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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 São Francisco Cratons and adjoining Parecis Basin and northern

Paraná Basin. The southern Rio de la Plata Craton also retains a 200-250 km thick keel. Compositionally, Amazonian, São

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 Paraná lithosphere has likely been altered by Mesozoic plume activity

throughout most of its depth, while the rest of the Paraná 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 Paraná Basin requires a dense (eclogite) layer within the crust/shallow lithosphere, possibly associated with

the NeoProterozoic western Paraná 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:7

• We find thick roots under the Archean/Proterozoic cores and neighboring regions,8

where roots are altered by plume activity/rifting.9

• Significant metasomatism is found at shallow depths in all roots, while eclogite10

layers in some indicate varying styles of collision.11

• Lithospheric root was lost/eroded under the southwest of the platform, likely due12

to plume/subduction interaction during the Phanerozoic.13
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Abstract14

Constraints on the structure of cratonic lithosphere are essential to improve our under-15

standing of craton formation, evolution and long-term stability. Here, we perform a joint16

inversion for the thermal and compositional structure of the mantle lithosphere below17

the South America Platform, using Rayleigh wave group velocities, elevation, and geoid18

height. Thick thermal lithosphere (200-300 km) is found below the southern Amazonian19

and São Francisco Cratons and adjoining Parecis Basin and northern Paraná Basin. The20

southern Rio de la Plata Craton also retains a 200-250 km thick keel. Compositionally,21

Amazonian, São Francisco and Rio de la Plata lithosphere has a metasomatic and pos-22

sibly eclogite signature similar to that of North American Proterozoic collision belts. Pare-23

cis and northern Paraná lithosphere has likely been altered by Mesozoic plume activity24

throughout most of its depth, while the rest of the Paraná Basin and the Chaco and Patanal25

basins appear to have lost the lithospheric root below ∼100 km depth that was there dur-26

ing intracratonic basin formation. The low elevation and high geoid of the western Paraná27

Basin requires a dense (eclogite) layer within the crust/shallow lithosphere, possibly as-28

sociated with the NeoProterozoic western Paraná Suture Zone and/or Mesozoic plume29

activity, while topography and geoid of the basins further west and of the western Rio30

de la Plata craton seem affected by dynamic (subduction-related) topography. Thus, the31

variable geophysical structure of the platform lithosphere reflects a history that involves32

besides some stable keels, significant modification and thinning.33

Plain Language Summary34

Cratons are the ancient cores of continents, preserved at least in part because of35

their underlying thick cold plate roots, which are assumed to be dry and stiff. Yet, it re-36

mains poorly understood how these roots formed, stabilised, and occasionally are lost.37

Here we investigate the thermal and compositional structure of the plate roots below the38

old eastern half of South America, using imaged seismic velocities, elevation, and geoid39

height in the region. Our results show that part of South America has about 250-km thick40

roots: under the oldest cores of the continent in the northeast and southeast and in the41

north, and under areas adjacent to these cores, which appear to have survived or regrown42

after modification by hot upwelling mantle plumes. We find that the western part of the43

old South American platform has lost a significant part of the root that used to exist,44

which we attribute to erosion by hot plumes and Andean subduction over the past ∼7045

million years. All regions require a more widespread presence of hydrated minerals than46

usually expected below cratons. Thus, the structure of South America’s craton roots sheds47

light on how they formed, were modified and partially lost.48

1 Introduction49

1.1 Motivation50

Cratons are the stable continental cores formed during the Precambrian. Their for-51

mation, evolution and long-term stability is still debated (e.g., van Hunen & Moyen, 2012;52

C.-T. A. Lee et al., 2011; Sleep, 2005). Mapping lithospheric temperatures and compo-53

sitional heterogeneity may shed light on their formation, evolution and long-term sta-54

bility. Cratonic mantle lithosphere is often described as relatively homogeneous, char-55

acterized by thick and high-velocity roots (Schaeffer & Lebedev, 2015), low surface heat56

flow (Cooper et al., 2004), and being approximately neutrally buoyant due to iron de-57

pletion as a result of melt extraction (Jordan, 1978; Griffin et al., 2009). However, re-58

cent studies have found heterogeneities within and between cratonic keels. Studies us-59

ing S-to-P receiver functions have detected negative and/or positive velocity gradients60

in the lithospheric mantle in some cratonic regions (e.g., Miller & Eaton, 2010; Abt et61

al., 2010; Krueger et al., 2021). Additionally, seismic tomographic studies have found more62

variation in seismic velocities than can be explained by varying the amount of depletion63
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(e.g., Bruneton et al., 2004; Hieronymus & Goes, 2010; Eeken et al., 2018; Legendre et64

al., 2012; Liddell et al., 2018).65

In a previous study, we modelled Rayleigh-wave dispersion curves for the north-66

eastern North American Craton and resolved five types of compositional structures. Most67

regions required significant metasomatic alteration over some depths and the structures68

appeared to reflect different stages of formation and modification of the lithosphere be-69

low the region (Altoe et al., 2020; Eeken et al., 2020). Using an update of this approach,70

here we present results for the South American Platform, comprising the Central Brazil-71

ian and Atlantic shields. We perform a joint inversion for thermal and compositional struc-72

tures of the mantle lithosphere using Rayleigh-wave group-velocity dispersion curves, sur-73

face topography, and geoid height. The results reveal variations in thermal lithosphere74

thickness and compositional structure that also appear to reflect the tectonic history of75

the region.76

1.2 Tectonic History77

The South American Platform is defined as the stable interior of South America78

plate, which has not been deformed by the Andean orogeny during the Phanerozoic (Almeida79

et al., 2000; U. G. Cordani et al., 2016). The South American Platform was formed by80

the amalgamation of several Archean and Proterozoic continental blocks which individ-81

ually assembled during Paleo-Mesoproterozoic tectonic events. The Neoproterozoic Brasil-82

iano cycle brought together the separate blocks, resulting in formation of the Gondwana83

Supercontinent, and determined the general tectonic framework of the platform base-84

ment (Figure 1).85

The platform consists of the Archean to Proterozoic Amazonian and São Francisco86

cratons, other microcontinents (São Luis, Rio de la Plata, Lúız Alves and Rio Apa), and87

the Paranapanema and Parnáıba blocks covered by the Paraná and Parnáıba Paleozoic88

basins. The Amazonian Craton is formed by a large Archean core surrounded by Pale-89

oproterozoic and Mesoproterozoic mobile belts with an indication of crustal growth pro-90

gressing from NNE to SSW (U. G. Cordani & Teixeira, 2007). The westernmost portion91

of the Amazonian Craton presents important affinities with the Grenville Belts in North92

America, linking the tectonic evolution of the block to the Laurentian continent (e.g.,93

Brito Neves & Fuck, 2014; U. Cordani et al., 2009; D’Agrella-Filho et al., 2012). Pale-94

omagnetic data also favors that the Amazonian Craton was joined to the Columbia su-95

percontinent (D’Agrella-Filho et al., 2016). In contrast, the basement of the São Fran-96

cisco Craton is an extension of the Congo craton of western-central Africa (Trompette,97

1994), and is made up of Archean blocks that were extensively affected by Paleoprotero-98

zoic orogenic episodes during their almagamation (e.g., Pankhurst et al., 2008). Although99

it is generally agreed that the Amazonian Craton was an integral part of Rodinia, linked100

to Laurentian blocks, it is debated whether the other South American cratonic blocks101

(São Francisco-Congo, Rio de la Plata and São Luis cratons) were part of this continent,102

and if so, if they were adjacent to the Amazon craton at that time (Brito Neves & Fuck,103

2014; Oriolo et al., 2017).104

The Brasiliano Cycle (e.g., U. G. Cordani et al., 1973; Da Silva et al., 2005; Neves105

et al., 2014) started during the process of fragmentation of the Rod́ınia supercontinent.106

During the extensional phase (1000-750 Ma, Oriolo et al., 2017; U. G. Cordani et al., 2003),107

the Amazonian block was separated from Laurentia and further oceans opened between108

other continental blocks where those were still joined. Associated with the extension, pas-109

sive margins formed and intraplate magmatism occurred. During the subsequent com-110

pressional phase (930-530 Ma, De Brito Neves et al., 1999; Neves et al., 2014), subduction-111

to-collision brought together South American and African continental blocks to form West112

Gondwana. During this process, the orogenic belts of the Brasiliano Orogenic Systems113

(900-460 Ma) were formed around the cratonic cores, resulting in the Borborema (be-114
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tween São Francisco and Parnaiba), Tocantins (between São Francisco and Paranapanema)115

and Mantiqueira (between Rio de la Plata and Paranapanema) Structural Provinces. Other116

expressions of the assembly of western Gondwana include the Transbrasiliano Lineament117

(TBL) (Almeida et al., 2000; U. Cordani et al., 2000), a continental NE-SW shear zone118

with a clear surface expression, and the Western Paraná Suture Zone (WPSZ), a geo-119

physically identified east-ward dipping suture zone between the Paranapanema Block120

and cratonic blocks to the west and south (Dragone et al., 2017, 2021). The end of the121

Brasiliano Cycle was characterized by exhumation, extrusive volcanism and gravitational122

collapse of the orogens under an extensional tectonic regime (630-440 Ma, Fuck et al.,123

2008; Heilbron & Machado, 2003).124

After the platform was tectonically stabilized at the end of the Brasiliano phase,125

several Paleozoic intracontinental basins developed: the Amazonas, Solimões, Parnáıba,126

Parecis, Paraná, and Alto Tapajós (e.g., Almeida et al., 2000; Milani & Zalán, 1999). The127

