used the EP misfit (Yuan et al., 2020), an instantaneous-phase misfit (Bozdağ et al., 2011), for our phase 
measurements instead of frequency-dependent cross-correlation travel-times used in Zhu et al. (2012), Bozdağ 
et al. (2016), and (Lei et al., 2020). For the selection of measurement windows, we used our Python-based win-
dow-selection algorithm, PyWinAdjoint (Ciardelli, 2021) which is similar to the automated window selection 
algorithm FLEXWIN (Maggi et al., 2009). In the post-processing stage we updated the model iteratively based on 
a conjugate-gradient optimization method (Fletcher & Reeves, 1964; Nocedal & Wright, 2006). This section first 
gives information about our starting model and forward and adjoint simulations, then pre- and post-processing 
stages.

3.1.  Starting Model and Model Parametrization

Our starting model M00 is a combination of the 3D mantle model S362ANI (Kustowski et al., 2008) and the 3D 
global crustal model CRUST1.0 (Laske et al., 2012). S362ANI is radially anisotropic in the uppermost mantle 
and was inferred from a compilation of surface-wave phase velocities, long-period waveforms, and body-wave 
travel times. S362ANI includes topography of the 410 and 650 km discontinuities in the upper mantle. CRUST1.0 

Figure 3.  Adjoint tomography workflow. The preparation of the observed data stage comprises both the data request as well as the pre-processing: detrend, taper, 
remove response, filter, and downsample. The preparation of the synthetic data consists in running the mesher and the N forward simulations using the CMT source 
files. The measurement stage includes the selection of windows, the misfit measurements, and the computation of the adjoint sources. This is the stage in which our 
workflow differentiates from others (e.g., Bozdağ et al., 2016; Lei et al., 2020) as we used our own window selection algorithm, designed to create large windows, 
which are adequate for EP measurements (Yuan et al., 2020). The window selection and the creation of the adjoint sources were carried out using PyWinAdjoint. The 
adjoint sources must be re-computed every iteration whereas we kept the windows fixed over a range of iterations (Figure 7). The computation of gradient comprises 
the summation of all kernels, smoothing, and preconditioning. Lastly, the model update stage includes the determination of the step length and the model update using 
the conjugate gradient method.
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is global crustal model compiled from crustal thickness estimates inferred from active-source seismic and passive 
source receiver function studies as well as global data on sedimentary layers, with a resolution of a 1° × 1°.

Following the starting model S362ANI + CRUST1.0, our model parameterization includes transverse isotropy in 
the upper mantle while the rest of the model is isotropic. We made this choice because our data coverage decreas-
es considerably below 800 km depth (Figure S8 in Supporting Information S1), hampering adequate resolution 
for anisotropy.

Following Zhu et al. (2012) and Bozdağ et al. (2016), we reduced the redundant dependency of P and S-wave 
velocities on the shear modulus by ignoring P-wave anisotropy and inverting for the bulk sound velocity c 
(𝐴𝐴 𝐴𝐴 =

√

𝜅𝜅∕𝜌𝜌 where κ is the bulk modulus and ρ is the density).

The trade-off between density and wave velocities is a well-known problem. Some researchers address it by 
attempting to simultaneously invert wave velocities and density (e.g., Beller et  al.,  2018; Blom et  al.,  2020). 
To minimize the trade-off between parameters, we preferred to scale the density from the updated shear-wave 
velocity model at each iteration similar to Zhu et al. (2012) and Bozdağ et al. (2016). Following Montagner and 
Anderson (1989), we used the following relation to scale density:

𝛿𝛿ln𝜌𝜌 = 0.33 𝛿𝛿 ln 𝛽𝛽𝛽� (1)

where β is the isotropic shear wave velocity estimated via the Voigt average (Babuska & Cara, 1991):

𝛽𝛽 =

√

2𝛽𝛽𝑣𝑣
2
+ 𝛽𝛽ℎ

2

3
.� (2)

Then, we have four parameters in our inversion: bulk-sound velocity c, vertically polarized shear-wave velocity 
(βv), horizontally polarized shear-wave velocity (βh), and the dimensionless parameter η (Kawakatsu, 2016). The 
gradient of our misfit function, which is discussed in Section 3.2.3, may be written as:

�� = ∫�

(

�� �ln � +��� � ln �� +��ℎ � ln �ℎ +�� � ln �
)

�� ,� (3)

where Kc, 𝐴𝐴 𝐴𝐴𝛽𝛽𝑣𝑣 , 𝐴𝐴 𝐴𝐴𝛽𝛽ℎ , and 𝐴𝐴 𝐴𝐴𝛽𝛽𝜂𝜂 are the Fréchet derivatives of c, βv, βh, and η parameters, respectively, and the loga-
rithmic terms are the associated model perturbations.

3.2.  Forward Simulations and the Pre-Processing Stage

We used the 3D global wave propagation solver SPECFEM3D_GLOBE package in forward and adjoint simu-
lations. Our study region fits to 90° × 90° one chunk (the globe consists of six chunks in the solver). Topogra-
phy, bathymetry, gravity (the Cowling approximation; Cowling, 1941), ellipticity, rotation, the ocean load, and 
attenuation were taken into account during numerical simulations. The details of our numerical simulations (i.e., 
absorbing boundaries, the mesh, etc.) are given in the Supporting Information S1. In the following, we discuss 
the pre-processing stage to compute adjoint sources for adjoint simulations.

3.2.1.  Data Selection

In this study, we used seismic data from 112 earthquakes (Figure 4a) selected from the global CMT (Centroid 
Moment Tensor) catalog (Dziewonski et al., 1981; Ekström et al., 2012) from April 1994 to April 2018, with 
moment magnitudes (Mw) between 6 and 7. This Mw range was selected from a larger list of 270 earthquakes 
(Mw > 5.5). Since numerical wave simulations are performed for each earthquake, we tried to optimize the cost 
of simulations by selecting events with high-quality data while trying to preserve a good azimuthal coverage. 
We also used as many stations as possible, given that the number of receivers does not change the computational 
cost of simulations. The mesher does not use the actual stations’ elevations, placing all of them at the averaged 
topography values from ETOPO1. We also excluded events larger than Mw = 7 where finite-source effects be-
come significant considering the minimum period of our simulations (17 s). We downloaded the observed data 
from both permanent and temporary networks, including stations from USP, IRIS, and GFZ (see the complete list 
in Section 7). The events were selected by checking the similarity between observed and synthetic waveforms. 
Before performing a quality check, observed and synthetic waveforms went through classical data processing 
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steps, that is, removing the mean and trend, tapering, and low-pass filtering. The same data processing steps and 
filters were applied to both observed and synthetic seismograms. The observed waveforms were additionally 
deconvolved with the instrument’s response to ground displacement.

After computing synthetic ground displacement seismograms, we visually compared them to observed ones. 
Some receivers appeared to have orientation issues, such as swapped signal polarities and swapped horizontal 
components. In such cases, we corrected the metadata information when we could do so reliably or discarded 
the data. We also excluded waveforms with large discrepancies between observed and synthetic amplitudes (Fig-
ure 5). After this visual inspection and manual cleaning, we kept data from 1,311 stations. Figure 4 shows the 
distribution of sources and receivers used in this study.

3.2.2.  Measurement Window Selection

We further checked the quality of waveforms and select measurement windows using our Python-based window 
selection algorithm, PyWinAdjoint. PyWinAdjoint utilizes fewer selection parameters than FLEXWIN (Maggi 
et al., 2009), but has extra parameters designed for quality control purposes, such as eliminating problematic 
data before the inversion (Section 7). PyWinAdjoint uses a four-stage algorithm, in which the first three steps 
detect and reject noisy data (Figure 5a). The last step carries out the time-window selection based on waveform 
and amplitude similarity. Before selecting measurement windows, we processed observed and synthetic data in 
three-period bands. Figure 5 illustrates the three-period bands used in this study: 17–45 s (Figure 5b), 30–60 s 
(Figure 5c), and 45–100 s (Figure 5d).

Figure 4.  (a) The 112 selected earthquakes. The earthquakes’ focal mechanisms are plotted as beach balls and their color indicates hypocentral depth. (b) The 1,311 
selected stations, colored by elevation.

