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Abstract

Constraints on the structure of cratonic lithosphere are essential to improve our understanding of craton formation, evolution
and long-term stability. Here, we perform a joint inversion for the thermal and compositional structure of the mantle lithosphere
below the South America Platform, using Rayleigh wave group velocities, elevation, and geoid height. Thick thermal lithosphere
(200-300 km) is found below the southern Amazonian and S&o Francisco Cratons and adjoining Parecis Basin and northern
Parand Basin. The southern Rio de la Plata Craton also retains a 200-250 km thick keel. Compositionally, Amazonian, Sao
Francisco and Rio de la Plata lithosphere has a metasomatic and possibly eclogite signature similar to that of North Ame-
rican Proterozoic collision belts. Parecis and northern Parand lithosphere has likely been altered by Mesozoic plume activity
throughout most of its depth, while the rest of the Parand Basin and the Chaco and Patanal basins appear to have lost the
lithospheric root below “100 km depth that was there during intracratonic basin formation. The low elevation and high geoid
of the western Parand Basin requires a dense (eclogite) layer within the crust/shallow lithosphere, possibly associated with
the NeoProterozoic western Parand Suture Zone and/or Mesozoic plume activity, while topography and geoid of the basins
further west and of the western Rio de la Plata craton seem affected by dynamic (subduction-related) topography. Thus, the
variable geophysical structure of the platform lithosphere reflects a history that involves besides some stable keels, significant

modification and thinning,.
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Key Points:

» We find thick roots under the Archean/Proterozoic cores and neighboring regions,
where roots are altered by plume activity /rifting.

« Significant metasomatism is found at shallow depths in all roots, while eclogite
layers in some indicate varying styles of collision.

« Lithospheric root was lost/eroded under the southwest of the platform, likely due
to plume/subduction interaction during the Phanerozoic.

Corresponding author: Isabella Altoe, i.altoel7@imperial.ac.uk



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Abstract

Constraints on the structure of cratonic lithosphere are essential to improve our under-
standing of craton formation, evolution and long-term stability. Here, we perform a joint
inversion for the thermal and compositional structure of the mantle lithosphere below

the South America Platform, using Rayleigh wave group velocities, elevation, and geoid
height. Thick thermal lithosphere (200-300 km) is found below the southern Amazonian
and Sao Francisco Cratons and adjoining Parecis Basin and northern Parana Basin. The
southern Rio de la Plata Craton also retains a 200-250 km thick keel. Compositionally,
Amazonian, Sao Francisco and Rio de la Plata lithosphere has a metasomatic and pos-
sibly eclogite signature similar to that of North American Proterozoic collision belts. Pare-
cis and northern Parand lithosphere has likely been altered by Mesozoic plume activity
throughout most of its depth, while the rest of the Parana Basin and the Chaco and Patanal
basins appear to have lost the lithospheric root below ~100 km depth that was there dur-
ing intracratonic basin formation. The low elevation and high geoid of the western Parana
Basin requires a dense (eclogite) layer within the crust/shallow lithosphere, possibly as-
sociated with the NeoProterozoic western Parand Suture Zone and/or Mesozoic plume
activity, while topography and geoid of the basins further west and of the western Rio

de la Plata craton seem affected by dynamic (subduction-related) topography. Thus, the
variable geophysical structure of the platform lithosphere reflects a history that involves
besides some stable keels, significant modification and thinning.

Plain Language Summary

Cratons are the ancient cores of continents, preserved at least in part because of
their underlying thick cold plate roots, which are assumed to be dry and stiff. Yet, it re-
mains poorly understood how these roots formed, stabilised, and occasionally are lost.
Here we investigate the thermal and compositional structure of the plate roots below the
old eastern half of South America, using imaged seismic velocities, elevation, and geoid
height in the region. Our results show that part of South America has about 250-km thick
roots: under the oldest cores of the continent in the northeast and southeast and in the
north, and under areas adjacent to these cores, which appear to have survived or regrown
after modification by hot upwelling mantle plumes. We find that the western part of the
old South American platform has lost a significant part of the root that used to exist,
which we attribute to erosion by hot plumes and Andean subduction over the past ~70
million years. All regions require a more widespread presence of hydrated minerals than
usually expected below cratons. Thus, the structure of South America’s craton roots sheds
light on how they formed, were modified and partially lost.

1 Introduction
1.1 Motivation

Cratons are the stable continental cores formed during the Precambrian. Their for-
mation, evolution and long-term stability is still debated (e.g., van Hunen & Moyen, 2012;
C.-T. A. Lee et al., 2011; Sleep, 2005). Mapping lithospheric temperatures and compo-
sitional heterogeneity may shed light on their formation, evolution and long-term sta-
bility. Cratonic mantle lithosphere is often described as relatively homogeneous, char-
acterized by thick and high-velocity roots (Schaeffer & Lebedev, 2015), low surface heat
flow (Cooper et al., 2004), and being approximately neutrally buoyant due to iron de-
pletion as a result of melt extraction (Jordan, 1978; Griffin et al., 2009). However, re-
cent studies have found heterogeneities within and between cratonic keels. Studies us-
ing S-to-P receiver functions have detected negative and/or positive velocity gradients
in the lithospheric mantle in some cratonic regions (e.g., Miller & Eaton, 2010; Abt et
al., 2010; Krueger et al., 2021). Additionally, seismic tomographic studies have found more
variation in seismic velocities than can be explained by varying the amount of depletion
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(e.g., Bruneton et al., 2004; Hieronymus & Goes, 2010; Eeken et al., 2018; Legendre et
al., 2012; Liddell et al., 2018).

In a previous study, we modelled Rayleigh-wave dispersion curves for the north-
eastern North American Craton and resolved five types of compositional structures. Most
regions required significant metasomatic alteration over some depths and the structures
appeared to reflect different stages of formation and modification of the lithosphere be-
low the region (Altoe et al., 2020; Eeken et al., 2020). Using an update of this approach,
here we present results for the South American Platform, comprising the Central Brazil-
ian and Atlantic shields. We perform a joint inversion for thermal and compositional struc-
tures of the mantle lithosphere using Rayleigh-wave group-velocity dispersion curves, sur-
face topography, and geoid height. The results reveal variations in thermal lithosphere
thickness and compositional structure that also appear to reflect the tectonic history of
the region.

1.2 Tectonic History

The South American Platform is defined as the stable interior of South America
plate, which has not been deformed by the Andean orogeny during the Phanerozoic (Almeida
et al., 2000; U. G. Cordani et al., 2016). The South American Platform was formed by
the amalgamation of several Archean and Proterozoic continental blocks which individ-
ually assembled during Paleo-Mesoproterozoic tectonic events. The Neoproterozoic Brasil-
iano cycle brought together the separate blocks, resulting in formation of the Gondwana
Supercontinent, and determined the general tectonic framework of the platform base-
ment (Figure 1).

The platform consists of the Archean to Proterozoic Amazonian and Sao Francisco
cratons, other microcontinents (Sdo Luis, Rio de la Plata, Luiz Alves and Rio Apa), and
the Paranapanema and Parnaiba blocks covered by the Parand and Parnaiba Paleozoic
basins. The Amazonian Craton is formed by a large Archean core surrounded by Pale-
oproterozoic and Mesoproterozoic mobile belts with an indication of crustal growth pro-
gressing from NNE to SSW (U. G. Cordani & Teixeira, 2007). The westernmost portion
of the Amazonian Craton presents important affinities with the Grenville Belts in North
America, linking the tectonic evolution of the block to the Laurentian continent (e.g.,
Brito Neves & Fuck, 2014; U. Cordani et al., 2009; D’Agrella-Filho et al., 2012). Pale-
omagnetic data also favors that the Amazonian Craton was joined to the Columbia su-
percontinent (D’Agrella-Filho et al., 2016). In contrast, the basement of the Sao Fran-
cisco Craton is an extension of the Congo craton of western-central Africa (Trompette,
1994), and is made up of Archean blocks that were extensively affected by Paleoprotero-
zoic orogenic episodes during their almagamation (e.g., Pankhurst et al., 2008). Although
it is generally agreed that the Amazonian Craton was an integral part of Rodinia, linked
to Laurentian blocks, it is debated whether the other South American cratonic blocks
(Sao Francisco-Congo, Rio de la Plata and S&o Luis cratons) were part of this continent,
and if so, if they were adjacent to the Amazon craton at that time (Brito Neves & Fuck,
2014; Oriolo et al., 2017).

The Brasiliano Cycle (e.g., U. G. Cordani et al., 1973; Da Silva et al., 2005; Neves
et al., 2014) started during the process of fragmentation of the Rodinia supercontinent.
During the extensional phase (1000-750 Ma, Oriolo et al., 2017; U. G. Cordani et al., 2003),
the Amazonian block was separated from Laurentia and further oceans opened between
other continental blocks where those were still joined. Associated with the extension, pas-
sive margins formed and intraplate magmatism occurred. During the subsequent com-
pressional phase (930-530 Ma, De Brito Neves et al., 1999; Neves et al., 2014), subduction-
to-collision brought together South American and African continental blocks to form West
Gondwana. During this process, the orogenic belts of the Brasiliano Orogenic Systems
(900-460 Ma) were formed around the cratonic cores, resulting in the Borborema (be-
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tween Sao Francisco and Parnaiba), Tocantins (between Sao Francisco and Paranapanema)
and Mantiqueira (between Rio de la Plata and Paranapanema) Structural Provinces. Other
expressions of the assembly of western Gondwana include the Transbrasiliano Lineament
(TBL) (Almeida et al., 2000; U. Cordani et al., 2000), a continental NE-SW shear zone
with a clear surface expression, and the Western Parand Suture Zone (WPSZ), a geo-
physically identified east-ward dipping suture zone between the Paranapanema Block

and cratonic blocks to the west and south (Dragone et al., 2017, 2021). The end of the
Brasiliano Cycle was characterized by exhumation, extrusive volcanism and gravitational
collapse of the orogens under an extensional tectonic regime (630-440 Ma, Fuck et al.,

2008; Heilbron & Machado, 2003).

After the platform was tectonically stabilized at the end of the Brasiliano phase,
several Paleozoic intracontinental basins developed: the Amazonas, Solimées, Parnaiba,
Parecis, Parand, and Alto Tapajés (e.g., Almeida et al., 2000; Milani & Zaldn, 1999). The
Paleozoic basins went through two main phases. During the first phase (420 - 250 Ma),
the synclines were formed and sedimentary successions were produced by transcontinen-
tal marine transgressions and regressions. During the second phase (250 - 230 Ma), there
was a general uplift of the platform, associated with thin eolian deposits (e.g., P. C. Soares
et al., 1978; Gdes et al., 1990; Da Cruz Cunha et al., 2007).