Paleozoic basins went through two main phases. During the first phase (420 - 250 Ma),128

the synclines were formed and sedimentary successions were produced by transcontinen-129

tal marine transgressions and regressions. During the second phase (250 - 230 Ma), there130

was a general uplift of the platform, associated with thin eolian deposits (e.g., P. C. Soares131

et al., 1978; Góes et al., 1990; Da Cruz Cunha et al., 2007).132

The Intracratonic Stability phase was followed by Mesozoic re-activation, associ-133

ated with the fragmentation of the Pangea Supercontinent and the opening of the At-134

lantic Ocean. During this extensional regime, magmatism occurred in most of the sed-135

imentary basins of South America. Magmatism in the Parecis, the Solimões and Ama-136

zonas basins belongs to the Central Atlantic Magmatic Province (CAMP, 206-196 Ma),137

and is related to the opening of the Central Atlantic Ocean (de Min et al., 2003; Mar-138

zoli et al., 1999). Another major extrusion event created the Paraná-Etendeka Large Ig-139

neous Province (LIP) covering part of eastern South America and western Africa and140

is related to the opening of the South Atlantic Ocean. The main peak of this LIP mag-141

matic activity occurred between 135–120 Ma (e.g., Gibson et al., 2006; Renne et al., 1992,142

1996; Mizusaki et al., 1992). In South America, it formed the large continental flood basalts143

of the Serra Geral Formation, which covers most of the Paraná Basin (Milani & Ramos,144

1998; Milani, 2004).145

After the opening of the Atlantic Ocean in the Late Cretaceous, the South Amer-146

ican Plate rotated to the west. The movement of the plate increased its convergence rate147

with the subducting Farallon Plate, and initiated a new compressional phase in South148

America (e.g., Ramos, 1999; Pilger, 1984; Ramos, 2009; Folguera et al., 2011; Almeida149

et al., 2000). With uplift and exhumation of the Andean Cordillera, several foreland basins150

developed parallel to the Andean thrust front, such as the Chaco and Pantanal basins,151

and deposits were formed over Paleozoic basins on the platform (e.g., Menegazzo et al.,152

2016; Horton, 2018; Cedraz et al., 2020; Ussami et al., 1999).153

1.3 Previous Studies of Lithospheric Structure154

Constraints on crustal and lithospheric mantle structure beneath the South Amer-155

ican Platform have been obtained using a range of geophysical methods. Continental scale156

studies in the region include gravity-derived Moho depths (van der Meijde et al., 2013;157

Uieda & Barbosa, 2017), and seismic tomographic models based on waveform modelling158

or surface wave dispersion (van der Lee et al., 2001; Feng et al., 2004, 2007; Heintz et159

al., 2005; Rosa et al., 2016; Celli et al., 2020; Ciardelli et al., 2022). Regional scale stud-160

ies include deep seismic refraction studies in the Tocantins Province (Berrocal et al., 2004;161

J. E. Soares et al., 2006), Borborema Province (J. E. P. Soares et al., 2011), and Parnáıba162

Basin (Daly et al., 2014; Abbott, 1991), and several P-wave receiver function analyses163

(e.g., Albuquerque et al., 2017). Other studies provide crustal thickness maps based on164
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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 Paraná 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; Assumpção165

et al., 2013; Rivadeneyra-Vera et al., 2019).166

The extent of the cratonic basement below the thick sedimentary cover on much167

of the platform is not agreed on. Geophysical studies indicate that the Parnáıba Basin168

is underlain by a Proterozoic basement, the Parnáıba Block (Daly et al., 2014). Below169

the Paraná Basin, the Paranapanema Block has been identified, for which the crust ap-170

pears to be a mosaic of cratonic blocks surrounded by mobile belts (Milani, 2004; Julià171

et al., 2008), while it looks like a single cratonic block at lithospheric scale (U. G. Cor-172

dani et al., 2008; Affonso et al., 2021; Mantovani et al., 2005). Others proposed that cra-173

tonic blocks include the Rio Tebicuary (Favetto et al., 2015; Dragone et al., 2017) and174

part of the Rio de la Plata craton overlain by the Chaco Basin (Oyhantçabal et al., 2010;175

Rapela et al., 2007, 2011; Bologna et al., 2019; Dragone et al., 2017). These cratonic blocks176

would also have been part of the West Gondwana amalgamation during the Neoprotero-177

zoic (Dragone et al., 2021).178

The most recent crustal thickness model for South America (Rivadeneyra-Vera et179

al., 2019) indicates that the crustal thickness in the platform varies between 30 to 45 km.180

The Amazonian and São Francisco cratons, and the Parnáıba Basin are on average 40181

km thick, while the crust of the Borborema and Tocantins provinces are thinner than182

average, under 37 km thick. The Pantanal Basin has a thin crust in the east (30-35 km)183

and an average crust in the west (38-43 km), similar to the Rio Apa Block. The Paraná184

Basin crust is somewhat thicker (40-45 km), especially in the north, which is interpreted185

as due to magmatic underplating related to the emplacement of the flood basalts.186

The seismic structure of the uppermost mantle of the South American Platform187

is also significantly controlled by the tectonic evolution. All continental tomographic mod-188

els show a high velocity lid associated with the Amazonian and São Francisco cratons189

extending down to about 200 km depth, which some suggested might be thinner than190

North American cratonic cores (van der Lee et al., 2001; Feng et al., 2004; Heintz et al.,191

2005; Feng et al., 2007; Rosa et al., 2016; Celli et al., 2020). Heintz et al. (2005) and Ciardelli192

et al. (2022) imaged a lower velocity anomaly in the uppermost 100 km along the Ama-193

zon and Solimões rift basins that divides the high velocity anomaly associated with the194

Amazonian craton. They suggest that the Lower Cretaceous rifting episode within the195

Amazon Basin has involved a significant part of the lithosphere. However, other stud-196

ies (Feng et al., 2007; Celli et al., 2020) found that the Amazon Basin lithosphere is un-197

derlain by high velocities similar to the surrounding shields, indicating continuity between198

them. The same studies also find that the lithosphere of the eastern Amazonian Cra-199

ton is thicker and higher velocity than the northwestern part. Feng et al. (2007) inferred200

that the high-velocity root below the southeastern Amazonian Craton is more pronounced201

and thus thicker than below São Francisco. By contrast, a joint interpretation in terms202

of temperature and Mg# of the lithospheric mantle by Finger et al. (2021), using the203

shear velocity model of Celli et al. (2020), gravity data from Förste et al. (2014), and204

crustal data from Rivadeneyra-Vera et al. (2019), found similarly thick thermal litho-205

sphere and iron-depletion below the São Francisco and the eastern Amazonian cratons.206

High velocities down to ∼150 km depth have also been imaged below the Parnáıba,207

Parecis and northern Paraná basins (Heintz et al., 2005; Feng et al., 2007; Rosa et al.,208

2016; Celli et al., 2020; Ciardelli et al., 2022). The high velocities below northern Paraná209

have been suggested to show that the plume interaction with the Paraná Basin lithosphere,210

which resulted in the flood basalts, did not significantly modify the overall seismic prop-211

erties of the Paraná cratonic lithosphere (Heintz et al., 2005; Feng et al., 2007). This is212

consistent with the thermo-chemical interpretation by Finger et al. (2021) who found a213

thermal structure and Fe-depletion below northern Paraná similar to the São Francisco214

lithosphere. While a similar structure is also found below the Parecis Basin, they found215

no indication for Fe-depletion in the lithosphere below the Parnáıba Basin.216
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Some studies have identified a localised low-velocity anomaly at depths > 200 km217

below the southern part of the Paraná Basin, which they suggest could be a fossil ex-218

pression of the Tristan da Cunha plume (Heintz et al., 2005; Van Decar et al., 1995). Fur-219

ther strong low velocity anomalies down to 150 km depth have been imaged beneath the220

Chaco, Pantanal, and western Paraná basins (Feng et al., 2004, 2007; Heintz et al., 2005;221

Rosa et al., 2016; Celli et al., 2020; Ciardelli et al., 2022). These low velocities have been222

interpreted as thinner lithosphere, and relatively high mantle temperatures (Feng et al.,223

2007; Rosa et al., 2016; Finger et al., 2021).224

Most studies have not found evidence of a thick thermal keel below the Rio de la225

Plata Craton, in spite of its suggested large lateral extent below the sedimentary cover226

(Feng et al., 2007; Heintz et al., 2005; Celli et al., 2020). However, a recent group-velocity227

analysis (Rosa et al., 2016), which used an expanded dataset around the Paraná and Chaco228

basins, improved the resolution in northern Argentina and southern Brazil. Differently229

from the previous studies, they identify high velocities under the southeastern part of230

the Rio de la Plata Craton. Finger et al. (2021) also inferred that the lithosphere be-231

low this southern craton, although relatively thin, is partly Fe-depleted.232

Several studies, (Feng et al., 2004, 2007; Celli et al., 2020; Ciardelli et al., 2022)233

found a belt of lower velocities at 100-200 km depth, stretching from the eastern Parnáıba234

Basin and Tocantins Province in the north to just east of the Pantanal Basin in the south.235

This was interpreted as a lithospheric expression of the Transbrasiliano Lineament.236

2 Data and Methods237

Our analysis consists of the joint fitting of thermo-compositional structures to Rayleigh238

wave group-velocity dispersion data, topography, and geoid, with constraints on the crustal239

structure (Figure 2). These three data types provide strongly complementary constraints240