(a) (b)
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3.2.3.  Measurements and the Computation of Adjoint Sources

The choice of the misfit function is a key step that affects the success and the convergence of FWI (e.g., Modrak 
& Tromp, 2016). It is common to split seismic traces into smaller measurement windows using window-selec-
tion algorithms (e.g., Chen et al., 2017; Lee & Chen, 2013; Maggi et al., 2009) to select high-quality portions of 
seismograms and maximize the information extracted from each time series. Both time-domain cross-correlation 
(Dahlen et al., 2000; Luo & Schuster, 1991; Marquering et al., 1999; Tanimoto, 1995; Tromp et al., 2005) and 
frequency-dependent multitaper cross-correlation (Tape et  al.,  2009; Zhou et  al.,  2004,  2005) measurements 
tend to highlight the maximum amplitude signals in measurement windows where scattered waves, which pro-
vide valuable constraints on the structure of the medium they propagate through, are generally suppressed (e.g., 
Rickers et al., 2012). Unlike cross-correlation measurements, time-frequency misfits (e.g., Fichtner et al., 2009; 
Kristeková et al., 2009) or instantaneous phase and envelope misfits (e.g., Bozdağ et al., 2011) can be applied 
to wave trains without the need for smaller measurement windows (Rickers et al., 2013). used an instantaneous 
phase misfit to image the Icelandic plume to overcome potential wavefront-healing problems (e.g., Nolet & Dahl-
en, 2000). In a synthetic study, Yuan et al. (2020) proposed the EP misfit, a variant of the instantaneous phase 
measurement of Bozdağ et al. (2011), to alleviate the phase wrapping problem.

The last stage of the pre-processing is the computation of adjoint sources based on the chosen misfit function. 
We chose the EP misfit for three reasons: (a) We tried to linearize the inverse problem focusing on the elastic pa-
rameters, which are more linearly related to the phase information; (b) EP measurements can be applied to wave 
trains, which do not require as many time windows as cross-correlation measurements need and highlight smaller 
amplitude signals in the total gradient better; (c) EP deals with the cycle skip problem better than IP measure-
ments by tapering phase shifts larger than π/4. Since the EP misfit (Equation 4) shows non-convexity at large 

Figure 5.  (a) Automated detection and removal of noisy or compromised data. Compromised or noisy seismograms are identified by: (1) Highly different overall 
amplitudes [Z-component of (a), marked in yellow]; (2) Large amplitude signal before P-wave arrival [T-component of (a). The trace segment used to calculate the 
signal-to-noise ratio is marked in magenta]; (3) Amplitude differences that exceed a certain threshold in more than 20% of the record duration (R-component of (a)]. 
The algorithm splits the trace into 50 segments and, for each of them, averages the absolute values of the signal both for the observed and the synthetic seismograms. 
If the ratio between these two numbers exceeds 0.35, the segment is rejected. Accepted segments appear in green. If more than 10 segments are rejected, the whole 
component is discarded. Red and gray bars show the amplitude ratios). (b) Selected windows in the 17–45 s period band. (c) Selected windows in the 30–60 s period 
band. (d) Selected windows in the 40–100 s period band. The algorithm only selects windows after the P-wave arrival detected at the synthetic seismogram.

(a) (b)

(c) (d)
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phase difference (Yuan et al., 2020), appropriate window selections are still necessary to mitigate the cycle-skip 
problem and make sure to select portions of seismograms with high data quality.

Following Yuan et al. (2020), we define the EP misfit based on the observed 𝐴𝐴 𝑑𝑑(𝑡𝑡) and synthetic 𝐴𝐴 𝐴𝐴𝐴(𝑡𝑡) analytic sig-
nals normalized by their envelopes:

𝜒𝜒𝐸𝐸𝐸𝐸 =
1

2

∑

𝑠𝑠𝑠 𝑠𝑠
∫

𝑇𝑇

0

‖𝑑𝑑𝑖𝑖 (𝑡𝑡) − 𝑠𝑠𝑖𝑖 (𝑡𝑡)‖
2
𝑑𝑑𝑑𝑑𝑑� (4)

where 𝐴𝐴 𝑑𝑑𝑖𝑖 = 𝑒𝑒𝑖𝑖𝑖𝑖(𝑡𝑡) and 𝐴𝐴 𝐴𝐴𝐴𝑖𝑖 = 𝑒𝑒𝑖𝑖𝑖𝑖𝑠𝑠(𝑡𝑡𝑡𝐦𝐦) are the normalized analytical signals for observed and synthetic data, respec-
tively. ϕ and ϕs are the instantaneous phase of observed and synthetic data, respectively. Indices s and r indicate 
sources and receivers.

To balance the uneven distribution of earthquakes and seismic stations we introduced a geographical weighting 
to our misfit function, following (Ruan et al., 2019). For each receiver ri, a weight wi is calculated according to 
Equation 5:

𝑤𝑤𝑖𝑖 =

[

𝑁𝑁𝑝𝑝
∑

𝑗𝑗 =1

𝑒𝑒
−

(

𝐷𝐷𝑖𝑖𝑖𝑖

Δ

)2]−1

,� (5)

where Dij denotes the distance between two stations for all Np pairs that include the receiver ri. A reference dis-
tance Δ is used so that the condition number of the matrix given by Equation 5 is not too large. In practice, it is 
determined through a linear search so that its value is around 35% of the maximum (Figure 6b). We used the same 
scheme to balance the source distribution (Figure 6a).

3.3.  Adjoint Simulations

Adjoint simulations were carried out to compute Fréchet derivatives (Tromp et al., 2005) where the result of each 
simulation per earthquake gives the summation of Fréchet kernels that leads to event kernels (Tape et al., 2007). 
Similar to forward simulations, topography/bathymetry, the ocean load, gravity, rotation, ellipticity were all in-
cluded in the adjoint simulations. Attenuation was also taken into account in adjoint simulations using partial 
storage of the forward wavefield (Komatitsch et al., 2016) to ensure accurate sensitivity kernels. We refer to the 
Supporting Information S1, for the details of numerical simulations.

3.4.  Post-Processing Stage

For each iteration, we computed event kernels for the 112 selected earthquakes, and summed them up to obtain 
the gradient of the misfit function (Equation 4) for each model parameter and the pseudo-Hessian kernel (Equa-
tion 6), which was used as a pre-conditioner. The gradients were multiplied by the source weights computed by 
Equation 5. During the summation, we masked the area around seismic sources to minimize the imprint of source 
locations in the computed gradients.

Although we filtered adjoint sources with the same band-pass filter applied to seismograms before running the 
adjoint simulations, we smoothed the gradients of all the parameters using a Gaussian function in the vertical 
and horizontal directions (Zhu et al., 2015) to remove remaining short-wavelength signals and further balance 
the imperfect data coverage (Bozdağ et al., 2016). The crust and the upper mantle, where the wavelengths are 
shorter and the data coverage is better, require less smoothing than the transition zone and the lower mantle. In 
the first six iterations, we used a horizontal smoothing radius of σh = 150 km and a vertical smoothing radius 
of σv = 15 km for the crust and the upper mantle. We increased σh and σv gradually by depth, reaching 200 and 
100 km, respectively, at the bottom of the lower mantle. Smoothing was also gradually decreased as the iterations 
proceeded, progressively including finer details into the model. In the final iteration, we reduced σh to 80 km 
and σv to 5 km for the crust and the upper mantle, and to 120 and 60 km, respectively, at the bottom of the lower 
mantle.

We then weighted the gradients by the inverse of the pseudo-Hessian kernel to velocity up the convergence rate 
of the inversion. Ideally, we would use the complete Hessian matrix in the optimization process. However, since 



Journal of Geophysical Research: Solid Earth

CIARDELLI ET AL.

10.1029/2021JB022575

11 of 36

computing it would be prohibitively expensive (Fichtner, 2010), we replaced it by the so-called pseudo-Hessian P 
(x), which approximates the diagonal terms of the Hessian matrix and can be computed using the second temporal 
derivatives of the forward and adjoint displacement wave fields s (x, t) and s†(x, t) (Luo et al., 2013):

𝑃𝑃 (𝒙𝒙) =

𝐸𝐸
∑

𝑒𝑒=1
∫

𝑇𝑇

0

𝜕𝜕𝑡𝑡
2
𝒔𝒔 (𝒙𝒙, 𝑡𝑡) . 𝜕𝜕𝑡𝑡

2
𝒔𝒔
† (𝒙𝒙, 𝑇𝑇 − 𝑡𝑡) 𝑑𝑑𝑑𝑑𝑑� (6)

The reason for choosing the pseudo-Hessian as a preconditioner is that it resembles data coverage (Luo 
et al., 2013), which further balances the gradient while suppressing high-amplitude values at source and receiver 
locations.

