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S U M M A R Y
We present a tomographic model of the crust, upper mantle and transition zone beneath
the South Atlantic, South America and Africa. Taking advantage of the recent growth in
broadband data sampling, we compute the model using waveform fits of over 1.2 million
vertical-component seismograms, obtained with the automated multimode inversion of sur-
face, S and multiple S waves. Each waveform provides a set of linear equations constraining
perturbations with respect to a 3-D reference model within an approximate sensitivity volume.
We then combine all equations into a large linear system and solve it for a 3-D model of S-
and P-wave speeds and azimuthal anisotropy within the crust, upper mantle and uppermost
lower mantle. In South America and Africa, our new model SA2019 reveals detailed structure
of the lithosphere, with structure of the cratons within the continents much more complex
than seen previously. In South America, lower seismic velocities underneath the transbrasilian
lineament (TBL) separate the high-velocity anomalies beneath the Amazon Craton from those
beneath the São Francisco and Paraná Cratons. We image the buried portions of the Amazon
Craton, the thick cratonic lithosphere of the Paraná and Parnaı́ba Basins and an apparently
cratonic block wedged between western Guyana and the slab to the west of it, unexposed at
the surface. Thick cratonic lithosphere is absent under the Archean crust of the São Luis, Luis
Álves and Rio de La Plata Cratons, next to the continental margin. The Guyana Highlands
are underlain by low velocities, indicating hot asthenosphere. In the transition zone, we map
the subduction of the Nazca Plate and the Chile Rise under Patagonia. Cratonic lithosphere
beneath Africa is more fragmented than seen previously, with separate cratonic units observed
within the West African and Congo Cratons, and with cratonic lithosphere absent beneath
large portions of Archean crust. We image the lateral extent of the Niassa Craton, hypothe-
sized previously and identify a new unit, the Cubango Craton, near the southeast boundary of
the grater Congo Craton, with both of these smaller cratons unexposed at the surface. In the
South Atlantic, the model reveals the patterns of interaction between the Mid-Atlantic Ridge
(MAR) and the nearby hotspots. Low-velocity anomalies beneath major hotspots extend sub-
stantially deeper than those beneath the MAR. The Vema Hotspot, in particular, displays a
pronounced low-velocity anomaly under the thick, high-velocity lithosphere of the Cape Basin.
A strong low velocity anomaly also underlies the Cameroon Volcanic Line and its offshore
extension, between Africa and the MAR. Subtracting the global, age-dependent VS averages
from those in the South Atlantic Basins, we observe areas where the cooling lithosphere is
locally hotter than average, corresponding to the location of the Tristan da Cunha, Vema and
Trindade hotspots. Beneath the anomalously deep Argentine Basin, we image unusually thick,
high-velocity lithosphere, which suggests that its anomalously great depth can be explained,
at least to a large extent, by isostatic, negative lithospheric buoyancy.

Key words: Waveform Inversion; Computational seismology; Seismic Tomography; Cra-
tons; Dynamics of lithosphere and mantle; Hotspots.
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1 I N T RO D U C T I O N

The South Atlantic Ocean and the adjacent continents of South
America and Africa share a fascinating geological history, but also
a relatively poor sampling with seismic data. The South Atlantic
Ocean formed from the breakup of the supercontinent Gondwana
into Africa and South America during the Cretaceous (Torsvik et al.
2009; Seton et al. 2012; Gaina et al. 2013). The cores of both con-
tinents are formed by large Archean cratons (Cahen et al. 1984;
Cordani & Sato 1999) surrounded by Neoproterozoic mobile belts
(Vail 1985; Li et al. 2008; Begg et al. 2009; De Brito Neves & Fuck
2013). The continental breakup at 130 Ma initiated the formation of
the South Atlantic Ocean (Torsvik et al. 2009; Moulin et al. 2010;
Seton et al. 2012). During the Cenozoic, the start of the Andean
Subduction affected western South America, and voluminous in-
traplate magmatism, attributed to mantle plume(s) occurred in the
Afar region, followed by rifting along the branches of the Afar triple
junction (Wilson & Guiraud 1992; Montagner et al. 2007). The
emplacement of a number of continental Large Igneous Provinces
(LIPs) over the past 250 Myr—commonly attributed to the im-
pingement of mantle plumes (Morgan 1971; Wilson & Guiraud
1992)—and extensive intraplate volcanism, in the form of conti-
nental flood basalts and widespread seamount chains, indicates the
presence of very active mantle processes affecting the lithosphere
beneath the area. However, our understanding of the crustal and
lithospheric architecture of the region and how it has been affected
by the underlying mantle processes is limited by the availability of
both geophysical and geological data, hindered in the area by the
presence of thick sedimentary covers, dense forests and large water
masses.

Globally, Archean cratonic crust is normally underlain by thick,
cold—and thus seismically fast—lithospheric mantle (Schaeffer &
Lebedev 2015). In the study area, previous seismic tomography
yields images of broad regions of thick, high velocity lithosphere at
the root of the West African, Congo and Kalahari Cratons in Africa
(Fouch et al. 2004; Pasyanos & Nyblade 2007; Begg et al. 2009;
Fishwick 2010) and Amazon and São Francisco Cratons in South
America (Feng et al. 2004, 2007; Chulick et al. 2013; Neto et al.
2019). Surface geology data show Archean shields of smaller lateral
extent (Fig. 1, Wilson & Guiraud 1992; Begg et al. 2009; Kachingwe
et al. 2015), but large portions of the cratonic Archean basement
are unexposed, buried under the sedimentary cover. In South Amer-
ica, there is less agreement between geological and geophysical
data on the less sampled western portion of the cratonic province,
leaving open questions on the extent of the cratonic roots of Ama-
zonia (Cordani & Sato 1999; Feng et al. 2004, 2007; Rizzotto &
Hartmann 2012; Chulick et al. 2013). Previous seismic studies also
reported the presence of thick, high-velocity lithosphere underneath
the Paraná and Parnaı́ba Basins, but the shape of these proposed cra-
tonic blocks, unexposed at the surface, remains debated (Snoke &
James 1997; Heintz et al. 2005; Feng et al. 2007; Lebedev et al.
2009; Chulick et al. 2013). Little agreement is also found about the
extent of the Rio de la Plata and Luis Álves Cratons, exposed only in
few, scattered locations (Sanchez Bettucci et al. 2010; Oyhantçabal
et al. 2011; Santos et al. 2019) and notably absent in tomographic
models (e.g. Feng et al. 2007; Schaeffer & Lebedev 2013; Debayle
et al. 2016). In northern Africa, low-velocity anomalies have been
detected beneath the Saharan and East African magmatic provinces
(Montagner et al. 2007; Sicilia et al. 2008; Fishwick 2010; Reusch

et al. 2010; Hansen & Nyblade 2013; Debayle et al. 2016), but their
shape and depth extent are still debated (Ebinger & Sleep 1998;
Reusch et al. 2010). In the South Atlantic Ocean, past intraplate
magmatism can be identified by hotspot tracks on the oceanic
lithosphere (Torsvik et al. 2009; Gaina et al. 2013). Topography
and maps of residual basement depths reveal deviations from the
bathymetry predicted by normal seafloor spreading models (Müller
et al. 2008) in the location of hotspots and hotspot tracks (Figs 1 and
2), mainly due to the anomalously thick crust. The most prominent
examples are the Walvis Ridge and Rio Grande Rise, the hotspot
tracks related to the Paraná-Etendeka magmatism and the onset of
the Tristan da Cunha mantle plume (Morgan 1971; O’Connor &
Duncan 1990; O’Connor & Jokat 2015; Gassmöller et al. 2016;
Baba et al. 2017; Schlömer et al. 2017; O’Connor et al. 2018). The
anomalous concentration of hotspots and basement depth anoma-
lies in the southeastern Atlantic Ocean (Sleep 1990; Nyblade &
Robinson 1994; O’Connor et al. 2018) has been linked to the large
low-shear velocity province (LLSVP) at the core–mantle boundary
beneath (Lay 2005; Torsvik et al. 2006). There is little agreement,
however, regarding the number and origin of the plumes feeding
the South Atlantic intraplate volcanism (Colli et al. 2014; French
& Romanowicz 2015; Hosseini 2016; Colli et al. 2018; O’Connor
et al. 2018).

Seismic tomography is a suitable tool for the investigation of
the structure of the lithosphere and underlying mantle, as seismic
velocities can constrain the composition and temperature of the
rock in the Earth’s interior. In our study area, however, coverage
with seismic data is both relatively low and uneven, due to the few
seismic stations available and the few, localized sources of strong
seismicity. In both continents, where coverage is relatively denser,
a number of regional- and continental-scale tomographic models
have been computed: South America (Vandecar et al. 1995; Vdovin
et al. 1999; Van Der Lee et al. 2001; Feng et al. 2004; Heintz et al.
2005; Feng et al. 2007; Rocha et al. 2011; Neto et al. 2019) and
Africa (Montagner et al. 2007; Pasyanos & Nyblade 2007; Sicilia
et al. 2008; Begg et al. 2009; Fishwick 2010; Reusch et al. 2010;
Guidarelli et al. 2011; Hansen et al. 2012; Hansen & Nyblade 2013).
Fewer regional models include or specifically focus on the South
Atlantic Ocean (Vdovin et al. 1999; Heintz et al. 2005; Colli et al.
2013; James et al. 2014). Many global upper-mantle and whole-
mantle models produced in recent years, however, show increasing
resolution that makes them more and more comparable to regional
or continental scale models (Grand et al. 1997; Shapiro & Ritzwoller
2002; Lebedev & van der Hilst 2008; Ritsema et al. 2011; Lekić
& Romanowicz 2011; Debayle & Ricard 2012; French et al. 2013;
Schaeffer & Lebedev 2013; French & Romanowicz 2014; Chang
et al. 2015; Debayle et al. 2016).