(sensitivity tests are discussed below and in work by Afonso et al. (2008)). The set of241

thermo-compositional structures tested includes a wide range of steady-state continen-242

tal geotherms plus a minimum amount of compositional complexity as required to match243

seismic velocities and density-sensitive data.244

2.1 Data245

The dispersion data used in this study consist of a set of Rayleigh-wave dispersion246

curves extracted from group-velocity maps by Rosa et al. (2016) (Figure 2a). The group-247

velocity maps were derived with surface-wave tomography using a combination of earth-248

quakes covering the South American continent and inter-station cross-correlation of am-249

bient noise for stations in and around the Paraná and Chaco-Paraná basins. The Rosa250

et al. (2016) study includes, for the earthquake data, fundamental-mode group veloci-251

ties for Rayleigh waves from 10 to 150 seconds, and Love waves from 10 to 90 seconds.252

For the ambient noise correlation, they used periods from 10 to 40 seconds for both Rayleigh253

and Love waves. In this study, we model the Rayleigh waves in terms of thermo-chemical254

structures using a simple radial anisotropy model for all regions. For the Love waves, we255

calculate the synthetics and evaluate the misfits in the discussion. From the original study,256

we removed the period 10 seconds from both Rayleigh and Love waves, as it is most sen-257

sitive to the crust, and we analyse only the area within the South American Platform258

where resolution tests show amplitude recovery to be good.259

The short periods of the Rayleigh waves are also sensitive to the crustal structure.260

Because crustal structure is mainly controlled by compositional variations with little sen-261

sitivity to temperature, we use independent constraints for the velocity and density struc-262

ture of the crust (Altoe et al., 2020; Eeken et al., 2020). Given the limited depth sen-263

sitivity of the data we model, we use a simplified crustal model with only an upper and264

lower crust. The crustal constraints necessary to do our modelling are Moho depth, VP ,265
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VS , and density for upper and lower crust. Crustal thickness estimates are taken from266

Rivadeneyra-Vera et al. (2019) (Figure 2b), and the other information is retrieved from267

the global crustal model CRUST1.0 (Laske et al., 2013). To account for the uncertain-268

ties in the crustal structure, we allow Moho depth to vary by ± 2 km and lower crustal269

VS to vary by ± 500 m/s (Supplementary Table S3).270

For the density-sensitive data, elevation data was taken from the ETOPO1 Global271

Relief Model (Amante & Eakins, 2009) (Figure 2c). Geoid height data was obtained from272

the global Earth model EGM2008 (Pavlis et al., 2012) (Figure 2d). The total geoid sig-273

nal was filtered to remove long wavelengths which mainly reflect deeper density anoma-274

lies and dynamic effects (degrees 2–9 were removed) (Afonso et al., 2008, 2019).275

2.2 Regionalization276

In the analysis, it is important to bear in mind the limits on lateral resolution of277

the data we use. For the dispersion data, structures can be mapped on scales of 100-200278

km due to both intrinsic data sensitivity and the regularisation applied in the group ve-279

locity inversion. CRUST1.0 (Laske et al., 2013) provides an estimate of crustal struc-280

ture on a 1◦ by 1◦ grid. To account for this scale of lateral resolution, we regionalise our281

data. We base the regionalisation on the group velocity data using a cluster analysis. The282

preferred six dispersion-based clusters were further subdivided into a final 14 groups where283

this was necessary to accommodate significant variations in topography, geoid or crustal284

structure within a cluster.285

Similar to previous seismic studies (e.g., Eeken et al., 2020; Altoe et al., 2020; Gar-286

ber et al., 2018; Lekic et al., 2012), we use the k-means algorithm to identify regions with287

similar group velocity structure. We use the MATLAB implementation of the k-means288

clustering algorithm (Hartigan & Wong, 1979; Hartigan, 1975). We found the optimal289

number of Rayleigh wave dispersion clusters to be 6 (Figure 3a). For this number of clus-290

ters each region’s dispersion curve is distinct (Figure 3b). Furthermore, the clusters are291

compatible with the tectonics (also see Supplementary Table S1 and Figure S1). When292

the dispersion curves are divided into two clusters, they split into a set for the the Ama-293

zonian, São Francisco, and Rio de La Plata cratons, as distinct from the rest of the re-294

gion. For three clusters, the coastal margin of the São Francisco Craton is grouped with295

the Rio de La Plata Craton. A further subdivision into four clusters includes a new group296

with the Paraná and Parecis basins. The solution for five clusters groups the southern-297

most part of the Rio de la Plata Craton back with the Amazonian and São Francisco cra-298

tons, and a new cluster includes part of the mobile belts of the east coast, the Pantanal299

Basin region and the northwestern part of the Rio de la Plata Craton. Six clusters adds300

a further subdivision for the Chaco Basin and the Luiz Alves Craton. The solution for301

seven clusters does not add a further distinct region, but generates a transition zone be-302

tween the São Francisco Craton and its coastal margin. Furthermore, for sets of more303

than 6 clusters, the differences between clusters become similar in magnitude to the dif-304

ferences between profiles within a single cluster. The quality of the final clustering was305

also assessed by silhouettes (Rousseeuw, 1987; Kaufman & Rousseeuw, 1990). All the306

points with negative silhouette values and points that were geographically isolated from307

their clusters were removed from further analysis (Supplementary Figure S1).308

The clusters were further subdivided into 14 groups, based on the elevation, geoid309

and crustal thickness of the regions (Figure 1a). Figure 3b shows the final regionalisa-310

tion with their respective average dispersion curves. Period-dependent uncertainty bounds311

were calculated based on the standard deviation of the dispersion data and increased by312

50% for periods longer than 60 seconds, to accommodate the, physically unrealistic, high313

variability of velocity with period in the data (which could occur because the dispersion314

map inversion included no smoothing with period). The same uncertainties were assigned315
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Figure 2. Overview of the data used in our analysis: (a) Rayleigh-wave group-velocities at

100 seconds from Rosa et al. (2016). (b) Crustal thickness from Rivadeneyra-Vera et al. (2019).

(c) Topography from Amante and Eakins (2009). (d) Geoid height from Pavlis et al. (2012).
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to all groups. The elevation and geoid anomaly for each group equal the average value,316

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

2.3 Grid-search for Thermo-chemical Models318

The thermo-chemical structure of the regions is estimated by performing a grid-319

search for a set of forward models that fit the dispersion curves, topography, and geoid320

anomalies within their uncertainties. The general approach used in this study follows321

the methods of Altoe et al. (2020) and Eeken et al. (2018, 2020), with an extension to322

fit density-sensitive data. The approach can be divided into 4 basic steps (Figure 4).323

1. We define a solution space of thermal and compositional mantle lithosphere/asthenosphere324

structures to search, while fixing crustal structure to within a narrow range based325

on published studies. We chose a set of plausible shield geotherms spanning a range326

of thermal lithospheric thicknesses by varying Moho heat flow (as we do not use327

thermal structure of the crust to match any data). For the chosen lithospheric/asthenospheric328

mantle composition, we compute phase diagrams as a function of pressure and tem-329

perature using the Gibbs Free-energy minimization code PerPleX (Connolly, 2005)330

with the data base HP02 (Holland & Powell, 1998).331

2. Each thermo-chemical structure is converted into seismic velocities and density332

using the thermodynamic database from Abers and Hacker (2016), with an added333

temperature-, pressure- and frequency-dependent anelasticity correction (anelasticity334

model QF from Faul & Jackson, 2005). We also impose a depth gradient in ra-335

dial anisotropy (similar to PREM), from 4% at 40 km depth to 0% at 220 km. The336

synthetic mantle profiles are then combined with the crustal model and, below 400337

km depth, the global seismic reference model AK135 (Montagner & Kennett, 1996).338

3. For the thus calculated synthetic seismic and density profiles, the code MINEOS339

(Masters et al., 2011) is used to obtain group velocity dispersion curves for the340

Rayleigh-wave fundamental mode. Elevation and geoid anomaly are calculated as-341

suming local isostasy and using a 1-D isostatic geoid formulation, as described be-342

low.343

4. Finally, we use a grid search to find all models that fit the average dispersion curves,344

elevation, and geoid anomalies for the different regions.345

2.3.1 Thermal Structure346

The thermal solution space consists of 1-D steady-state geotherms that span a range347

of plausible steady-state thermal structures for shield mantle lithosphere. As discussed348

in more detail in Eeken et al. (2018), there are several trade-offs between the different349

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

rameters are kept fixed or varied. In this study, we vary Moho heat flow and potential351

temperature of the asthenospheric adiabat to span a wide range of thermal structures352

and, in particular, lithospheric thicknesses (Supplementary Table S2). The thermal litho-353

sphere thickness is here defined as the depth where the conductive geotherm and man-354

tle adiabat intersect, and we allow it to vary from 90 to 360 km depth. We test for a range355

of potential temperatures, from usual MORB-source mantle temperatures of 1300°C, to356

cooler potential temperatures of 1100°C (Herzberg et al., 2007). The chosen range of Moho357

heat flow values (10-35 mWm−2) combined with the integrated crustal heat production358

can generate the observed range of surface heat flow on cratonic regions. Because our359

method does not constrain the crustal part of the geotherms, we prefer to analyse the360

Moho heat flow of our solutions rather than the surface heat flow.361
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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 -

São Francisco Craton, RPC - Rio de la Plata Craton, LAC - Lúız Alves Craton, PrB - Paraná

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. (c) Average topography and (d) geoid height for each group with

their respective standard deviations.
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Figure 4. 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 Structure362