3.4.1.  Model Update

During the first iteration, we used the preconditioned gradients to update the starting model using the steepest 
descent method (Debye, 1909). From the second iteration on, we started using the conjugate gradient method 
(Fletcher & Reeves, 1964) to speed up the convergence. We can keep using the conjugate gradient method as 
long as we keep the measurement windows fixed or until the gradients lose conjugacy (Fichtner, 2010). Both the 
steepest descent and the conjugate gradient methods provide the direction di in which we should update the model 
to have the fastest convergence. We then performed a line search (Wolfe, 1969) to determine the step length α 
for the model update at each iteration. In this study, the line search consists of running forward simulations for a 

Figure 6.  (a) Source weights are applied to each earthquake to balance the geographical distribution by attributing larger weights to more isolated events. (b) Same 
as (a) but for stations. The receiver weights are applied to the adjoint sources (Section 3.2.3) whereas the source weights are applied to the event kernels (Sections 3.3 
and 3.4).

(a) (b)
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subset of 41 earthquakes for various values of α, typically ranging from 0% to 3.5% perturbations in the search 
direction di. Using these values (at least four, in our case), we fitted a polynomial and used its minimum as the 
step size. Then, we updated the model parameters by

ln

(

𝑚𝑚𝑖𝑖+1

𝑚𝑚𝑖𝑖

)

= 𝛼𝛼 𝛼𝛼𝑖𝑖.� (7)

4.  Assessment of the Model Quality
In this section, we present the assessment of the quality of our model by (a) monitoring the misfit evolution, (b) 
using cross-correlation travel-time measurements for an independent set of earthquakes not used in the inversion 
to check the improvement in waveforms by components and period bands, (c) performing Point Spread Function 
(PSF) tests (Fichtner & Trampert, 2011), and (d) estimating the data coverage density. In addition, we computed 
mean correlation coefficients by sources and receivers to estimate the improvement in waveform fitting per event 
and per station.

4.1.  Misfit Evolution

We used the misfit evolution as a metric to assess if and how much the phase misfit decreases after each itera-
tion. We observe a large reduction in the misfit after the first iteration, as expected. As the iterations progress, 
the misfit decreases slower after each iteration and becomes flat, signaling that we are near a minimum of our 
objective function. Figure 7 summarizes our results after 23 iterations for the total misfit and misfit reduction in 
each measurement category (different period bands at three components).

As explained in Section 3.2.3, using the phase information only in the misfit function is one way to mitigate the 
non-linearity of the inverse problem. The multi-scale approach (fitting long-wavelength data first and gradually 
moving on to shorter wavelengths) is another common method in seismology to mitigate the problem since fewer 
local minima exist at longer wavelengths (e.g., Bunks et al., 1995; Van der Lee & Nolet, 1997). We used a single 
period band during the first five iterations, including signals between 50 and 100 s.

We chose 50 s as the minimum period in these first iterations because our starting model S362ANI (Kustowski 
et al., 2008) was inferred from 35 to 150 s surface waves and long-period (above 50 s) body waves. The maxi-
mum period was set to 100 s because that was the upper period band corner we used when removing instrument 
responses, to avoid amplification of low-frequency noise in the data.

After about 20% reduction in the overall misfit, we recomputed the measurement time windows. Due to higher 
similarity of observed and synthetic waveforms, more data was selected and windows were enlarged and merged. 
This inclusion of additional data explains the increase in the misfit from iteration 4 to 5. We carried out two ad-
ditional iterations (5 and 6) using the new windows. Because the misfit reduction was slowing down, we reduced 
the lower period of our band from 50 to 40 s at iteration 7. We performed five more iterations with the newly 
selected measurement windows in which we observed a continuous decrease in misfit.

At iteration 11, we noticed short-wavelength artifacts in the lower mantle, indicating that we needed to smooth 
the gradients below the transition zone further. We first filtered the lower mantle by using the new smoothing 
parameters (σh = 200 km and σv = 100 km) which were also applied to the new gradients. The filtering process 
increased the misfit by a negligible amount (∼0.1%), confirming that our measurements have reduced sensitivity 
to lower-mantle structure.

After three more iterations, the misfit nearly stagnated. At that point, to further reduce the minimum period 
of measurements, the resolution of our simulations was increased by interpolating the NEX = 128 resolution 
mesh, where NEX is the number of spectral elements on each side of chunk at the surface (see the Supporting 
Information S1), to an NEX = 192 (i.e., a 50% increase in the spectral-element density). The higher resolution 
can accurately simulate the wave propagation down to a minimum period of ∼23 s. At this stage we defined a 
second-period band, ranging from 30 to 60  s. The higher-frequency data had larger misfits than the, already 
fit, low-frequency data, resulting in the window-selection algorithm selecting more data in the lower-frequency 
bands. To ensure that each frequency band had equal contribution to the overall misfit, we weighted the adjoint 
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sources of each band by a constant inversely proportional to the amount of data selected (i.e., the total length of 
all the combined windows) before summing them.

We kept the windows fixed from iteration 15 to 19, entering another cycle of continuous misfit reduction. At 
iteration 20, we added a third frequency band, 23–45 s. We recomputed the windows and carried out two ad-
ditional iterations. Finally, at iteration 22, we interpolated the mesh once more to increase its resolution from 
NEX = 196 to NEX = 256 (i.e., a 33% increase in the spectral-element density). We decreased the lower period 

Figure 7.  Upper large figure (a): Overall misfit (MF) drop after each iteration. The values in the vertical axes were averaged 
by the number of measurements which, in our case, is the total number of seismogram components approved for window 
selection in each category. Different colors denote different time windows. Usually, an increase in MF from one stage to 
another is caused by larger windows including more data or by the addition of another period band. On the other hand, 
decreases in MF between stages are a combination of model improvement with reduction of data selected. Lower small 
figures (b): MF drop for each period band. The MFs are smaller in the transverse component because less data is selected in 
that component, reducing its contribution to the overall MF. In all cases, the MF is dimensionless.
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of measurements from 23 to 17 s. Six seconds of period reduction represents a ∼26% increase in frequency. At 
that period range, such an increase had an important impact on the waveform complexity, causing a considerable 
reduction in the amount of data selected, observed as a large drop in the misfit from iteration 21 to 22. We recom-
puted the windows for the last time and carried out two more iterations, but the misfit remained nearly unchanged. 
Therefore, we ended the inversion at iteration 23.

We compared models M00 and M23 by computing synthetic seismograms down to a period of ∼17 s. Here we 
had two choices, each with their own pros and cons: Either we used the windows computed using the M00 syn-
thetic seismograms and lost the information for a considerable amount of waveforms that were selected only at 
M23, underestimating the improvement in waveform fitting, or we used the windows computed using the M23 
synthetic seismograms and ran into the risk of cycle-skipping on the M00 synthetics, overestimating the overall 
misfit reduction. The latter was the lesser con in our case because EP measurements tamper phase differences 
larger than 𝐴𝐴

𝜋𝜋

4
 , limiting the effect of possible outliers on the overall misfit. Using this second approach shows a 

50% reduction in misfit.

We should expect a smaller estimate of improvement in waveform fits when using the first approach, given that 
the windows computed for M00 only include sections of the seismograms that were already reasonably fit since 
the first iteration. Indeed, by using the first approach, we found an overall reduction of 11% from M00 to M23. 
Because both estimates have their limitations, we further assessed the improvement in waveform fits using ap-
proaches that are more resilient to cycle-skipping, presented in the following sections.