In this paper, we present our new, S-wave velocity tomographic
model SA2019, constructed using a very large global waveform data
set, including a significant amount of newly available data from the
region. The increased data sampling and the effective extraction
of structural information from the large waveform data set by our
inversions produce significantly improved resolution compared to
previous models covering the study area, which allows us to ad-
dress problems of regional tectonics and geodynamics across South
America, the South Atlantic and Africa. In the following sections,
we describe the construction of the model, assess it through resolu-
tion tests and comparisons with other state-of-the-art tomographic
models, and discuss geodynamic inferences from our tomography.
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Figure 1. Tectonic map of the study area. Previously proposed extent of the Amazon, Rio de la Plata, West Africa and Congo cratons are shown as black
transparencies, while the Kalahari Craton is shown as composed by the Zimbabwe, Kaapvaal and Limpopo units (Feng et al. 2007; Begg et al. 2009; Sanchez
Bettucci et al. 2010; Oyhantçabal et al. 2011; Brazilian Geological Survey et al. 2016). Known shields are shown in blue with black lettering: TZ, Tanzania;
ZB, Zimbabwe; KV, Kaapvaal; SF, São Francisco; SL, São Luis; LA, Luis Álves; Re, Reguibat; ML, Man-Lèo; GC, Gabon-Cameroon; Ag, Angola; BK,
Bomu-Kibali; Ug, Uganda; Bw, Bangweulu Block; Ka, Kasai; Lp, Limpopo Block; Gy, Guyana; Gp, Guaporé. Proposed extent of thick lithosphere under
sedimentary basins is shown in green: Pa, Paraná; Pb, Paranaı́ba. Mobile belts are plotted in black dashed lines. Volcanic continental terranes (Modified from
Gaina et al. (2013) are plotted in red. Hotspots are shown as yellow diamonds: Az, Azores; Md, Madeira; Ca, Canary; NE, New England; CV, Cabo Verde;
As, Ascension; SH, Saint Helena; Fe, Fernando de Noronha; Td, Trindade; Ve, Vema; Ts, Tristan da Cunha; Go, Gough; Ds, Discovery; Me, Meteor; Sh,
Shona; Bv, Bouvet; Ma, Marion; CCr, Crozet; Cm, Comoro; Re, Reuniòn; Ah, Ahaggar; Tb, Tibesti; Df, Darfur; Af, Afar; Vi, Victoria; SF, São Felix; JF,
Juan Fernandez. Oceanic features: RFZ, Romanche Fracture Zone; MR, Meteor Rise; IOR, Islas Orcadas Rise; CR, Cape Rise; SR, Shona Rise. Other main
features: WASZ, West African Shear Zone; EAOZ, East African Orogenic Zone, TBL, Transbrasilian Lineament. Plate boundaries are shown in green (solid
lines: verified; dotted lines: proposed).

2 DATA A N D M E T H O D S

Our new model SA2019 is computed as a global, azimuthally
anisotropic shear-wave velocity model of the crust, upper man-
tle and transition zone. The model is specifically focused on the
South Atlantic Ocean and neighbouring continents by means of
maximizing the data sampling of the region and by tuning the inver-
sion parameters to optimize the resolution across the region. In this
section, we present the data set constraining the model and briefly
discuss the modelling procedures used to construct it [for a com-
plete description of the methods, we refer to Lebedev et al. (2005);
Lebedev & van der Hilst (2008) and Schaeffer & Lebedev (2013)].

2.1 Data

SA2019 is constrained by over 1.2 million vertical-component seis-
mograms, waveform-fitted using the automated multimode inver-
sion (AMI) of surface and S-wave forms (Lebedev et al. 2005).
The fits are derived from broadband, teleseismic earthquake record-
ings retrieved on a global scale, but with a regional focus, with
all freely available recordings within the region being used. In to-
tal, 6360 stations and 27 550 events worldwide are used (Fig. 3).
We selected all earthquakes from the Harvard Centroid Moment
Tensor Solutions catalog (Dziewonski et al. 1981; Ekström et al.
2012) since 1994, and since 1990 for stations in particularly
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Figure 2. Top panel: age of the oceanic lithosphere derived from magnetic
and other geophysical data, from Müller et al. (2008). Centre: Residual
ocean basement depth map relative to the plate model GDH-1 (Stein &
Stein 1992), from Müller et al. (2008). Bottom panel: topographic map with
Oceanic and continental LIP’s contours (modified from Gaina et al. 2013)
overlaid in red and hotspot locations as yellow diamonds.

undersampled areas. Recordings with source–receiver dis-
tances between 500 and 18 000 km were selected with a
distance-varying magnitude threshold (Schaeffer & Lebedev
2013).

2.2 Coverage

The data coverage of the region is uneven and sparser than to the
north of it, in particular, in North America and Europe. Comple-
menting the regional data with global data yields a highly redundant
sampling of all investigated depths throughout the region, with ev-
ery node of the global model grid sampled by at least 4626 paths
(Fig. 4). To quantify the coverage, we use the sums of the columns
of the sensitivity matrix. The column sums reflect, for each grid
node, the quantity of the data sampling each model parameter, the
sensitivity of each waveform to structure, and the ‘path similarity
weights’ applied in order to even the data coverage by reducing the
effect of bundles of similar rays (Lebedev & van der Hilst 2008,
Fig. 5).

2.3 Inversion procedure

We use a three-step inversion procedure to compute the tomographic
model. At first, we feed the pre-processed data set (quality control,
response correction) to AMI, which operates fully automated inver-
sion of large waveform data sets. AMI computes synthetic seismo-
grams through modal summation of the fundamental and first 20
higher spheroidal modes and performs waveform fitting of direct
S-, multiple S-, and Rayleigh-wave phases to the real data within
a set of time–frequency windows, with elaborate phase weighting.
The result is a set of linear equations with uncorrelated uncertain-
ties (Nolet 1990) describing 1-D average P- and S-wave velocity
perturbations within the sensitivity volumes between the source
and receiver with respect to a 3-D reference model (Lebedev et al.
2005; Lebedev & van der Hilst 2008). By simultaneously inverting
waveforms of the S-, multiple S- and Rayleigh-wave phases, AMI
extracts structural information across a wide range of depths, thanks
to the different depth sensitivity of surface waves (the depth sam-
pling range of which is determined by the period of the fundamental
mode) and S- and multiple S waves (which can be seen as a result
of the interference of the higher modes and dive deep into the upper
mantle and the lower mantle). The resulting waveform fits cover a
very broad 10–450 s period range, with the bulk of the fits sampling
periods of 20–250 s (Lebedev & van der Hilst 2008; Schaeffer &
Lebedev 2013).

In the second step, the resulting equations are inverted together
as a large linear system for the 3-D distribution of P- and S-wave
velocity deviations from the reference model and S-wave azimuthal
anisotropy, via LSQR (Paige & Saunders 1982). The model is
parametrised over a triangular grid (Wang & Dahlen 1995) with an
average 327-km interknot spacing and a depth parametrization over
18 and 10 depth nodes for S- and P-wave velocities, respectively
(S-wave velocities: 7, 20, 36, 56, 80, 110, 150, 200, 260, 330, 410-,
410+, 485, 585, 660-, 660+, 809 and 1007 km; P-wave velocities:
7, 20, 36, 60, 90, 150, 240, 350, 485 and 585 km). S-, multiple S- and
Rayleigh wave phases are only weakly sensitive to P-wave velocity,
and we strongly couple P wave speeds to S-wave velocity during the
inversion process. We invert for S-wave 2� azimuthal anisotropy
in order to prevent anisotropic heterogeneities from mapping into
isotropic ones, but we leave the interpretation of anisotropy for fu-
ture work. We use the same 3-D reference model for both AMI and
the 3-D linear inversion. In the crust, we use the 3-D model CRUST2
(Bassin et al. 2000) smoothed across cell boundaries, with added
topography and bathymetry and with a depth-dependent correction
to the seismic velocities, according to the 1-D global average of our
own tomography (Lebedev & van der Hilst 2008). In the mantle,
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Figure 3. Earthquakes and broad-band seismic stations within the study area and around the world. The station/event coverage is global and has been maximized
in the Atlantic area by assembling all freely available seismic data. Events are plotted as yellow stars, seismic stations as red triangles.
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Figure 4. Map of the number of paths sampling each model grid node.
Model grid nodes are plotted as magenta circles, coastlines and plate bound-
aries in white and grey (solid lines: verified; dotted lines: proposed). The
plot highlights the good coverage of our model, showing that each model
grid node is sampled at least by 4626 paths, which is the global minimum.

the reference is close to our own 1-D global average. In the third
step of our inversion procedure, we exploit the data set redundancy
and select only the most mutually consistent data, through an a
posteriori outlier rejection procedure. From a first-iteration model,
we compute the synthetic data by multiplication of the sensitivity
matrix and the model vector. We then compare the synthetic and
real data and discard the ones with the largest misfits, associated
mostly with largest earthquake mislocations, station timing errors
and diffraction effects unaccounted for in our modelling (Lebedev
& van der Hilst 2008; Legendre et al. 2012). For the smaller errors
in the remaining data, previous tests have shown that even sys-
tematic moderate errors in the event locations do not substantially
alter the tomographic image of a region covered with criss-crossing
source-station paths (Lebedev et al. 1997). The effects of diffrac-
tion on the recovery of anomalies by our waveform inversions have
been tested on synthetic data computed for heterogeneous Earth
models with fully numerical methods and shown to be small (Lebe-
dev & van der Hilst 2008; Qin et al. 2008). In this study, we kept
65 per cent of the most mutually consistent data and used seismo-
grams from ∼770 thousand source-station paths to constrain our final
model.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/221/1/178/5697204 by guest on 28 January 2020



Tomography of the South Atlantic region 183

0 25 50 75

56 km mx: 3814.317

0 25 50 75

110 km mx: 3834.930

Column Sums [%] at depth
0 25 50 75

200 km mx: 2203.006

0 25 50 75

485 km mx: 681.188

.

Figure 5. Plot of the sums of the columns of the sensitivity matrix at four selected grid node depths (56, 110, 200, 485) that represent most of the investigated
depth range. Dark blue regions indicates zero sampling (nowhere on the globe) while white regions represent 75 per cent of the maximum value in the study
area. Column sums are an a-dimensional representation of the model relative sampling at each node (Section 3.1).

2.4 Resolution tests and the choice of regularization
parameters

Our linear 3-D inversion is regularized by means of lateral smooth-
ing, vertical gradient damping and a slight norm damping (Lebedev
& van der Hilst 2008). To account for the changes in data sampling
with depth, all regularization parameters are vertically scaled by
multiplying coefficients. We tested our regularization parameters
by constructing a synthetic model ms with 200 m s–1 spikes in S-
wave velocity anomalies at each depth node at selected locations
in the model (Fig. 6). In order to tune our model regularization, we
performed a set of different inversions, varying both absolute val-
ues and depth-scaling coefficients of the regularization parameters.
We examined dVs deviations from the input model in 1-D hori-
zontal and vertical profiles centred on the spike location, focusing
on shape recovery. We used tests with widely spaced spikes in or-
der to prevent interference of the output point-spread patterns from
different input spikes (Rawlinson & Spakman 2016). The absolute
amplitudes of spike anomalies are strongly reduced in the output,
due to the averaging of tomographic images (Lebedev & Nolet
2003).