Density-sensitive topography and geoid in cratonic areas require that the lithosphere363

comprises a background composition that is lighter than the underlying peridotitic man-364

tle (e.g., Jordan, 1978; Griffin et al., 2009). We test three background compositions with365

distinct densities: a relatively low-density refractory dunite (ARC9 in Griffin et al., 2009),366

an intermediate-density somewhat refractory lherzolite (ARC4 in Griffin et al., 2009),367

and a fertile peridotite (pyrolite in Xu et al., 2008) as expected in the asthenospheric man-368

tle. We tested models composed of two lithospheric layers, with an interface at various369

depths, for all combinations of background compositions for top and bottom layers. The370

depth of the background layers varies according to the lithospheric thickness and the in-371

terface is usually located at 50, 60, or 70 km for a thin lithosphere and at 80, 120, 160,372

200, or 240 km depth for a thick lithosphere. Our data do not have the resolution for373

finer scale background structure than this. The differences in group velocities for these374

end-member background compositions are subtle and therefore can not account for the375

wide range of velocities in the region. Therefore, we add to our models eclogite and meta-376

somatic compositions, which are the most common seismically fast and slow mineralo-377

gies found in xenoliths (e.g., Pearson et al., 2013) (Supplementary Tables S4 and S5).378

Eclogite could represent oceanic crust trapped in the lithosphere during its assem-379

bly, or solidified mantle melt added later. Eclogite layers of a thickness compatible with380

that of oceanic crust (between 6 and 20 km depending on whether produced at present-381

day or at Archean/Proterozoic mantle temperatures (Weller et al., 2019)) are consistent382

with high-velocity layers imaged in several cratons, including the Slave (Bostock, 1998),383

Wyoming (Hopper & Fischer, 2015) and Superior cratons (Eeken et al., 2020; Altoe et384

al., 2020), and mid-lithospheric discontinuities with a positive velocity-depth contrast385

(e.g., Miller & Eaton, 2010; Abt et al., 2010). We test structures with an added layer386

of basaltic composition, which is substantially faster than the background compositions387

once the eclogite stability field has been entered (below about 70 km depth depending388

on the geotherm). The layer of eclogite is either 10 or 20 km thick and positioned at var-389

ious depths. We use the MORB bulk composition from Hacker (2008). Other compo-390

sitions may have somewhat different velocity and density structures (Garber et al., 2018),391

but our data have no resolution to distinguish between them.392

Metasomatic compositions are the most plausible seismically slow compositions ex-393

pected under cratons (Bruneton et al., 2004; Selway et al., 2015; Eeken et al., 2018). We394

test for two common types of metasomatism, that lead to different velocity-depth dis-395

tributions. Adding only water as a metasomatic agent to our background compositions,396

amphibole, antigorite, chlorite, chloritoid and talc stabilise at depths above 100-150 km.397

For depths greater than that, we assume the free water escapes and does not influence398

the calculated seismic velocities or attenuation. When some potassium is added in ad-399

dition to water, phlogopite mica is formed and stays stable throughout the lithosphere.400

In most cases, we imposed a linear gradient from a maximum of phlogopite below the401

Moho to none at the base of the thermal lithosphere. In previous studies, we found that402

such a decrease in the degree of alteration with increasing depth was generally required403

to match the seismic observations. However, here we also tested cases where the two lay-404

ers of background compositions had a constant phlogopite content, which differed be-405

tween the layers. As metasomatic compositions, we tested for cases with 0.1, 0.25, 0.5,406

0.75, 1.0, and 1.5 wt% water added to the top background layer. And we tested for 1,407

2.5, 5, 7.5 and 10% phlogopite, as the amount within the background layers, which was408

allowed to differ between the two layers. We also tested for all combinations of background409

composition above and below the eclogite layer, with or without the addition of water410

in the top layer.411
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2.4 Elevation412

We compute the elevation assuming the principle of local isostasy (Turcotte & Schu-413

bert, 2002), which implies that the surface elevation at a point depends only on the av-414

erage density of the column below that point. It also implies that the total mass in ver-415

tical columns from the surface to a certain depth, referred as common compensation level,416

should be equal. If we assume that the effects of the sublithospheric density variations417

are negligible, then the common compensation level can be placed at the base of our model418

(∼360 km), which covers the whole range of estimated lithospheric thicknesses for the419

study region.420

The condition of isostasy can be written in function of density distribution as in421

Equation 1, where h is the common compensation level, and ∆ρ is the anomalous den-422

sity with respect to a reference column at depth y. We use as reference column, a model423

of a mid-oceanic ridge (MOR), composed of an 3 km water column (ρ = 1020 kg/m3),424

a 7 km oceanic crust (ρ = 3000 kg/m3) overlying a pyrolitic mantle along an adiabatic425

geotherm with a potential temperature of 1330◦C appropriate below a mid-ocean ridge426

(F. D. Richards et al., 2018; F. Richards et al., 2020).427

∫ h

0

∆ρ (y) dy = 0 (1)

2.5 Geoid Height428

The geoid is the Earth’s gravity equipotential surface, which coincides with sea level429

in the ocean (Turcotte & Schubert, 2002). The deviation from this surface and the In-430

ternational Reference Ellipsoid is called geoid anomaly or geoid height. The geoid height431

can be calculated using the 1-D isostatic geoid formulation given by Turcotte and Schu-432

bert (2002) in Equation 2, where ∆N is the geoid heigh, G is the gravitational constant,433

and g is the normal gravity acceleration. While topography depends only on integrated434

density in a column, the geoid height is also influenced by the depth of the density anomaly435

and thus provides additional constraints on the distribution of density with depth. The436

calculation requires a reference column, for which we chose an oceanic region near the437

South American eastern margin where geoid height equals zero. To model the reference438

column, CRUST1.0 (Laske et al., 2013) was used for the crustal structure and we searched439

for a thermal lithospheric thickness that fits the elevation data for the region (using harzbur-440

gite as lithospheric composition and a mantle potential temperature of 1300°C, the same441

as what we use as highest potential temperature below the study region).442

∆N = −2πG

g

∫ h

0

y∆ρ (y) dy (2)

2.6 Sensitivity Analysis443

Rayleigh-wave group velocities, elevation, and geoid anomalies have different sen-444

sitivities to thermal and compositional structure, and thus they work as a complement445

to each other (Figure 5, see also Supplementary Figure S2). Rayleigh-wave group veloc-446

ities are especially useful to estimate the thermal lithosphere thickness. Differences in447

group velocities for geotherms with qm of 12 mWm−2 and 30 mWm−2 are as high as448

0.23 km/s (at larger periods ∼120 s, Figure 5d). The group velocities are also somewhat449

sensitive to the different types of metasomatism. The minerals that form due to the ad-450

dition of only water can slow group velocities as much as 0.19 km/s at short periods (∼50s,451

Figure 5p) compared to a dry composition, while the addition of phloglopite has a sim-452

ilar effect extending to mid to long periods. The addition of a layer of eclogite has only453

a small effect on the group velocity (an increase of a maximum 0.025 km/s). Thus, in454

–14–



manuscript submitted to Geochemistry, Geophysics, Geosystems

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, l, and r).

contrast to Rayleigh wave phase velocities (Altoe et al., 2020; Eeken et al., 2020), group455

velocities are not very sensitive to the high-velocity layers tested. Also, although disper-456

sion data has more depth sensitivity than teleseismic travel time tomography, the dis-457

persion data’s integrated sensitivity to depth puts limits on the resolution to the depth458

distribution of compositional layers (Eeken et al., 2020).459

Once the lithosphere thickness range is constrained by matching the dispersion curves,460

the fits to elevation and geoid height are mostly accomplished by varying compositional461

structure. Relatively low-density compositions, like ARC9 and metasomatic minerals,462

have a positive effect on elevation and a negative effect on geoid height. In contrast, high-463

density compositions, including pyrolite and eclogite, have a negative effect on elevation464

and a positive effect on geoid height. A modelled thick continental lithosphere composed465

solely of a fertile or refractory composition yields unrealistic elevation and geoid height466

values Figure 5k and l. Therefore, we test for layered models and/or an intermediate com-467

position (ARC4). The geoid height offers some constraint on the depth distribution of468

density, where the deeper the layer, the higher the effect on the geoid height.469

2.7 Example Set of Solutions470

As an example of the results from the grid search process, we present a set of so-471

lutions for Group 3 (São Francisco Craton) for a sublithospheric potential temperature472

of 1200°C and without the addition of an eclogite layer (Figure 6; for the solutions for473

other regions see Supplementary Figures S3 to S16). Out of the 51597 models searched,474
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1253 fit the Rayleigh-wave group-velocities (solutions in gray). Of those solutions, 111475

fit the topography (solutions in blue), and 38 also fit the geoid height (solutions in red),476

within their respective uncertainties (Figure 6d, h, and i).477

For the accepted solutions, the base of the thermal lithosphere (i.e., depth at which478

the geotherm intersects the mantle adiabat) ranges from 220 to 270 km depth (Figure479

6a). The density profiles (Figure 6b) illustrate the difference in density between the back-480

ground compositions and the depth of the interface between the two layers (at 80, 120,481

and 160 km depth). The addition of water leads to relatively low densities (Figure 6b)482

and velocities (Figure 6c) directly below the Moho. Lower velocities due to alteration483

are required to match the Rayleigh-wave dispersion curve as no solutions are found for484

any of the dry compositions (Figure 6d and j). Although we do not try to fit the Love-485

waves in our grid-search, we include the forward models to illustrate to what extent our486

solutions match these data (Figure 6f and g). In this case, many of the solutions do match487

the Love-wave dispersion as well, although the data may prefer somewhat stronger ra-488

dial anisotropy than we imposed (yielding higher VSH).489

The water content versus background composition graph (Figure 6j) illustrates the490

compositional solution space and the trade-offs between these two compositional param-491

eters. ARC9 is seismically slightly faster than ARC4 or pyrolite, and thus requires a higher492

water content to achieve the same low velocities on the top of the lithosphere as the other493

two compositions. Meanwhile, pyrolite, which is a high-density composition, requires a494

higher water content to achieve the same densities as ARC4 or ARC9.495

The characteristics of the accepted thermal structures are illustrated by the range496

of lithospheric thicknesses and Moho heatflow values. Considering the wide range of Moho497

heat flow values and thermal lithosphere thickness that are tested, we only find solutions498

for a relatively small range of those parameters (Figure 6k and l) with relatively large499

thermal thicknesses and low Moho heat flow.500

3 Results501

The majority of the regions have solutions that fit all geophysical observables. How-502

ever, regions 2LAC, 2ChB, and 5PtB have no solutions that fit both the elevation and503

geoid height. Regions 1SFC and 1RPC were not analysed because even with the increased504

error bars, their dispersion curves have large jumps in group velocity with period that505

can not be matched with any physical model, probably because these regions are at the506

edge of the path-covered area of the seismic tomography model, where resolution is lower507