The Intracratonic Stability phase was followed by Mesozoic re-activation, associ-
ated with the fragmentation of the Pangea Supercontinent and the opening of the At-
lantic Ocean. During this extensional regime, magmatism occurred in most of the sed-
imentary basins of South America. Magmatism in the Parecis, the Solimées and Ama-
zonas basins belongs to the Central Atlantic Magmatic Province (CAMP, 206-196 Ma),
and is related to the opening of the Central Atlantic Ocean (de Min et al., 2003; Mar-
zoli et al., 1999). Another major extrusion event created the Parand-Etendeka Large Ig-
neous Province (LIP) covering part of eastern South America and western Africa and
is related to the opening of the South Atlantic Ocean. The main peak of this LIP mag-
matic activity occurred between 135-120 Ma (e.g., Gibson et al., 2006; Renne et al., 1992,
1996; Mizusaki et al., 1992). In South America, it formed the large continental flood basalts
of the Serra Geral Formation, which covers most of the Parand Basin (Milani & Ramos,
1998; Milani, 2004).

After the opening of the Atlantic Ocean in the Late Cretaceous, the South Amer-
ican Plate rotated to the west. The movement of the plate increased its convergence rate
with the subducting Farallon Plate, and initiated a new compressional phase in South
America (e.g., Ramos, 1999; Pilger, 1984; Ramos, 2009; Folguera et al., 2011; Almeida
et al., 2000). With uplift and exhumation of the Andean Cordillera, several foreland basins
developed parallel to the Andean thrust front, such as the Chaco and Pantanal basins,

and deposits were formed over Paleozoic basins on the platform (e.g., Menegazzo et al.,
2016; Horton, 2018; Cedraz et al., 2020; Ussami et al., 1999).

1.3 Previous Studies of Lithospheric Structure

Constraints on crustal and lithospheric mantle structure beneath the South Amer-
ican Platform have been obtained using a range of geophysical methods. Continental scale
studies in the region include gravity-derived Moho depths (van der Meijde et al., 2013;
Uieda & Barbosa, 2017), and seismic tomographic models based on waveform modelling
or surface wave dispersion (van der Lee et al., 2001; Feng et al., 2004, 2007; Heintz et
al., 2005; Rosa et al., 2016; Celli et al., 2020; Ciardelli et al., 2022). Regional scale stud-
ies include deep seismic refraction studies in the Tocantins Province (Berrocal et al., 2004;
J. E. Soares et al., 2006), Borborema Province (J. E. P. Soares et al., 2011), and Parnaiba
Basin (Daly et al., 2014; Abbott, 1991), and several P-wave receiver function analyses
(e.g., Albuquerque et al., 2017). Other studies provide crustal thickness maps based on
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Figure 1. Simplified tectonic map of the South American Platform adapted from U. G. Cor-
dani et al. (2016). The thin black lines are the interpreted boundaries of the cratons. The dashed
red lines are the main inferred suture zones. The grey dashed line is the Transbrasiliano Linea-
ment. The blue dashed line is the Western Parand Suture Zone (adapted from Dragone et al.,

2021). Paleozoic sedimentary basins are adapted from IBGE (2010).
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the joint inversion of the different geophysical constraints (Lloyd et al., 2010; Assumpgao
et al., 2013; Rivadeneyra-Vera et al., 2019).

The extent of the cratonic basement below the thick sedimentary cover on much
of the platform is not agreed on. Geophysical studies indicate that the Parnaiba Basin
is underlain by a Proterozoic basement, the Parnaiba Block (Daly et al., 2014). Below
the Parand Basin, the Paranapanema Block has been identified, for which the crust ap-
pears to be a mosaic of cratonic blocks surrounded by mobile belts (Milani, 2004; Julia
et al., 2008), while it looks like a single cratonic block at lithospheric scale (U. G. Cor-
dani et al., 2008; Affonso et al., 2021; Mantovani et al., 2005). Others proposed that cra-
tonic blocks include the Rio Tebicuary (Favetto et al., 2015; Dragone et al., 2017) and
part of the Rio de la Plata craton overlain by the Chaco Basin (Oyhantgabal et al., 2010;
Rapela et al., 2007, 2011; Bologna et al., 2019; Dragone et al., 2017). These cratonic blocks
would also have been part of the West Gondwana amalgamation during the Neoprotero-
zoic (Dragone et al., 2021).

The most recent crustal thickness model for South America (Rivadeneyra-Vera et
al., 2019) indicates that the crustal thickness in the platform varies between 30 to 45 km.
The Amazonian and Sao Francisco cratons, and the Parnaiba Basin are on average 40
km thick, while the crust of the Borborema and Tocantins provinces are thinner than
average, under 37 km thick. The Pantanal Basin has a thin crust in the east (30-35 km)
and an average crust in the west (38-43 km), similar to the Rio Apa Block. The Parana
Basin crust is somewhat thicker (40-45 km), especially in the north, which is interpreted
as due to magmatic underplating related to the emplacement of the flood basalts.

The seismic structure of the uppermost mantle of the South American Platform
is also significantly controlled by the tectonic evolution. All continental tomographic mod-
els show a high velocity lid associated with the Amazonian and Sao Francisco cratons
extending down to about 200 km depth, which some suggested might be thinner than
North American cratonic cores (van der Lee et al., 2001; Feng et al., 2004; Heintz et al.,

2005; Feng et al., 2007; Rosa et al., 2016; Celli et al., 2020). Heintz et al. (2005) and Ciardelli

et al. (2022) imaged a lower velocity anomaly in the uppermost 100 km along the Ama-
zon and Solimodes rift basins that divides the high velocity anomaly associated with the
Amazonian craton. They suggest that the Lower Cretaceous rifting episode within the
Amazon Basin has involved a significant part of the lithosphere. However, other stud-

ies (Feng et al., 2007; Celli et al., 2020) found that the Amazon Basin lithosphere is un-
derlain by high velocities similar to the surrounding shields, indicating continuity between
them. The same studies also find that the lithosphere of the eastern Amazonian Cra-

ton is thicker and higher velocity than the northwestern part. Feng et al. (2007) inferred
that the high-velocity root below the southeastern Amazonian Craton is more pronounced
and thus thicker than below Sao Francisco. By contrast, a joint interpretation in terms

of temperature and Mg# of the lithospheric mantle by Finger et al. (2021), using the
shear velocity model of Celli et al. (2020), gravity data from Forste et al. (2014), and
crustal data from Rivadeneyra-Vera et al. (2019), found similarly thick thermal litho-
sphere and iron-depletion below the Sao Francisco and the eastern Amazonian cratons.

High velocities down to ~150 km depth have also been imaged below the Parnaiba,
Parecis and northern Parand basins (Heintz et al., 2005; Feng et al., 2007; Rosa et al.,
2016; Celli et al., 2020; Ciardelli et al., 2022). The high velocities below northern Parand
have been suggested to show that the plume interaction with the Parand Basin lithosphere,
which resulted in the flood basalts, did not significantly modify the overall seismic prop-
erties of the Parand cratonic lithosphere (Heintz et al., 2005; Feng et al., 2007). This is
consistent with the thermo-chemical interpretation by Finger et al. (2021) who found a
thermal structure and Fe-depletion below northern Parana similar to the Sao Francisco
lithosphere. While a similar structure is also found below the Parecis Basin, they found
no indication for Fe-depletion in the lithosphere below the Parnaiba Basin.
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Some studies have identified a localised low-velocity anomaly at depths > 200 km
below the southern part of the Parana Basin, which they suggest could be a fossil ex-
pression of the Tristan da Cunha plume (Heintz et al., 2005; Van Decar et al., 1995). Fur-
ther strong low velocity anomalies down to 150 km depth have been imaged beneath the
Chaco, Pantanal, and western Parand basins (Feng et al., 2004, 2007; Heintz et al., 2005;
Rosa et al., 2016; Celli et al., 2020; Ciardelli et al., 2022). These low velocities have been
interpreted as thinner lithosphere, and relatively high mantle temperatures (Feng et al.,
2007; Rosa et al., 2016; Finger et al., 2021).

Most studies have not found evidence of a thick thermal keel below the Rio de la
Plata Craton, in spite of its suggested large lateral extent below the sedimentary cover
(Feng et al., 2007; Heintz et al., 2005; Celli et al., 2020). However, a recent group-velocity
analysis (Rosa et al., 2016), which used an expanded dataset around the Parand and Chaco
basins, improved the resolution in northern Argentina and southern Brazil. Differently
from the previous studies, they identify high velocities under the southeastern part of
the Rio de la Plata Craton. Finger et al. (2021) also inferred that the lithosphere be-
low this southern craton, although relatively thin, is partly Fe-depleted.

Several studies, (Feng et al., 2004, 2007; Celli et al., 2020; Ciardelli et al., 2022)
found a belt of lower velocities at 100-200 km depth, stretching from the eastern Parnaiba
Basin and Tocantins Province in the north to just east of the Pantanal Basin in the south.
This was interpreted as a lithospheric expression of the Transbrasiliano Lineament.

2 Data and Methods

Our analysis consists of the joint fitting of thermo-compositional structures to Rayleigh
wave group-velocity dispersion data, topography, and geoid, with constraints on the crustal
structure (Figure 2). These three data types provide strongly complementary constraints
(sensitivity tests are discussed below and in work by Afonso et al. (2008)). The set of
thermo-compositional structures tested includes a wide range of steady-state continen-
tal geotherms plus a minimum amount of compositional complexity as required to match
seismic velocities and density-sensitive data.

2.1 Data

The dispersion data used in this study consist of a set of Rayleigh-wave dispersion
curves extracted from group-velocity maps by Rosa et al. (2016) (Figure 2a). The group-
velocity maps were derived with surface-wave tomography using a combination of earth-
quakes covering the South American continent and inter-station cross-correlation of am-
bient noise for stations in and around the Parand and Chaco-Parand basins. The Rosa
et al. (2016) study includes, for the earthquake data, fundamental-mode group veloci-
ties for Rayleigh waves from 10 to 150 seconds, and Love waves from 10 to 90 seconds.

For the ambient noise correlation, they used periods from 10 to 40 seconds for both Rayleigh
and Love waves. In this study, we model the Rayleigh waves in terms of thermo-chemical
structures using a simple radial anisotropy model for all regions. For the Love waves, we
calculate the synthetics and evaluate the misfits in the discussion. From the original study,
we removed the period 10 seconds from both Rayleigh and Love waves, as it is most sen-
sitive to the crust, and we analyse only the area within the South American Platform

where resolution tests show amplitude recovery to be good.

The short periods of the Rayleigh waves are also sensitive to the crustal structure.
Because crustal structure is mainly controlled by compositional variations with little sen-
sitivity to temperature, we use independent constraints for the velocity and density struc-
ture of the crust (Altoe et al., 2020; Eeken et al., 2020). Given the limited depth sen-
sitivity of the data we model, we use a simplified crustal model with only an upper and
lower crust. The crustal constraints necessary to do our modelling are Moho depth, Vp,
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Vs, and density for upper and lower crust. Crustal thickness estimates are taken from

Rivadeneyra-Vera et al. (2019) (Figure 2b), and the other information is retrieved from
the global crustal model CRUST1.0 (Laske et al., 2013). To account for the uncertain-
ties in the crustal structure, we allow Moho depth to vary by £+ 2 km and lower crustal
Vs to vary by + 500 m/s (Supplementary Table S3).