4.2.  Cross-Correlation Travel-Time Residuals

The misfit reduction attributes a single value for each period band and component. We measured the overall 
reduction in the phase residual for all waveforms, but we did not know the behavior of the residuals individually 
in each segment of seismograms. We measured the misfit reduction in the same data set used in the inversion 
that minimizes it. A more robust and informative metric would assess waveform fit improvement in an independ-
ent data set that was not used in the inversion. To this end, we computed the misfit based on cross-correlation 
travel-time measurements where we re-selected smaller measurement windows appropriate for cross-correlation 
measurements using M23. To compute the histograms, we downloaded the waveforms of all the events with 
Mw = 6–7 from the GCMT catalog in the region of interest, between 14 August 2018, and 3 November 2020 (53 
events altogether), a period not used in the inversion. Then, we ran NEX = 256 resolution forward simulations 
to generate the synthetic seismograms both for the starting model (M00) and for the final model (M23). Figure 8 
shows all the residuals grouped by component and period band. The histograms show that, even using an inde-
pendent set of data, we observed a substantial improvement from M00 to M23 based on cross-correlation travel 
times. Another advantage of using travel-time histograms is that cycle-skipped measurements with the largest 
time shifts are easy to identify and separate from the reliable measurements because they appear as secondary and 
much smaller peaks, outside the [−Tmin ≤ ΔT ≤ Tmin] interval, where Tmin is the minimum period in which band. 
In Figure 8 we only show measurements within their respective [−Tmin, Tmin] intervals, mitigating the influence 
of cycle-skipping in our analysis.

The most obvious improvement after 23 iterations is the narrower histograms for all the nine categories (Figure 8) 
nicely centered around zero. Our observations based on cross-correlation measurements are also important to 
show the robustness of EP measurements which, to the best of our knowledge, is used in a 3D adjoint tomography 
study with real data for the first time.

4.2.1.  Correlation by Source and Receiver

Another useful analysis to assess the improvement of the final model over the initial one is comparing the mean 
correlation coefficient per event and per station for the original data set (the same used in the inversion). Howev-
er, unlike the previous subsections, this time, we did not use any windows. For each trace that was accepted for 
measurement (i.e., not rejected by the windows selector), we calculated the correlation coefficient between the 
observed and synthetic filtered from 40 to 100 s, without excluding any segment of the seismogram and without 
shifting any of the traces. That coefficient is a measure of the waveform similarity between the two traces.

By computing the mean of the coefficients, we evaluated the overall waveform similarity for each source or 
receiver. Since we were not subdividing the seismograms into multiple disconnected windows, the correlation 
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coefficient is dominated by the largest amplitudes, which are the surface waves. Despite this limitation, this 
analysis is useful for identifying outliers (events or stations) and for assessing model quality and improvement 
per region, without being affected by cycle-skipping. Figure 9 shows that for both sources and receivers, there is 

Figure 8.  Comparison between the travel-time residuals histograms of M00 (black line) and M23 (colored bars) grouped by component and period band. NM stands for 
the number of measurements and ΔT represents the time shift.
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Figure 9.  (a) Mean correlation of all the 1,311 stations per event for M00 and M23. The overall correlation coefficients for M00 and M23 are 0.58 and 0.70, 
respectively. (b) Mean correlation of all the 112 events per station for M00 and M23. The overall correlation coefficient for M00 and M23 are 0.55 and 0.65, 
respectively.
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an improvement in waveform similarity after 23 iterations. For example, as shown in Figure 9b, we notice that 
the model better explains waveform data in Brazil, the central Andes, and oceanic regions. Less impressive fits 
are achieved in the southern portion of South America and especially in the Caribbean, both of which are highly 
tectonically complex regions.

4.3.  Resolution Tests

The inversion of synthetic data generated for checkerboard or tectonic-structure models are commonly used 
in linearized seismic tomography to estimate resolving power (e.g., Celli et al., 2020; Feng et al., 2007; Fukao 
et al., 1992; Grand, 1987; Inoue et al., 1990; Zelt, 1998). Despite the relevance of those tests, they are infeasible 
in adjoint tomography, as they cost as much as the actual iterative inversions. Fichtner and Trampert (2011) intro-
duced “Point Spread Functions” (PSF) in adjoint inversions as a way of directly estimating the model resolution 
at a given spot using a finite-difference approximation to calculate the local action of the Hessian H . δm without 
the need of the actual Hessian H (Equation 8):

𝐻𝐻 𝐻 𝐻𝐻𝐻𝐻 ≈ 𝑔𝑔 (𝑚̃𝑚 + 𝛿𝛿𝛿𝛿) − 𝑔𝑔 (𝑚̃𝑚),� (8)

where H represents the Hessian, δm is the localized Gaussian model perturbation with respect to the optimal mod-
el 𝐴𝐴 𝐴𝐴𝐴 , 𝐴𝐴 𝐴𝐴 (𝑚̃𝑚) is the gradient at 𝐴𝐴 𝐴𝐴𝐴 , and 𝐴𝐴 𝐴𝐴 (𝑚̃𝑚 + 𝛿𝛿𝛿𝛿) is the gradient at 𝐴𝐴 𝐴𝐴𝐴 + 𝛿𝛿𝛿𝛿 . The principle underneath the method is 
that in the vicinity of the optimum model, the Hessian describes the convexity of the objective function, providing 
a direct measurement of the resolution and trade-offs in the misfit caused by δm (Fichtner & Trampert, 2011).

Figure 10 shows point spread functions for four regions we selected based on data coverage and tectonic and 
geological features: the middle of the Central Brazil Shield (Figures 10a and 10b), the Paranapanema Block 
(Figures 10c and 10d) at 110 km depth, the Nazca Plate near 15°S (Figures 10e and 10f) at 1,100 km depth, and 
south Brazil (Figures 10g and 10h) at 2,500 km depth. The two Gaussian perturbations at depths of 110 km have 
a diameter of 100 km. The perturbation at 1,100 km is 130 km in diameter and the perturbation at 2,500 km 
is 150 km. All of the four anomalies are spherical. Figure 10 shows that the deeper the perturbation, the more 
blurred is the recovered result. The amount of blurring is a inverse proxy of resolution. In the Supporting In-
formation, we show four additional resolution tests. Three of them at 150 km depth: in the Andes (Figures S5a 
and S5b in Supporting Information S1), at 40°S, in the Borborema Province (NE Brazil; Figures S5c and S5d in 
Supporting Information S1), and in Venezuela (Figures S5e and S5f in Supporting Information S1). For these last 
three, we used 100 km Gaussian perturbations. The last resolution test is inside the Nazca Slab at 500 km depth 
(Figures S5g and S5h in Supporting Information S1).

By comparing the white contours (showing half the peak amplitude) with the green 500 km diameter reference 
circumferences (Figure 10), the vertical resolution of the model at 110 km depth is estimated to be around 150 km. 
The resolution decreases to ∼390 km at 1,100 km depth, and to around 550 km at 2,500 km depth. The horizontal 
resolution corresponding to these same depths are, respectively: 500–850, 550–660, and 670–1,700 km. The 
three additional resolution tests at 150 km depth (Figure S5 in Supporting Information S1) indicate a vertical 
resolution ranging between 200 and 250 km. In the Nazca Slab, at 500 km depth, it decreases to 350–380 km 
(Figure S5 in Supporting Information S1). The corresponding horizontal resolutions at 150 and 500 km depth are, 
respectively: 500–1,100 and 360–380 km.

4.4.  Coverage Density Analysis

PSF tests provide an estimate of the model resolution at select locations, but they are computationally expensive 
and not practical for assessing resolution at larger scales. A region-wide estimate of data coverage can comple-
ment the resolution analysis of the PSF tests. The pseudo-Hessian can resemble the data coverage by taking into 
account the amplitude effects associated with geometrical spreading of both the forward and adjoint wavefields 
(Luo et al., 2013). For phase measurements, Luo et al. (2013) suggest creating a finite-frequency version of the 
ray density (hitcount) maps from classical methods by summing cross-correlation based finite-frequency (ba-
nana-doughnut) kernels for all measurements after setting all travel-time delays ΔTi equal to one.
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Rather than using the actual kernels computed via the adjoint method, for 
performance reasons, we replaced them with approximate kernels, computed 
using a combination of Gaussian functions (Equations S1 and S2 in Sup-
porting Information S1) around the ray paths of the phases used in our inver-
sion. Ray tracing was carried out using the ObsPy (Beyreuther et al., 2010) 
implementation of TauP (Buland & Chapman, 1983; Crotwell et al., 1999) 
assuming model AK135f_no_mud (Kennett et  al.,  1995; Komatitsch & 
Tromp, 2002a, 2002b; Morelli & Dziewonski, 1993).

