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Key Points: 17 

• Density and P-wave velocity in the lithospheric mantle beneath the Paraná Magmatic 18 
Province are high. 19 

• High density precludes a depleted cratonic lithosphere and indicates refertilized 20 
lithospheric mantle. 21 

• Basalt magmatism suggests refertilized mantle with asthenospheric components from 22 
mantle wedge. 23 
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Abstract 25 

We estimate density and P-wave velocity perturbations in the mantle beneath the 26 

southeastern South America plate from geoid anomalies and P-wave traveltime residuals to 27 

constrain the structure of the lithosphere underneath the Paraná Magmatic Province (PMP) and 28 

conterminous geological provinces. Our analysis shows a consistent correlation between density 29 

and velocity anomalies. The P-wave speed and density are 1% and 15 kg/m3 lower, respectively, 30 

in the upper mantle under the Late Cretaceous to Cenozoic alkaline provinces, except beneath 31 

the Goiás Alkaline Province (GAP), where density (+20 kg/m3) and velocity (+0.5 %) are 32 

relatively high. Underneath the PMP, the density is higher by about 50 kg/m3 in the north and 25 33 

kg/m3 in the south, to a depth of 250−300 km. These values correlate with high-velocity 34 

perturbations of +0.5% and +0.3%, respectively.  35 

Profiles of density perturbation versus depth in the upper mantle are different for the 36 

PMP and the adjacent Archean São Francisco (SFC) and Amazonian (AC) cratons. The 37 

Paleoproterozoic PMP basement has a high-density root. The density is relatively low in the SFC 38 

and AC lithospheres. A reduction of density is a typical characteristic of chemically depleted 39 

Archean cratons. A more fertile Proterozoic and Phanerozoic subcontinental lithospheric mantle 40 

has a higher density, as deduced from density estimates of mantle xenoliths of different ages and 41 

composition. 42 

In conjunction with Re-Os isotopic studies of the PMP basalts, chemical and isotopic 43 

analyses of peridodite xenoliths from the GAP in the northern PMP, and electromagnetic 44 

induction experiments of the PMP lithosphere, our density and P-wave speed models suggest that 45 

the densification of the PMP lithosphere and flood basalt generation are related to mantle 46 

refertilization. Metasomatic refertilization resulted from the introduction of asthenospheric 47 

components from the mantle wedge above Proterozoic subduction zones, which surrounded the 48 

Paraná lithosphere. The high-density PMP lithosphere is presently gravitationally unstable and 49 

prone to delamination. 50 

  51 
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1 Introduction 52 

 53 

The Paraná Magmatic Province (PMP) in southeastern South America and the Etendeka 54 

Magmatic Province (EMP) in Africa (Figure 1) are among the largest igneous provinces on 55 

Earth. They were formed ~134 million years ago [Renne et al., 1996a, b; Thiede and 56 

Vasconcelos, 2010] prior to the break-up of West Gondwanaland. The duration of basalt 57 

eruptions was short, 1.5−2.0 Myr [Renne et al., 1996a]. Rifting and lithosphere extension started 58 

at ~126 Ma and were accompanied by dyke intrusions along the coasts of southeastern Brazil 59 

and southwestern Africa. The final break-up created two conjugated margins comprising the 60 

Campos (CAB), Santos (SB) and Pelotas (PB) basins on the east [Mohriak et al., 2002] and the 61 

Orange and Walvis basins on the west [Bauer et al., 2003]. Basalts in the CAB and SB are 62 

similar in composition to the basalts of the northern PMP [Mizusaki et al., 1992]. 63 

Seafloor spreading in South Atlantic started in the Albian (~113 Ma) time [Chang et al., 64 

1992] and the eruption of volcanic rocks continued around this latitude (Figure 1). The Rio 65 

Grande Rise (RGR) and the Walvis Ridge (WR) were formed at 84 Ma within the oceanic plate, 66 

initially with tholeiitic basalts and since the Middle Eocene with alkaline basalts. This gave rise 67 

to seamounts and guyots [Gamboa and Rabinowitz, 1984]. Because of the age progression of the 68 

WR volcanism from the African plate and its proximity to the Tristan da Cunha (TC) hotspot, 69 

both the RGR−WR and the PMP−EMP magmatic provinces have been associated with a deep 70 

mantle plume [O’Connor and Duncan, 1990; Ewart et al., 1998]. However, this causative 71 

process has not yet been widely accepted [Peate et al., 1999; Ernesto et al., 2002; Class and 72 

Roex, 2006]. 73 

Geochemical and petrological studies on the PMP basalts [e.g. Piccirillo et al., 1989; 74 

Peate, 1997; Marques et al., 1999] indicate melting of a heterogeneous and enriched lithospheric 75 

mantle. The EMP basalts show the same compositional zonation [Erlank et al., 1984] as in the 76 

PMP (> 2% high-TiO2 content in the northern PMP and ≤ 2% low-TiO2 content in the southern 77 