For the density-sensitive data, elevation data was taken from the ETOPO1 Global
Relief Model (Amante & Eakins, 2009) (Figure 2c). Geoid height data was obtained from
the global Earth model EGM2008 (Pavlis et al., 2012) (Figure 2d). The total geoid sig-
nal was filtered to remove long wavelengths which mainly reflect deeper density anoma-
lies and dynamic effects (degrees 2-9 were removed) (Afonso et al., 2008, 2019).

2.2 Regionalization

In the analysis, it is important to bear in mind the limits on lateral resolution of
the data we use. For the dispersion data, structures can be mapped on scales of 100-200
km due to both intrinsic data sensitivity and the regularisation applied in the group ve-
locity inversion. CRUST1.0 (Laske et al., 2013) provides an estimate of crustal struc-
ture on a 1° by 1° grid. To account for this scale of lateral resolution, we regionalise our
data. We base the regionalisation on the group velocity data using a cluster analysis. The
preferred six dispersion-based clusters were further subdivided into a final 14 groups where
this was necessary to accommodate significant variations in topography, geoid or crustal
structure within a cluster.

Similar to previous seismic studies (e.g., Eeken et al., 2020; Altoe et al., 2020; Gar-
ber et al., 2018; Lekic et al., 2012), we use the k-means algorithm to identify regions with
similar group velocity structure. We use the MATLAB implementation of the k-means
clustering algorithm (Hartigan & Wong, 1979; Hartigan, 1975). We found the optimal
number of Rayleigh wave dispersion clusters to be 6 (Figure 3a). For this number of clus-
ters each region’s dispersion curve is distinct (Figure 3b). Furthermore, the clusters are
compatible with the tectonics (also see Supplementary Table S1 and Figure S1). When
the dispersion curves are divided into two clusters, they split into a set for the the Ama-
zonian, Sao Francisco, and Rio de La Plata cratons, as distinct from the rest of the re-
gion. For three clusters, the coastal margin of the Sao Francisco Craton is grouped with
the Rio de La Plata Craton. A further subdivision into four clusters includes a new group
with the Parand and Parecis basins. The solution for five clusters groups the southern-
most part of the Rio de la Plata Craton back with the Amazonian and Sao Francisco cra-
tons, and a new cluster includes part of the mobile belts of the east coast, the Pantanal
Basin region and the northwestern part of the Rio de la Plata Craton. Six clusters adds
a further subdivision for the Chaco Basin and the Luiz Alves Craton. The solution for
seven clusters does not add a further distinct region, but generates a transition zone be-
tween the Sao Francisco Craton and its coastal margin. Furthermore, for sets of more
than 6 clusters, the differences between clusters become similar in magnitude to the dif-
ferences between profiles within a single cluster. The quality of the final clustering was
also assessed by silhouettes (Rousseeuw, 1987; Kaufman & Rousseeuw, 1990). All the
points with negative silhouette values and points that were geographically isolated from
their clusters were removed from further analysis (Supplementary Figure S1).

The clusters were further subdivided into 14 groups, based on the elevation, geoid
and crustal thickness of the regions (Figure la). Figure 3b shows the final regionalisa-
tion with their respective average dispersion curves. Period-dependent uncertainty bounds
were calculated based on the standard deviation of the dispersion data and increased by
50% for periods longer than 60 seconds, to accommodate the, physically unrealistic, high
variability of velocity with period in the data (which could occur because the dispersion
map inversion included no smoothing with period). The same uncertainties were assigned
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(c) Topography from Amante and Eakins (2009). (d) Geoid height from Pavlis et al. (2012).



316 to all groups. The elevation and geoid anomaly for each group equal the average value,

317 with the standard deviation of the region as uncertainty (Figure 3¢ and d).

318 2.3 Grid-search for Thermo-chemical Models

319 The thermo-chemical structure of the regions is estimated by performing a grid-
320 search for a set of forward models that fit the dispersion curves, topography, and geoid
321 anomalies within their uncertainties. The general approach used in this study follows

32 the methods of Altoe et al. (2020) and Eeken et al. (2018, 2020), with an extension to
323 fit density-sensitive data. The approach can be divided into 4 basic steps (Figure 4).

304 1. We define a solution space of thermal and compositional mantle lithosphere/asthenosphere
325 structures to search, while fixing crustal structure to within a narrow range based

326 on published studies. We chose a set of plausible shield geotherms spanning a range
307 of thermal lithospheric thicknesses by varying Moho heat flow (as we do not use

308 thermal structure of the crust to match any data). For the chosen lithospheric/asthenospheric
329 mantle composition, we compute phase diagrams as a function of pressure and tem-
330 perature using the Gibbs Free-energy minimization code PerPleX (Connolly, 2005)
33 with the data base HP02 (Holland & Powell, 1998).

3% 2. Each thermo-chemical structure is converted into seismic velocities and density

333 using the thermodynamic database from Abers and Hacker (2016), with an added

334 temperature-, pressure- and frequency-dependent anelasticity correction (anelasticity
335 model QF from Faul & Jackson, 2005). We also impose a depth gradient in ra-

336 dial anisotropy (similar to PREM), from 4% at 40 km depth to 0% at 220 km. The
337 synthetic mantle profiles are then combined with the crustal model and, below 400
338 km depth, the global seismic reference model AK135 (Montagner & Kennett, 1996).
339 3. For the thus calculated synthetic seismic and density profiles, the code MINEOS

340 (Masters et al., 2011) is used to obtain group velocity dispersion curves for the

31 Rayleigh-wave fundamental mode. Elevation and geoid anomaly are calculated as-
32 suming local isostasy and using a 1-D isostatic geoid formulation, as described be-
343 low.

344 4. Finally, we use a grid search to find all models that fit the average dispersion curves,
35 elevation, and geoid anomalies for the different regions.

346 2.3.1 Thermal Structure

347 The thermal solution space consists of 1-D steady-state geotherms that span a range
348 of plausible steady-state thermal structures for shield mantle lithosphere. As discussed

349 in more detail in Eeken et al. (2018), there are several trade-offs between the different

350 thermal parameters that define the geotherms, which guided us in deciding which pa-

351 rameters are kept fixed or varied. In this study, we vary Moho heat flow and potential

352 temperature of the asthenospheric adiabat to span a wide range of thermal structures

353 and, in particular, lithospheric thicknesses (Supplementary Table S2). The thermal litho-
354 sphere thickness is here defined as the depth where the conductive geotherm and man-

355 tle adiabat intersect, and we allow it to vary from 90 to 360 km depth. We test for a range
356 of potential temperatures, from usual MORB-source mantle temperatures of 1300°C, to

357 cooler potential temperatures of 1100°C (Herzberg et al., 2007). The chosen range of Moho
358 heat flow values (10-35 mWm~2) combined with the integrated crustal heat production

359 can generate the observed range of surface heat flow on cratonic regions. Because our

360 method does not constrain the crustal part of the geotherms, we prefer to analyse the

361 Moho heat flow of our solutions rather than the surface heat flow.
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Figure 3. (a) Map showing the grid nodes of the group-velocity map (from Rosa et al., 2016)
with the final regionalisation based on the cluster analysis (represented by the different colours
and numbers), and further subdivision into groups (solid shading) based on variations in crustal
thickness, topography and geoid height. Abbreviations used: AmC - Amazonian Craton, SFC -
Sao Francisco Craton, RPC - Rio de la Plata Craton, LAC - Luiz Alves Craton, PrB - Parand
Basin, PcB - Parecis Basin, PtB - Pantanal Basin, ChB - Chaco Basin. Points with a negative
silhouette value (in black), and points not assigned to any group (without coloured shading)
were not included in our subsequent modelling. (b) Average dispersion curve for each group,
compared with the average dispersion curve for all groups (grey curve). Error bars to the right
of the dispersion curves are the period-dependent uncertainties that were used in the subsequent
thermo-chemical modelling. (¢) Average topography and (d) geoid height for each group with

their respective standard deviations.
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Flow diagram summarizing how the grid search for thermal and compositional
structures that match group velocities, topography and geoid anomalies is conducted.
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2.3.2 Compositional Structure

Density-sensitive topography and geoid in cratonic areas require that the lithosphere
comprises a background composition that is lighter than the underlying peridotitic man-
tle (e.g., Jordan, 1978; Griffin et al., 2009). We test three background compositions with
distinct densities: a relatively low-density refractory dunite (ARC9 in Griffin et al., 2009),
an intermediate-density somewhat refractory lherzolite (ARC4 in Griffin et al., 2009),
and a fertile peridotite (pyrolite in Xu et al., 2008) as expected in the asthenospheric man-
tle. We tested models composed of two lithospheric layers, with an interface at various
depths, for all combinations of background compositions for top and bottom layers. The
depth of the background layers varies according to the lithospheric thickness and the in-
terface is usually located at 50, 60, or 70 km for a thin lithosphere and at 80, 120, 160,
200, or 240 km depth for a thick lithosphere. Our data do not have the resolution for
finer scale background structure than this. The differences in group velocities for these
end-member background compositions are subtle and therefore can not account for the
wide range of velocities in the region. Therefore, we add to our models eclogite and meta-
somatic compositions, which are the most common seismically fast and slow mineralo-
gies found in xenoliths (e.g., Pearson et al., 2013) (Supplementary Tables S4 and S5).

Eclogite could represent oceanic crust trapped in the lithosphere during its assem-
bly, or solidified mantle melt added later. Eclogite layers of a thickness compatible with
that of oceanic crust (between 6 and 20 km depending on whether produced at present-
day or at Archean/Proterozoic mantle temperatures (Weller et al., 2019)) are consistent
with high-velocity layers imaged in several cratons, including the Slave (Bostock, 1998),
Wyoming (Hopper & Fischer, 2015) and Superior cratons (Eeken et al., 2020; Altoe et
al., 2020), and mid-lithospheric discontinuities with a positive velocity-depth contrast
(e.g., Miller & Eaton, 2010; Abt et al., 2010). We test structures with an added layer
of basaltic composition, which is substantially faster than the background compositions
once the eclogite stability field has been entered (below about 70 km depth depending
on the geotherm). The layer of eclogite is either 10 or 20 km thick and positioned at var-
ious depths. We use the MORB bulk composition from Hacker (2008). Other compo-
sitions may have somewhat different velocity and density structures (Garber et al., 2018),
but our data have no resolution to distinguish between them.