To approximate body-wave kernels, we recreated a hollow-banana-like struc-
ture in which the first Fresnel zone was larger and negative, and the second 
one is smaller and positive (Marquering et al., 1999; Woodward, 1992). For 
surface waves, we considered the non-zero sensitivity at the ray path (Dahlen 
& Zhou, 2006; Zhou et al., 2004). We also took into account the sensitivi-
ty variations with depth by mimicking the sensitivity profiles in Takeuchi 
and Saito  (1972), Yoshizawa and Kennett  (2005), Lebedev and Van der 
Hilst (2008), Liu et al. (2016), Zhang and Yao (2017), and Qiao et al. (2018). 
Then, we summed the absolute values of all the approximate kernels and 
normalized the final result by the maximum coverage of all depths (Figure S8 
in Supporting Information S1). Figure 11 shows the resulting map at 110 km 
depth. We explained the method in detail in the Supporting Information 
(Figure S6 in Supporting Information S1). For depths down to 900 km, the 
coverage is similar to that shown in Figure 11, with a maximum achieved at 
500 km. The coverage decreases below 900 km to a minimum at 1,500 km 
(Figure S8 in Supporting Information S1).

5.  Results
Here, we focus our interpretation on the βv perturbations of SAAM23 be-
cause (a) S waves are more sensitive to the presence of fluids and partial 
melting in the Earth’s interior than P waves, conveying more information de-
spite having a lower-frequency content and (b) the inversion of vertically po-
larized waves includes more data because vertical component seismograms 
are generally less noisy than the horizontal components. Nevertheless, we 

present SAAM23’s other parameters in the Supporting Information (Figures S9–S13 in Supporting Informa-
tion S1) as well as the average reference model (Figure S14 in Supporting Information S1). Although the model 
for βv correlates better with geological and geophysical features, βh, αv, and αh show similar trends of high veloc-
ities beneath cratonic blocks, as well as image the Nazca Slab down to about 900 km depth (Figures S9–S13 in 
Supporting Information S1).

5.1.  Overview

Figure 12 shows M00 (S362ANI + CRUST1.0), our starting model, and the final model M23 (SAAM23). In 
SAAM23, we identify structures such as a low-velocity anomaly beneath the South Sandwich Islands subduction 
zone, and beneath the spreading center connecting the Cocos and the Nazca plates to the north of the Galapagos 
Islands. In the South Atlantic region, the contour of the Argentine Basin is imaged as a high-velocity ring around 
the sedimentary basin. At 30°S in the Andes, a distinct high-velocity anomaly shows the shallow-dipping Nazca 
Plate (Pampean Flat Slab). Strong high-velocity anomalies beneath the Paranapanema and the Parnaíba blocks 

Figure 10.  PSF resolution analysis for four points in the model. The left column (a, c, e, and g) shows the perturbations δm, and the right column (b, d, f, and h) shows 
the corresponding action of the Hessian H · δm. The widths of the Gaussian perturbations were adjusted roughly to match the minimum wavelength expected to be 
resolved at each depth, according to the velocities and the minimum resolved periods, ranging from 100 to 150 km. The perturbations are 0.03 in magnitude, positive at 
locations with negative velocity anomalies, and negative in the opposite case. In the recovered plots, the white contours show the values that correspond to half of the 
maximum, allowing an estimate of the resolution by comparison with the green reference circles, which are all 500 km in diameter.

Figure 11.  Normalized coverage density (NCD) at 110 km depth. The white 
contours show the cratons (Figure 1) and the magenta line shows the top 
contour of the Nazca Slab according to Slab2. There is next to no coverage 
outside the region in which the sources and receivers lie. As expected, the 
highest coverage occurs in regions with denser seismic network arrays (e.g., 
northern Chile and southeastern Brazil) or where ray paths cross more often 
(e.g., Amazon).



Journal of Geophysical Research: Solid Earth

CIARDELLI ET AL.

10.1029/2021JB022575

19 of 36

(PB) and the SFC denote the thicker lithosphere. Similar to previous tomographic studies, a high-velocity litho-
spheric mantle is not imaged beneath the Rio de La Plata Craton. The Borborema Province, northeast Brazil, ap-
pears as a strong low-velocity anomaly. Finally, high-velocity anomalies are imaged beneath the cratonic nuclei in 
Central Brazil and the Guyana shields of the AC. These anomalies weaken to the southwest, toward the younger 
lithosphere of the Rondonian-San Ignacio and Sunsás-Aguapeí geochronological provinces.

5.2.  The Subducting Nazca Slab

The subducting Nazca lithospheric slab is imaged as a narrow high-velocity belt parallel to the Andean margin 
(especially between depths of 300 and 1,000 km, as seen in Figure S8 in Supporting Information S1). Here we 
discuss the main features of the subducted Nazca Plate as imaged in SAAM23 and compare them with previous 
models (e.g.,Celli et al., 2020; Gao et al., 2021; Lei et al., 2020; Li et al., 2008; Montelli et al., 2006; Obayashi 
et al., 2013; Portner et al., 2020; Rodríguez et al., 2021; Simmons et al., 2012).

5.2.1.  Slab Continuity Near Peru

The continuation of the flat slab segment beneath Peru into the deeper upper mantle has not been consistently 
imaged. Some global models, such as UU-P07 (Amaru, 2007), MITP08 (Li et al., 2008), and Detox-P1 (Hosseini 
et al., 2020) show a gap in the high-velocity belt in the depth range 300–500 km (Figure 13). The South American 
regional model of Celli et al. (2020) images the flat slab beneath Peru but does not show it continuing downdip, 
between depths of 250–400 km (Figures S18 and S19 in Supporting Information S1). Seismicity in the Benioff 
zone beneath Peru is not continuous: earthquakes occur down to ∼250 km, and then near 660 km, with no activity 
in between. This could lead to an interpretation of the absence of the Nazca Slab in that region. However, other 

Figure 12.  (a) βv anomalies at 110 km depth for the starting model (M00). The white contours show the cratons (Figure 1) and the magenta line shows the top contour 
of the Nazca Slab according to Slab2. (b) Same as (a), but now showing the result after 23 iterations (M23). The regions in which the coverage density was below 10% 
of the maximum were masked to light gray. The color palette was designed to highlight the cratonic nuclei. All % anomalies in this and following figures refer to the 
average velocity of the SAMM23 model shown in Figure S14 in Supporting Information S1.

(a) (b)
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global models, such as PRI-P05 (Montelli et al., 2006), Detox-P3, and G3Dv3 (Simmons et al., 2012) show a 
continuation of the high-velocity slab in that region, albeit with lower amplitude. GLAD-M25 (Lei et al., 2020) 
also shows high-velocity anomalies in the 300–400 km depth range (Figures S20 and S21 in Supporting Infor-
mation S1). The regional model SAM5-P-2019 of Portner et al. (2020) shows alternating high and low velocities 
in that region. Moreover, James and Snoke (1990) inferred a continuous slab based on an observed seismic phase 
that most likely reflected off of the slab surface in the purported gap.

SAAM23 confirms the previous findings of GLAD-M25 (Lei et al., 2020) showing a continuous slab in that re-
gion and no evidence for a slab gap or absence (Figure 13). However, the slab’s high-velocity anomaly downdip 
from the Peruvian flat segment has lower amplitudes at depths around 400 km, compared to the Bolivian and 
Argentinian slab anomalies to the south and the North Andean ones to the north.

This part of the slab with reduced anomaly amplitudes may be related to an anomalous part of the Nazca Plate 
that subducted during the Neogene, such as an oceanic plateau or island. This diminished anomaly amplitude, 
together with a limited station coverage in that region, might explain the absence of the slab image in some 
tomographic models. Such an anomaly might also have been a contributing factor to the small dip angle of the 
shallow Peruvian slab, and if so, the anomaly’s current location would suggest that the Nazca Slab beneath Peru 
is beginning to steepen.