PMP). Using Os isotopic data, Thompson et al. [2007] proposed an asthenospheric component 78 

for the EMP basalts. This component indicates an interaction of a deeper mantle source with a 79 

metasomatized sub-continental lithospheric mantle (SCLM) prior to the formation of the basaltic 80 

magmas. Thus, this observation does not exclude the participation of a mantle plume as the 81 

source of the excess of volcanism at this latitude. On the contrary, it is invoked to explain the 82 
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PMP−EMP and the South Atlantic magmatic provinces due to plumes (TC and Gough), which 83 

compositionally evolved through time [e.g. Gibson et al., 2005; Hoernle et al., 2015] and are 84 

now seen as a lateral volcanic manifestation of a large low velocity zone located in southern 85 

Africa [Burke et al., 2008]. 86 

The TC plume as the main source of the PMP volcanism is inconsistent with 87 

paleomagnetic data. Paleogeographic reconstruction of Western Gondwanaland back to the Early 88 

Cretaceous by Ernesto et al. [2002] shows that the TC hotspot would be located 1,000 km south 89 

of the PMP in the onset of the flood basalts. Rocha-Júnior et al. [2012] measured a value of 90 

0.1295±0.0018 for the 187Os/186Os isotope ratio of the PMP basalts. This value is much higher 91 

(0.2280) for the TC basalts, indicating that there is no link between the present-day TC melts and 92 

the PMP basalts. The Sr and Pb isotopes of tholeiites basalts samples from the RGR and WR 93 

indicate melting of SCLM rather than TC plume volcanism [see Ernesto et al., 2002]. The RGR 94 

tholeiites have high concentration of TiO2 (> 2%), similar to the northern PMP basalts and WR 95 

tholeiites have low concentration of TiO2 (≤ 2%), similar to the southern PMP basalts. They 96 

were erupted 50 Myr after the formation of the PMP–EMP [Gamboa and Rabinowitz, 1984]. 97 

Thus, to decipher the origin of the PMP–EMP and the South Atlantic igneous provinces, it is 98 

essential to understand the physical properties of their SCLM from geophysical studies. In the 99 

present study, we focus primarily on the PMP. 100 

The PMP lies almost entirely within the intracontinental Paleozoic Paraná basin. The 101 

subsidence history of this basin spans ~350 Myr before the flood basalt volcanism [Milani and 102 

Ramos, 1998]. During the Brasiliano/Pan-African orogeny, between 650 and 550 Ma ago, the 103 

Paraná basin was amalgamated with the neighbouring cratons (AC-Amazonian [Tassinari and 104 

Macambira, 1999], SFC-São Francisco [Teixeira and Figueiredo, 1991] and Rio de la Plata 105 

[Rapella et al, 2007]) by Neoproterozoic to Early Cambrian sutures (PyB – Paraguay and BB – 106 

Brasilia belts) [Brito Neves et al., 1999; Almeida et al., 2000].  107 

Since the 1990s, several seismological studies have indicated that the crust beneath the 108 

PMP is thicker than 40 km [e.g., Snoke and James, 1997; Feng et al., 2007; Juliá et al., 2008] 109 

and the wave speed is relatively high in the upper mantle to a depth of 250 km [Schimmel et al., 110 

2003; Heintz et al., 2005; Feng et al., 2007; Lebedev et al., 2009; Rocha et al., 2011; Schaeffer 111 

and Lebedev, 2013]. These observations are typical for cratons, even though not every craton 112 

overlies high-velocity roots [e.g. Carlson et al., 2005; King, 2005]. Heat flow in the central part 113 



Confidential manuscript submitted to Geochemistry, Geophysics and Geosystems 

 

5

of the Paraná basin ranges from 40 to 50 mWm-2 [Hurter and Pollack, 1996], being slightly 114 

above of typical heat flow in Archean regions [e.g. Pollack and Chapman, 1997; Poudjom-115 

Djomani et al., 2001; Carlson et al., 2005], but within the typical range for Proterozoic 116 

lithosphere [Poudjom-Djomani et al., 2001]. Using Rb/Sr and K/Ar methods, Cordani et al. 117 

[1984] dated the north-central basement of the PMP as Paleoproterozoic (2.1 Ga). This age 118 

together with gravity interpretation led Mantovani et al. [2005] to propose a cratonic lithosphere 119 

beneath the PMP. Pérez-Gussinyé et al. [2007] estimate the effective elastic thickness to be 120 

thicker than 70 km, similar to the values estimated for the Archean AC and SFC. Nevertheless, 121 

Padilha et al. [2015] have argued against the cratonic character of the PMP lithosphere from 122 

Geomagnetic Deep Sounding and long-period magnetotellurics. The uppermost mantle beneath 123 

the PMP has resistivity less than 500 Ωm, a value normally expected for thermally or 124 

compositionally modified lithosphere [Eaton et al., 2009; Selway, 2014]. 125 

In the present paper, we study the geoid and new seismic data to derive density and P-126 

wave speed perturbations in the upper mantle beneath the PMP. The combination of seismic and 127 

geoid (or gravity) data to study the upper mantle has already proven to be effective in evaluating 128 

the causes of velocity and density variations within the lithosphere, either due to composition or 129 

thermal origin [Kaban et al., 2010; Tondi et al., 2012; Chaves and Ussami, 2013; Kaban et al., 130 