Metasomatic compositions are the most plausible seismically slow compositions ex-
pected under cratons (Bruneton et al., 2004; Selway et al., 2015; Eeken et al., 2018). We
test for two common types of metasomatism, that lead to different velocity-depth dis-
tributions. Adding only water as a metasomatic agent to our background compositions,
amphibole, antigorite, chlorite, chloritoid and talc stabilise at depths above 100-150 km.
For depths greater than that, we assume the free water escapes and does not influence
the calculated seismic velocities or attenuation. When some potassium is added in ad-
dition to water, phlogopite mica is formed and stays stable throughout the lithosphere.
In most cases, we imposed a linear gradient from a maximum of phlogopite below the
Moho to none at the base of the thermal lithosphere. In previous studies, we found that
such a decrease in the degree of alteration with increasing depth was generally required
to match the seismic observations. However, here we also tested cases where the two lay-
ers of background compositions had a constant phlogopite content, which differed be-
tween the layers. As metasomatic compositions, we tested for cases with 0.1, 0.25, 0.5,
0.75, 1.0, and 1.5 wt% water added to the top background layer. And we tested for 1,
2.5, 5, 7.5 and 10% phlogopite, as the amount within the background layers, which was
allowed to differ between the two layers. We also tested for all combinations of background
composition above and below the eclogite layer, with or without the addition of water
in the top layer.
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2.4 Elevation

We compute the elevation assuming the principle of local isostasy (Turcotte & Schu-
bert, 2002), which implies that the surface elevation at a point depends only on the av-
erage density of the column below that point. It also implies that the total mass in ver-
tical columns from the surface to a certain depth, referred as common compensation level,
should be equal. If we assume that the effects of the sublithospheric density variations
are negligible, then the common compensation level can be placed at the base of our model
(~360 km), which covers the whole range of estimated lithospheric thicknesses for the
study region.

The condition of isostasy can be written in function of density distribution as in
Equation 1, where h is the common compensation level, and Ap is the anomalous den-
sity with respect to a reference column at depth y. We use as reference column, a model
of a mid-oceanic ridge (MOR), composed of an 3 km water column (p = 1020 kg/m?),

a 7 km oceanic crust (p = 3000 kg/m3) overlying a pyrolitic mantle along an adiabatic
geotherm with a potential temperature of 1330°C appropriate below a mid-ocean ridge
(F. D. Richards et al., 2018; F. Richards et al., 2020).

h
/O Ap(y)dy =0 (1)

2.5 Geoid Height

The geoid is the Earth’s gravity equipotential surface, which coincides with sea level
in the ocean (Turcotte & Schubert, 2002). The deviation from this surface and the In-
ternational Reference Ellipsoid is called geoid anomaly or geoid height. The geoid height
can be calculated using the 1-D isostatic geoid formulation given by Turcotte and Schu-
bert (2002) in Equation 2, where A N is the geoid heigh, G is the gravitational constant,
and g is the normal gravity acceleration. While topography depends only on integrated
density in a column, the geoid height is also influenced by the depth of the density anomaly
and thus provides additional constraints on the distribution of density with depth. The
calculation requires a reference column, for which we chose an oceanic region near the
South American eastern margin where geoid height equals zero. To model the reference
column, CRUST1.0 (Laske et al., 2013) was used for the crustal structure and we searched
for a thermal lithospheric thickness that fits the elevation data for the region (using harzbur-
gite as lithospheric composition and a mantle potential temperature of 1300°C, the same
as what we use as highest potential temperature below the study region).

orG ("
AN:fT yAp (y)dy (2)
0

2.6 Sensitivity Analysis

Rayleigh-wave group velocities, elevation, and geoid anomalies have different sen-
sitivities to thermal and compositional structure, and thus they work as a complement
to each other (Figure 5, see also Supplementary Figure S2). Rayleigh-wave group veloc-
ities are especially useful to estimate the thermal lithosphere thickness. Differences in
group velocities for geotherms with q,, of 12 mWm ™2 and 30 mWm ™2 are as high as
0.23 km/s (at larger periods ~120 s, Figure 5d). The group velocities are also somewhat
sensitive to the different types of metasomatism. The minerals that form due to the ad-
dition of only water can slow group velocities as much as 0.19 km/s at short periods (~50s,
Figure 5p) compared to a dry composition, while the addition of phloglopite has a sim-
ilar effect extending to mid to long periods. The addition of a layer of eclogite has only
a small effect on the group velocity (an increase of a maximum 0.025 km/s). Thus, in
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Figure 5. Sensitivity analysis of Rayleigh-wave group-velocity dispersion curves, topography,
and geoid height to different Moho heat flow (top row), background composition (middle row),
and water content (bottom row). For each set of tests, the three left hand columns show the
geotherms (a, g, and m), the density (b, h, and n) and the velocity profiles (c, i, and o). The
three right hand columns show the effect of the different thermal and compositional structures on

the Rayleigh-wave group velocities (d, i, and p), topography (e, k, and q) and geoid (f, 1, and r).

contrast to Rayleigh wave phase velocities (Altoe et al., 2020; Eeken et al., 2020), group
velocities are not very sensitive to the high-velocity layers tested. Also, although disper-
sion data has more depth sensitivity than teleseismic travel time tomography, the dis-
persion data’s integrated sensitivity to depth puts limits on the resolution to the depth
distribution of compositional layers (Eeken et al., 2020).

Once the lithosphere thickness range is constrained by matching the dispersion curves,
the fits to elevation and geoid height are mostly accomplished by varying compositional
structure. Relatively low-density compositions, like ARC9 and metasomatic minerals,
have a positive effect on elevation and a negative effect on geoid height. In contrast, high-
density compositions, including pyrolite and eclogite, have a negative effect on elevation
and a positive effect on geoid height. A modelled thick continental lithosphere composed
solely of a fertile or refractory composition yields unrealistic elevation and geoid height
values Figure 5k and 1. Therefore, we test for layered models and/or an intermediate com-
position (ARC4). The geoid height offers some constraint on the depth distribution of
density, where the deeper the layer, the higher the effect on the geoid height.

2.7 Example Set of Solutions

As an example of the results from the grid search process, we present a set of so-
lutions for Group 3 (Sao Francisco Craton) for a sublithospheric potential temperature
of 1200°C and without the addition of an eclogite layer (Figure 6; for the solutions for
other regions see Supplementary Figures S3 to S16). Out of the 51597 models searched,
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1253 fit the Rayleigh-wave group-velocities (solutions in gray). Of those solutions, 111
fit the topography (solutions in blue), and 38 also fit the geoid height (solutions in red),
within their respective uncertainties (Figure 6d, h, and 1).

For the accepted solutions, the base of the thermal lithosphere (i.e., depth at which
the geotherm intersects the mantle adiabat) ranges from 220 to 270 km depth (Figure
6a). The density profiles (Figure 6b) illustrate the difference in density between the back-
ground compositions and the depth of the interface between the two layers (at 80, 120,
and 160 km depth). The addition of water leads to relatively low densities (Figure 6b)
and velocities (Figure 6¢) directly below the Moho. Lower velocities due to alteration
are required to match the Rayleigh-wave dispersion curve as no solutions are found for
any of the dry compositions (Figure 6d and j). Although we do not try to fit the Love-
waves in our grid-search, we include the forward models to illustrate to what extent our
solutions match these data (Figure 6f and g). In this case, many of the solutions do match
the Love-wave dispersion as well, although the data may prefer somewhat stronger ra-
dial anisotropy than we imposed (yielding higher Vg ).

The water content versus background composition graph (Figure 6j) illustrates the
compositional solution space and the trade-offs between these two compositional param-
eters. ARCY is seismically slightly faster than ARC4 or pyrolite, and thus requires a higher
water content to achieve the same low velocities on the top of the lithosphere as the other
two compositions. Meanwhile, pyrolite, which is a high-density composition, requires a
higher water content to achieve the same densities as ARC4 or ARC9.

The characteristics of the accepted thermal structures are illustrated by the range
of lithospheric thicknesses and Moho heatflow values. Considering the wide range of Moho
heat flow values and thermal lithosphere thickness that are tested, we only find solutions
for a relatively small range of those parameters (Figure 6k and 1) with relatively large
thermal thicknesses and low Moho heat flow.

3 Results

The majority of the regions have solutions that fit all geophysical observables. How-
ever, regions 2LAC, 2ChB, and 5PtB have no solutions that fit both the elevation and
geoid height. Regions 1SFC and 1RPC were not analysed because even with the increased
error bars, their dispersion curves have large jumps in group velocity with period that
can not be matched with any physical model, probably because these regions are at the
edge of the path-covered area of the seismic tomography model, where resolution is lower
(Rosa et al., 2016).

3.1 Overview

The results reveal a large variation of lithospheric thickness across the platform,
as well as four distinct classes of compositional structures. Lithospheric thickness solu-
tions vary between 100 and 300 km depth, and the mantle potential temperature ranges
from 1150°C to 1300°C across the study area. While some regions require a specific po-
tential temperature to fit the observations, other regions have solutions for several of the
sublithospheric temperatures tested (Figure 7). It would be difficult to maintain differ-
ent temperatures between close areas within the convecting asthenosphere. Therefore,
we chose as the preferred set of solutions those where the sublithospheric temperature
was similar to/the same as that of neighbouring areas. The final preferred set of solu-
tions has asthenospheric temperatures of 1200°C to 1250°C below the northern, central,
and southern areas (regions 3AmC, 3SFC, 4Pc¢B, 4PrB, 6PrB(n), 6PrB(w), 6PrB(s), 5RPC,
and 3RPC), and warmer temperatures of 1250°C to 1300°C below the eastern coast and
the western limit of the study region (regions 2LAC, 5PtB, and 2ChB).
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Figure 6. Example of solutions from the grid-search process: a set of solutions for group
3SFC for a sublithospheric potential temperature of 1200°C without an eclogitic layer. All solu-
tions that fit the dispersion curves are in grey; those that fit both the dispersion curves and the
elevation are in blue; those that fit dispersion curves, elevation, and geoid are in red. Top row:
(a) Geotherms, with the coldest and hottest geotherms tested indicated by grey dashed lines, (b)
density profiles, and (¢) Vgv profiles. Middle row: (d) Rayleigh-wave group velocities vs period
and (e) respective misfits, (f) Love-wave group velocities vs period and (g) respective misfits,

(h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed range.
Bottom row: (j) water content vs background composition (top layer/bottom layer), (k) and (1)

show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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Figure 7. Summary of the range of solutions for Moho heat flow (a) and thermal lithosphere
thickness (b) for all of the tested sublithospheric potential temperatures (different colors). The
range of solutions that fit the the dispersion curves alone are shown as a line, and the range of
solutions that also fit topography and geoid are show as a bar. While some regions require a
specific potential temperature to fit the observations, other regions have solutions for multiple
sublithospheric temperatures tested. The final preferred set of solutions are indicated by the

black dashed line and respective black dots that correspond to the best fit solution of those sets.

Based on the thermal and compositional models that we find for each region for
the chosen mantle potential temperature, it is possible to divide the area of study into
4 major types of lithospheric structure: (1) thick lithosphere with minor shallow alter-
ation and sometimes an eclogitic layer, (2) thick lithosphere with alteration over a larger
depth range, (3) thin lithosphere with an eclogitic layer, and (4) thin lithosphere affected
by dynamic topography. The solutions for the regions are discussed according to these
classes below.

3.2 Thick lithosphere with some shallow alteration and sometimes an
eclogitic Layer

This type of structure is found below the three cratonic regions in the study area
(Figure 8). The lithosphere below the Amazon (3AmC) and Sao Francisco (3SFC) cra-
tons is found to be thick (between 220 and 294 km thick), and cold (Moho heat flow be-
tween 13 and 15 mWm~2). The easternmost part of the Rio de la Plata Craton (3RPC)
is almost as thick as the two northern cratons (220 km thick), and has a slightly higher
Moho heat flow (19 mWm=2).