(Rosa et al., 2016).508

3.1 Overview509

The results reveal a large variation of lithospheric thickness across the platform,510

as well as four distinct classes of compositional structures. Lithospheric thickness solu-511

tions vary between 100 and 300 km depth, and the mantle potential temperature ranges512

from 1150°C to 1300°C across the study area. While some regions require a specific po-513

tential temperature to fit the observations, other regions have solutions for several of the514

sublithospheric temperatures tested (Figure 7). It would be difficult to maintain differ-515

ent temperatures between close areas within the convecting asthenosphere. Therefore,516

we chose as the preferred set of solutions those where the sublithospheric temperature517

was similar to/the same as that of neighbouring areas. The final preferred set of solu-518

tions has asthenospheric temperatures of 1200°C to 1250°C below the northern, central,519

and southern areas (regions 3AmC, 3SFC, 4PcB, 4PrB, 6PrB(n), 6PrB(w), 6PrB(s), 5RPC,520

and 3RPC), and warmer temperatures of 1250°C to 1300°C below the eastern coast and521

the western limit of the study region (regions 2LAC, 5PtB, and 2ChB).522
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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 (c) VSV 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 (l)

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 for523

the chosen mantle potential temperature, it is possible to divide the area of study into524

4 major types of lithospheric structure: (1) thick lithosphere with minor shallow alter-525

ation and sometimes an eclogitic layer, (2) thick lithosphere with alteration over a larger526

depth range, (3) thin lithosphere with an eclogitic layer, and (4) thin lithosphere affected527

by dynamic topography. The solutions for the regions are discussed according to these528

classes below.529

3.2 Thick lithosphere with some shallow alteration and sometimes an530

eclogitic Layer531

This type of structure is found below the three cratonic regions in the study area532

(Figure 8). The lithosphere below the Amazon (3AmC) and São Francisco (3SFC) cra-533

tons is found to be thick (between 220 and 294 km thick), and cold (Moho heat flow be-534

tween 13 and 15 mWm−2). The easternmost part of the Rio de la Plata Craton (3RPC)535

is almost as thick as the two northern cratons (220 km thick), and has a slightly higher536

Moho heat flow (19 mWm−2).537

The dispersion curves for groups 3AmC and 3SFC can only be fit with some amount538

of water at shallower depths. For solutions that fit both elevation and geoid height, the539

water content is 0.5 wt% for the Amazon Craton and from 0.1 to 0.75 wt% for the São540

Francisco Craton. Both regions require a somewhat fertile composition on the top litho-541

spheric layer (ARC4 or pyrolite) over a more depleted and lower density composition in542

the bottom layer (ARC4 or ARC9), with an interface at 80, 120 or 160 km depth. Al-543

though the southern Amazonian and the São Francisco cratons do not require an eclogitic544

layer to fit the observables, we do also find acceptable solutions with the presence of an545
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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 (c 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 require546

a more depleted composition (ACR4) in the top layer to compensate for the high-density547

eclogite layer.548

Region 3RPC requires high amounts of metasomatism below the Moho, with more549

than 1.0 wt% water. Differently from the other cratons, it requires a thick layer of high-550

density eclogite at mid-lithospheric depths (20 km thick layer at 120 km depth) to fit551

the geoid height. In terms of background composition, this is the only region to have a552

preference for a more depleted composition in the top layer (ARC9).553

3.3 Thick Lithosphere with more Pervasive Alteration554

The Parecis Basin (4PcB) and the eastern Paraná Basin (4PrC) regions, which bor-555

der the two northern cratons, are seismically slower than the cratons but have a simi-556

larly low geoid height. The slower velocities can be achieved by higher Moho heat flow557

and thinner lithosphere, but this would raise the geoid height. By instead keeping Moho558

heat flow low and adding metasomatism deeper in the lithosphere, both the velocities559

and geoid are kept low. The resulting thermal structures for those regions comprise a560

thick lithosphere (between 270 and 316 km thick) with low Moho heat flow (between 11561

and 15 mWm−2). For these two regions, we expanded our grid search to include vari-562

ations in lithospheric mantle heat production between none or 0.01 µWm3 in order to563

achieve more variation in thermal lithosphere thickness at greater depths.564
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Therefore, although similar in thermal structure to the cratonic regions, these re-565

gions require metasomatism to extend to larger depths (Figure 9). In our models, we di-566

vide the lithosphere into two layers and allow the amount of phlogopite in each layer to567

vary independently (at 80, 120, 160, 200, and 240 km depth). Our results show that re-568

gion 4PrB requires significant amounts of alteration throughout the lithosphere (between569

1.0 to 5.0 wt% Phl with an interface at 240 km depth), while region 4PcB requires higher570

amounts within the top layer (7.5 wt% Phl with interface at 200 km depth) and no al-571

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

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

3.4 Thin Lithosphere with an Eclogitic Layer574

The regions covered by the western Paraná basin (groups 6PrB) have a peculiar575

structure. The regions seem to have a somewhat thinner (between 98 and 146 km thick)576

and warmer lithosphere (qM between 23 and 33 mWm−2). The northern regions require577

significant amounts of metasomatism to match the slow velocities at short periods: group578

6PrB(n) requires amounts higher than 2.0 wt% water and 6PrB(w), higher than 0.5 wt%.579

In contrast, the southern region 6PrB(s) has solutions for all water amounts tested, which580

means that we are not able to resolve the amount of metasomatism needed for this re-581

gion. Although these regions need a warm lithosphere to fit the surface wave dispersion582

data, they also require a dense lithosphere to fit the high geoid and low elevation. A fer-583

tile peridotitic composition is not dense enough, so we added an basaltic composition584

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

or 70 km depth). In summary, the structures that fit the data of these regions are: a thin586

lithosphere with some metasomatism below the Moho, and an high-density layer some-587

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

3.5 Thin Lithosphere Being Affected by Dynamic Topography589

For regions 2LAC, 5PtB, and 2ChB, 5RPC, and 2LAC there are no solutions that590

fit both elevation and geoid height. These regions require an overall high-density ma-591

terial by either colder temperatures or some composition denser than pyrolite. However,592

the dispersion curves require high mantle potential temperature and thinner lithosphere593

(between 92 and 122 km thick, and 28 and 35 mWm−2), and even the addition of an594

eclogite layer is not enough to fit the geophysical observation. Therefore, we propose that595

those regions are being affected by sublithospheric mantle flow, e.g. associated with An-596

dean subduction for the western 5PtB and 2ChB regions.597

4 Discussion598

4.1 Love-waves599

The results show that for the majority of the regions our solutions have a similar600

shape to the Love-wave group-velocity-period curves, although they may not fit completely601

within the estimated uncertainties (Supplementary Figures S3 to S16). Our solutions for602

regions 2ChB, 4PrB and 5PtB are too slow at short periods (30 to 60 seconds). To fit603

the data, they would probably require stronger radial anisotropy on the top of the litho-604

sphere, which could trade off with less metasomatic alteration of the shallow lithosphere605

to maintain the fit of the Rayleigh-wave dispersion curves. Models with strong radial anisotropy606

(5% below the Moho) require up to 0.5 wt% less water, for cases with added water only,607

and up to 50% less phlogopite, for cases with added water and K2O, compared to cases608

with zero radial anisotropy (Eeken et al., 2018). Regions in the south (5RPC and 3RPC)609

have Love-wave group velocities that almost decrease constantly with depth at longer610

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

ison between the Love-wave synthetics and the data indicates that the South American612
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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 such613

variations, the fits to the Love waves are close enough that some shallow lithosphere meta-614

somatism remains required for most regions. A joint Rayleigh-Love phase (rather than615

group) velocity study could probably better resolve such variations in radial anisotropy.616

4.2 Uncertainties and Trade-offs617

The method involves a range of uncertainties. Besides the choice of radial anisotropy618

model, the main uncertainties are related to the thermodynamic methods and data and619

the chosen attenuation model, and the extracted dispersion curves. The uncertainties620

of the thermodynamic conversion have been previously discussed in our previous stud-621

ies employing the same method (Altoe et al., 2020; Eeken et al., 2020). The uncertainty622

in mapping an absolute velocity to temperature results in an about 100°C uncertainty623

in temperature. This is a systematic uncertainty, and the uncertainties in temperature624

differences are estimated to be < 50°C. Similarly, the systematics between velocities for625

different compositions are robust, but, in particular for compositions outside of the dunite-626

pyrolite array, the mapping of an exact water content or eclogite composition from seis-627

mic and density data is uncertain. The anelasticity model affects predicted velocity-depth628

gradients, i.e. there is some trade-off between the temperature-dependence of anelastic-629

ity and the amount of shallow lithosphere alteration required, but we found alteration630

is usually required in spite of these uncertainties.631

The main difference between this study and the one conducted in North America632

is the size of the error bars for the dispersion curves. In addition to the already larger633

standard deviation calculated for each period of the dispersion data, we had to increase634

the error bars for periods longer than 60 seconds due to large jumps in velocity between635

neighbouring periods. To alleviate the less strong constraints due to the larger uncer-636

tainties in the dispersion data, we included in the analysis data of elevation and geoid637

height. The added data helped to better constrain variations in composition and its depth638

distribution. However, for regions significantly affected by dynamic topography, the el-639

evation and geoid calculations are not applicable and aside from a thickness, the litho-640

spheric structure remains poorly constrained.641

We require partially melt- and hence iron-depleted background lithosphere below642

most of the region consistent with xenoliths and xenocrysts (O’Reilly & Griffin, 2010;643