2015]. 131 

We describe the geoid modeling and the resolved density structure in section 2. We 132 

discuss in some detail the constraints on the crustal structure of the region and its influence on 133 

estimating the contribution of density variations in the mantle to the geoid. In section 3, we 134 

discuss the modeling of P-wave travel time residuals and the model of P-wave speed variations 135 

in the upper mantle. In Section 4, we highlight the main characteristics of our density and P-136 

wave models. Our results indicate that the density (+50 kg/m3) and P-wave speed (+0.5%) 137 

beneath the PMP are both relatively high. We interpret our results using the study of Poudjom-138 

Dojmani et al. [2001] where natural density estimates were obtained from peridotite xenoliths 139 

and xenocrystals of different ages. These authors found a secular variation of SCLM densities 140 

from Archean to Phanerozoic times with lower density values for depleted Archean cratonic 141 

mantle due to the intense melt extraction at the earliest stage of an Archean lithosphere 142 

formation. The density increases as the SCLM becomes younger and refertilized. For the PMP 143 

and SFC cases, the secular evolution in their SCLM composition are reinforced by the chemical 144 
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and isotopic analyses of peridodite xenoliths from the Late Creatceous Goiás (GAP) and Alto 145 

Paranaíba (APAP) magmatic provinces by Carlson et al. [2007]. These authors found that the 146 

SCLM under the GAP is fertile, while the SCLM beneath the APAP is depleted. The APAP is 147 

underlain by the SFC lithospheric mantle. Our density and velocity models show that the density 148 

(-15 kg/m3) and velocity (-0.5 %) beneath the APAP are relatively low. The GAP xenoliths 149 

samples are located at the northwestern edge of the PMP, where our models resolved high 150 

density (+20 kg/m3) and high velocity (+0.5 %). Thus, the GAP xenoliths probably are samples 151 

of a refertilized PMP SCLM, which reinforces the estimates of our models.  152 

We discuss two possible mechanisms, which could explain high density and velocity in 153 

the PMP, either by reconstructing the SCLM after lithospheric delamination or alternatively, by 154 

changing the bulk properties of the PMP lithosphere due to metasomatic refertilization of its 155 

SCLM. For the PMP case, the most likely process is the addition of melts and fluids generated at 156 

the mantle wedge above a subducting oceanic lithosphere as proposed by Re-Os and isotopic 157 

studies on the PMP basalts. The PMP basalts were extracted from partial melt of this refertilized 158 

SCLM. 159 

 160 

2 Modeling density variations from residual geoid 161 

 162 

2.1 Geoid data and geoid corrections 163 

The geoid height data, ΔNEGM, were calculated from the Earth Gravity Model EGM2008 164 

[Pavlis et al., 2012], which is expressed as a sum of spherical harmonics, complete up to degree 165 

and order 2159. Figures 2a and 2b show ΔNEGM at spherical harmonic degree and order higher 166 

than 7 [see Bowin, 2000]. To isolate the geoid anomalies produced by density variations within 167 

the lower crust, the upper mantle and the uppermost lower mantle, we model geoid variations 168 

with wavelengths between 111 km and 5400 km (Figures 2c and 2d). ΔNEGM varies from -13 m 169 

to +19 m within the study region. The geoid minimum of -12 m over the PMP is primarily due to 170 

the thick crust and sediment strata.  171 

To isolate the contribution to the geoid by density anomalies in the upper mantle beneath 172 

the PMP, we make corrections to ΔNEGM by discretizing models of topography, Moho depth 173 

variation, sediment and basalt into a set of tesseroids. We use the Gauss-Legendre Quadrature 174 
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(GLQ) numerical method [e.g., Asgharzadeh et al., 2007; Wild-Pfeiffer, 2008; Li et al., 2011] to 175 

calculate the effect of each tesseroid on the geoid. Figure 3 shows these effects separately. 176 

We remove the contribution to the geoid due to topography and bathymetry using the 177 

ETOPO1 database [Amante and Eakins, 2009]. We filter the ETOPO1 data to a resolution of 5 178 

arc-minutes (~9.25×9.25 km2) consistent with the shortest wavelength (i.e., degree 2159) signal 179 

in EGM2008. We assume a density of 2670 kg/m3 for the continental crust following Hinze 180 

[2003], 1030 kg/m3 for seawater, and 2900 kg/m3 for the oceanic crust. ΔNTOPO is a long-181 

wavelength signal and varies smoothly by about -130 m to 172 m within the study region (Figure 182 

3a). 183 

We determine the effect of the crust, ΔNCRUST (Figure 3b), on the geoid using CRUST1.0 184 

[Laske et al., 2013] (Figure 4a) and regional constraints in the study area. CRUST1.0 is a global 185 

model of the crust discretized with lateral resolution of 1°. It represents the large-scale effects on 186 

the geoid. The regional constraints are taken from a 10’×10’ crustal model (Figure 4b), which 187 

was estimated from the interpolation of compiled receiver function values of Assumpção et al. 188 

[2013] along with estimates of local (Airy) compensation of the observed topography from 189 