If not accurately scaled with depth, model regularization can bias
the retrieved anomalies. For example, shallower model nodes may
absorb most of the signal from anomalies located at greater depths.
To prevent such biases, we decrease the norm damping and increase
the smoothing coefficients with depth. Fig. 6 shows the recovery
of two example spikes with the optimal regularization parameters
and scaling factors: spike 1 is positioned at 110 km depth in a well
sampled area, whereas spike 2 is located at 330 km in a less sampled
area of the model. The output synthetic model shows good recovery
of the shape of the input anomaly for spike 1 along both vertical
and horizontal axes. The deeper spike 2 shows broader spreading
of the velocity anomaly, as expected, but with the maximum of the
anomaly at the correct depth. Small secondary maxima appear at
shallow depth; their amplitude is probably negligible in the inversion
of real data, which provides a very dense sampling of the top 200 km
of the mantle.

We also used a series of synthetic spike tests with shifting spike
patterns to estimate the lateral resolution of our model across the
entire region. The averaging (resolution) length was computed as the
half-width at half-maximum (HWHM) for spikes positioned at the
nodes of the model grid. The model recovered for each of the spikes
yielded an estimate of one line of the resolution matrix. In order
to achieve a detailed HWHM map while retaining enough spacing
between the spikes to correctly measure the signal tails, we spaced
the 200 m s–1 spikes at a 5-node distance laterally, and repeated the

process for a set of 20 spike-pattern models that, together, covered
67 per cent of the model grid nodes. The process was repeated
for the depths of 56, 110, 200 and 330 km. The variations of thus
estimated lateral averaging length across the region at different
depths are plotted in Fig. 7. The maps show HWHM values of 1.5–
3◦ in the lithosphere, with the largest values in West Africa and
in the South Atlantic Basins, in agreement with the lowest relative
coverage values highlighted by the column sums (Fig. 5). At 330 km
depth, larger HWHM values of 4–5◦ can be observed in the regions
of poorer coverage; for very few of the worst recovered spikes
(highest HWHM) at this depth, HWHM contours do not close due
to the averaging lengths being sufficiently long to cause interference
between different spike lobes.

3 T H E M O D E L S A 2 0 1 9

In this section, we discuss the general features of the model and
compare it with other tomographic models sampling the area. A
detailed, feature-by-feature discussion on specific areas of the model
is given in the following sections.

3.1 Model description

We display our model as the isotropic S-wave velocity anomalies
with respect to the 3-D reference velocity model (Figs 8 and 9).
We identify the lithosphere of cratons as the fastest areas of the
model, with S-wave velocity anomalies of 4.5 per cent and greater
at lithospheric depths (80–260 km depths, magenta colours on the
maps). The depth extent of these high-velocity anomalies sug-
gests that the cratonic lithosphere in both the African and South
American continents reaches deeper than 200 km depth (e.g. West
African, Congo, Zimbabwe and Amazon Cratons). The velocity
and depth extent of these anomalies are in agreement with obser-
vations from the North American Craton, for example Grand &
Helmberger (1984), Romanowicz (2009) and Schaeffer & Lebedev
(2014), but their distribution appears to be more fragmented. Areas
of volcanism are underlain by low-velocity bodies of varying am-
plitudes, typically between –100 (e.g. Sahara volcanic provinces)
and –400 m s–1 (Central Andes, Colombia, Afar). In the South At-
lantic Ocean, SA2019 retrieves continuous, low-velocity anomalies
beneath the Mid-Atlantic Ridge (MAR) with Vs as low as 100–
150 m s–1 below global average at 56–110 km depths in most lo-
cations, and lower in locations where the ridge and hotspots are
closest.
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Figure 6. Synthetic spike tests for SA2019. The location of the spikes is shown on map as red stars. Nodes of the model grid are plotted in blue. Depth location
of the spikes is shown on top of the basis functions in the top right-hand panel. For each spike we plot a vertical cross-section through the input (top panel) and
output (bottom panel) models. Location of the cross-section is shown on the map in red. The bottom plots show horizontal and vertical 1-D S-wave anomaly
profiles along the cross-section. Input profiles are shown in blue, output in red. All S-wave velocity anomalies are normalized to the maximum.

Figure 7. Lateral resolution map at four depths (56, 110, 200 and 330 km)
through the model. Lateral resolution is defined as the average of the half
width at half maximum contours at each node, computed from synthetic
spike tests at single nodes of the model grid.

3.2 Comparison with other models

We compared our model with 5 other S-wave velocity models en-
compassing most or all of the study area: 3D2016 09Sv (Debayle
et al. 2016), an updated version of the model SaCo2013 (Colli et al.
2013), SEMum2 (French et al. 2013), S40RTS (Ritsema et al. 2011)
and CUB (Shapiro & Ritzwoller 2002).

The model 3D2016 09Sv is an upper-mantle S-wave veloc-
ity model constrained by multimode Rayleigh waves (Debayle
et al. 2016). SaCo2013 is a regional-scale upper-mantle model
for isotropic S-wave velocity, computed using the adjoint method
(Fichtner et al. 2006); it focusses on the South Atlantic oceanic litho-
sphere and samples parts of Africa and South America. SEMum2
is a global, radially anisotropic mantle model derived from long pe-
riod waveforms and group velocity maps. S40RTS is a whole man-
tle global model constrained by both Rayleigh and body waves and
spheroidal mode-splitting functions. Finally, CUB is a crustal and
upper mantle radially anisotropic model computed using a Monte
Carlo inversion of Rayleigh and Love dispersion measurements
(Shapiro & Ritzwoller 2002).

In order to compare the models, we removed the mean Vs at
each depth and plotted the anomalies as dVs per cent from that
value (Figs 10, 11). The models are consistent at larger scales. At
smaller scales, SA2019 offers an improvement in resolution for
many regional structures. At lithospheric depths (100 km), SA2019
shows improved definition of the craton and ridge boundaries
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Figure 8. Map views of SA2019 S-wave velocity variations at eight depths (56, 80, 110, 150, 200, 260, 330, 485). Velocity perturbations are plotted in per
cent with respect to the reference at depth (marked on the top right of each map). Major plate boundaries are plotted as green lines (solid lines: verified; dotted
lines: proposed).
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Figure 9. W-E cross-sections across the study area. Location of the sections (white), plate boundaries (green) and crossed hotspots (yellow diamonds) are
shown at the bottom right. On the vertical sections, hotspots within 500 km from the section are shown as yellow diamonds, location of the Mid-Atlantic Ridge
axis as green reverse triangles.

compared to other global- and continental scale models (Fig. 10).
Compared to 3D2016 09Sv, SA2019 shows steeper Vs gradients
at the boundaries of cratons and low-velocity zones, while also re-
covering more structure and higher amplitudes for the mid-ocean
ridges. In the deep upper mantle (300 km depth and greater), our
model retrieves stronger, more focussed images of the seismic-
velocity anomalies known from regional studies of the East African
Rift System (Pasyanos & Nyblade 2007; Bastow et al. 2008; Hansen

& Nyblade 2013; Civiero et al. 2016) and the Andean subduction
zone (Fukao & Obayashi 2013; Scire et al. 2014, 2017) compared
to the other models (Fig. 11).

3.3 Structural resolution test

In order to further verify that the new, fine-scale structures we
observe are not artifacts of uneven coverage, we computed a
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Figure 10. Comparison of SA2019 with five other tomographic models at 100 km depth: 3D2016 09Sv (Debayle et al. 2016), SaCo2013 (Colli et al. 2013),
SEMum2 (French et al. 2013), S40RTS (Ritsema et al. 2011) and CUB (Shapiro & Ritzwoller 2002). All models are plotted as S-wave velocity anomalies with
respect to the mean velocity at depth, shown on the top right corner of each model plot. Major plate boundaries are plotted as green lines (solid lines: verified;
dotted lines: proposed).

Depth: 300 km
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Figure 11. Comparison of SA2019 with four other tomographic models covering the area at 300 km depth. The model CUB is interpretable to 250 km depth
only (Shapiro & Ritzwoller 2002) and is therefore not shown at this depth. All models are plotted as S-wave velocity anomalies with respect to the mean velocity
at depth, shown on the top right corner of each model plot. Major plate boundaries are plotted as green lines (solid lines: verified; dotted lines: proposed).

synthetic model simulating the large scale features (cratons and
ridges) imaged by previous studies (Fig. 12). By inverting such
synthetic model with the same regularization parameters as in the
inversion of real data, we can observe if the fine-scale structures we
recover are real or, instead, a product of a distortion of the larger
anomalies present in the Earth.

We simulated the Amazon, Rio de la Plata, West Africa, Congo
and Kalahari Cratons by assigning 200 m/s S-wave velocity anoma-
lies in the 7-260 km depth range. For the São Francisco craton,
we assigned the same values but until 200 km depth and added
a single -200 m/s spike at 260 km depth. We also simulated the
low velocities of the Mid-Atlantic Ridge by assigning -200 m/s
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Figure 12. Synthetic model simulating realistic lithospheric structure. Top rows show the input synthetic structure; bottom panels show the inversion results.
On the left panels, we plot horizontal slices through the model at 110 and 200 km. On the right panels, we plot vertical cross sections (A-F) through the model.
Location of these cross-sections are plotted on the horizontal velocity maps.

S-wave velocity anomalies at depths of 7-110 km depth around
the ridge itself. Finally, we simulated the presence of deeper hot
mantle upwellings underneath the East African Rift and the Tristan
da Cunha Island by assigning -200 m/s S-wave velocity anomalies
in a 7-260 km depth range underneath the features. The results
show clearly that the distortion of the large features we simulate is
small, with smoother gradients associated to smaller—and thus

more difficult to recover—synthetic bodies, e.g. northern Kala-
hari and Tristan da Cunha. As expected, the deep, very small-
scale, negative anomaly underneath the São Francisco Craton is
smoothed out by the inversion. For the larger synthetic bodies, dif-
ferences are small. This indicates that if the cratons were the broad
anomalies previously postulated (e.g., (Begg et al. 2009; French
et al. 2013)), our model would correctly reconstruct their shapes.
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Figure 13. Plot of the model at 110 km beneath the Africa. Tectonic boundaries from Fig. 1 are overlaid for comparison, with Archean Shields as solid black
lines and major lineaments and mobile belts as dashed lines. Hotspot locations are shown as yellow diamonds, major plate boundaries as green lines (solid
lines: verified; dotted lines: proposed).