Griffin et al., 2009) and previous studies that modelled cratonic elevation, gravity and/or644

geoid (e.g., Jordan, 1978; Afonso et al., 2008; Finger et al., 2021). However, contrary to645

what has been assumed in many previous studies, below most regions, including AmC646

and SFC, 4PcB, 4PrB, we need deep lithosphere to be more depleted than the shallow647

parts. Only RPC solutions are more depleted on top. Regions 6 require the thin litho-648

sphere to be fertile throughout. Xenolith data actually allow a range of different types649

of layering, with the top of the lithosphere either more or less depleted than deeper litho-650

sphere (e.g., O’Reilly & Griffin, 2010). The layering of depletion we find below most of651

the South American platform may be more consistent with lithospheric stacking to form652

cratonic roots than formation above a plume, or with underplating of buoyant refrac-653

tory lithosphere during hotter subduction conditions in the early Earth (Perchuk et al.,654

2020).655

In our solutions, the net effect of alteration and melt-depletion on density is that656

the top of lithosphere is lower in density than the base, as previous studies of density657

sensitive data (gravity, geoid) have usually required (e.g., Afonso et al., 2008). Previ-658

ous studies have invoked more melt-depletion of the shallow lithosphere to make it low659

density. However, this melt-depletion leads to higher shallow lithosphere velocities in-660

creasing the misfit to the dispersion data. Another way to lower shallow lithosphere ve-661

locities would be increased radial anisotropy, but there are few locations where this ap-662

pears required by the Love waves (see above). By contrast, metasomatism lowers den-663
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sity and ensures the top of mantle lithosphere is not too fast. This larger variation in664

lithospheric composition does then also lead to solutions with different vertical gradi-665

ents of depletion of the background composition.666

4.3 Structure and tectonics667

Emerging from this work and a few previous studies (Altoe et al., 2020; Eeken et668

al., 2020; Liddell et al., 2018; Boyce et al., 2019; Eakin, 2021; Gilligan et al., 2016) is the669

conclusion that the lithospheric mantle below the continental platform holds more of a670

record of its previous tectonic history than often assumed. The seismic data we use have671

more lateral resolution than the most recent thermo-compositional analyses by Finger672

et al. (2021) and with the combination of dispersion curves and geoid we are able to bet-673

ter evaluate the variation in composition with depth. In addition, we consider and re-674

quire a larger range of compositions then only variable iron-depletion of a peridotitic man-675

tle lithosphere. In most of the South American Platform, the lithosphere needs to be re-676

fractory to fit elevation and geoid, as previous studies have found. However, we also need677

low-velocity material in parts of the lithospere, with alteration as the most likely cause,678

and additional high-density material.679

Combining the results of thermal and compositional variation in the region, we can680

distinguish different classes of lithospheric structure (Figure 10): cratonic cores that have681

preserved their Proterozoic roots, regions of intracontinental Paleozoic basins where plume682

interaction has altered the lithosphere, regions of intracontinental Paleozoic basins that683

were possibly protected by a thick root until lithosphere thinning in the Phanerozoic and684

are underlain by high density material, and regions being affected by dynamic topog-685

raphy.686

4.3.1 Cratons with Archean cores687

Groups 3AmC and 3RPC comprise mostly of regions of accreted Archean/ Pale-688

oproterozoic terrains, while 3SFC also includes the Neoproterozoic orogenic belts on its689

margins. The structure below the three cratons is seismically the most distinct within690

the platform. Thick thermal roots were found before below the Amazonian and São Fran-691

cisco Cratons (van der Lee et al., 2001; Heintz et al., 2005; Finger et al., 2021; Feng et692

al., 2004). Our study only covers the southeastern part of the Amazon Craton and we693

find that its lithospheric structure is similar to that below the São Francisco Craton even694

of their tectonic/geologic histories have been proposed to differ (Brito Neves & Fuck, 2014).695

With the improved resolution in the southern platform (Rosa et al., 2016), we find a thick696

cratonic root below the southeastern part of the Rio de la Plata Craton which was not697

identified before.698

The structures found below 3AmC and 3SFC most resemble those we previously699

found under eastern North America in regions of Proterozoic collision, where we attributed700

the metasomatic modification of the shallow mantle lithosphere to arc accretion along701

the eastern margin of Laurentia (Altoe et al., 2020; Eeken et al., 2020). A thick litho-702

sphere with a high-velocity mid-lithospheric layer plus shallow lithosphere metasoma-703

tism as we find under region 3RPC, was found in parts of the Superior Craton charac-704

terised by Archean/Paleoproterozoic collision (Altoe et al., 2020; Eeken et al., 2020). Thus,705

the South American cratons resemble the North American regions both in thickness and706

compositional structure, although at least within our study region, we do not find any707

evidence of a cold, thick unaltered core as we found below the northern and western Su-708

perior Province.709

The interpretation that the dominant signature in the lithosphere of these cratonic710

blocks is that of the Proterozoic collision phase is consistent with their tectonic history.711

The southern Amazonian Craton is composed mainly of two east-west continental mag-712
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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), São 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 Paraná (4PrB) basins are

characterised by a thick lithosphere and require more pervasive metasomatism, most likely due

to Mesozoic plume interaction. (3) Groups in the Paraná basin below the Western Paraná 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 Lúız 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-Paleoproterozoic713

continent. During the convergence period there was a possible flat subduction stage, which714

may explain the metallogenetic zoning observed in the southern Amazonian craton (e.g.,715

Fernandes et al., 2011; Bettencourt et al., 2016), and could have left a remnant eclog-716

ite layer in the lithosphere. No overprint of younger recent events are described in this717

region, suggesting that during the Neoproterozoic this region was already cratonized and718

has been stable since then.719

The basement of the São Francisco Craton is comprised of Archean blocks that were720

extensively affected by Paleoproterozoic orogenic episodes (2.3 - 1.9 Ga) (e.g., Teixeira721

& Figueiredo, 1991). During the Neoproterozoic, the region went through a convergent722

phase, which culminated with the development of the Brasiliano orogenic belts on the723

margins of the São Francisco-Congo Craton (Almeida et al., 2000). In the Upper Cre-724

taceous, during the Gondwana break-up, magmatism occurred but was restricted to the725

border with the Paraná Basin (e.g. Hackspacher et al., 2007; da Silva et al., 2008; Car-726

valho et al., 2022). Hence, we propose that the metasomatism observed in the shallow727

São Francisco lithosphere could be due to its Paleoproterozoic assembly with a possible728

further contribution from Neoproterozoic orogenic belts on the craton margins.729

Most of the Rio de la Plata Craton is covered by Phanerozoic sediments of the Chaco-730

Paraná basin, but data from exposed belts in the east and boreholes in the west reveal731

a similar basement, formed during the Palaeoproterozoic in an island-arc environment732

(Rapela et al., 2007; Oyhantçabal et al., 2010). While the western portion of the cra-733

ton lies below an intracratonic basin and appears to have lost much of its root, the east-734

ern portion seems to have preserved its original Paleoproterozoic lithosphere. The pres-735

ence of an eclogitic layer below the eastern-southern part of the Rio de la Plata craton736

could be interpreted as a relict of subducted oceanic crust from the Paleoproterozoic events737

that assembled the block and got preserved in the lithosphere. A similar collisional struc-738

ture has been observed in several other cratonic regions (Bostock, 1998; Altoe et al., 2020;739

Hopper & Fischer, 2015), and may be a feature of subduction involving relatively warm740

buoyant plates as formed in the early Earth.741

4.3.2 Proterozoic Blocks and Intracratonic Basins742

Much of the rest of the South American platform is characterised by Paleozoic in-743

tracratonic basins. Most of these basins (Parecis, Paraná, Chaco-Paraná, Parnáıba, Ama-744

zonas, Solimões) are thought to be underlain by Proterozoic basement, assembled into745

its current configuration during the Neoproterozoic Brasiliano Orogeny. The main un-746

derlying mechanism for the formation of these basins by slow and prolonged subsidence747

during the Paleozoic is most likely thermal subsidence (Julià et al., 2008; Milani & Ramos,748

1998) in response to low-rate extension and requires the presence of thick lithosphere (Allen749

& Armitage, 2012). Other mechanisms, including flexure due to glacial loading (Zalán750

et al., 1990), Panthallassan subduction (Milani & Ramos, 1998), or a dynamic response751

to flushing of slab material through the 660-km discontinuity (Pysklywec & Quintas, 2000)752

have been proposed to have contributed to the evolution and individualisation of the dif-753

ferent basins.754

Below the Parecis and Paraná Basins, thick lithosphere is still present today, al-755

though it appears to be pervasively altered throughout much of its depth range. Chrono-756

stratigraphic correlations between the Paraná and Parecis Basins have been established,757

indicating similar periods of subsidence (Silurian/Devonian and Permian/Carboniferous),758

and possibly, similar underlying processes (e.g., Pedreira & Bahia, 2004). During the Meso-759

zoic, these basins were affected by substantial magmatism followed by Jurrassic/Early760