ETOPO1. These constraints are important for estimating the shortest wavelength effects on the 190 

geoid. Both CRUST1.0 and receiver function analysis by Juliá et al. [2008] indicate that the 191 

crust beneath the PMP is approximately 41±2 km thick. The most recent surface-wave 192 

tomography experiment by Rosa et al. [2016] shows that the crust beneath the Chaco-Paraná 193 

basin (CB) is, on average, 35 km thick as predicted by local compensation of the observed 194 

topography. In the northern CB, the crust thickness is about 30 km. Thus, CRUST1.0 is not 195 

compatible with regional crustal models for the CB in the southwestern part of our study area 196 

[e.g. Snoke and James, 1997; Feng et al., 2007, Assumpção et al., 2013; Rosa et al., 2016]. In 197 

CRUST1.0, the crustal thickness is 40 km throughout the region. ΔNCRUST is, like ΔNTOPO, a 198 

predominantly long-wavelength signal. The signal varies from -85 m beneath the Andes to +330 199 

m beneath the Atlantic Ocean. ΔNCRUST has values ranging from –55 m to 180 m within the 200 

study region. 201 

The contribution ΔNSEDM (Figure 3c) to the geoid due to sediment cover originates 202 

primarily from the thick sediment strata within the Paraná, the Chaco-Paraná, and the adjacent 203 

oceanic basins. These strata are up to 6.5 km thick. ΔNSEDM is as large as -60 m. ΔNSEDM has 204 
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significant short wavelength variations in the study region and may influence local modeling of 205 

the density structure most. 206 

Finally, we estimate the contribution to the geoid ΔNBSLT (Figure 3d) from the Serra 207 

Geral Formation (a basalt layer up to 1.5 km thick) using the isopach map from Molina et al. 208 

[1988] and by assuming that the density of the basalts is 2850 kg/m3 using the work of Marques 209 

et al. [1984]. ΔNBSLT has maximum amplitude of about +3 m. 210 

The residual geoid anomaly, ΔNRES, is obtained by subtracting from ΔNEGM the 211 

contribution to the geoid from topography, crustal structure, sediment thickness variations, and 212 

the Serra Geral Formation: ΔNRES = ΔNEGM – (ΔNTOPO + ΔNCRUST + ΔNSEDM + ΔNBSLT). Over the 213 

PMP, the maximum amplitude of ΔNRES is about +20 m (Figure 2c and 2d) where basalt layers 214 

are thickest (about 1500 m). The positive anomaly suggests that a high-density anomaly is 215 

present in the mantle beneath the PMP. 216 

 217 

2.2 Uncertainties in the residual geoid ΔNRES 218 

Since the corrections ΔNTOPO, ΔNCRUST, ΔNSEDM, and ΔNBSLT are large compared to the 219 

residual geoid ΔNRES, it is critical to evaluate the uncertainties in the corrections. Thanks to 220 

advances in satellite-derived gravity data acquisition, the accuracy of models of the geopotential 221 

has substantially improved. The geoid model EGM2008 has an accuracy of 0.15 m worldwide 222 

[see Pavlis et al., 2012]. Thus, errors in ΔNEGM are insignificant. 223 

ETOPO1 for the continents is based on data from the Shuttle Radar Topography Mission. 224 

For the PMP, errors do not exceed 12 m [see Farr et al., 2007]. Most of the bathymetric data in 225 

ETOPO1 are derived from the General Bathymetric Chart of the Oceans and may have errors 226 

larger than 50 m [e.g., Marks et al., 2010]. If the errors in ETOPO1 are random and if the 227 

uncertainty in the assumed values for density of continental and oceanic rock is at most 10%, the 228 

estimated error of the geoid for continental South America and the southwestern Atlantic Ocean 229 

does not exceed 0.20 m and 0.70 m, respectively, for the short-wavelength (< 200 km) geoid 230 

anomalies. The effect of ETOPO1 uncertainties and uncertainties in the densities of crustal and 231 

mantle rock are even smaller for the long wavelength geoid variations that determine the density 232 

structure in the lower crust and upper mantle beneath the PMP. 233 
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The sediment structure in CRUST1.0 comprises three layers based on the compilation of 234 

Laske and Masters [1997]. The difference between the Laske and Masters [1997] model and the 235 

Mobil sediment thickness model (i.e., PLATES project) for the PMP and adjacent areas is less 236 

than 1 km [Heine, 2007]. We determine therefore that CRUST1.0 is a good model for the 237 

sediment structure of the study region. Assuming that the errors of sediment thickness in 238 

CRUST1.0 are random and smaller than 10% of the observed values (both thickness and 239 

density), the estimated geoid errors are typically smaller than 0.18 m, but they can be as high as 240 

0.75 m in offshore basins such as the Pelotas basin (PB). Although these errors are small and 241 

more likely to project as short-wavelength geoid anomalies, systematic errors in sedimentary 242 

models can produce geoid anomalies of up to 3 m with an uncertainty in the mantle density 243 

model of about 10 kg/m3. 244 

The largest source of uncertainty in ΔNRES and estimates of density perturbations in the 245 

mantle originates from crustal structure corrections since reliable seismic models of the crust 246 

depend on good station coverage [e.g. Herceg et al., 2016]. Thus, it is important to evaluate how 247 

uncertainties in crustal thickness may influence the estimated density models. 248 