This confirms that the complex geometries we retrieve are real
features.

4 A F R I C A

The model SA2019 provides a detailed image of the lithospheric
structure of the African continent. At a large scale, our model shows
agreement with other recent models on the location of the major cra-
tons and low-velocity zones (see section 3.2). At smaller scales, our
model reveals finer details of the lithospheric structure of the conti-
nent, substantially improving on the previous studies. The African
cratonic lithosphere and its evolution are discussed in detail in a sep-
arate publication (Celli et al. 2020), and in this section we outline
some of the major features of SA2019 only briefly, for completeness.
At 110-150 km depth, our model samples high velocities underneath
the Archean crust of the West African, Congo, Kalahari and Tanza-
nian Cratons (Fig. 13). In contrast to a number of previous models
(e.g. Fig. 10, Begg et al. (2009); Fishwick (2010)), SA2019 reveals
a number of separate cratonic cores within the boundaries of the
West African and Congo Cratons, instead of cratonic lithospheres

extending beneath the entire cratons. Underneath the Irumide belt
and near the southeastern boundaries of the Congo Craton, we im-
age the Niassa Craton, hypothesized previously based on geological
data (Andreoli 1984; De Waele et al. 2009) and identify a new unit,
the Cubango Craton—both of these unexposed at the surface (Celli
et al. 2020).

In northern Africa, we image low-velocity anomalies beneath the
Saharan and East African magmatic provinces (Fig. 13) (Montagner
et al. 2007; Sicilia et al. 2008; Fishwick 2010; Reusch et al. 2010;
Hansen & Nyblade 2013). In the Sahara, the location of velocity
minima corresponds to the Ahaggar, Tibesti and Darfour hotspots.
The low velocities are mostly confined within the Sahara Metacraton
and the adjacent Oubanguides Mobile belt, West African Shear Zone
and the East African Orogenic Front.

Beneath East Africa, strong low-velocity anomalies locate under
the Ethiopian Rift Valley, Red Sea and Gulf of Aden. Under the
Ethiopian Rift Valley, low-velocities are visible down to the deep
upper mantle and transition zone (Fig. 14), indicative of a volumi-
nous upwelling of hot mantle beneath large parts of the East African
Rift.
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Figure 14. Plot of the model at 330 km beneath Africa. Tectonic boundaries from Fig. 1 are overlaid for comparison, with Archean Shields as solid black lines
and major lineaments and mobile belts as dashed lines. Hotspot locations are shown as yellow diamonds, major plate boundaries as green lines (solid lines:
verified; dotted lines: proposed).

5 S O U T H A M E R I C A

In South America, our model provides new insights into the struc-
ture of the continental lithosphere and underlying mantle. In the
lithosphere and sublithospheric mantle, the model provides new in-
formation on the lateral and radial extent of the cratons—some of
them unexposed at the surface—and the distribution of low veloc-
ities, both beneath the Andean Cordillera, active at present, and
the mainly Precambrian continental platform (De Brito Neves &
Fuck 2013). In the upper mantle, our model samples the high ve-
locity structures of the subducting Andean slabs, showing good
agreement with other, body wave tomographic studies down to the
transition zone (Fukao & Obayashi 2013; Scire et al. 2014, 2017;
Chen et al. 2019). In this section we present a feature-by-feature
discussion on the structure of the South American lithosphere and
underlying mantle.

5.1 Cratons

The South American continental lithosphere comprises several cra-
tonic units, located primarily in the northern and eastern part of the

continent and surrounded by a set of Neoproterozoic mobile belts
(De Brito Neves & Fuck 2013). The main cratonic units are the
Amazon and São Francisco Cratons, the surface extent of which
is marked by large Archean and Palaeoproterozoic crust (Fig. 1)
(Cordani & Sato 1999). In addition to these large cratonic regions,
other cratonic nuclei, identified by the presence of small portions
of Archean and Palaeoproterozoic crust (Brazilian Geological Sur-
vey et al. 2016), are scattered in the north (São Luis Craton) and
south east (Luis Álves and Rio de La Plata Cratons). Geophysical
studies also inferred the presence of cratonic roots underneath the
Paraná and Parnaı́ba Basins, even though no associated Archean
or Proterozoic crust is exposed at the surface (Feng et al. 2004,
2007; Rizzotto & Hartmann 2012; De Brito Neves & Fuck 2013;
De Castro et al. 2014).

The dense coverage on the continent provided by the global and
regional data constraining SA2019 allows us to determine to a
new level of detail the shape and distribution of cratons in South
America, highlighting previously unseen details in the structure
of the main cratonic blocks as well as imaging the boundaries of
unexposed units.
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5.1.1 Amazon

The Amazon Craton is commonly identified as a single block cen-
tred on the Amazon River. It comprises the Archean and Proterozoic
Guyana and Guaporé Shields (Fig. 15). Its provinces, identified and
dated through a combination of geological and geochronological
data (Santos et al. 2000, 2008; Rizzotto & Hartmann 2012), show
an approximately east–west pattern of accretion with the youngest
terranes to the west of the craton, forming the Rio Negro, Rondônia-
Juruena and Sunsás province (Fig. 15). The craton borders to the
west with the Sunsás Belt, a Mesoproterozoic orogenic belt that
has been interpreted as the southward extension of the Grenville
Orogeny in North America (Santos et al. 2008), now covered by the
cenozoic sediments of the Subandean Basins (Santos et al. 2008;
Brazilian Geological Survey et al. 2016). To the east, the Amazon
Craton borders to the Tocantins and Araguaia Fold Belts (De Brito
Neves & Fuck 2013; De Castro et al. 2014), which are part of
the Neoproterozoic Brasiliano Orogeny and separate the Amazon
from the southeastern cratonic domains, referred as ‘Brasiliano’ or
‘Extra-Amazonian’ domains in De Brito Neves & Fuck (2013).

SA2019 reveals a complex high-velocity body (+8 per cent
dVs) in the lithosphere under the proposed extent of the Ama-
zon Craton (Fig. 15). We image high velocity roots under large
parts of the Guyana and Guaporé Shields, mostly corresponding
to the Carajás, Central Amazon, Transamazon and Tapajos-Parima
provinces, while the younger Rio Negro, Rondônia-Juruena and
Sunsás provinces are underlain by lower velocities. In the Amazon
Basin, we identify the continuation of the craton under the thick
sedimentary cover, which bridges the gap between the two sides of
the Tapajos-Parima and Central Amazon provinces, indicating the
presence of a large, buried part of the craton. At 200–330 km depth,
an area of pronounced low velocities, centred under the Pantanal-
Chaco Basin, underlays most of the Rondônia-Juruena and southern
Sunsás provinces. Similarly, the Rio Negro Province in the north
also lacks a lithospheric root, which is thus present only under
portions of the shields that are older than 2 Ga (Carajás, Cen-
tral Amazon, Transamazon and Tapajos-Parima provinces) (Santos
et al. 2000, 2008; Rizzotto & Hartmann 2012). This implies either
that the youngest, western portion of the craton never developed
a thick lithospheric root or that its root has been eroded. Possible
mechanisms for the removal of the cratonic lithosphere include its
reworking during the Sunsás orogeny [similarly to the ‘crumple
zone’ model proposed by Lenardic et al. (2000)], or metasomatism
induced by the hydrous fluids rising from the slab, as hypothesized
by Kusky et al. (2014) for both the Wyoming and western Amazon
Cratons. Under the the western Guyana shield, we image a strong
low velocity anomaly in the asthenosphere. It lays beneath both the
cratonic roots of the Tapajos-Parima and Transamazon provinces
and the moderately high velocities of the Rio Negro province (Fig
. 15). Where it underlays cratonic lithosphere, topography shows a
steep increase (the Guyana Highlands, from 67 to 60 W, Fig. 15),
suggesting that the cratonic lithosphere may be pushed up by the
anomalously hot mantle underneath, generating dynamic topogra-
phy in the area. This low-velocity area has been imaged through
body-wave tomography by Chen et al. (2019), who interpreted it
as the subducted Caribbean Large Igneous Province (Hoernle et al.
2004; Spikings et al. 2015). In the north-western tip of the conti-
nent, we image a high-velocity lithospheric body west of the Guyana
Shield at 80–110 km depth, which protrudes to the west beyond
the Cordillera at 110–150 km depth. This anomaly is strongest in
the lithosphere, presenting velocities that are typical of cratons. At
depths greater than 200 km, less pronounced fast anomalies follow

the extent of the Cordillera, mapping the presence of the Bucara-
manga Slab in the area. While the velocity anomaly within cratonic
lithosphere and a slab can be similar, the location of the shallowest
part of this high-velocity unit east of the Andes indicates that its
nature cannot be solely explained by the slab, suggesting the pres-
ence of a buried cratonic unit. West of the Cordillera, the spatial
overlap with the Bucaramanga Flat Slab casts doubts on the nature
of the block, but its size—especially at 150 km depth—agrees more
with a thick, fast lithospheric unit than a linear, slab-like feature.
Hypotheses have been proposed suggesting a western fragment of
the Guyana shield extending underneath the Maracaibo block (van
der Hilst et al. 1994; Cediel et al. 2003); SA2019 images the pres-
ence of a cratonic block in this area, possibly wedged between the
subducting Bucaramanga slab and the Guyana Shield.

5.1.2 Parnaı́ba and São Luis

The Parnaı́ba Basin is a thick sedimentary basin located between the
mobile belts of the Neoproterozoic Brasiliano Orogeny (De Brito
Neves & Fuck 2013). The basin is bordered by the Araguaia Fold
Belt to the west, the Gurupi Fold Belt to the north, the Tocantins Fold
Belt to the south, and the Borborema Fold Belt to the east (De Castro
et al. 2014). While the Araguaia and Borborema Fold Belts separate
it from the large Amazon and São Francisco Cratons, the Gurupi
Belt marks the separation of the basin from the small, Archean São
Luis Craton (Nogueira et al. 2017). In the Parnaı́ba Basin, previous
tomographic studies showed pronounced high velocities, indicating
thick lithospheric root (Feng et al. 2007; Brazilian Geological Sur-
vey et al. 2016) and suggesting the presence of cratonic lithosphere
underneath the sediments. The São Luis Craton, by contrast, shows
no fast, thick lithosphere in tomographic models, but presents well
known cratonic crust (De Castro et al. 2014) and has been inter-
preted as a fragment of the West African Craton on the basis of
geochronological and plate reconstruction studies (Klein & Moura
2008).