Figure 13.  The Nazca Slab east of Peru (from about 6°S to 3°N) is not imaged in some models such as MITP08 (Li et al., 2008; Figure 13a) and DETOX-P1 (Hosseini 
et al., 2020; Figure 13b), but was seen in the models PRI-P05 (Figure 13c), and S05 (Figure 13d; Montelli et al., 2006). Our model SAAM23 (Figure 13e) shows 
high-velocity anomalies confirming a continuity of the Nazca Slab in that region. The maps of the four previous models were plotted with the Oxford SubMachine tool 
(Hosseini et al., 2018).
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5.2.2.  The Nazca Slab in the Lower Mantle

North of about 20°S, several tomographic models image the Nazca Slab crossing the transition zone and con-
tinuing into the lower mantle, such as the global models LLNL-3Dv3 (Simmons et al., 2012), GAP-4 (Obayashi 
et al., 2013), SPani-P,S (Tesoniero et al., 2015), DETOX-P1 (Hosseini et al., 2020), as well as the regional models 
SAM-P-2019 and SAM-S-2020 (Portner et al., 2020; Rodríguez et al., 2021), as shown in Figure 14. Our model, 
SAAM23, confirms this slab behavior, including its apparent flattening below a depth of 1,000 km (Figure 14, 
profile D).

However, near about 20°S, some tomographic models show the Nazca Slab to flatten at the bottom of the tran-
sition zone, just above the 660 km discontinuity, such as LLNL-G3Dv3 (Simmons et al., 2012) and GAP-P4, 
whereas models SAM-P2019 (Portner et  al.,  2020) and DETOX-P1 (Hosseini et  al.,  2020) show a straighter 
continuation of the slab into the lower mantle. The waveform modeling inversion of Celli et al. (2020) appears to 
be in agreement with the former models, suggesting a slab crossing the transition zone beneath the Amazon and 
Central Brazil and a trend of stagnation near 660 km depth further south (see Figure S18 in Supporting Informa-
tion S1). SAAM23 (Figure 14, profile F2) shows intermediate behavior: the slab seems to flatten for a short dis-
tance at the bottom of the transition zone, then resumes a straighter trajectory into the lower mantle further east.

Figure 14.  Changes in the Nazca Slab geometry from north to south. North of ∼20°S the slab plunges across the transition zone directly into the lower mantle, as seen 
in profile D. South of ∼20°S the slab flattens near the bottom of the transition zone for a while before plunging into the lower mantle (profiles F2 and H). The black 
dashed line is the Slab2 model after the Benioff zone; the red dashed line is a suggested continuation of the slab further down.
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Further south, around 30°S and in the transition zone, the Nazca Slab has been imaged as a relatively flat high-ve-
locity anomaly along and near the 650 km discontinuity, suggesting either a diminished slab pull (stagnation) 
just above or just below the transition zone or reflects a change in convergence rate or westwards trench migra-
tion (Rodríguez et al., 2021). Our model (Figure 14, profile H) shows this deep, flat slab segment to be around 
1,000 km long, and it seems to be descending into the lower mantle in two separate parts. A similar image was 
obtained by Rodríguez et al. (2021) (their Figure 7d, our Figure 14c). Rodríguez et al. (2021) interpret this behav-
ior as the result of spatio-temporal changes in the rate of westwards trench migration rather than as a change in 
slab pull with depth. If heterogeneous slab pull is a factor, it is possible that the cause lies in the same lithospheric 
anomalies that might have caused shallow subduction at small dip angles in the past.

Moving further southwards, around 46°S, a region of very low shear wave velocity that spans most of the Patago-
nian Domain in SAAM23 (Figure 12), previously observed by Feng et al. (2007) and Celli et al. (2020), correlates 
with the slab window proposed by Russo, Gallego, et al. (2010) and Russo, VanDecar, et al. (2010) in front of the 
Nazca-Antarctica-South America triple junction.

5.2.3.  The Paraná Plume

A vertical “cylindrical” low-velocity anomaly beneath the Paraná Basin, first detected by VanDecar et al. (1995), 
was confirmed and extended down to ∼800 km by Schimmel et al. (2003) and Rocha et al. (2011). The initial 
interpretation of the anomaly as due to higher temperatures was challenged by Liu et al.  (2003) and Bianchi 
et al. (2021) who did not observe any depth changes of the 410 and 650-km discontinuities, based on receiver 
functions, that could be attributed to a thermal anomaly. Portner et al. (2020) and Rodríguez et al. (2021) showed 
a low-velocity anomaly in the 150–1,200 km depth range beneath the Paraná Basin, which appears to connect to 
the Nazca Slab in the top of the lower mantle and transition zone (Figure 15a). SAAM23 also shows low velocities 
from 250 km down to the bottom of the transition zone, consistent with previous models (Figure 15b). Rodríguez 
et al. (2021) suggested that this low-velocity anomaly may represent a current mantle upwelling induced by the 

Figure 15.  The low-velocity “Paraná Plume” imaged by (a) the S-wave teleseismic tomography of Rodríguez et al. (2021) and (b) the SAAM23 model. (c) maps of βv 
anomalies at 600 km depth with the profile location. The two dashed lines in the vertical sections are the 410 and 650 km discontinuities.
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continued motion of the leading edge of the Nazca Slab or by the accumula-
tion of hydrous minerals from a second phase of deep dehydration in the slab, 
as hypothesized by Van der Lee et al. (2008).

5.3.  The Lithosphere of the Stable Continental Interior

High velocities in the subcontinental lithosphere (SCL) are imaged beneath 
most cratons down to about 200 km (Figures S9–S12 in Supporting Infor-
mation S1), especially for the AC and SFC (Figure 16). Higher velocities 
are observed for the eastern half of the AC, consistent with older radiomet-
ric ages (e.g., Santos et al., 2000; Tassinari & Macambira, 1999; Vasquez 
et  al.,  2008). High velocities of the SFC lithosphere are also observed to 
the west of the SFC’s surface limit, similar to the surface wave tomography 
of Feng et al. (2007) and the teleseismic P-wave tomography of Schimmel 
et al. (2003) and Rocha et al. (2011). This westward extension of the SFC at 
depth, is consistent with the assumed larger Neoproterozoic São Francisco 
paleocontinent (Rocha,Azevedo, et al., 2019).

Smaller cratonic fragments such as São Luís, near the equatorial coast, and 
Luís Alves, near the southeastern coast, are too small to be resolved by our 
tomographic model. The anomalies related to the São Luís Craton may be 
overlapping with those of the PnB. The Luís Alves Craton is located in a 
region that experienced extensional deformation during Atlantic rifting and 
impact from an associated plume, and may no longer have a deep lithospheric 
root. However, Figure 16 suggests a possible continuation of the Luís Alves 
Craton westwards beneath the Paraná Basin, as also inferred from teleseismic 
P-wave tomography (Affonso et al., 2021).

Two large intracratonic basins (Parnaíba in the north and Paraná in the SE) 
are thought to overly old cratonic blocks, inferred from radiometric dates of 
samples drilled from the basement (Cordani et  al.,  2009), as well as from 
models of geological evolution (de Almeida et al., 2000; de Brito Neves & 
Fuck, 2014). These covered cratonic nuclei, named Parnaíba and Paranapa-
nema blocks, have been tentatively delineated by geophysical mapping (e.g., 
Affonso et al., 2021; Mantovani et al., 2005). SAAM23 (Figure 16) clearly 
shows high SCL velocities in the two blocks.

The Paranaíba Block is seen as an independent cratonic nucleus, its litho-
sphere separated from that of the AC and the SFC. This result is in agreement 
with Celli et al. (2020), whose SA2019 model also shows PnB as an inde-
pendent body.

The Paranapanema lithosphere is also separated from the surrounding fold belts (Figures 12b and 16) and rea-
sonably consistent with the gravity-inferred limits of Mantovani et al.  (2005). These results indicate that any 
rifting episode during the evolution of the Paraná Basin was not strong enough to affect the thick lithosphere on 
a regional scale.

The Rio de La Plata Craton (RPC) is buried beneath sedimentary rocks of the Paraná and Chaco basins and 
different boundaries have been proposed (e.g., Oyhantçabal et al., 2011; Rapela et al., 2011). However, none of 
the selected tomographic models showed high SCL velocities for this cratonic area, despite the use of different 
tomographic techniques (Affonso et al., 2021; Feng et al., 2007; Rocha,Azevedo, et al., 2019; Rosa et al., 2016). 
SAAM23 does not show high velocities below the RPC either (Figures 12b and 16).