Figure 5a and 5b compares ΔNRES for the study area obtained from CRUST1.0 and the 249 

crustal model for the region  (see Section 2.1), which will be referred to as RCM10. CRUST1.0 250 

and RCM10 differ primarily in the estimate of the thickness of the crust beneath the CB: 40 km 251 

in CRUST1.0, and 35 km in RCM10. The difference in ΔNRES for these two crustal models is as 252 

high as 40 m and the sign of ΔNRES is different over the CB. However, we have confidence that 253 

ΔNRES of about +20 m over the PMP is correct because both CRUST1.0 and RCM10 indicate 254 

that the crust beneath the PMP is 41 km thick. To change the sign of ΔNRES, the crust beneath the 255 

PMP would have to be thinner than 33 km. Such a reduction (>8 km) is inconsistent with the 256 

seismic observations. If we assume, again, that errors in RCM10 for both Moho depth and crustal 257 

density are at most 10%, the estimated geoid errors are around 1 m for the study area. Summing 258 

the uncertainties of ΔNEGM, ΔNTOPO, ΔNCRUST, ΔNSEDM, and ΔNBSLT, the overall error on ΔNRES 259 

may be as high as 2.6 m. This might be associated with uncertainties in the density anomalies of 260 

up to 8 kg/m3. 261 

 262 

2.3 Density variations: SSA-dens model 263 
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We invert ΔNRES for a density model parameterizing the density anomalies in the mantle 264 

down to 1000 km depth with 55,000 tesseroids to conform to Earth’s ellipsoidal shape. One layer 265 

of 2,500 tesseroids (50×50), each 55.5×55.5 km2, span the horizontal dimensions. The upper 266 

mantle is parameterized with 22 layers.  267 

Since estimating the density distribution from the geoid is an underdetermined problem, 268 

we add a priori constraints through the Lagrange multipliers method. Following Chaves and 269 

Ussami [2013], we include parameter-weighting matrices to avoid solutions that preferably 270 

concentrate at shallower depths and to favor solutions that concentrate in a minimum volume  271 

[e.g., Boulanger and Chouteau, 2001]. The minimum volume constraint avoids the density 272 

anomaly to spread through the model, allowing us to recover density contrast values related to an 273 

anomalous source more accurately [see Chaves and Ussami, 2013]. In addition, we impose 274 

during the inversion that density within each tesseroid cannot be perturbed by more than 60 275 

kg/m3. We estimate the least-squares solution with an efficient conjugate gradient algorithm 276 

[Hestenes and Stiefel, 1952] following Golub and van Loan [1996]. The best-fitting density 277 

model (SSA-dens) (Figures 6 and 7) is obtained after 209 iterations when the RMS error of the 278 

geoid was reduced from 40.29 m to 11.15 m. 279 

Beneath the PMP, SSA-dens model includes high-density anomalies of ~30 kg/m3 in the 280 

lower crust and > 50 kg/m3 in the upper mantle (Figures 6) to a depth of 250-300 km. High-281 

density anomalies of about 15 kg/m3 are present down to 100 km depth beneath the southern and 282 

central São Francisco Craton (SFC). SSA-dens features low-density perturbations of -20 kg/m3 283 

up to 350 km depth along the margins of the PMP and -15 kg/m3 to 250 km depth beneath the 284 

Amazonian craton (AC). Density perturbations are smaller than 10 kg/m3 within the CB. 285 

SSA-dens model is based on homogeneous distribution of geoid data and it is more 286 

sensitive to lateral than vertical density variations. In depth, changes in the signal of density 287 

contrast of different sources will be mapped only if they generate geoid anomalies with distinct 288 

wavelength. Figure 7 (profile C-C’) illustrates this for the density structure beneath the AC and 289 

SFC. Although the high-density anomaly is associated with ΔNRES of +20 m over the PMP, the 290 

density perturbation beneath the SFC changes sign at 150 km depth while ΔNRES < 0 over the 291 

SFC. 292 

 293 

3 Modeling of traveltimes for P-wave speed variations 294 
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 295 

3.1 P-wave traveltimes 296 

We analyze short-period (1 Hz) P and Pn (only Pn for events with focal depths larger 297 

than 50 km) traveltimes from the International Seismological Centre (ISC) catalog and our 298 

handpicked measurements. The ISC collection combines the reprocessed EHB database from 299 

Engdahl et al. [1998] for events from 1964 to 2008 and the reviewed ISC bulletin data for events 300 

from 2009 to 2013. We only select events from the ISC catalogs which were recorded by at least 301 

5 stations. Our set of handpicks measurements are made for events (1992−2012) with Mb > 5.5 302 

recorded by 37 stations, mostly from the BL network, located within the study area. From an 303 

analysis of more than 15,000 seismograms, we select 8,415 of the highest quality measurements 304 

of the traveltimes of the P-wave that are recorded by at least five stations. From 8,415 305 

measurements, 3,434 were recorded by stations within the study area. The combined ISC and 306 

handpicked data set has P and Pn 471,688 residuals. Although source-receiver density for the 307 