The dispersion curves for groups 3AmC and 3SFC can only be fit with some amount
of water at shallower depths. For solutions that fit both elevation and geoid height, the
water content is 0.5 wt% for the Amazon Craton and from 0.1 to 0.75 wt% for the Sao
Francisco Craton. Both regions require a somewhat fertile composition on the top litho-
spheric layer (ARC4 or pyrolite) over a more depleted and lower density composition in
the bottom layer (ARC4 or ARC9), with an interface at 80, 120 or 160 km depth. Al-
though the southern Amazonian and the Sao Francisco cratons do not require an eclogitic
layer to fit the observables, we do also find acceptable solutions with the presence of an
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Figure 8. Summary of the results for cratonic groups 3AmC on the left, and 3RPC on the
right. The panels are: (a and d) Geotherms, (b and e) density profiles, and (¢ and f) water con-
tent vs background composition (top layer/bottom layer). All solutions that fit the dispersion
curves are in grey, those that fit both the dispersion curves and the elevation in blue, and those

that fit dispersion curves, elevation, and geoid in red.

eclogitic layer (Figs. S4 and S6). In those cases, the solutions that fit the geoid require
a more depleted composition (ACR4) in the top layer to compensate for the high-density
eclogite layer.

Region 3RPC requires high amounts of metasomatism below the Moho, with more
than 1.0 wt% water. Differently from the other cratons, it requires a thick layer of high-
density eclogite at mid-lithospheric depths (20 km thick layer at 120 km depth) to fit
the geoid height. In terms of background composition, this is the only region to have a
preference for a more depleted composition in the top layer (ARC9).

3.3 Thick Lithosphere with more Pervasive Alteration

The Parecis Basin (4PcB) and the eastern Parand Basin (4PrC) regions, which bor-
der the two northern cratons, are seismically slower than the cratons but have a simi-
larly low geoid height. The slower velocities can be achieved by higher Moho heat flow
and thinner lithosphere, but this would raise the geoid height. By instead keeping Moho
heat flow low and adding metasomatism deeper in the lithosphere, both the velocities
and geoid are kept low. The resulting thermal structures for those regions comprise a
thick lithosphere (between 270 and 316 km thick) with low Moho heat flow (between 11
and 15 mWm™2). For these two regions, we expanded our grid search to include vari-
ations in lithospheric mantle heat production between none or 0.01 pWm? in order to
achieve more variation in thermal lithosphere thickness at greater depths.
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565 Therefore, although similar in thermal structure to the cratonic regions, these re-

566 gions require metasomatism to extend to larger depths (Figure 9). In our models, we di-
567 vide the lithosphere into two layers and allow the amount of phlogopite in each layer to
568 vary independently (at 80, 120, 160, 200, and 240 km depth). Our results show that re-
569 gion 4PrB requires significant amounts of alteration throughout the lithosphere (between

570 1.0 to 5.0 wt% Phl with an interface at 240 km depth), while region 4PcB requires higher
571 amounts within the top layer (7.5 wt% Phl with interface at 200 km depth) and no al-

572 teration at the bottom. In terms of background composition, both regions require py-

573 rolite on top of a less dense composition (ARC4 or ARC9).

574 3.4 Thin Lithosphere with an Eclogitic Layer

575 The regions covered by the western Parand basin (groups 6PrB) have a peculiar

576 structure. The regions seem to have a somewhat thinner (between 98 and 146 km thick)
577 and warmer lithosphere (qas between 23 and 33 mWm™~2). The northern regions require
578 significant amounts of metasomatism to match the slow velocities at short periods: group
579 6PrB(n) requires amounts higher than 2.0 wt% water and 6PrB(w), higher than 0.5 wt%.
580 In contrast, the southern region 6PrB(s) has solutions for all water amounts tested, which
581 means that we are not able to resolve the amount of metasomatism needed for this re-

582 gion. Although these regions need a warm lithosphere to fit the surface wave dispersion
583 data, they also require a dense lithosphere to fit the high geoid and low elevation. A fer-
584 tile peridotitic composition is not dense enough, so we added an basaltic composition

585 layer at the top of the mantle lithosphere (a 10 or 20 km tick layer starting at 50, 60,

586 or 70 km depth). In summary, the structures that fit the data of these regions are: a thin
587 lithosphere with some metasomatism below the Moho, and an high-density layer some-

588 where between 50 and 90 km depth underlain by a fertile composition (Figure 9).

589 3.5 Thin Lithosphere Being Affected by Dynamic Topography

590 For regions 2LAC, 5PtB, and 2ChB, 5RPC, and 2LAC there are no solutions that
591 fit both elevation and geoid height. These regions require an overall high-density ma-

592 terial by either colder temperatures or some composition denser than pyrolite. However,
503 the dispersion curves require high mantle potential temperature and thinner lithosphere
594 (between 92 and 122 km thick, and 28 and 35 mWm~2), and even the addition of an

595 eclogite layer is not enough to fit the geophysical observation. Therefore, we propose that
596 those regions are being affected by sublithospheric mantle flow, e.g. associated with An-

507 dean subduction for the western 5PtB and 2ChB regions.

508 4 Discussion

599 4.1 Love-waves

600 The results show that for the majority of the regions our solutions have a similar

601 shape to the Love-wave group-velocity-period curves, although they may not fit completely
602 within the estimated uncertainties (Supplementary Figures S3 to S16). Our solutions for

603 regions 2ChB, 4PrB and 5PtB are too slow at short periods (30 to 60 seconds). To fit
604 the data, they would probably require stronger radial anisotropy on the top of the litho-

605 sphere, which could trade off with less metasomatic alteration of the shallow lithosphere

606 to maintain the fit of the Rayleigh-wave dispersion curves. Models with strong radial anisotropy
607 (5% below the Moho) require up to 0.5 wt% less water, for cases with added water only,

608 and up to 50% less phlogopite, for cases with added water and KO, compared to cases

609 with zero radial anisotropy (Eeken et al., 2018). Regions in the south (SRPC and 3RPC)

610 have Love-wave group velocities that almost decrease constantly with depth at longer

611 periods ( 60 to 90 seconds), which can not be fit with any physical model. The compar-

612 ison between the Love-wave synthetics and the data indicates that the South American
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Figure 9. Summary of the results for groups 4PrB on the left, and 6PrBw on the right. The

panels are: (a and d) Geotherms, (b and e) density profiles, and (c and f) water content vs back-

ground composition (top layer/bottom layer). All solutions that fit the dispersion curves are in

grey, those that fit both the dispersion curves and the elevation in blue, and those that fit disper-

sion curves, elevation, and geoid in red.
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Platform probably requires some variation in radial anisotropy. However, even with such
variations, the fits to the Love waves are close enough that some shallow lithosphere meta-
somatism remains required for most regions. A joint Rayleigh-Love phase (rather than
group) velocity study could probably better resolve such variations in radial anisotropy.

4.2 Uncertainties and Trade-offs

The method involves a range of uncertainties. Besides the choice of radial anisotropy
model, the main uncertainties are related to the thermodynamic methods and data and
the chosen attenuation model, and the extracted dispersion curves. The uncertainties
of the thermodynamic conversion have been previously discussed in our previous stud-
ies employing the same method (Altoe et al., 2020; Eeken et al., 2020). The uncertainty
in mapping an absolute velocity to temperature results in an about 100°C uncertainty
in temperature. This is a systematic uncertainty, and the uncertainties in temperature
differences are estimated to be < 50°C. Similarly, the systematics between velocities for
different compositions are robust, but, in particular for compositions outside of the dunite-
pyrolite array, the mapping of an exact water content or eclogite composition from seis-
mic and density data is uncertain. The anelasticity model affects predicted velocity-depth
gradients, i.e. there is some trade-off between the temperature-dependence of anelastic-
ity and the amount of shallow lithosphere alteration required, but we found alteration
is usually required in spite of these uncertainties.

The main difference between this study and the one conducted in North America
is the size of the error bars for the dispersion curves. In addition to the already larger
standard deviation calculated for each period of the dispersion data, we had to increase
the error bars for periods longer than 60 seconds due to large jumps in velocity between
neighbouring periods. To alleviate the less strong constraints due to the larger uncer-
tainties in the dispersion data, we included in the analysis data of elevation and geoid
height. The added data helped to better constrain variations in composition and its depth
distribution. However, for regions significantly affected by dynamic topography, the el-
evation and geoid calculations are not applicable and aside from a thickness, the litho-
spheric structure remains poorly constrained.

We require partially melt- and hence iron-depleted background lithosphere below
most of the region consistent with xenoliths and xenocrysts (O’Reilly & Griffin, 2010;
Griffin et al., 2009) and previous studies that modelled cratonic elevation, gravity and/or
geoid (e.g., Jordan, 1978; Afonso et al., 2008; Finger et al., 2021). However, contrary to
what has been assumed in many previous studies, below most regions, including AmC
and SFC, 4PcB, 4PrB, we need deep lithosphere to be more depleted than the shallow
parts. Only RPC solutions are more depleted on top. Regions 6 require the thin litho-
sphere to be fertile throughout. Xenolith data actually allow a range of different types
of layering, with the top of the lithosphere either more or less depleted than deeper litho-
sphere (e.g., O’Reilly & Griffin, 2010). The layering of depletion we find below most of
the South American platform may be more consistent with lithospheric stacking to form
cratonic roots than formation above a plume, or with underplating of buoyant refrac-
tory lithosphere during hotter subduction conditions in the early Earth (Perchuk et al.,
2020).

In our solutions, the net effect of alteration and melt-depletion on density is that
the top of lithosphere is lower in density than the base, as previous studies of density
sensitive data (gravity, geoid) have usually required (e.g., Afonso et al., 2008). Previ-
ous studies have invoked more melt-depletion of the shallow lithosphere to make it low
density. However, this melt-depletion leads to higher shallow lithosphere velocities in-
creasing the misfit to the dispersion data. Another way to lower shallow lithosphere ve-
locities would be increased radial anisotropy, but there are few locations where this ap-
pears required by the Love waves (see above). By contrast, metasomatism lowers den-
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sity and ensures the top of mantle lithosphere is not too fast. This larger variation in
lithospheric composition does then also lead to solutions with different vertical gradi-
ents of depletion of the background composition.

4.3 Structure and tectonics

Emerging from this work and a few previous studies (Altoe et al., 2020; Eeken et
al., 2020; Liddell et al., 2018; Boyce et al., 2019; Eakin, 2021; Gilligan et al., 2016) is the
conclusion that the lithospheric mantle below the continental platform holds more of a
record of its previous tectonic history than often assumed. The seismic data we use have
more lateral resolution than the most recent thermo-compositional analyses by Finger
et al. (2021) and with the combination of dispersion curves and geoid we are able to bet-
ter evaluate the variation in composition with depth. In addition, we consider and re-
quire a larger range of compositions then only variable iron-depletion of a peridotitic man-
tle lithosphere. In most of the South American Platform, the lithosphere needs to be re-
fractory to fit elevation and geoid, as previous studies have found. However, we also need
low-velocity material in parts of the lithospere, with alteration as the most likely cause,
and additional high-density material.