In the Parnaı́ba Basin, our model shows a high-velocity anomaly
under the northern half of the basin. The Parnaı́ba Craton appears to
be connected to the Amazon and São Francisco Cratons at 110 km
depth, but slices of the model at 80 and 150 km depth (Fig. 8)
show markedly lower velocities under the Araguaia and Borborema
Foldbelts, suggesting that it is an independent body, separated by
narrow corridors, at the limits of our resolution from the neighbour-
ing cratons. In agreement with previous studies (Feng et al. 2007),
we do not retrieve high velocities under the the São Luis Craton,
indicating the presence of a cratonic root under the Parnaı́ba Basin
and not under the São Luis Craton. Alternatively, the Parnaı́ba and
São Luis may be distinctly different cratonic units, separated by an
orogenic belt that is too narrow to be resolved by our tomography.

5.1.3 São Francisco and Paraná

According to plate-tectonic reconstructions (Seton et al. 2012), the
São Francisco Craton is the South American counterpart of the
Congo Craton. Its surface extent spans from the Atlantic Coast to
the border of the Tocantins Belt in the west (Cordani & Sato 1999),
and from the Borborema Belt in the north to the Paraná Basin in
the South. The lithosphere of the Paraná Basin is believed to hide
a cratonic core, referred to as the Paranapanema block (Pimentel
et al. 2000; Mantovani et al. 2005; Feng et al. 2007). The Paraná
Basin is also the location of the flood basalts of the Paraná Large
Igneous Province (Thiede & Vasconcelos 2010), erupted at 135 Ma
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Figure 15. Top left-hand panel: map of the main tectonic features of South America. Cratonic units: Gy, Guyana; Gp, Guaporé; SF, São Francisco; SL, São
Luı́s; LA, Luı́s Alves; RP, Rio de La Plata. Provinces of the Amazon Craton (digitised from (Santos et al. 2008; Rizzotto & Hartmann 2012) and applied to shield
contours by (Brazilian Geological Survey et al. 2016): C, Carajás; CA, Central Amazon; TP, Tapajos-Parima; TA, Transamazon; RJ, Rondônia-Juruena; RN, Rio
Negro; Su, Sunsás. Proposed extent of buried cratonic blocks (Brazilian Geological Survey et al. 2016): Pa, Paranapanema; Pb, Paranaı́ba. Sedimentary basins:
Ab, Amazon; Pb, Pantanál; Cb, Chaco. Mobile belts: Gr, Gurupi; Ar, Araguaia; Bo, Borborema; To, Tocantins; Ma, Mantiqueira. Flat Slab sections: BuFS,
Bucaramanga; PeFS, Peruvian; PaFS, Pampean. Andean volcanic zones: NVZ, CVZ, SVZ for Northern-, Central-, and Southern Volcanic Zone, respectively.
Hotspots are shown as yellow diamonds: SF, São Felix; JF, Juan Fernandez; Fe, Fernando. Other labels: TBL, Transbrasilian Lineament; AP, Argentinian
Platform. Major plate boundaries as green lines. Top right- and bottom right- and left-hand panel: S-wave velocity anomaly at 110, 260 and 485 km depth
under South America. Tectonic boundaries from top left panel are overlain for comparison.
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and believed to have marked the onset of the Tristan Da Cunha
Mantle Plume (Morgan 1983).

SA2019 shows high-velocity, cratonic lithosphere beneath both
the São Francisco Craton and Paraná Basin. The Borborema
province north of the São Francisco Craton is underlain by weak
positive anomalies at lithospheric depths, which indicates that it
lacks a thick cratonic root, in agreement with recent P-wave tomog-
raphy identifying lower velocities in the region (Neto et al. 2019).
This is in agreement with the late Proterozoic age of its heav-
ily sheared crust (Cordani & Sato 1999; Ganade de Araujo et al.
2014). In the northern Paraná Basin, we observe thick lithosphere
with pronounced high velocity anomalies within it, coinciding with
the proposed location of the Paranapanema Block (Mantovani et al.
2005). In the southern Paraná Basin, we image weaker (3–4 per cent
dVs) anomalies within a localized high velocity area. The presence
of thick, cold lithosphere only in the northern part of the basin, to-
gether with the distribution of the Paraná LIP basalts suggests that
the lithosphere in the south of the Paranapanema was either thin at
the time of the LIP eruption, or that it was thinned by the plume
causing the LIP.

5.1.4 Rio de La Plata and Luis Álves

South of the Paranapanema block, several small outcrops of cra-
tonic crust define the evidence for the the presence of the Luis
Álves (De Brito Neves & Fuck 2013) and Rio de La Plata Cra-
tons (Sanchez Bettucci et al. 2010; Oyhantçabal et al. 2011). For
both of the cratons, the large cenozoic cover (Brazilian Geological
Survey et al. 2016) makes their lithospheric extent a matter of de-
bate, with some studies proposing large extent of these (Sanchez
Bettucci et al. 2010; Oyhantçabal et al. 2011; De Brito Neves &
Fuck 2013), or even the presence of a single mega craton including
both units (Santos et al. 2019). Previous tomographic models (Feng
et al. 2007; French & Romanowicz 2015; Debayle et al. 2016) typ-
ically recover a high velocity signal under the São Francisco and
Paranapanema blocks, but not under the any of the proposed extents
of the Rio de La Plata Craton, in disagreement with the geologi-
cal interpretation identifying large, wide (and unexposed) cratonic
bodies.

Our model does not retrieve a high-velocity signal under the pro-
posed location of the Rio de La Plata and Luis Álves Cratons, in
disagreement with their proposed large size (e.g. Oyhantçabal et al.
2011; Santos et al. 2019). In order to verify that the absence of
thick, cold lithosphere is not due to lack of coverage in the area,
we computed a synthetic model simulating the cratonic root of
the proposed extent of the Rio de La Plata Craton. Results of this
synthetic structural test (Fig. 12) demonstrate that if a large, thick
cratonic root of the proposed—or similar—size was indeed under-
laying the outcrops of the Rio de La Plata Craton, our model would
be able to retrieve it. If the Craton would be as wide as proposed,
the presence of Archean shields and the lack of a high velocity
lithospheric root at present day would suggest that the craton lost its
root. While this could be explained by processes of cratonic erosion
(Section 5.1.1), it is notable that all small, rootless—according to
seismic tomography—cratons, that is São Luis, Rio de La Plata and
Luis Álves, locate at the margin of the continent. This may indicate
that these cratons have been somewhat reworked during the forma-
tion/disassembly of Western Gondwana, either by being fragments
of the conjugate African cratons as suggested by Klein & Moura
(2008) for the São Luis Craton, or possibly as reworked blocks in
the collisional/extensional processes.

5.1.5 The Transbrasilian Lineament

The Transbrasilian Lineament (TBL) is a large, seismically ac-
tive shear zone (Assumpção et al. 2004; Arthaud et al. 2008; De
Brito Neves & Fuck 2013; Curto et al. 2014). It runs within the
Neoproterozoic fold belts of the Brasiliano Orogeny (Borborema,
Tocantins) (Cordani & Sato 1999; De Brito Neves & Fuck 2013)
in the North and continues between the Paraná and Pantanal-Chaco
Basins in central South America, while its southern end is debated
(Fig. 15) (Brazilian Geological Survey et al. 2016). According to
plate reconstruction models (e.g. Seton et al. (2012)), the palaeo-
location of the northern end of the lineament coincides with the
southern point of the West African Shear Zone (Begg et al. 2009),
suggesting a common origin of the two shear zones (Klein & Moura
2008). Previous tomographic studies identified lower velocities in
the area, corresponding to the location of the seismicity related to
the lineament (Feng et al. 2007; Rocha et al. 2016).

Our model retrieves a pronounced low velocity anomaly under the
TBL, its amplitude increasing towards the southwest. It terminates at
a velocity minimum under the Pantanal Basin. This minimum shows
low S-wave velocities down to 260–330 km depth. The substantial
drop in S-wave velocity anomaly under the location of the TBL and
the seismic activity in the area (Assumpção et al. 2004) show that
the lineament continues to be to the present day a seismically active
zone of hot mantle upwelling (Figs 15 15 16), following the areas
of weak lithosphere formed during the Neoproterozoic Brasiliano
Orogeny (De Brito Neves & Fuck 2013).

5.2 The Andes and Patagonia

The Andean Cordillera marks the western boundary of the South
American plate, where the Nazca and Antarctic plates subduct. The
subduction is divided into different sectors, with the presence of
areas of flat slab subduction (Bucaramanga, Peruvian and Pam-
pean Flat Slabs), characterised by absence of volcanism, alternated
by the Northern-, Central- and Southern Volcanic Zones (Ramos
& Folguera 2009). In the southern Andes, another volcanic gap
(Patagonian) is present where the Chile Rise subducts. Models of
crustal thickness (van der Meijde et al. 2015) agree on thickest
crust to be centred around the orogenic bend known as the Bolivian
Orocline, with thinner crust in the northern and southern sectors of
the Cordillera. In Patagonia, the scarcity of continental basement
outcrops has generated a long-standing debate on its origin as an
independent block (Martı́nez Dopico et al. 2011; Schilling et al.
2017). While Precambrian rocks have been sampled in the region,
geochemical evidence show a wide erosion and refertilization of its
lithospheric mantle (Schilling et al. 2017).