Cretaceous subsidence (Zalán et al., 1990; Milani, 2004). Within the Parecis Basin, the761

volcanic rocks of Anari and Tapirapuã Formations (196 to 206 Ma, Barros et al., 2006;762

Marzoli et al., 1999) are linked to plume activity related to Central Atlantic opening.763
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Two intraplate magmatic events have been recognised in the Paraná Basin, the Paleo-764

zoic Três Lagoas basalts (443 ± 10 Ma) and the Mesozoic Serra Geral Formation flood765

basalts (137 to 127 Ma) that form the LIP linked to South Atlantic opening.766

The extensive Mesozoic volcanism indicates that the lithosphere was likely signif-767

icantly thinned below both the northern Paraná and Parecis basins, probably by plume768

impingement. Alternatively, magmas produced below thinner lithosphere neighbouring769

these basins would have had to accumulate within these basins through deflection dur-770

ing upward migration or flow towards the basins upon extrusion. Our analysis indicates771

that, if previously thinned, the lithosphere below these two regions has since healed and772

thickened again. The deep metasomatism could be related to the infiltration of plume-773

related magmatic fluids into the cratonic keel (C.-T. Lee & Rudnick, 1999). Plume up-774

welling may not only be responsible for lithospheric removal (Wang et al., 2015) but for775

its recratonization. Numerical modelling shows that the depleted melt residues produced776

by plumes accumulate in regions of thinned lithosphere located between thick cratonic777

regions, whether the upwelling is directly beneath the thinned region or displaced lat-778

erally from it (Liu et al., 2021). A similar kind of compositional structure combined with779

the presence of thick lithosphere is observed in the Mid-Continent Rift System in North780

America (Altoe et al., 2020).781

The western and southern parts of the Paraná basin (6PrB(n), 6PrB(w), and 6PrB(s))782

are underlain by a relatively thin (∼ 100 km) present-day lithosphere. As mentioned be-783

fore, these regions coincide with a geophysically identified suture zone (Dragone et al.,784

2017, 2021; Bologna et al., 2019). The Western Paraná Suture/Shear Zone (WPSZ) fol-785

lows a gravity gradient between negative Bouguer anomalies in the east, and positive Bouguer786

anomalies in the west, it also coincides with changes in crustal thickness, lithospheric ve-787

locities, and electrical resistivity (Dragone et al., 2017). Magnetotelluric surveys conducted788

in what is our region 6PrB(s) imaged a high-resistivity anomaly under the edge of the789

Paraná Basin. This eastward dipping anomaly starts in the crust and extends to upper790

mantle depths (70-100 km depth), and was interpreted as a remnant of a former subduc-791

tion zone beneath the Paraná Basin related to the amalgamation between the Rio de la792

Plata and the Southern Paraná cratons during the Brasiliano events.793

The eclogitic layer below regions 6PrB can be interpreted as a remnant of a for-794

mal subduction zone (e.g., Hajnal et al., 1997), but could also be the result of metamor-795

phic eclogitization of the lower crust during lithosphere shortening (e.g., Bousquet et al.,796

1997). In both cases, this layer would be a remnant of the Brasiliano orogenic events.797

Another possibility is that the layer is the residue of partial melting during ancient mag-798

matic events (e.g., C. T. A. Lee et al., 2006; C.-T. A. Lee et al., 2011), e.g. during Meso-799

zoic extension. The fact that this structure has been preserved suggests that the layer800

is trapped in a part of the lithospheric root that is highly viscous, preventing the high-801

density layer from sinking. The lithosphere below these region was probably originally802

thickened by stacking and/or shortening during oceanic or continental collision events,803

and likely was still thick during the Paleozoic intracratonic Paraná Basin subsidence phases.804

During Mesozoic extension and plume activity, these regions experienced events that may805

have thinned their lithospheric roots. However, differently from the northern Paraná Basin,806

the conditions were apparently not favourable for recratonization, maybe because of the807

larger distance from the northern cratonic blocks.808

In contrast to several previous studies (Feng et al., 2004, 2007; Finger et al., 2021),809

we do not find any structures clearly following the Transbrasiliano Lineament (TBL).810

As other tomographic studies found, the velocities along much of the TBL are low com-811

pared to, in the south, regions to the east, and in the north, the regions east and west812

of it. However, our results emphasise that the structure varies at least as much from north813

to south along the TBL as across it. In contrast to the Paraná Suture zone, which ap-814

pears to coincide with the western boundary of regions 6PrB, the TBL crosscuts several815

of our clusters, so the TBl does not appear to have a clear lithospheric expression.816
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4.3.3 Modified Cratons and the Effects of Dynamic Topography817

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

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

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

tively, and region 2LAC on the east coast contains the Lúız Alves Craton. Although they821

acted as stable cratonic blocks during Neoproterozoic events, these regions currently lack822

lithospheric roots. Therefore, those regions can be classified as ‘modified cratons’ (Pearson823

et al., 2021). Lithospheric thinning could be due to the same Mesozoic plume activity824

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

low the Paraná Basin. However, there is limited evidence of Mesozoic magmatism in the826

western platform. Other examples of modified cratons include the North China and Wyoming827

Cratons, where root destabilisation has often been attributed to weakening of the litho-828

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

Proximity to the Andean subduction zone, with a history of flat subduction (e.g., Ramos830

& Folguera, 2009) which might have delivered fluids quite far into the foreland, makes831

this a plausible contributing mechanism for root erosion below the western margin of the832

South American Platform as well.833

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

pography. Tomographic models (e.g., Portner et al., 2020; Rodŕıguez et al., 2021; Li et835

al., 2008; Ren et al., 2007) show that the Nazca slab below the central part of South Amer-836

ica between 65°W and 55°W is particularly pronounced and it thickens upon penetra-837

tion through 660 km depth. Within this region, the Andean Foreland Basins system de-838

veloped, including the Pantanal and Chaco basins. The downward flow associated with839

the sinking slab induces subsidence of the overlying lithosphere (Flament et al., 2015),840

which could explain the present-day topographic low observed in those regions. There-841

fore, the western margin (5PtB, 2ChB, and 5RPC) seem to be affected by dynamic to-842

pography due to subduction of the Nazca plate.843

Different tomographic models also resolve multiple high-velocity anomalies in the844

sub-lithospheric mantle below the South Atlantic margins of South America. These anoma-845

lies have been interpreted as zones of downwelling due to delamination or dripping of846

the edge of the continental lithosphere (King & Ritsema, 2000; Hu et al., 2018). Such847

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

pographic high in region 2LAC, while the density anomalies associated with lithospheric849

fragments in the mantle might explain the low geoid.850

5 Conclusions851

Variations in Rayleigh-wave group velocities, topography and geoid across the east-852

ern South American Platform can be modelled with four distinct types of thermo-chemical853

mantle lithosphere, which seem to correlate with different events in the tectonic history854

of the South American Platform. The South American Platform appears to have lost855

at least part of the (> 200 km) thick lithospheric roots that probably existed when it856

stabilised at the end of the Neoproterozoic assembly of Western Gondwana. Thick ther-857

mal lithosphere (200-300 km) remains below the largest Archean cratonic blocks (Ama-858

zonian, São Francisco, and southern Rio de la Plata cratons). The presence of shallow859

lithospheric metasomatic alteration and, in some places, a layer of eclogite within these860

three cratonic roots are probably a signature of their assembly by collision during the861

Archean to Neoproterozoic.862

The Paleozoic Parecis and northern Paraná intracratonic basins adjoining the two863

large northern Archean cores, are also underlain by thick lithosphere (200-300 km), but864

require more pervasive metasomatism. These regions were likely affected by plume ac-865

tivity, which can lead to infiltration of magmatic fluids into the cratonic keel. Plume up-866
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welling may have caused lithospheric erosion in those regions (allowing the extensive Meso-867

zoic magmatism) but would then probably have aided its recratonization.868

By contrast, other intracratonic basins (western and southern Paraná, Pantanal,869

Chaco basins), which have Paleoproterozoic basements with small Archean fragments,870

only retain a ∼ 100 km thick lithosphere. The western and southern parts of the Paraná871

Basin, overlying the Western Paraná Suture Zone, require a shallow layer of eclogite (prob-872

ably stabilised in high-viscosity lithosphere), which may be a remnant of Neoproterozoic873

subduction. For the regions along the western and eastern edge of the South American874

platform, topography and geoid cannot be matched with an isostatic model and are likely875

affected by dynamic topography due to Andean subduction in the west and edge-driven876

convection along the passive margin in the east.877

Our results suggest more compositional heterogeneity in cratons than usually con-878

sidered, and more lithospheric root modification and erosion than below for example North879

American cratonic regions, possibly resulting from the small size of many of the South880

American Archean cores, and the strong and recent influence of both plume activity (in-881

cluding the Paraná-Etendeka LIP) and subduction (along the Andean margin).882

Open Research883

The regionalisation and main characteristics of the thermo-chemical models are in-884

cluded as Supporting Information. Conversion was done using the open source code Per-885

PleX which can be found on www.perplex.ethz.ch, including the thermodynamic data886

base used. The Abers and Hacker (2016) data base is also freely available at doi.org/10.1002/2015GC006171.887

Topography and geoid data were retrieved from www.ngdc.noaa.gov/mgg/global/global.html888
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Comission de la carte géologique du monde. doi: 10.14682/2016TEMSA1015

Cordani, U. G., & Teixeira, W. (2007). Proterozoic accretionary belts in the Ama-1016

zonian Craton. In Memoir of the geological society of america (Vol. 200). doi:1017