PMP is good, epicentral distance sampling and distribution of seismicity (Figure 8a) are mostly 308 

related to the Andes and Central America (Figures 8b and 8c). 309 

Corrections for station elevation and Earth’s ellipticity (the EHB database already 310 

accounts for ellipticity) are based on CRUST2.0 [Bassin et al., 2000] and computed using the 311 

dynamic ray tracing software of Tian et al. [2007]. The corrected traveltime residuals δTcor = δT 312 

– (δTell + δTcrust + δTtopo) (Figure 8d) are referenced to AK135, a 1D wave speed model for the 313 

Earth [Kennett et al., 1995]. The minimum and maximum values of δTcor are -8.71 s and +12.77 314 

s. Its mean value is 0.09 s and the standard deviation is 1.66 s. 315 

 316 

3.2 Parameterization and inverse modeling 317 

We parameterize the P-wave speed perturbations from AK135, written as δVP from 318 

hereon, in the mantle using 225,792 spherical cells in a volume that extends 90° in latitudinal 319 

direction and 140° in longitudinal direction. The volume includes the earthquake hypocenters, 320 

seismic stations, and ray paths to circumvent trade-offs between earthquake location and mantle 321 

velocity anomalies. The cells have uniform 1.25°×1.25° areas. The 28 spherical layers of cells 322 

increase in thickness with increasing depth from the surface to the core. 323 

We use ray theory to relate traveltime anomalies to δVP [e.g., Inoue et al., 1990; Inoue, 324 

1993]. We do not use finite-frequency theory [e.g., Hung et al., 2000] since the traveltime 325 
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perturbations are measured at 1 Hz. We linearize the inverse problem by assuming that the ray 326 

geometry does not significantly change when 3D wave speed variations are present in the 327 

mantle. Given model non-uniqueness, we regularize the inversion by applying norm damping 328 

and smoothness. Hence, we favor models with smooth and small δVP [e.g. VanDecar and 329 

Snieder, 1994; Montelli et al., 2004; Li et al., 2006]. The starting model is AK135 and the best-330 

fitting solution SSA-pvel is estimated using the iterative method LSQR [Paige and Saunders, 331 

1982]. SSA-pvel (Figures 9 and 10) is obtained after 400 iterations when the standard variation 332 

of the traveltime residuals has been reduced from 1.66 s to 1.03 s (Figure 8d). 333 

 334 

3.3 Resolution test 335 

Although checkerboard resolution test have limitations [Lévêque et al., 1993; Rawlinson 336 

and Spakman, 2016], we use it to illustrate modeling artifacts due to heterogeneous sampling and 337 

model damping and smoothing. Figures 11a and 11c show the retrieved velocity perturbations of 338 

a checkerboard pattern of alternating +1% and -1% velocity variations for cells of 2.5°×2.5° and 339 

5°×5° in the study area. The checkerboard pattern is retrieved within the PMP and CB in the 340 

upper 400 km of the mantle. The low amplitudes and the elongation of the resolved checkerboard 341 

squares demonstrate that model resolution beneath the southern AC, central part of the SFC, and 342 

beneath the Santos basin (SB) and PB along the eastern Brazilian continental margin is poor due 343 

to incomplete data coverage. Thus, velocity perturbations in these regions need to be interpreted 344 

with caution. The retrieved amplitude of the velocity anomalies 0.85% for the 2.5°×2.5° cells 345 

and 0.9% for the 5°×5° cells is owing to model damping and smoothing. Hence, it is likely that 346 

amplitude of the δVP variations is underestimated by SSA-pvel. Smearing in the NW-SE 347 

direction for δVP variations within the PMP is due to excess of ray paths from the northwestern 348 

Andes and Central America (Figures 8b and 8c). Beneath the CB, elongations in the retrieved 349 

δVP perturbations are related to the events from the southwestern Andes.     350 

Rawlinson and Spakman [2016] have recently argued that spike tests are more useful than 351 

the standard checkboard test to access the resolution of linearized tomography problems. Thus, 352 

we also perform spike tests to evaluate the ability of our raypath set to estimate the velocity 353 

structure in the study area. The spike test consists of spaced or sparse velocity variation cells. In 354 

our first spike tests (Figures 11b and 11d), we use cells of same size and amplitude of δVP as the 355 

checkboard test in Figures 11a and 11b. Like before, the retrieved spikes in Figures 11b and 11d 356 
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are better estimated within the PMP, but now with lower velocity amplitudes than in the 357 

checkboard model. Rawlinson and Spakman [2016] suggested that these higher amplitudes in 358 

checkboard tests are due to the proximity of neighboring cells. Lack of resolution in regions 359 

surrounding the PMP is more evident now chiefly for cells of 2.5˚×2.5˚ as well as distortions in 360 

the imaged anomalies. 361 

Further spike tests for perturbed sparse cells of 2.5˚×2.5˚ and 3.75°×3.75° are shown in 362 