5.2.1 Volcanism and low velocities

Under the whole Andean Cordillera, SA2019 shows consistently
low S-wave velocity anomalies of –5 to –8 per cent at shallow litho-
spheric depths (56, 80 km, Fig. 8). The velocity minima correlate
well with the distribution of main volcanic fields in the Northern,
Central and Southern Volcanic Zone (Ramos & Folguera 2009,
Fig. 16). Under the Central Volcanic Zone, we image the lowest
velocity anomalies in the continent, corresponding to the areas of
most pronounced crustal thickening (van der Meijde et al. 2015).
Beneath this area of low velocities, a thin, nearly vertical low-
velocity conduit is visible down to 330 km depth at the northern
edge of the Pampean Flat Slab, suggesting a deeper origin for the
strong, broad low-velocities we observe in the shallow lithosphere
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(Fig. 16). In Patagonia, we image low velocities underneath the
Cordillera corresponding to the Southern Volcanic Zone (Ramos &
Folguera 2009). At 80 km depth and below, the velocities in the
area show a clear minimum where the Chile Rise subducts, forming
the Chile Triple Junction (CTJ). The whole of Patagonia is thus
underlain by a 150 km deep low velocity zone centred around the
subducting ridge axis. While the subduction of the MOR can be
interpreted to be the source for much of the partial melting in the
area, the actual point where the ridge subducts—and where we im-
age the lowest velocities—corresponds to the Patagonian Volcanic
Gap. North of the CTJ, at 200–260 km depth, the signal from the
subducted MOR disappears, with the high velocities of the slab ap-
pearing instead. Patagonia shows much greater uplift than the rest
of the continent (Flament et al. 2015), with greatest elevation on the
flanks of the CTJ. The topography has been proposed to be caused
by the presence of a slab window under Patagonia (Guivel et al.
2003; Breitsprecher & Thorkelson 2009), created by the northward
movement of the Chile Rise burning through the subducting plate
and generating positive dynamic topography, supported by geomor-
phology and geodynamic modelling (Guillaume et al. 2009; Pedoja
et al. 2011; Flament et al. 2015). SA2019 indicates an area of thin-
ner, hotter lithosphere extending approximately 1000 km north and
south of the CTJ, underlaying the whole extent of the high topog-
raphy in Patagonia. North of the CTJ, velocities are lower and we
image the presence of the Nazca Slab at depth, while south of the
CTJ we observe less strong low velocities and no slab. We can thus
postulate that the lower velocities in northern Patagonia are due

to the presence of hydrous fluids rising from the slab underneath,
while south of the CTJ no slab is visible.

5.2.2 Slabs

Starting at 150 km depth, our model samples the high velocity
anomalies of the subducting slabs. At 150 km depth, we image a
strong signal under the Bucaramanga, southern Peruvian and Nazca
Slabs, with gaps corresponding to the Northern- and Southern Vol-
canic Zones (for a more thorough discussion on the Bucaramanga
Slab and the Maracaibo Subplate, we refer to Section 5.1.1). At 200–
260 km, we retrieve a continuous image of the slab, with highest
velocities around the Bolivian Orocline. The area of highest veloc-
ities corresponds to where the oldest—and thus thickest—portions
of the Nazca Plate subduct (Capitanio et al. 2011), indicating that
the greater S-wave anomalies show the subduction of a much thicker
oceanic lithosphere. In the deeper upper mantle and mantle tran-
sition zone, we image the Bucaramanga and Peruvian Slabs in the
north and the Nazca Slab in the South, separated from the thick,
central slab by two slab gaps corresponding to the Peruvian and
Pampean Flat Slabs (Ramos & Folguera 2009, Fig. 16). These gaps
correlate very well with the location of the subduction of the Nazca
and Juan Fernandez Ridges and have been proposed to be the result
of the Easter Island and Juan Fernandez Hotspots ‘burning’ through
the slabs (Portner et al. 2017). In the transition zone, the northern
slabs appear to be much lower in velocity compared to the cen-
tral and southern ones (Fig. 15). This can be explained once again
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Figure 17. Plot of the model at 80 and 260 km beneath the South Atlantic Ocean. Oceanic and continental LIP’s contours modified from Gaina et al. (2013)
are overlaid in pink; hotspot locations are shown as yellow diamonds, major plate boundaries as green lines (solid lines: verified; dotted lines: proposed).

by the age and corresponding thickness of the subducted oceanic
lithosphere: the Bucaramanga and Peruvian Slabs are subducting
much younger lithosphere, implying that its thickest portions (vis-
ible now over 1000 km east of the Andes at 485 km depth) have
been subducted a longer time ago and spent more time in the man-
tle, possibly being reheated and showing thus less high velocities.
South of the Pampean Slab Gap, we image the Nazca Slab under-
neath the slab window corresponding to the low velocities of the
ridge (see Section 5.2.1). Under the Antarctic Plate, SA2019 does
not retrieve strong, high velocities indicative of the presence of a
subducting slab. This can be explained, at least partially, by the very
low plate motion rates of the Antarctic Plate (Becker et al. 2015),
which indicate in turn little or no subduction south of the CTJ.

6 S O U T H AT L A N T I C O C E A N

In the South Atlantic Ocean, our model reveals complex low-
velocity anomalies associated with the mid-ocean ridge, the numer-
ous hotspots and the thickness and anomalies of the cooling oceanic
lithosphere. In the next sections, we discuss the main features of the
oceanic lithosphere and underlying mantle.

6.1 The South Atlantic Ridge

The South Atlantic Ridge is the southern hemisphere portion of the
Mid-Atlantic Ridge. It extends throughout our model and represents
the plate boundary between the African and South American plates.

Global tomographic studies (Grand et al. 1997; Shapiro & Ritz-
woller 2002; Lebedev & van der Hilst 2008; Lekić & Romanowicz
2011; Ritsema et al. 2011; Debayle & Ricard 2012; French et al.
2013; Schaeffer & Lebedev 2013; French & Romanowicz 2014;
Chang et al. 2015; Debayle et al. 2016) sample the MAR, but only
few regional studies focus specifically on the South Atlantic oceanic
lithosphere and underlying mantle (Silveira et al. 1998; Debayle &
Ricard 2012; Colli et al. 2013; James et al. 2014). Most of these
models sample continuous velocity lows under the ridge, with lower
velocities in the proximity of the Tristan da Cunha and Ascension
Hotspots (Fig. 10). Our model recovers a strong, continuous low-
velocity signal throughout the extent of the South Atlantic Ridge
at all depths down to 200 km, where the ridge-related anomalies
are not visible anymore (Fig. 17). The axial continuity of the low-
velocity signal is interrupted at the Romanche Fracture Zone—an
active transform fault that offsets the MAR by 900 km—suggesting
a disturbance in the mantle flow upwelling pattern caused by the
shearing structure. At 80–110 km depth, SA2019 recovers a very
clear and detailed pattern in the ridge structure, with many, local-
ized regions of low velocity. Most S-wave velocity minima in the
central section of the MAR are consistently located east of the ridge
axis (Figs 17 and 9), especially in the proximity of hotspots, for ex-
ample the St Helena and Tristan da Cunha Islands (hotspot features
and their interaction with the Mid-Atlantic Ridge will be discussed
in more detail in Section 6.2). The close correlation between the
location of the largest shifts from the ridge axis, areas of more pro-
nounced low-velocity anomalies, and the presence of nearby active
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hotspots suggests a close relationship between the hotspots and the
MAR.

6.2 Ocean hotspots

Numerous recognized hotspots and seamounts are scattered across
the South Atlantic Ocean, with an unusually high density in the
Cape Basin (Thorne et al. 2004; O’Connor et al. 2018). The Tristan
da Cunha Hotspot, in particular, has attracted a lot of attention due
to its evident hotspot tracks and traces of onshore past magmatism in
the form of LIPs (Morgan 1983; Sleep 1990; O’Connor & Duncan
1990; Rohde et al. 2013; Schlömer et al. 2017; Bonadio et al. 2018).
Low velocities have been detected under a number of Hotspots in
different studies (Colli et al. 2013; French & Romanowicz 2015;
O’Connor et al. 2018), especially Canary and Cabo Verde (French
& Romanowicz 2015), but the seismic structure of the hotspots in
the Cape Basin is still debated (Gassmöller et al. 2016; Baba et al.
2017; Schlömer et al. 2017; Bonadio et al. 2018; O’Connor et al.
2018).

SA2019 retrieves pronounced low velocity anomalies from the
locations beneath oceanic hotspots, which we can divide in two
broad groups by their position relative to the Mid-Ocean Ridge:
hotspots close to the ridge (Azores, Ascension, Saint Helena, Tris-
tan da Cunha, Gough, Shona, Bouvet and Marion) and intraplate
hotspots, away from oceanic ridges (Madeira, Canary, New Eng-
land, Fernando de Noronha, Trindade, Vema, Meteor, Discovery,
San Felix, Juan Fernandez, Crozet, Reuniòn and Comoro). For the
intraplate hotspots, the low seismic velocity contrasts starkly with
the surrounding fast, older oceanic lithosphere, producing clear im-
ages of the presence of hot mantle down to 200–260 or, in some
cases, 330 km depth (e.g. Cabo Verde, Vema, Trindade; Fig. 17). The
Discovery and Meteor Hotspots are an exception, as the model does
not show low velocities beneath the location of these seamounts.
Near-ridge hotspots are more difficult to image due to their proxim-
ity to the low velocities of the MAR. They coincide with areas where
the low-velocity anomalies from the South Atlantic Ridge are more
pronounced (Fig. 18), suggesting either a lack of a sufficient lateral
resolution of the tomographic image to separate the two features or
the existence of an interaction between the magmatism comprising
both the ridge- and hotspot feeding systems [Plume-Ridge inter-
action (Schilling 1991)]. Between the Ascension and Saint Helena
hotspots, the ridge anomalies deviate from the axis of the MAR
towards the hotspot location. The Saint Helena hotspot, far from
the MAR, locates on the eastern boundary of a strong velocity min-
imum (anomalies –6 to –7 per cent at 110 km depth) that departs
over 500 km east from the ridge axis, while Ascension Island, only
100 km west of the ridge, tops a low-velocity anomaly that is cen-
tred under the ridge. The Azores and Bouvet islands both sit on top
of Mid-Ocean Ridge triple junctions and show laterally extended,
pronounced low-velocity anomalies at shallow depths, their signal
fading rapidly at 260 km depth.

6.2.1 Tristan da Cunha and Vema

The Tristan da Cunha island is located 460 km east of the MAR,
in the youngest part of the Cape Basin. It is believed to be the
expression of the mantle plume that generated the Paraná-Etendeka
LIP during the breakup of Gondwana (Morgan 1971; O’Connor &
Duncan 1990; Rohde et al. 2013; Bonadio et al. 2018; O’Connor
et al. 2018), with the associated hotspot tracks being the Walvis
Ridge to the east and and the Rio Grande Rise to the west. For the

Walvis Ridge, geochronological data show a clearly increasing age
progression towards the Etendeka LIP, further supporting its hotspot
origin (O’Connor et al. 2018).