Combining the results of thermal and compositional variation in the region, we can
distinguish different classes of lithospheric structure (Figure 10): cratonic cores that have
preserved their Proterozoic roots, regions of intracontinental Paleozoic basins where plume
interaction has altered the lithosphere, regions of intracontinental Paleozoic basins that
were possibly protected by a thick root until lithosphere thinning in the Phanerozoic and
are underlain by high density material, and regions being affected by dynamic topog-
raphy.

4.3.1 Cratons with Archean cores

Groups 3AmC and 3RPC comprise mostly of regions of accreted Archean/ Pale-
oproterozoic terrains, while 3SFC also includes the Neoproterozoic orogenic belts on its
margins. The structure below the three cratons is seismically the most distinct within
the platform. Thick thermal roots were found before below the Amazonian and Sao Fran-
cisco Cratons (van der Lee et al., 2001; Heintz et al., 2005; Finger et al., 2021; Feng et
al., 2004). Our study only covers the southeastern part of the Amazon Craton and we
find that its lithospheric structure is similar to that below the Sao Francisco Craton even
of their tectonic/geologic histories have been proposed to differ (Brito Neves & Fuck, 2014).
With the improved resolution in the southern platform (Rosa et al., 2016), we find a thick
cratonic root below the southeastern part of the Rio de la Plata Craton which was not
identified before.

The structures found below 3AmC and 3SFC most resemble those we previously
found under eastern North America in regions of Proterozoic collision, where we attributed
the metasomatic modification of the shallow mantle lithosphere to arc accretion along
the eastern margin of Laurentia (Altoe et al., 2020; Ecken et al., 2020). A thick litho-
sphere with a high-velocity mid-lithospheric layer plus shallow lithosphere metasoma-
tism as we find under region 3RPC, was found in parts of the Superior Craton charac-
terised by Archean/Paleoproterozoic collision (Altoe et al., 2020; Eeken et al., 2020). Thus,
the South American cratons resemble the North American regions both in thickness and
compositional structure, although at least within our study region, we do not find any
evidence of a cold, thick unaltered core as we found below the northern and western Su-
perior Province.

The interpretation that the dominant signature in the lithosphere of these cratonic
blocks is that of the Proterozoic collision phase is consistent with their tectonic history.
The southern Amazonian Craton is composed mainly of two east-west continental mag-
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Figure 10.

Summary map of the compositional (a) and thermal (b) variation across the study

region inferred from our results. Combining these results, we can distinguish four different classes

of lithospheric structure. (1) Groups in the Amazonian (3AmC), Sao Francisco (3SFC), and Rio
de la Plata cratons (3RPC) can be matched with a thick lithosphere, some shallow alteration,
and sometimes a layer of eclogite. These regions are cratonic cores that seem to have preserved
their Proterozoic roots. (2) Groups in the Parecis (4PcB) and eastern Parand (4PrB) basins are

characterised by a thick lithosphere and require more pervasive metasomatism, most likely due
to Mesozoic plume interaction. (3) Groups in the Parand basin below the Western Parand Su-
ture Zone require a thin lithosphere and a shallow layer of eclogite. These regions were possibly
protected by a thick root until lithosphere thinning in the Phanerozoic. (4) regions above the
Pantanal (5PtB), and Chaco (2ChB, 5RPC) basins, and below the Luiz Alves Craton in the east
coast require thin lithosphere and seem to be affected by dynamic topography.
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matic arcs that evolved between 2.0 and 1.87 Ga at the margin of an Archean-Paleoproterozoic

continent. During the convergence period there was a possible flat subduction stage, which
may explain the metallogenetic zoning observed in the southern Amazonian craton (e.g.,
Fernandes et al., 2011; Bettencourt et al., 2016), and could have left a remnant eclog-

ite layer in the lithosphere. No overprint of younger recent events are described in this
region, suggesting that during the Neoproterozoic this region was already cratonized and
has been stable since then.

The basement of the Sao Francisco Craton is comprised of Archean blocks that were
extensively affected by Paleoproterozoic orogenic episodes (2.3 - 1.9 Ga) (e.g., Teixeira
& Figueiredo, 1991). During the Neoproterozoic, the region went through a convergent
phase, which culminated with the development of the Brasiliano orogenic belts on the
margins of the Sdo Francisco-Congo Craton (Almeida et al., 2000). In the Upper Cre-
taceous, during the Gondwana break-up, magmatism occurred but was restricted to the
border with the Parand Basin (e.g. Hackspacher et al., 2007; da Silva et al., 2008; Car-
valho et al., 2022). Hence, we propose that the metasomatism observed in the shallow
Sao Francisco lithosphere could be due to its Paleoproterozoic assembly with a possible
further contribution from Neoproterozoic orogenic belts on the craton margins.

Most of the Rio de la Plata Craton is covered by Phanerozoic sediments of the Chaco-
Parand basin, but data from exposed belts in the east and boreholes in the west reveal
a similar basement, formed during the Palaeoproterozoic in an island-arc environment
(Rapela et al., 2007; Oyhantcabal et al., 2010). While the western portion of the cra-
ton lies below an intracratonic basin and appears to have lost much of its root, the east-
ern portion seems to have preserved its original Paleoproterozoic lithosphere. The pres-
ence of an eclogitic layer below the eastern-southern part of the Rio de la Plata craton
could be interpreted as a relict of subducted oceanic crust from the Paleoproterozoic events
that assembled the block and got preserved in the lithosphere. A similar collisional struc-
ture has been observed in several other cratonic regions (Bostock, 1998; Altoe et al., 2020;
Hopper & Fischer, 2015), and may be a feature of subduction involving relatively warm
buoyant plates as formed in the early Earth.

4.3.2 Proterozoic Blocks and Intracratonic Basins

Much of the rest of the South American platform is characterised by Paleozoic in-
tracratonic basins. Most of these basins (Parecis, Parand, Chaco-Parand, Parnaiba, Ama-
zonas, Solimoes) are thought to be underlain by Proterozoic basement, assembled into
its current configuration during the Neoproterozoic Brasiliano Orogeny. The main un-
derlying mechanism for the formation of these basins by slow and prolonged subsidence
during the Paleozoic is most likely thermal subsidence (Julia et al., 2008; Milani & Ramos,
1998) in response to low-rate extension and requires the presence of thick lithosphere (Allen
& Armitage, 2012). Other mechanisms, including flexure due to glacial loading (Zaldn
et al., 1990), Panthallassan subduction (Milani & Ramos, 1998), or a dynamic response
to flushing of slab material through the 660-km discontinuity (Pysklywec & Quintas, 2000)
have been proposed to have contributed to the evolution and individualisation of the dif-
ferent basins.

Below the Parecis and Parand Basins, thick lithosphere is still present today, al-
though it appears to be pervasively altered throughout much of its depth range. Chrono-
stratigraphic correlations between the Parand and Parecis Basins have been established,
indicating similar periods of subsidence (Silurian/Devonian and Permian/Carboniferous),
and possibly, similar underlying processes (e.g., Pedreira & Bahia, 2004). During the Meso-
zoic, these basins were affected by substantial magmatism followed by Jurrassic/Early
Cretaceous subsidence (Zaldn et al., 1990; Milani, 2004). Within the Parecis Basin, the
volcanic rocks of Anari and Tapirapua Formations (196 to 206 Ma, Barros et al., 2006;
Marzoli et al., 1999) are linked to plume activity related to Central Atlantic opening.
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Two intraplate magmatic events have been recognised in the Parand Basin, the Paleo-
zoic Trés Lagoas basalts (443 + 10 Ma) and the Mesozoic Serra Geral Formation flood
basalts (137 to 127 Ma) that form the LIP linked to South Atlantic opening.

The extensive Mesozoic volcanism indicates that the lithosphere was likely signif-
icantly thinned below both the northern Parand and Parecis basins, probably by plume
impingement. Alternatively, magmas produced below thinner lithosphere neighbouring
these basins would have had to accumulate within these basins through deflection dur-
ing upward migration or flow towards the basins upon extrusion. Our analysis indicates
that, if previously thinned, the lithosphere below these two regions has since healed and
thickened again. The deep metasomatism could be related to the infiltration of plume-
related magmatic fluids into the cratonic keel (C.-T. Lee & Rudnick, 1999). Plume up-
welling may not only be responsible for lithospheric removal (Wang et al., 2015) but for
its recratonization. Numerical modelling shows that the depleted melt residues produced
by plumes accumulate in regions of thinned lithosphere located between thick cratonic
regions, whether the upwelling is directly beneath the thinned region or displaced lat-
erally from it (Liu et al., 2021). A similar kind of compositional structure combined with
the presence of thick lithosphere is observed in the Mid-Continent Rift System in North
America (Altoe et al., 2020).

The western and southern parts of the Parand basin (6PrB(n), 6PrB(w), and 6PrB(s))
are underlain by a relatively thin (~ 100 km) present-day lithosphere. As mentioned be-
fore, these regions coincide with a geophysically identified suture zone (Dragone et al.,

2017, 2021; Bologna et al., 2019). The Western Parand Suture/Shear Zone (WPSZ) fol-

lows a gravity gradient between negative Bouguer anomalies in the east, and positive Bouguer
anomalies in the west, it also coincides with changes in crustal thickness, lithospheric ve-
locities, and electrical resistivity (Dragone et al., 2017). Magnetotelluric surveys conducted

in what is our region 6PrB(s) imaged a high-resistivity anomaly under the edge of the

Parand Basin. This eastward dipping anomaly starts in the crust and extends to upper
mantle depths (70-100 km depth), and was interpreted as a remnant of a former subduc-

tion zone beneath the Parand Basin related to the amalgamation between the Rio de la

Plata and the Southern Parand cratons during the Brasiliano events.

The eclogitic layer below regions 6PrB can be interpreted as a remnant of a for-
mal subduction zone (e.g., Hajnal et al., 1997), but could also be the result of metamor-
phic eclogitization of the lower crust during lithosphere shortening (e.g., Bousquet et al.,
1997). In both cases, this layer would be a remnant of the Brasiliano orogenic events.
Another possibility is that the layer is the residue of partial melting during ancient mag-
matic events (e.g., C. T. A. Lee et al., 2006; C.-T. A. Lee et al., 2011), e.g. during Meso-
zoic extension. The fact that this structure has been preserved suggests that the layer
is trapped in a part of the lithospheric root that is highly viscous, preventing the high-
density layer from sinking. The lithosphere below these region was probably originally
thickened by stacking and/or shortening during oceanic or continental collision events,
and likely was still thick during the Paleozoic intracratonic Parand Basin subsidence phases.
During Mesozoic extension and plume activity, these regions experienced events that may
have thinned their lithospheric roots. However, differently from the northern Parana Basin,
the conditions were apparently not favourable for recratonization, maybe because of the
larger distance from the northern cratonic blocks.