5.3.1.  The Lithosphere-Asthenosphere Boundary (LAB)

The depth extent of high SCL velocities is commonly used as a proxy for lithospheric thickness. However, as 
lithospheric anomalies decrease with depth, reference model velocities typically increase with depth and different 

Figure 16.  Lithospheric βv anomaly at 150 km depth and the cratonic units in 
South America. Exposed cratons: GUS, Guyana Shield; CBS, Central Brazil 
Shield (part of the AC); SFC, São Francisco Craton; SLC, São Luís Craton; 
LAC, Luis Alves Craton. Covered cratonic blocks: PnB, Parnaíba Block; 
PpB, Paranapanema Block; RPC, Río de la Plata Craton. The black solid line 
delimits the Andean Belt according to CPRM.
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tomographic methods experience vertical smearing or decreasing resolution with depth, suggesting an approach 
that takes this into account.

Our waveform fitting method incorporates both body and surface wave measurements, weakening the trade-off 
between lithospheric velocity anomaly amplitude and lithospheric thickness. Therefore, we here infer the bottom 
of the SCL, that is, the LAB, by measuring the depth to the largest negative velocity gradient in each vertical 
velocity profiles below the Moho (Van der Lee, 2002). For each 𝐴𝐴 (1◦ × 1◦) area in our study region we measured 
the depth to the most negative gradient while applying a Gaussian smoothing filter with 100 km half-width to 
remove short-wavelength oscillations in the tomography model. Figure  17a shows the LAB map, which has 
good agreement with the values obtained from S-wave receiver function analysis (Figure 17b). We used the LAB 
depth estimates from the stable continental region (Heit, Sodoudi, et al., 2007), from sub-Andean stations (Heit 

Figure 17.  The seismic Lithosphere-Asthenosphere Boundary (LAB) based on the largest negative gradient of the βv vertical profiles. (a) LAB contours; labeled 
numbers are LAB depths from S-wave receiver functions at seismic stations identified by yellow dots (Heit, Sodoudi, et al., 2007); unlabeled numbers are LAB depths 
from Andean stations (yellow circles) or regional averages (Blanco et al., 2017; Heit, Sodoudi, et al., 2007). Green lines delimit the cratons and cratonic blocks. The 
black dashed line is the western limit of the stable continental region (SCR), as defined by Johnston et al. (1994). (b) Comparison of the LAB depth from SAAM23 
with those of S-RF: labeled blue circles are SCR stations (Heit, Sodoudi, et al., 2007) and triangles are Andean stations (Blanco et al., 2017; Heit et al., 2008). (c) 
Comparison of the S-RF LAB with the mechanical LAB depths from the CAM16 model (Priestley et al., 2018), based on geochemical and geotherm criteria, which 
give about 40 km deeper LAB than our seismic estimates, especially for SCR regions.
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et al., 2008), and from regional station averages in Colombia (Blanco et al., 2017). The mean difference between 
our tomographic LAB and those from S-wave receiver functions is about 7 km.

Using the global surface-wave tomography model CAM16, Priestley et al. (2018) estimated the LAB depth using 
petrological models of the upper mantle and βv-derived temperature profile to identify the base of the lithosphere 
as the transition from the conducting to advecting geotherm. This LAB definition gives values about 40 km 
deeper in the stable continental region than those of the S-wave receiver functions (Figure 17c). In the Andes, 
there seems to be a better agreement of the LAB mechanical definition with those of the S-RF, on average, but 
the scatter is larger.

In the stable continental region (east of the dashed line in Figure 17a) the thickest lithosphere is found in the 
AC. A N-S belt of thin lithosphere (near 70 km) is seen from RPC, through the Chaco Basin, and reaching the 
Pantanal Basin. The northeastern corner of Brazil (Borborema fold province) also has a very thin lithosphere, 
consistent with the generally SCL low velocities observed by teleseismic P-wave tomography north of 7.5°S 
(Simões Neto et al., 2019) interpreted as due to lateral mantle flow and intraplate volcanism. We observe a thinner 
lithosphere in the Patagonian Platform, which can be explained by its younger thermal history. The regions of thin 
lithosphere (less than 100 km) in Figure 17 are also consistent with the higher temperatures (larger than 1,200°C) 
found by the modeling of Finger et al. (2021).

5.3.2.  Lithospheric Thickness and Geochronological Provinces in the AC

The AC evolution is comprised of an Archean proto-craton and a series of accreted terranes, each named as a 
geochronological province. Different models for the boundaries of these provinces have been proposed. Based 
on increasing availability of radiometric dates, the model of Tassinari and Macambira (1999) and Tassinari and 
Macambira (2004) has evolved through Cordani et al. (2016), Teixeira et al. (2019), Macambira et al. (2020), and 
Johansson et al. (2021). The most up-to-date boundaries, which we call “Model-1,” are proposed in Figure 18a. 
Another set of models for the limits of geochronological provinces, which we call “Model-2,” has been proposed 
by Santos et al. (2000) and Santos (2003). Latter, this model was updated by Vasquez et al. (2008), as shown in 
Figure 18b. Costa et al. (2020) used this Model-2 to interpret the results of their teleseismic P-wave tomography.

Initially, we compared the average S-wave anomaly of each province, at 175 km depth (as a proxy for lithospheric 
thickness), with its age range, to test if older provinces tend to have thicker (colder) lithosphere. Despite S-wave 
velocity heterogeneity within each province, a correlation was found between the average amplitude of the high 
S-velocities within a province and its geological age, for both geochronological models (Figures 19a and 19c). 
This trend of increasing velocity anomalies with age is also seen in model SA2019 (Celli et al., 2020).

We also used the direct LAB depth (Figure 17a), instead of βv anomaly, and a similar conclusion was found: older 
provinces tend to have thicker lithosphere in the AC, on average (Figures 19b and 19d). Our seismic tomography 
model cannot indicate the preferred geochronological model, as both show similarly good correlation between 
age range and lithospheric average depth. The trend of thicker lithosphere with age observed in the Amazon cra-
ton is similar to the thermal model developed by Artemieva and Mooney (2001), although our seismic depths are 
shallower than their thermal estimates.

Lithospheric blocks cool very little after the first ∼500 Ma years. Between 1 and 2.8 Ga, the expected decrease 
in temperature is only ∼50°C (Porter et al., 2019). For 175 km depth, a difference of 50°C should correspond to 
0.4%–1.1% decrease in S-wave velocity (Goes et al., 2000). Therefore, the temperature difference due to cool-
ing alone cannot explain the difference of δβv of 4% (Figure 19) between the oldest and youngest blocks in the 
AC. It is well known that the old cratonic lithosphere contributes to continental buoyancy due to its relatively 
low-density (Forte & Perry, 2000; Jordan, 1978), a result from iron depletion (Goes & Van der Lee, 2002; Grif-
fin et al., 1999). One possible contribution to the large S-wave variation observed in Figure 19, could be that 
older cratons are more depleted in iron than younger ones (Griffin et al., 1999). Iron depletion simultaneously 
increases β and decreases ρ, thereby potentially contributing to the observed S-wave anomaly, but likely not 
sufficiently to explain a 4% velocity anomaly (Goes et al., 2000). An alternative explanation of this trend in cra-
tonic S-velocity anomaly and lithospheric thickness (Figure 19) is that the SCL of the AC was relatively recently 
modified by upper mantle geodynamics, such as sub-lithospheric convection or interaction with a mobile and 
deformable asthenosphere that is also facilitating South America’s rapid westward plate motion. For example, 
sub-lithospheric mantle flow could heat the lithosphere of the geochronological provinces of the AC from the 
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west, which would explain the trend in Figure 19 as heating from west to east rather than cooling from young to 
old. Finger et al. (2021) advanced a similar hypothesis after combining new seismic data with gravity data and 
mineral physics constraints to develop self-consistent models of temperature, composition, and density of the 
South American lithospheric and sub-lithospheric upper mantle. They found temperature differences from W 
to E ranging from 200°C to 300°C, which are consistent with the LAB depth variations observed in Figures 17 
and 19. At the northwestern AC, temperatures ranging between 1,200°C and above 1,400°C for depths of 150 and 
200 km, respectively, indicate that the cratonic root could have been eroded from below, possibly by upwelling 
of hot mantle material under the Guyana highlands (Finger et al., 2021), consistent with our observed trend of 
lithospheric thinning towards the west. Another hypothesis for the increasingly thicker lithospheric keels with age 
is the lithospheric doubling model of Vlaar (1989) and Perchuk et al. (2020) where layers of buoyant, depleted 
mantle were more likely to form in the Archean after plume or oceanic spreading activity, and to eventually ac-
crete below the continental lithosphere by subduction of oceanic plates.