In the Tristan da Cunha area, SA2019 samples a broad veloc-
ity minimum between the hotspot location and the South Atlantic
Ridge, with velocities substantially lower than elsewhere beneath
the ridge at 56 (–6 to –7 per cent versus –2 to –3 per cent), 80 and
110 km depth (–8 per cent versus –6 to –7 per cent) (Fig. 19). We in-
fer that the strong low-velocity signal from the ridge partially masks
the expression of the Tristan hotspot. To the northwest of the Walvis
Ridge, in the Angola Basin, we image a low velocity minimum that
does not correspond to any bathymetric feature. The location of this
velocity low fits the area of plume-generated crust computed by
numerical modelling of the mantle plume (Gassmöller et al. 2016),
which extends northwards off the track of the Walvis Ridge. At
150–260 km depth, the velocity minimum shifts east of the Walvis
Ridge, towards the location of the Vema Seamount, which is under-
lain by low-velocities down to 330 km depth (Fig. 19). The absence
of lithospheric low velocities under the Vema hotspot can be related
to the presence of thick, old lithosphere in the Cape Basin, prevent-
ing the hot material from rising from the asthenosphere beneath,
as suggested by O’Connor et al. (2012, 2018) for the case of the
Discovery seamount. At 330 km depth, the low-velocity anomalies
beneath Vema, Meteor and Cabo Verde hotspots are the only visible
hotspot-related anomalies, making Vema one of the major hotspots
in the South Atlantic Ocean.

Under the Walvis Ridge and Rio Grande Rise, at 56–80 km
depth, the topographical expression of the two hotspot tracks is
located on the boundary between the low velocities in the north and
the high velocities of the Argentine and Cape Basins in the south.
At 110–260 km, lower velocities underlay part of the Walvis Ridge,
although these anomalies do not follow the location of the hotspot
track: they connect the Vema hotspot to shallower velocity minima
in the proximity of the ridge (Fig. 19).

6.2.2 Cameroon Volcanic Line and Saint Helena Rise

The offshore continuation of the Cameroon Volcanic Line (CVL) is
a series of seamounts in the northern Angola Basin. Its furthest off-
shore portion, pointing towards the Saint Helena Island, is often re-
ferred as the Saint Helena Rise. The seamount chain protrudes from
Cameroon towards the Saint Helena Hotspot, with dated seamounts
following an approximately linear age progression (Maher et al.
2015). Approaching the continent however, the Saint Helena Rise
overlaps with the CVL, with both off- and onshore volcanism be-
ing continuous and geochemically similar since 65 Ma (Fitton &
Dunlop 1985) and thus difficult to relate to a single hotspot track
(Halliday et al. 1990; Marzoli et al. 2000; Reusch et al. 2010; Njome
& de Wit 2014). The origin of the onshore part of the CVL has been
ascribed to a number of different processes: a frozen mantle plume
source in the upper mantle (Halliday et al. 1990); edge-driven con-
vection based on tomography and SKS splitting (Reusch et al. 2010;
De Plaen et al. 2014); flux from the Afar Hotspot from geodynamic
modelling (Ebinger & Sleep 1998); lithospheric instabilities from
laboratory experiments (Milelli et al. 2012). Fairly uniform transi-
tion zone thickness has been interpreted as an additional proof that
the volcanism cannot be related to a deep mantle plume (Reusch
et al. 2011), and the lack of a strong anisotropy (De Plaen et al.
2014) does not support the proposed flow from Afar. The Saint He-
lena Rise presents on the other hand a more clear, progressive set
of volcanic ages that suggest a hotspot origin (Maher et al. 2015).
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Figure 18. 3-D structure of the South Atlantic low-velocity zones from SA2019 shown as velocity anomaly isosurfaces between 80 and 200 km depth. S-Wave
Velocity anomalies contours of –1.5 per cent. The Mid Ocean Ridge at surface is plotted in green. Hotspot are plotted at the surface as yellow diamonds, with
sticks connecting to the velocity isosurface at depth to help perspective view: Ca, Canary; CV, Cabo Verde; As, Ascension; SH, Saint Helena; Fe, Fernando de
Noronha; Td, Trindade; Ve, Vema; Ts, Tristan da Cunha; Go, Gough; Ds, Discovery; Me, Meteor; Sh, Shona; Bv, Bouvet; Ah, Ahaggar; Co, Mount Cameroon.
Coastlines, topography and bathymetry from ETOPO1 are plotted on top as transparencies.

Figure 19. Cross-section through SA2019 in the Walvis Ridge, Tristan da Cunha and Vema hotspot area. S-wave velocity anomaly contours of –2.5 per cent
are drawn in black to highlight areas of pronounced low velocities. Topography and bathymetry are plotted on top of the sections. Hotspots are shown as yellow
diamonds, Mid-Ocean Ridges as green reverse triangles. In the map, plate boundaries are plotted in green on top of topography and Oceanic and continental
LIP’s contours modified from Gaina et al. (2013) are overlaid in grey.

Unlike for the onshore part, no previous tomographic study focused
on the offshore segment of the CVL, although most global or large
regional models show a drop in seismic velocities in the vicinity of
the seamount chain (Colli et al. 2013; French et al. 2013; Debayle
et al. 2016).

Close to the coast and onshore, low-velocity anomalies are visi-
ble from 80 to 260 km depth, with lowest velocities close to Mount
Cameroon (Fig. 8). In agreement with the lack of a clear hotspot
track and the uniform transition zone thickness (Reusch et al. 2011),
these anomalies do not continue in the transition zone and seem to

be limited to the shallow, hot asthenosphere neighbouring the fast
anomalies of the Gabon-Cameroon Craton. Offshore, at 80–260 km
depth, SA2019 shows continuous, strong low-velocity anomalies
following the seamounts of the Saint Helena Rise-CVL, connecting
the anomalies of the Cameroon hotspot to the South Atlantic Ridge
(Fig. 17). While the low-velocity corridor follows the seamount
distribution close to Africa, it tilts to the north closer to the MAR,
pointing to the Ascension Hotspot rather than Saint Helena, under-
neath a very wide area of high residual basement depth (Fig. 2). The
continuous distribution of low velocities along the whole volcanic
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Figure 20. Age-average cross-sections through the cooling oceanic lithosphere. The averaging is computed for the whole globe (a), and four basins in the
South Atlantic ocean (b–e). for each region, a map shows the age of the oceanic lithosphere as from Müller et al. (2008) of the averaged area over topography
and bathymetry, with hotspots as yellow diamonds, LIPs in magenta (Gaina et al. 2013) and plate boundaries in green. In the age-average cross-sections, the
averaged area for each age bin is plotted on top of the plot, and the 1200◦ and 600◦ isotherms (Becker et al. 2014) are plotted as black lines.

chain differs from what we image in more well-known hotspots
(e.g. Tristan da Cunha, Cabo Verde), where we retrieve stronger,
low velocities only at the location of the youngest, present-day vol-
canism. This structure is difficult to reconcile with a single hotspot
origin. Combining our tomography with age information (Reusch
et al. 2010; Maher et al. 2015), we can suggest a hotspot origin for
the low-velocities we image under Saint Helena and to its west—
with the MAR possibly pulling the hotspot to the west from under
the island—generating the seamounts of the Saint Helena Rise.
The low-velocity channel we image from the CVL to the MAR
on the other hand must be ascribed to a different process, possibly
indicating an area of thinner, hotter oceanic lithosphere. A possi-
ble explanation is that the hotter mantle in Cameroon—be it from
a hotspot, edge-driven convection (Reusch et al. 2010; De Plaen
et al. 2014), flowing from Afar (Ebinger & Sleep 1998) or from
lithospheric instabilities (Milelli et al. 2012)—heated and thinned
the oldest oceanic lithosphere in the area, in agreement with recent
offshore volcanism close to Africa (Reusch et al. 2010). This can
have created a lithospheric corridor allowing for hot asthenosphere
to flow from Cameroon to the MAR following the gradient of the

younging oceanic lithosphere–asthenosphere boundary. While this
hypothesis fits volcanic ages (Reusch et al. 2010; Maher et al. 2015),
maps of residual topography (Fig. 2) and velocities imaged by our
tomography (Fig. 18), the absence of seamount volcanism on top of
this low-velocity corridor remains unexplained.

7 C O O L I N G O F T H E O C E A N I C
L I T H O S P H E R E

The oceanic lithosphere of the South Atlantic imaged by SA2019
is perturbed by a very complex system of low-velocity anomalies,
related to many, localized upwellings of hot mantle material. Due
to the presence of hotspots and different ridge spreading rates and
geometries, the present state and evolution of the lithosphere can
differ substantially between different oceanic basins, as we see from
the complex low-velocity patterns imaged in the South Atlantic
(Fig. 17). For an undisturbed evolving lithosphere, the process of
thermal cooling and thickening has been proposed to follow either
the half-space cooling (Parker & Oldenburg 1973), or the ‘Plate’
model (Stein & Stein 1992).
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Figure 21. Local age-average anomalies with respect to the global for four oceanic basins (a–d). for each basin, the left-hand panels show the local age-average
cross-section; features specific of the averaged area are plotted at the lithospheric age where they locate. Absolute S-wave velocity profiles for the ages of the
features are plotted in the right-hand panels: red is the regional average, blue is the global.

By averaging our model over portions of the oceanic lithosphere
of the same age [age data from Müller et al. (2008)], we obtain
velocity profiles that reflect the average S-wave velocity struc-
ture at each age—which is in turn a proxy for the thickness and
temperature of the lithosphere. Combining these profiles for dif-
ferent seafloor ages, we obtain a seismic image of the cooling
oceanic lithosphere in the averaged area. When performing the
age-averaging over the whole globe, lateral averaging removes
the influence of local features, yielding a picture of the evolu-
tion of the global average, ‘normal’ oceanic lithosphere with time
(Fig. 20a). The change from the positive S-wave velocity anomalies
of the oceanic lithosphere to the low-velocities of the asthenosphere
roughly follows the 1200 ◦C half-space cooling isotherm (Becker
et al. 2014).

In order to analyse local anomalies in the cooling of the
oceanic lithosphere, we averaged our model over smaller re-
gions that present markedly different sublithospheric structures:
the Brazil, Angola, Argentine and Cape Basins in the South At-
lantic Ocean (Figs 20b–e). When restricting the averaging to
these smaller regions, we can observe very different age-average
cross-sections in each of them, indicative of the presence of
strong, local effects affecting the oceanic lithosphere. Our ob-
servations on a global scale show that undisturbed oceanic litho-
sphere, on average, thickens with age monotonically, including at
ages over 100 Myr, but effects of local mantle anomalies have a
large impact over the lithospheric structure of particular oceanic
basins.