In contrast to several previous studies (Feng et al., 2004, 2007; Finger et al., 2021),
we do not find any structures clearly following the Transbrasiliano Lineament (TBL).
As other tomographic studies found, the velocities along much of the TBL are low com-
pared to, in the south, regions to the east, and in the north, the regions east and west
of it. However, our results emphasise that the structure varies at least as much from north
to south along the TBL as across it. In contrast to the Parand Suture zone, which ap-
pears to coincide with the western boundary of regions 6PrB, the TBL crosscuts several
of our clusters, so the TBI does not appear to have a clear lithospheric expression.
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817 4.3.83 Modified Cratons and the Effects of Dynamic Topography

818 Groups on the western margin (5PtB, 2ChB, and 5RPC) and 2LAC on the east-

819 ern margin contain small fragments of Archean cratonic crust. The western regions in-

820 clude the Rio Apa, the Rio Tebicuary and part of the Rio de la Plata cratons, respec-

81 tively, and region 2LAC on the east coast contains the Luiz Alves Craton. Although they
822 acted as stable cratonic blocks during Neoproterozoic events, these regions currently lack
823 lithospheric roots. Therefore, those regions can be classified as ‘modified cratons’ (Pearson
804 et al., 2021). Lithospheric thinning could be due to the same Mesozoic plume activity

825 and stretching that probably led to the modification and thinning of the lithosphere be-

826 low the Parand Basin. However, there is limited evidence of Mesozoic magmatism in the

827 western platform. Other examples of modified cratons include the North China and Wyoming
828 Cratons, where root destabilisation has often been attributed to weakening of the litho-

829 sphere by fluids released by subducted lithosphere (Dave & Li, 2016; Gao et al., 2004).

830 Proximity to the Andean subduction zone, with a history of flat subduction (e.g., Ramos

831 & Folguera, 2009) which might have delivered fluids quite far into the foreland, makes

832 this a plausible contributing mechanism for root erosion below the western margin of the

833 South American Platform as well.

834 Besides the thin lithosphere, these regions also seem to be affected by dynamic to-

835 pography. Tomographic models (e.g., Portner et al., 2020; Rodriguez et al., 2021; Li et
836 al., 2008; Ren et al., 2007) show that the Nazca slab below the central part of South Amer-

837 ica between 65°W and 55°W is particularly pronounced and it thickens upon penetra-
838 tion through 660 km depth. Within this region, the Andean Foreland Basins system de-
839 veloped, including the Pantanal and Chaco basins. The downward flow associated with
840 the sinking slab induces subsidence of the overlying lithosphere (Flament et al., 2015),
8a1 which could explain the present-day topographic low observed in those regions. There-

842 fore, the western margin (5PtB, 2ChB, and 5RPC) seem to be affected by dynamic to-
843 pography due to subduction of the Nazca plate.

844 Different tomographic models also resolve multiple high-velocity anomalies in the

845 sub-lithospheric mantle below the South Atlantic margins of South America. These anoma-
846 lies have been interpreted as zones of downwelling due to delamination or dripping of

847 the edge of the continental lithosphere (King & Ritsema, 2000; Hu et al., 2018). Such

848 lithospheric removal can result in isostatic uplift, which would explain the present to-

849 pographic high in region 2LAC, while the density anomalies associated with lithospheric
850 fragments in the mantle might explain the low geoid.

851 5 Conclusions

852 Variations in Rayleigh-wave group velocities, topography and geoid across the east-
853 ern South American Platform can be modelled with four distinct types of thermo-chemical
854 mantle lithosphere, which seem to correlate with different events in the tectonic history

855 of the South American Platform. The South American Platform appears to have lost

856 at least part of the (> 200 km) thick lithospheric roots that probably existed when it
857 stabilised at the end of the Neoproterozoic assembly of Western Gondwana. Thick ther-

858 mal lithosphere (200-300 km) remains below the largest Archean cratonic blocks (Ama-
850 zonian, Sao Francisco, and southern Rio de la Plata cratons). The presence of shallow
860 lithospheric metasomatic alteration and, in some places, a layer of eclogite within these
861 three cratonic roots are probably a signature of their assembly by collision during the

862 Archean to Neoproterozoic.

863 The Paleozoic Parecis and northern Parand intracratonic basins adjoining the two
364 large northern Archean cores, are also underlain by thick lithosphere (200-300 km), but
865 require more pervasive metasomatism. These regions were likely affected by plume ac-
866 tivity, which can lead to infiltration of magmatic fluids into the cratonic keel. Plume up-
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welling may have caused lithospheric erosion in those regions (allowing the extensive Meso-
zoic magmatism) but would then probably have aided its recratonization.

By contrast, other intracratonic basins (western and southern Parand, Pantanal,
Chaco basins), which have Paleoproterozoic basements with small Archean fragments,
only retain a ~ 100 km thick lithosphere. The western and southern parts of the Parana
Basin, overlying the Western Parand Suture Zone, require a shallow layer of eclogite (prob-
ably stabilised in high-viscosity lithosphere), which may be a remnant of Neoproterozoic
subduction. For the regions along the western and eastern edge of the South American
platform, topography and geoid cannot be matched with an isostatic model and are likely
affected by dynamic topography due to Andean subduction in the west and edge-driven
convection along the passive margin in the east.

Our results suggest more compositional heterogeneity in cratons than usually con-
sidered, and more lithospheric root modification and erosion than below for example North
American cratonic regions, possibly resulting from the small size of many of the South
American Archean cores, and the strong and recent influence of both plume activity (in-
cluding the Parani-Etendeka LIP) and subduction (along the Andean margin).

Open Research

The regionalisation and main characteristics of the thermo-chemical models are in-
cluded as Supporting Information. Conversion was done using the open source code Per-
PleX which can be found on www.perplex.ethz.ch, including the thermodynamic data

base used. The Abers and Hacker (2016) data base is also freely available at doi.org/10.1002/2015GC006171.

Topography and geoid data were retrieved from www.ngde.noaa.gov/mgg/global /global.html
and icgem.gfz-potsdam.de, respectively.
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Table S1 - Variability within the clusters to inter cluster distance

Cluster/Ave.
distance to C1 C2 C3 C4 C5 Cé6
cluster

C1 0.0513  0.6220  0.2120 03704  0.2796  0.5156
C2 0.6120  0.0373  0.6046  0.3010  0.1294  0.1132
C3 0.1926  0.5991 0.0319  0.1319  0.3307  0.3474
C4 0.3478  0.2923  0.1287  0.0286  0.2015  0.1070
C5 0.2614  0.1252  0.3320  0.2060  0.0331 0.1297
Cé6 0.4849  0.0965  0.3362  0.0990 0.1172  0.0207

Average distance of the points in a cluster to every centroid for our preferred solution with six
clusters. For six clusters, the within-cluster distance is lower than the distance between clusters.
For more clusters, the average distances within and between clusters become similar.
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Figure S1 - Maps showing the k-means solutions for 4 to 8 clusters (labelled C4 through C8) and
silhouette plot for 6 clusters. Each cluster generated by the cluster analysis is represented by one
colour. On map C6, the black dots are the ones that have negative silhouette values and/or are
geographic isolated and therefore were removed from further analysis.



Table S2 - Thermal Parameters

Fixed parameters Value Ref.
.. Al (Hasterok & Chapman, 2011;
ke Crustal thermal conductivity 2.7 Wm™K Michaut et al., 2007)
. Al (Hasterok & Chapman, 2011;
ko, Mantle thermal conductivity 3.0 Wm™K Michaut et al., 2007)
] (Hasterok & Chapman, 2011;
Ave Epper crustal ‘heat produc- o xn 3 Michaut et al., 2007; Rudnick
on & Nyblade, 1999)
) (Hasterok & Chapman, 2011;
A gower crustal ‘heat produc- \ v 3 Michaut et al., 2007; Rudnick
on & Nyblade, 1999)
Lithospheric mantle heat pro- 3 (Hasterok & Chapman, 2011;
Am duction 0.01 pWim Michaut et al., 2007)
Variable parameters Range (increment)  Ref.
i 9 (Lévy & Jaupart, 2011;
Am Moho heat flow 10-35 (1.0) mWm Shapiro et al., 2004)
Tpot  Mantle potential temperature  1100-1300 (50)°C (Herzberg et al., 2007)
Obtained parameters Range Ref.
i o (Lévy & Jaupart, 2011;
s Surface heat flow 31-62 mWm Shapiro et al., 2004)
Lt Thermal lithospheric - thick- 90-360 km (Jaupart & Mareschal, 1999)

ness

Crustal thickness for each group is given in Table S3 - Crustal Parameters



Table S3 - Crustal Parameters

pllC

Plc

Vp—uc

VS—UC

Vp—lc

Groups | H(am) 0y | (eg/m®) | (m/s) | (mfs) | (mys) | Ve (/)
3AmC 36 - 40 2780 2910 6290 3640 6810 3850-4000
3SFC 37 -41 2760 2970 6250 3580 7020 3950-4100
4PcB 38 - 42 2760 2920 6200 3570 6890 3900-4050
4PrB 42 - 46 2730 3000 6160 3520 7090 4000-4150
6PrB(n) 34 - 37 2760 2940 6260 3590 6950 3900-4050
6PrB(w) 39 - 43 2730 2980 6130 3500 7060 4000-4150
6PrB(S) 39 - 43 2750 2930 6110 3500 6920 3900-4050
5PtB 38 - 42 2740 2970 6240 3520 7015 3900-4050
2ChB 38 - 41 2700 2960 6100 3400 6990 3900-4050
2LAC 37 - 41 2760 2910 6230 3600 6800 3950-4000
5RPC 37 -41 2730 2960 6130 3510 7000 3950-4100
3RPC 33 - 37 2700 2980 6030 3470 7070 4000-4150

Crustal parameters used for each group. H is crustal thickness, p is density, uc is upper crust, lc
is lower crust, V, is P-wave velocity, V, is S-wave velocity. The depth of the upper-lower crust
boundary is 2/3 of the crustal thickness. Groups: 3Amec (Amazonian Craton), 3SFC (Sao Francisco
Craton), 4PcB (Parecis Basin), 4PrB (Parana Basin), 6PrB(n) (Parana Basin north), 6PrB(w)
(Parana Basin west), 6PrB(s) (Parana Basin south), 5PtB (Pantanal Basin), 2ChB (Chaco Basin),
2LAC (Luiz Alves Craton), 5RPC (Rio de la Plata Craton), 3RPC (Rio de la Plata Craton) (see

map in Fig. 3). Data from Rivadeneyra-Vera et al. (2019) and CRUST1.0 (Laske et al., 2013)



Table S4 - Compositions considered

Cor(nvft?;‘)t“’“ Si0; TiO; Al;O3 FeO MnO MgO CaO NayO KO0 H;0
0
ARC.IQ 42.90 0.01 0.30 6.50 0.15 49.20 0.10 0.10
(Dunite)
ARCZ.I 44.3 0.17 1.74 8.1 0.12 43.3 1.27 0.12
(lherzolite)
Pyrolite 44.93  0.00 4.37 8.56 38.82  3.19 0.13
MORB 50.6 1.5 15.7 10.6 7.6 11.1 2.6 0.2
ARC9 with
0.215 wt% 42.90 0.01 0.30 6.50 49.20 0.10 0.10 0.215
H20
ARCO with 43.28 00.1 0.90 6.23 48.61  0.10 0.10 0.57 0.22
5wt% phl

References: ARC9 and ARC4 from Griffin et al.
from Hacker (2008).