Figure 18.  (a) AC geochronological provinces of Model 1 (Teixeira et al., 2019); (b) βv anomaly at 175 km depth with the contours of model 1; (c) Amazonian 
geochronological Model 2 (Santos, 2003; Vasquez et al., 2008); (d) βv anomaly at 175 km depth with the contours of model 2.
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Besides the E-W variations, the AC may also show differences between the two shields on both sides of the 
Amazon Basin. Our SAAM23 model shows reduced high-velocity anomalies beneath the Amazon Basin, east of 
60°W (Figure 12) as in Heintz et al. (2005), suggesting that the rifting episode responsible for the formation of the 
Amazon Basin has involved heating a significant portion of the lithosphere. This reduced velocity in the eastern 
part of the Amazon Basin correlates with large bodies of igneous intrusions in the lower crust detected by gravity 
modelling and interpreted as having a Paleozoic origin (Nunn & Aires, 1988).

6.  Conclusions
We constructed an adjoint tomographic model, SAAM23, based on 3D spectral-element simulations of wave 
propagation for the South American continent using data from 112 earthquakes recorded by 1,311 seismic sta-
tions. The model results from 23 conjugate gradient iterations where we assimilated three-component data, in-
cluding both body and surface waves in the inversion. During the construction of the model, we used the EP misfit 
proposed by Yuan et al. (2020), a variant of the instantaneous phase misfit (Bozdağ et al., 2011), to better take 
scattered waves into account while effectively mitigating the cycle skip potential of phase measurements.

Figure 19.  Correlation between age range of the Amazonian geochronological provinces (horizontal axis) and the average βv anomaly at 175 km depth (vertical axis; 
plots a and c) and the LAB depth (b) and (d). The height of each box corresponds to the average anomaly ±1 standard deviation. (a) and (b) Province Model-1 Teixeira 
et al. (2019); (c) and (d) Province Model-2 (Santos, 2003; Vasquez et al., 2008).
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At long wavelengths, SAAM23 is compatible with previous seismic-tomographic studies. Well resolved is the 
lithosphere of cratonic nuclei in the stable platform (Amazonian and São Francisco) as well as that of the Parana-
panema and Parnaíba cratonic blocks beneath sedimentary rock cover. The subducting Nazca Slab is imaged into 
the lower mantle and is shown to be continuous in the 300–500 km depth range down-dip from the Peruvian flat-
slab segment. The slab traverses the mantle transition zone and dips into the lower mantle beneath the northern 
portion of South America. In the central and southern part of South America, the slab somewhat flattens near the 
650 km discontinuity before straightening down-dip and continuing into the lower mantle.

Lithospheric thicknesses estimated from published S-wave receiver functions agree well with our LAB estimated 
using the most significant negative velocity gradient with depth in SAAM23. Our LAB depths show correlate 
with the thermal model of Finger et al. (2021). We additionally found a correlation between the average age of 
the geochronological provinces in the AC and increasing positive lithospheric βv anomalies of SAAM23. Despite 
different formation ages, the fact that these ages are all Precambrian rules out that these differences in lithospher-
ic structure are the result of simple cooling histories. Instead, we suggest that different degrees of iron depletion, 
potentially accompanied by Precambrian lithospheric doubling, could account for some of the inter-provincial 
differences in βv and that westwards thinning of the lithosphere might be related to vigorous asthenospheric flow 
and its interaction with spatio-temporally changing mantle wedge behavior on the western margin of the continent 
(in response to spatio-temporal changes in shallow subduction dip angles). Like previous tomographic studies, 
we found no high-velocity anomalies beneath the Río de la Plata Craton. Our continental-scale, high-resolution, 
deeply extending, waveform based, new tomographic model, SAAM23, provides a comprehensive and robust 
basis for further studies of the evolution of the South American Plate.

Data Availability Statement
We downloaded the waveforms using the ObsPy (Beyreuther et al., 2010) implementation of FDSN (Berry, 1988; 
Romanowicz, 1990; Romanowicz et al., 1987) including stations from the networks: 2B (Heit et al., 2007), 8G 
(Meltzer & Beck, 2016), 9A (GEOFON Program and GFZ-Potsdam, 2007), AI (Istituto Nazionale di Oceanogra-
fia e di Geofisica Sperimentale, 1992), AY (Bureau of Mines and Energy [Haiti], 2010), BL (Institute of Astron-
omy, Geophysics, and Atmospheric Sciences, University of São Paulo, 1988), BR (University of Brasília, 1995), 
C (Universidad de Chile, 1991), C1 (Universidad de Chile, 2013), CM (INGEOMINAS - Servicio Geologico 
Colombiano [SGC Colombia]  1993), CU (Albuquerque Seismological Laboratory [ASL]/USGS,  2006), CW 
(National Centre for Seismological Research [CENAIS Cuba], 1998), CX (GFZ German Research Centre for 
Geosciences & Institut des Sciences de l’Univers-Centre National de la Recherche CNRS-INSU,  2006), CY 
(Cayman Islands Government, 2006), DR (National Seismological Centre of Autonomous University of Santo 
Domingo, 1998), EC (Instituto Geofisico Escuela Politecnica Nacional [IG-EPN Ecuador], 2002), G (Institut de 
Physique du Globe de Paris [IPGP] & et Observatoire des Sciences de la Terre de Strasbourg [EOST], 1982), 
GE (GEOFON Data Centre,  1993), GL (IPGP,  1950), GT (Albuquerque Seismological Laboratory [ASL]/
USGS, 1993), II (Scripps Institution of Oceanography, 1986), IQ (Cesca et al., 2009), IU (Albuquerque Seismo-
logical Laboratory [ASL]/USGS, 1988), JM (University of the West Indies Mona [Jamaica], 1985), MQ (Institut 
de Physique du Globe de Paris [IPGP], 1935), NA (KNMI, 2006), NB (Universidade Federal do Rio Grande do 
Norte, 2006), NU (Instituto Nicaraguense de Estudios Territoriales [INETER], 1975), ON (Observatório Nacion-
al, Rio de Janeiro, 2011), OV (Protti, 1984), PA (Red Sismica Volcan Baru, 2000), PR (Rico, 1986), TC (Uni-
versidad de Costa Rica, 2017), TO (MASE, 2007), VE (Fundación Venezolana de Investigaciones Sismológicas 
[FUNVISIS], Caracas, 2000), WC (Meteorologische Dienst Curacao, 2006), WI (IPGP, 2008), X1 (University 
of Liverpool, 2007), X6 (Sandvol & Brown, 2007), XB (Wiens, 1997), XC (Institute of Astronomy, Geophys-
ics, and Atmospheric Sciences, University of São Paulo, 2016), XE (Silver et al., 1994), XH (Zandt, 1996), XJ 
(University of Cambridge [UK] Earth Sciences, 2004), XN (Levander, 2008), XP (West and Christensen, 2010), 
XS (Vilotte & RESIF, 2011), XT (Vernon et al., 2003), XY (Schwartz, 1999), Y4 (Institute of Astronomy, Geo-
physics, and Atmospheric Sciences, University of São Paulo, 2013), YC (Beck et al., 2000), YH (University of 
Oregon, 1999), YJ (Russo, 2004), YO (Abers & Fischer, 2003), YS (Pritchard, 2009), YW (University of Bristol 
[UK],  2002), YZ (Schwartz et  al.,  2009), ZA (GEOFON Program and GFZ-Potsdam,  1994), ZB (GEOFON 
Program and GFZ-Potsdam, 1997), ZC (Pulliam, 2013), ZD (Wagner et al.,2010), ZE (Haberland et al., 1996), 
ZG (Beck et al.,2010), ZL (Beck & Zandt, 2007), ZP (GEOFON Program and GFZ-Potsdam, 1999), and ZQ 
(GEOFON Program and GFZ-Potsdam, 2004). The window selection and EP measurements were carried out 
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using PyWinAdjoint (Ciardelli, 2021), available at https://doi.org/10.5281/zenodo.4920792. Maps were created 
using the Oxford SubMachine tool (Hosseini et al., 2018) and GMT6 (Wessel et al., 2019).
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