10.1130/2007.1200(14)1018
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sul do Cráton do São Francisco: termocronologia por traços de fissão1135

em apatita. Revista Brasileira de Geociências, 37 (S4). doi: 10.25249/1136

0375-7536.200737s476861137

Hajnal, Z., Nemeth, B., Clowes, R. M., Ellis, R. M., Spence, G. D., Burianyk, M. J.,1138

. . . Forsyth, D. A. (1997). Mantle involvement in lithospheric collision: Seis-1139

mic evidence from the Trans-Hudson Orogen, western Canada. Geophysical1140

Research Letters, 24 (16). doi: 10.1029/97GL019581141

Hartigan, J. A. (1975). Clustering algorithms (Wiley, Ed.). New York.1142

Hartigan, J. A., & Wong, M. A. (1979). Algorithm AS 136: A K-Means Clustering1143

Algorithm. Applied Statistics, 28 (1), 100. doi: 10.2307/23468301144

Heilbron, M., & Machado, N. (2003). Timing of terrane accretion in the1145

Neoproterozoic-Eopaleozoic Ribeira Orogen (se Brazil). Precambrian Research,1146

125 (1-2). doi: 10.1016/S0301-9268(03)00082-21147

Heintz, M., Debayle, E., & Vauchez, A. (2005, 8). Upper mantle structure of the1148

South American continent and neighboring oceans from surface wave tomogra-1149

phy. Tectonophysics, 406 (1-2), 115–139. doi: 10.1016/J.TECTO.2005.05.0061150

Herzberg, C., Asimow, P. D., Arndt, N., Niu, Y., Lesher, C. M., Fitton, J. G., . . .1151

Saunders, A. D. (2007, 2). Temperatures in ambient mantle and plumes:1152

Constraints from basalts, picrites, and komatiites. Geochemistry, Geophysics,1153

Geosystems, 8 (2). doi: 10.1029/2006GC0013901154

Hieronymus, C. F., & Goes, S. (2010, 3). Complex cratonic seismic structure1155

from thermal models of the lithosphere: effects of variations in deep radio-1156

genic heating. Geophysical Journal International , 180 (3), 999–1012. doi:1157

10.1111/j.1365-246X.2009.04478.x1158

Holland, T. J., & Powell, R. (1998). An internally consistent thermodynamic data1159

set for phases of petrological interest. Journal of Metamorphic Geology , 16 (3),1160

309–343. doi: 10.1111/j.1525-1314.1998.00140.x1161

Hopper, E., & Fischer, K. M. (2015, 12). The meaning of midlithospheric discon-1162

tinuities: A case study in the northern U.S. craton. Geochemistry, Geophysics,1163

Geosystems, 16 (12), 4057–4083. doi: 10.1002/2015GC0060301164

Horton, B. K. (2018). Sedimentary record of Andean mountain building (Vol. 178).1165

doi: 10.1016/j.earscirev.2017.11.0251166

Hu, J., Liu, L., Faccenda, M., Zhou, Q., Fischer, K. M., Marshak, S., & Lund-1167

strom, C. (2018, 3). Modification of the Western Gondwana craton by1168

plume–lithosphere interaction. Nature Geoscience, 11 (3), 203–210. Re-1169

trieved from http://www.nature.com/articles/s41561-018-0064-1 doi:1170

10.1038/s41561-018-0064-11171

IBGE. (2010). Atlas Nacional do Brasil Milton Santos - Bacias de produção de1172
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Brasileira de Geociências, 28 (4), 473–484.1246

Milani, E. J., & Zalán, P. V. (1999). An outline of the geology and petroleum sys-1247

tems of the Paleozoic interior basins of South America. Episodes, 22 (3). doi:1248

10.18814/epiiugs/1999/v22i3/0071249

Miller, M. S., & Eaton, D. W. (2010, 9). Formation of cratonic mantle keels by arc1250

accretion: Evidence from S receiver functions. Geophysical Research Letters,1251

37 (18). doi: 10.1029/2010GL0443661252

Mizusaki, A. M., Petrini, R., Bellieni, P., Comin-Chiaramonti, P., Dias, J., De Min,1253

A., & Piccirillo, E. M. (1992). Basalt magmatism along the passive conti-1254

nental margin of SE Brazil (Campos basin). Contributions to Mineralogy and1255

Petrology , 111 (2). doi: 10.1007/BF003489481256

Montagner, J. P., & Kennett, B. L. (1996). How to reconcile body-wave and normal-1257

mode reference earth models. Geophysical Journal International , 125 (1). doi:1258

10.1111/j.1365-246X.1996.tb06548.x1259

Neves, B. B. d. B., Fuck, R. A., & Pimentel, M. M. (2014, 11). The Brasiliano col-1260

lage in South America: a review. Brazilian Journal of Geology , 44 (3), 493–518.1261

doi: 10.5327/Z2317-48892014000300101262

O’Reilly, S. Y., & Griffin, W. L. (2010, 11). The continental lithosphere-1263

asthenosphere boundary: Can we sample it? Lithos, 120 (1-2), 1–13. doi:1264

10.1016/j.lithos.2010.03.0161265

Oriolo, S., Oyhantçabal, P., Wemmer, K., & Siegesmund, S. (2017, 11). Contempo-1266

raneous assembly of Western Gondwana and final Rodinia break-up: Implica-1267

tions for the supercontinent cycle. Geoscience Frontiers, 8 (6), 1431–1445. doi:1268

10.1016/j.gsf.2017.01.0091269
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Table S1 - Variability within the clusters to inter cluster distance

Cluster/Ave.
distance to

cluster
C1 C2 C3 C4 C5 C6

C1 0.0513 0.6220 0.2120 0.3704 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

C6 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.
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Table S2 - Thermal Parameters

Fixed parameters Value Ref.

kc Crustal thermal conductivity 2.7 Wm-1K-1 (Hasterok & Chapman, 2011;
Michaut et al., 2007)

km Mantle thermal conductivity 3.0 Wm-1K-1 (Hasterok & Chapman, 2011;
Michaut et al., 2007)

Auc
Upper crustal heat produc-
tion 0.8 µWm3

(Hasterok & Chapman, 2011;
Michaut et al., 2007; Rudnick
& Nyblade, 1999)

Alc
Lower crustal heat produc-
tion 0.4 µWm3

(Hasterok & Chapman, 2011;
Michaut et al., 2007; Rudnick
& Nyblade, 1999)

Am
Lithospheric mantle heat pro-
duction 0.01 µWm3 (Hasterok & Chapman, 2011;

Michaut et al., 2007)

Variable parameters Range (increment) Ref.

qm Moho heat flow 10-35 (1.0) mWm-2 (Lévy & Jaupart, 2011;
Shapiro et al., 2004)

Tpot Mantle potential temperature 1100-1300 (50)◦C (Herzberg et al., 2007)

Obtained parameters Range Ref.

qs Surface heat flow 31-62 mWm-2 (Lévy & Jaupart, 2011;
Shapiro et al., 2004)

LT
Thermal lithospheric thick-
ness 90-360 km (Jaupart & Mareschal, 1999)

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

Groups H (km) ρuc
(kg/m3)

ρlc
(kg/m3)

Vp-uc
(m/s)

Vs-uc
(m/s)

Vp-lc
(m/s) Vs-lc (m/s)

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, ρ is density, uc is upper crust, lc
is lower crust, Vp is P-wave velocity, Vs is S-wave velocity. The depth of the upper-lower crust
boundary is 2/3 of the crustal thickness. Groups: 3Amc (Amazonian Craton), 3SFC (São Francisco
Craton), 4PcB (Parecis Basin), 4PrB (Paraná Basin), 6PrB(n) (Paraná Basin north), 6PrB(w)
(Paraná Basin west), 6PrB(s) (Paraná 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)
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Table S4 - Compositions considered

Composition
(wt%) SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O H2O

ARC9
(Dunite) 42.90 0.01 0.30 6.50 0.15 49.20 0.10 0.10

ARC4
(lherzolite) 44.3 0.17 1.74 8.1 0.12 43.3 1.27 0.12

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%

H2O
42.90 0.01 0.30 6.50 49.20 0.10 0.10 0.215

ARC9 with
5wt% phl 43.28 00.1 0.90 6.23 48.61 0.10 0.10 0.57 0.22

References: ARC9 and ARC4 from Griffin et al. (2009), Pyrolite from Xu et al. (2008), MORB
from Hacker (2008).

Table S5 - Solid-solution models used

Abbreviation Mineral Ref.

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

Atg(PN) antigorite (Padrón-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)

GlTrTsPg clinoamphibole (Wei & Powell, 2003; White et
al., 2003)

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, o, 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, l, r, and x).
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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) VSV 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 (l)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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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) VSV 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 (l)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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Figure S5 Set of solutions for group 3 São 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) VSV 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 (l)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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Figure S6Set of solutions for group 3 São 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) VSV 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 (l)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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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) VSV 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 (l)
show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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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) VSV 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 (l) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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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)
VSV 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 (l) show
histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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Figure S9Set of solutions for group 4 Paraná 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)
VSV 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 (l) show
histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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Figure S10Set of solutions for group 6 Paraná 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 (c) VSV 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 (l) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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Figure S11 Set of solutions for group 6 Paraná 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) VSV 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 (l) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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Figure S12 Set of solutions for group 6 Paraná 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) VSV 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 (l) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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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 (c) VSV 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 (l) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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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) VSV 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 (l) show histograms of the solutions
for thermal lithosphere thickness, and Moho heat flow.
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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) VSV 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 (l) show histograms of the solutions for thermal lithosphere thickness, and Moho heat flow.
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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 (c) VSV 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 (l) show histograms of the solutions for thermal lithosphere thickness,
and Moho heat flow.
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