(2009), Pyrolite from Xu et al. (2008), MORB

Table S5 - Solid-solution models used

Abbreviation Mineral Ref.

Act(M) low-pressure amphibole (Massonne, 2008)

Atg(PN) antigorite (Padron-Navarta et al., 2013)
Chl(HP) chlorite (T. Holland et al., 1998)
Cpx(HP) clinopyroxene (T. Holland & Powelll, 1996)
Ctd(HP) chloritoid (White et al., 2000)

GITrTsPg clinoamphibole S].\,ZG;O(%)ZS)P owell, 2003; White et
Gt(HP) garnet (T. J. Holland & Powell, 1998)
O(HP) olivine (T. J. Holland & Powell, 1998)
Opx(HP) orthopyroxene (T. Holland & Powelll, 1996)
Pl(h) feldspar (Newton et al., 1980)

Sp(JR) spinel (Jamieson & Roeder, 1984)

T talc ideal
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Figure S2 Sensitivity analysis of group Rayleigh-wave dispersion curves, topography, and geoid
height to different mantle potential temperature (first row), layered background composition (sec-
ond row), plhogopite content (third row), and a layer of eclogite at different depths (forth row) .
For each set of tests, the left hand side shows the geotherms (a, g, m, and s), the density (b, h, n,
and t) and the velocity profiles (c, i, 0o, and u). The right hand side shows the effect of the different
thermal and compositional parameters to the group Rayleigh-wave dispersion curves (d, i, p, and
v), topography (e, k, q, and w) and geoid (f, 1, r, and x).



3 Amazonian Craton - 1200 °C - without eclogite
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Figure S3 Set of solutions for group 3 Amazonian Craton (3AmC) for a sublithospheric potential
temperature of 1200°C without an eclogitic layer. All solutions that fit the dispersion curves are
in grey; those that fit both the dispersion curves and the elevation are in blue; those that fit
dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density profiles,
and (c¢) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period and, (e)
respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective misfits,
(h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed range.
Bottom row: (j) water content vs background composition (top layer/bottom layer), (k) and (1)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.



3 Amazonian Craton - 1150 °C - with 10 km eclogite
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Figure S4 Set of solutions for group 3 Amazonian Craton (3AmC) for a sublithospheric potential
temperature of 1150°C with a 10 km eclogitic layer. All solutions that fit the dispersion curves
are in grey; those that fit both the dispersion curves and the elevation are in blue; those that fit
dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density profiles,
and (c¢) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period and, (e)
respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective misfits,
(h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed range.
Bottom row: (j) water content vs background composition (top layer/bottom layer), (k) and (1)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.



3 Sao Francisco Craton - 1200 °C - without eclogite
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Figure S5 Set of solutions for group 3 Sao Francisco Craton (3SFC) for a sublithospheric potential
temperature of 1200°C without an eclogitic layer. All solutions that fit the dispersion curves are
in grey; those that fit both the dispersion curves and the elevation are in blue; those that fit
dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density profiles,
and (c¢) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period and, (e)
respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective misfits,
(h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed range.
Bottom row: (j) water content vs background composition (top layer/bottom layer), (k) and (1)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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3 Sao Francisco Craton - 1200 °C - with 10 km eclogite
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Figure S6Set of solutions for group 3 Sao Francisco Craton (3SFC) for a sublithospheric potential
temperature of 1200°C wit a 10 km eclogitic layer. All solutions that fit the dispersion curves
are in grey; those that fit both the dispersion curves and the elevation are in blue; those that fit
dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density profiles,
and (c¢) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period and, (e)
respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective misfits,
(h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed range.
Bottom row: (j) water content vs background composition (top layer/bottom layer), (k) and (1)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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3 Rio de la Plata Craton - 1250 °C - without eclogite
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Figure S7Set of solutions for group 3 Rio de la Plata Craton (3RPC) for a sublithospheric potential
temperature of 1250°C without an eclogitic layer. All solutions that fit the dispersion curves are
in grey; those that fit both the dispersion curves and the elevation are in blue; those that fit
dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density profiles,
and (c¢) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period and, (e)
respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective misfits,
(h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed range.
Bottom row: (j) water content vs background composition (top layer/bottom layer), (k) and (1)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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3 Rio de la Plata Craton - 1250 °C - with 20 km eclogite
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Figure S7 Set of solutions for group 3 Rio de la Plata Craton (3RPC) for a sublithospheric
potential temperature of 1250°C with a 20 km eclogitic layer. All solutions that fit the dispersion
curves are in grey; those that fit both the dispersion curves and the elevation are in blue; those
that fit dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density
profiles, and (c) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period
and, (e) respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective
misfits, (h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed
range. Bottom row: (j) water content vs background composition (top layer/bottom layer), (k)
and (1) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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4 Parecis Basin - 1200 °C - with phlogopite
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Figure S8 Set of solutions for group 4 Parecis Basin (4PcB) for a sublithospheric potential tem-
perature of 1200°C with addition of Plogopite. All solutions that fit the dispersion curves are in
grey; those that fit both the dispersion curves and the elevation are in blue; those that fit disper-
sion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density profiles, and (c)
Vv profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period and, (e) respec-
tive misfits, (f) group Love-wave groups velocities vs period. and (g) respective misfits, (h) and
(i) show elevation and geoid, respectively, with a dark grey box for the observed range. Bottom
row: (j) Phlogopite content vs background composition (top layer/bottom layer), (k) and (1) show
histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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4 Parand Basin - 1200 °C - with phlogopite
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Figure S9Set of solutions for group 4 Parana Basin (4PrB) for a sublithospheric potential temper-
ature of 1200°C with addition of Plogopite. All solutions that fit the dispersion curves are in grey;
those that fit both the dispersion curves and the elevation are in blue; those that fit dispersion
curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density profiles, and (c)
Vv profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period and, (e) respec-
tive misfits, (f) group Love-wave groups velocities vs period. and (g) respective misfits, (h) and
(i) show elevation and geoid, respectively, with a dark grey box for the observed range. Bottom
row: (j) Phlogopite content vs background composition (top layer/bottom layer), (k) and (1) show
histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
15



6 Parana Basin north - 1250 °C - with 20 km eclogite
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Figure S10Set of solutions for group 6 Parana Basin north (6PrB(n)) for a sublithospheric po-
tential temperature of 1250°C with a 20 km eclogitic layer. All solutions that fit the dispersion
curves are in grey; those that fit both the dispersion curves and the elevation are in blue; those
that fit dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density
profiles, and (¢) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period
and, (e) respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective
misfits, (h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed
range. Bottom row: (j) water content vs background composition (top layer/bottom layer), (k)
and (1) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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6 Parana Basin west - 1250 °C - with 10 km eclogite
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Figure S11 Set of solutions for group 6 Parana Basin west (6PrB(w)) for a sublithospheric po-
tential temperature of 1250°C with a 10 km eclogitic layer. All solutions that fit the dispersion
curves are in grey; those that fit both the dispersion curves and the elevation are in blue; those
that fit dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density
profiles, and (c) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period
and, (e) respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective
misfits, (h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed
range. Bottom row: (j) water content vs background composition (top layer/bottom layer), (k)
and (1) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.

17



6 Parana Basin south - 1200 °C - with 10 km eclogite
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Figure S12 Set of solutions for group 6 Parand Basin south (6PrB(s)) for a sublithospheric
potential temperature of 1200°C with a 10 km eclogitic layer. All solutions that fit the dispersion
curves are in grey; those that fit both the dispersion curves and the elevation are in blue; those
that fit dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density
profiles, and (c) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period
and, (e) respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective
misfits, (h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed
range. Bottom row: (j) water content vs background composition (top layer/bottom layer), (k)
and (1) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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5 Pantanal Basin - 1300 °C - without eclogite
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Figure S13 Set of solutions for group 5 Pantanal Basin (5PtB) for a sublithospheric potential
temperature of 1300°C without an eclogitic layer. All solutions that fit the dispersion curves are in
grey; those that fit both the dispersion curves and the elevation are in blue; those that fit dispersion
curves, elevation, and geoid are in red. Solutions for elevation range between 1545 and 3254 meter.
Solutions for elevation range between 1545 and 3254 meter. Top row: (a) Geotherms, (b) density
profiles, and (¢) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period
and, (e) respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective
misfits, (h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed
range. Bottom row: (j) water content vs background composition (top layer/bottom layer), (k)
and (1) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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2 Chaco Basin - 1250 °C - without eclogite
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Figure S14 Set of solutions for group 2 Chaco Basin (2ChB) for a sublithospheric potential
temperature of 1250°C without an eclogitic layer. All solutions that fit the dispersion curves are
in grey; those that fit both the dispersion curves and the elevation are in blue; those that fit
dispersion curves, elevation, and geoid are in red. Solutions for elevation range between 1626
and 2564 meters. Top row: (a) Geotherms, (b) density profiles, and (c) Vgy profiles. Middle
row: (d) group Rayleigh-wave groups velocities vs period and, (e) respective misfits, (f) group
Love-wave groups velocities vs period. and (g) respective misfits, (h) and (i) show elevation and
geoid, respectively, with a dark grey box for the observed range. Bottom row: (j) water content
vs background composition (top layer/bottom layer), (k) and (1) show histograms of the solutions
for thermal lithosphere thickness, and Moho heat flow.
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5 Rio de la Plata Craton - 1250 °C - without eclogite
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Figure S15 Set of solutions for group 5 Rio de la Plata Craton (5RPC) for a sublithospheric
potential temperature of 1250°C without an eclogitic layer. All solutions that fit the dispersion
curves are in grey; those that fit both the dispersion curves and the elevation are in blue; those
that fit dispersion curves, elevation, and geoid are in red. Top row: (a) Geotherms, (b) density
profiles, and (c) Vgy profiles. Middle row: (d) group Rayleigh-wave groups velocities vs period
and, (e) respective misfits, (f) group Love-wave groups velocities vs period. and (g) respective
misfits, (h) and (i) show elevation and geoid, respectively, with a dark grey box for the observed
range. Bottom row: (j) water content vs background composition (top layer/bottom layer), (k)
and (1) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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2 Luiz Alves Craton - 1300 °C - without eclogite
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Figure S16 Set of solutions for group 2 Luiz Alves Craton (2LAC) for a sublithospheric potential
temperature of 1300°C without an eclogitic layer. All solutions that fit the dispersion curves are in
grey; those that fit both the dispersion curves and the elevation are in blue; those that fit dispersion
curves, elevation, and geoid are in red. Solutions for elevation range between 1601 and 2838. Top
row: (a) Geotherms, (b) density profiles, and (¢) Vgy profiles. Middle row: (d) group Rayleigh-
wave groups velocities vs period and, (e) respective misfits, (f) group Love-wave groups velocities
vs period. and (g) respective misfits, (h) and (i) show elevation and geoid, respectively, with a dark
grey box for the observed range. Bottom row: (j) water content vs background composition (top
layer /bottom layer), (k) and (1) show histograms of the solutions for thermal lithosphere thickness,
and Moho heat flow.
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