Figures S1, S2 and S3. The alternating amplitudes of δVP perturbations are +1% and -1% and 363 

start at the surface going to 660 km depth. In the southern PMP, the high-velocity spike of 364 

2.5˚×2.5˚ is not recovered for depths down to 310 km (Figures S1a and S2), which may indicate 365 

lack of resolution for velocity anomalies with this wavelength. For cells of 3.75˚×3.75˚, this 366 

same high-velocity spike is smeared (Figures S1b and S3). Beneath the CB, the spikes are 367 

retrieved down to 165 km, showing reduced velocity amplitudes and strong smearing. Upper 368 

mantle spikes for cells of 2.5˚×2.5˚ are only retrieved within the PMP and CB. Recovered spikes 369 

for cells of 3.75˚×3.75˚ show low amplitudes and strong distortion in the mantle beneath the AC, 370 

SB, PB and central part of the SFC. 371 

 372 

3.4 P-wave speed variations: model SSA-pvel 373 

Model SSA-pvel (Figures 9 and 10) indicates deep extension of high-wave speed 374 

anomalies, and it resolves velocity variations with high vertical and lateral resolution, albeit that 375 

resolution is heterogeneous and highly dependent on ray path coverage (see Figure 10). 376 

In contrast to previously developed P-wave images of the study region [VanDecar et al., 377 

1995; Schimmel et al., 2003; Rocha et al., 2011], SSA-pvel is derived from absolute traveltime 378 

residuals. By earthquake relocation, we reduce the influence of erroneous source locations on the 379 

absolute residuals. Nonetheless, SSA-pvel correlates well with the images of these earlier 380 

studies. For example, SSA-pvel includes a low-velocity anomaly (δVP = -0.6%) near the 381 

northeastern boundary of the PMP (Figure 9 and Figure 10a, profile C-C’) that has been imaged 382 

previously by VanDecar et al., 1995. SSA-pvel exhibits a high-velocity anomaly (δVP = +0.6%) 383 

to the west of the PMP at depth of 500 to 800 km, which was interpreted by Schimmel et al. 384 

[2003] as the subducting Nazca Plate. Low-velocity perturbations are persistent along the edges 385 

of the PMP up to 400 km depth. Along the northern edge of the PMP, low-velocity anomaly is 386 

resolved beneath the alkaline province of Alto Paranaíba (APAP), while high-velocity is 387 
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predicted beneath the alkaline province of Goías (GAP). A strong velocity reduction of about -388 

1% is observed beneath the Serra do Mar Alkaline Province (SMAP) down to 165 km. Rocha et 389 

al. [2011] imaged the same velocity reduction but with much lower amplitude (about -0.3%). 390 

The low-velocity perturbation (about -0.7%) beneath the Ponta Grossa Arch (PGA) is better 391 

defined in our P-wave model than in the study of Rocha et al. [2011].  392 

Within the PMP, SSA-pvel presents three blocks of high-velocity perturbations (about 393 

0.5%) to a depth of 300-350 km, which were only partially recovered by previous P-wave 394 

tomography due to limited coverage. SSA-pvel also exhibits a very low wave speed anomaly 395 

(about -1%) beneath the CB, which is outside of the target volume of previous P-wave 396 

tomographic studies. This feature is in agreement with the low S-wave velocity perturbation 397 

(about -5%) from the surface-wave model of Feng et al. [2007]. 398 

4 Discussion 399 

 400 

4.1 Key characteristics of SSA-dens and SSA-pvel 401 

A quantitative comparison of SSA-dens and SSA-pvel is difficult since the models have 402 

been constructed using data with entirely different sensitivities and, hence, fundamentally 403 

different resolution. The vertical elongation of density anomalies in SSA-dens and the oblique 404 

elongation of wave speed anomalies in SSA-pvel (along ray paths), seen in Figure 10, are well-405 

understood modeling artifacts. We have confidence however that density and P-wave speed 406 

variations in the uppermost mantle beneath the PMP are well determined. Image resolution in 407 

this part is best for both SSA-dens and SSA-pvel (see Figures 11, S1, S2 and S3) and the density 408 

and wave speed anomalies can be linked to the P-wave arrival times at seismic stations within 409 

the PMP and the residual geoid over the PMP. 410 

In the northeastern PMP, where seismic station coverage is excellent, SSA-pvel resolves 411 

low-wave speed anomalies (between -0.4 to -1%) beneath the APAP, PGA and SMAP (Figure 412 

9). SSA-dens resolves low-density perturbations (between -5 to -15 kg/m3) for the APAP, PGA 413 

and SMA (Figure 5). Alkaline intrusion, fluid, chemical variations and thermal anomalies may 414 

be related to these seismic anomalies [e.g. Assumpção et al., 2004; Rocha et al. 2011; Bologna et 415 

al., 2011]. 416 
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Both SSA-dens and SSA-pvel reveal a belt of relatively low-density and low-velocity 417 

around the PMP, at depths shallower than 250 km, which is only interrupted by a high-density 418 

and high-velocity structure beneath the GAP. These low-density and low-velocity anomalies 419 

correlate very well with Neoproterozoic suture zones (fold/thrust belts where the alkaline 420 

magmatism is located). The east-west elongation of the wave speed anomalies may be an 421 

imaging artifact. SSA-dens provides an image of the density variation in horizontal view with 422 

less distortion than SSA-pvel due to a more homogeneous distribution of geoid data. Lateral 423 

changes in density are directly related to lithospheric thickness and composition variations. 424 