7.1 Anomalous cooling

Using the global and local age-average cross-sections, we can quan-
titatively compute local variations by subtracting the global, ‘nor-
mal spreading’ age-average values from the local ones. The resulting
cross-section isolates thus the seismic signature of local mantle pro-
cesses from the one of the average cooling lithosphere (Fig. 21). In
the Brazil Basin (Fig. 21a), we identify pronounced low velocities
at 80 Myr—corresponding to the age of the lithosphere under the
Trindade hotspot—and earlier, suggesting that the hotspot affected
the evolution of the oceanic lithosphere older than 80 Myr in the
basin. In the Angola Basin (Fig. 21b), we can image a clear low
velocity ‘column’ at 25 Myr. This structure is the same age as the
Tristan da Cunha island (included in the averaging area), indicating
that what we see is the averaged seismic signature of the hotspot in
the lithosphere and upper mantle. The hotspot signal is masked by
the ridge in tomographic images, but is successfully isolated from
it by using the differential age-averaging. In the Argentine Basin
(Fig. 21c), we can identify the presence of anomalously thick, fast
lithosphere under most of the basin, which coincides with the neg-
ative residual basement depth (Müller et al. 2008), suggesting that
at least a large part of the bathymetry anomaly can be explained by
lithospheric buoyancy. In oceanic lithosphere of age 90–110 Myr,
we can also observe the effect of the tip of the subducting Chile Rise
reaching the back of the basin from under the continent (Fig. 17). In
the Cape Basin (Fig. 21d), we observe the very strong low-velocity
anomaly underneath the ages corresponding to the location of the
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Vema seamount (105 Myr old lithosphere). Complementing the to-
mographic image, the age-average residuals depict more clearly the
anomaly beneath Vema, also highlighting a possible link between
its deep signature and the low-velocity anomalies found offshore
South Africa (Fig. 17).

8 C O N C LU S I O N S

Our new model SA2019 provides an improvement in resolution
over the previously published tomographic models of the region
thanks to the improved coverage and the tuning of regularization
coefficients with synthetic tests. The improved resolution yields
sharper images of both continental and oceanic lithosphere, which
can be ‘ground-truthed’, in a number of instances, by independently
derived geological information.

In South America and Africa, the complexity of the cratonic
lithosphere revealed by the new model is in stark contrast with the
images of the large, monolithic cratons proposed in the past. In
Africa, multiple cratonic cores lie within the previously proposed
boundaries of the West Africa and Congo Craton, and we image
the Niassa and Cubango cratons, buried under thick sediments and
not previously identified. In South America we image the shape
of both the buried and exposed portions of cratonic lithosphere
within the boundaries of the Amazon Craton. We also image the
cratonic roots of the Parnaı́ba Basin and Paranapanema Block, un-
exposed at the surface. In the northwest of the continent, we image
a possible new cratonic block buried under the Cenozoic sediments
of the Subandean Basins and possibly extending underneath the
Maracaibo subplate. We also image the lack of a cratonic root un-
derneath the small fragments of cratonic crust of the São Luis,
Rio de La Plata and Luis Álves Cratons. Between cratonic blocks,
we image clear low-velocity patterns corresponding to large trans-
continental shear zones originated at the time of the assembly of
Gondwana (Transbrasilian Lineament), acting as regions of active
mantle upwelling still at present-day. In northwest South America,
we image the presence of sublithospheric low-velocity anomalies
under the western Guyana Shield, explaining the high elevation of
the Guyana Highlands in terms of dynamic topography.

Thanks to the new resolution of our model, we also retrieve ac-
curate information on the subduction under South America. In the
north, we image the Peruvian and Bucaramanga Flat Slab. In the
central Andes, we image the Nazca Slab and the Pampean Slab
Gap. We also image a low-velocity conduit rising from the deep
upper mantle under the Central Volcanic Province. In the southern
Cordillera, we see that the lithosphere is dominated by the low ve-
locities of the subducted Chile Rise, creating a slab window. South
of the Chile Triple Junction, we image no slab under the subducting
Antarctic Plate. In the South Atlantic Ocean, we image complex pat-
terns in the low-velocities underneath the MAR. SA2019 identifies
many strong, localized anomalies underneath the ocean hotspots in
the area, tying links between the ones closest to the MAR and the
signal from the Ridge itself. The shallow lithospheric signal of the
Tristan da Cunha hotspot in particular is masked by the one from
the MAR, indicating that the hotspot has a relatively small seismic
signature. By contrast, we image strong, pronounced low-velocity
anomalies underneath the intraplate Cabo Verde and Vema hotspots.
We image low-velocities under the Cameroon Volcanic Line-Saint
Helena Rise, connecting the MAR to the Cameroon hotspot. The
large picture we can get from the new images of the South Atlantic
Ocean shows thus a very complex and deeply interconnected pattern

of low-velocity anomalies that crosses the ocean both underneath
the ridge and the cold oceanic basins.

The global design of SA2019 allows us to estimate the age-
average seismic signal of the cooling of the oceanic lithosphere,
which, on average, thickens with age. By subtracting the seismic
signature of the average spreading oceanic lithosphere from local,
basin-scale averages, we can quantitatively isolate a thin, vertical
cooling anomaly in the Angola Basin at 25 Myr, which we can
relate to the signature of the Tristan da Cunha Hotspot. With the
same process, we better image the vertical structure of the Vema
and Trindade hotspots and the highly anomalous thick lithosphere
underneath the Argentine Basin.
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eament in northern Paraná Basin, Brazil, as inferred from aeromagnetic
data, J. geophys. Res., 119(3), 1544–1562.

De Brito Neves, B.B. & Fuck, R.A., 2013. Neoproterozoic evolution of the
basement of the South-American platform, J. South Am. Earth Sci., 47,
72–89.

De Castro, D.L., Fuck, R.A., Phillips, J.D., Vidotti, R.M., Bezerra, F.H.R.
& Dantas, E.L., 2014. Crustal structure beneath the Paleozoic Parnaı́ba
Basin revealed by airborne gravity and magnetic data, Brazil, Tectono-
physics, 614, 128–145.

De Plaen, R.S., Bastow, I.D., Chambers, E.L., Keir, D., Gallacher, R.J. &
Keane, J., 2014. The development of magmatism along the Cameroon Vol-
canic line: evidence from seismicity and seismic anisotropy, J. geophys.
Res., 119(5), 4233–4252.

De Waele, B., Fitzsimons, I.C.W., Wingate, M.T.D., Tembo, F., Mapani, B.S.
& Belousova, E., 2009. The geochronological framework of the irumide
belt: a prolonged crustal history along the margin of the Bangweulu
Craton, Am. J. Sci., 309(2), 132–187.

Debayle, E. & Ricard, Y., 2012. A global shear velocity model of the upper
mantle from fundamental and higher Rayleigh mode measurements, J.
geophys. Res., 117(10), 1–24.

Debayle, E., Dubuffet, F. & Durand, S., 2016. An automatically updated
S -wave model of the upper mantle and the depth extent of azimuthal
anisotropy, Geophys. Res. Lett., 43(2), 674–682.

Dziewonski, A.M., Chou, T.-A. & Woodhouse, J.H., 1981. Determination of
earthquake source parameters from waveform data for studies of global
and regional seismicity, J. geophys. Res., 86(B4), 2825–2852.

Ebinger, C.J. & Sleep, N.H., 1998. Cenozoic magmatism throughout east
Africa resulting from impact of a single plume, Lett. Nature, 395, 788–
791.

Ekström, G., Nettles, M. & Dziewonski, A.M., 2012. The global CMT
project 2004-2010: centroid-moment tensors for 13,017 earthquakes,
Phys. Earth planet. Inter., 200-201, 1–9.

Feng, M., Assumpção, M. & Van der Lee, S., 2004. Group-velocity to-
mography and lithospheric S-velocity structure of the South American
continent, Phys. Earth planet. Inter., 147(4), 315–331.

Feng, M., van der Lee, S. & Assumpção, M., 2007. Upper mantle structure
of South America from joint inversion of waveforms and fundamental
mode group velocities of Rayleigh waves, J. geophys. Res., 112(4), 1–16.

Fichtner, A., Bunge, H.P. & Igel, H., 2006. The adjoint method in seismology.
I. Theory, Phys. Earth planet. Inter., 157(1–2), 86–104.

Fishwick, S., 2010. Surface wave tomography: Imaging of the lithosphere-
asthenosphere boundary beneath central and southern Africa?, Lithos,
120(1–2), 63–73.

Fitton, J.G. & Dunlop, H.M., 1985. The Cameroon line, West Africa, and
its bearing on the origin of oceanic and continental alkali basalt, Earth
planet. Sci. Lett., 72(1), 23–38.

Flament, N., Gurnis, M., Müller, R.D., Bower, D.J. & Husson, L., 2015.
Influence of subduction history on South American topography, Earth
planet. Sci. Lett., 430, 9–18.

Fouch, M.J., James, D.E., VanDecar, J.C. & van der Lee, S., 2004. Mantle
seismic structure beneath the Kaapvaal and Zimbabwe Cratons, S. Afr. J.
Geol., 107(1–2), 33–44.

French, S.W. & Romanowicz, B., 2014. Whole-mantle radially anisotropic
shear velocity structure from spectral-element waveform tomography,
Geophys. J. Int., 199(3), 1303–1327.

French, S.W. & Romanowicz, B., 2015. Broad plumes rooted at the base of
the Earth’s mantle beneath major hotspots, Nature, 525(7567), 95–99.

French, S.W., Lekic, V. & Romanowicz, B., 2013. Waveform tomography
reveals channeled flow at the base of the oceanic asthenosphere, Science,
342(6155), 227–30.

Fukao, Y. & Obayashi, M., 2013. Subducted slabs stagnant above, pene-
trating through, and trapped below the 660 km discontinuity, J. geophys.
Res., 118(11), 5920–5938.

Gaina, C., Torsvik, T.H., Van Hinsbergen, D.J.J., Medvedev, S., Werner,
S.C. & Labails, C., 2013. The African plate: a history of oceanic crust
accretion and subduction since the Jurassic, Tectonophysics, 604, 4–25.

Ganade de Araujo, C.E., Weinberg, R.F. & Cordani, U.G., 2014. Extruding
the Borborema Province (NE-Brazil): a two-stage Neoproterozoic colli-
sion process, Terra Nova, 26(2), 157–168.
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