The low-velocity anomaly (-0.6%) in SSA-pvel in the upper mantle near the northeastern 425 

boundary of the PMP (Figure 9 and Figure 10, profile C-C’) has been imaged previously as a 426 

low-velocity cylindrical structure [VanDecar et al., 1995; Schimmel et al., 2003; Rocha et al., 427 

2011]. In our model, this low-velocity anomaly is confined to 600 km depth. SSA-dens does not 428 

show any evidence for density perturbation where the FC is located (Figures 6 and 7, profile C-429 

C’), which suggests that low-velocity anomaly might have chemical origin as Rocha et al. [2011] 430 

had already proposed. 431 

Another striking feature in the SSA-dens model is a high-density lithospheric block in the 432 

SB, which is broader and much thicker than the PMP block. The maximum density increase is 55 433 

kg/m3 at a depth of 150 km and the density perturbation extends to 450 km depth. Wide-angle 434 

seismic profiles of Evain et al. [2015] show high-velocity within the crust and uppermost mantle 435 

beneath the SB. In Figure 5, for slices down to 150 km, a negative linear density structure 436 

separates the SB from PB, the latter also characterized by high-density. 437 

The density and P-wave speed in the lithospheric mantle beneath the CB are relatively 438 

low (about -10 kg/m3 and -1%, respectively). The low-speed anomaly has been resolved 439 

previously by Snoke and James [1997], Feng et al. [2007], and Schaffer and Lebedev [2013] and 440 

correlates very well with a low-resistivity (~ 10 Ωm) image from a magnetotelluric deep 441 

sounding by Favetto et al. [2015]. 442 

  443 

4.2 Densification of the PMP lithosphere 444 
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Models SSA-pvel and SSA-dens indicate high P-wave speed (+0.25−0.5%) and density 445 

perturbations (> +50 kg/m3) beneath the central PMP to a depth of 250−300 km. Previous 446 

seismic tomography experiments have also mapped high P- and S-wave velocity in the upper 447 

mantle of the central part of the PMP [Schimmel et al., 2003; Heintz et al., 2005; Feng et al., 448 

2007; Lebdev et al., 2009; Rocha et al., 2011; Schaeffer and Lebdev, 2013]. The resolved high-449 

density beneath the PMP is unexpected for Archean and Paleoproterozoic lithospheric mantle 450 

according to the analysis of mantle-derived peridotite xenoliths and garnet-xenocryst of different 451 

ages by Poudjom-Djomani et al. [2001], since SCLM density varies 50 kg/m3 from Phanerozoic 452 

(mean density of 3360 kg/m3) to Archean  (mean density of 3.310 kg/m3) due to depletion in Al, 453 

Ca and Fe.  454 

Figure 12 shows the averaged density perturbation in the upper mantle beneath the SFC, AC, 455 

and the PMP. The PMP density profile has a maximum of +25 kg/m3 at 100 km depth whereas 456 

the density perturbations are negative (with minima of -5 and -10 kg/m3) for both the SFC and 457 

AC cratons. These density profiles may reflect the age-dependent compositional or thermal 458 

differences of SCLM as suggested by Poudjom-Djomani et al. [2001]. Cratons are thought to be 459 

stable because their negative thermal buoyancy is compensated by positive buoyancy owing to 460 

low-density, chemically depleted material [e.g. Jordan, 1978].  461 

Mantle xenoliths brought by the Early Cretaceous tholeiitic basalt volcanism are absent 462 

within the PMP. Nonetheless, there are mantle xenoliths occurrences related with the Late 463 

Cretaceous mafic-alkaline in the APAP and GAP. The APAP is located between the northeastern 464 

PMP and the SFC, while the GAP is located at the northwestern PMP border (see Figure 1). 465 

According to Carlson et al. [2007], 187Os/186Os and Re-Os isotope data from the APAP peridotite 466 

xenoliths (garnet/spinel-lherzolites and spinel-harzburgites) show an average Re-depletion model 467 

ages at 2.4 Ga, indicating that these xenoliths sampled the melt depleted SCLM of the SFC. 468 

Averages of 0.2530 and 0.112335 for the Re/Os and 187Os/186Os ratios, respectively, as well as 469 

#Mg equals to 0.91 indicate depletion in terms of Al2O3 and CaO as expected for an Archean 470 

SCLM [see O’Reilly and Griffin, 2006]. The #Mg is the molar Mg/(Mg+Fe) ratio and reflect the 471 

inverse of the amount of Fe in peridotites. Thus, the higher the #Mg, the lower the density [see 472 

Lee, 2003]. 473 
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The spinel-lherzolites xenoliths from the GAP, on the contrary, present averages of 0.4938 474 

and 0.12601 for the Re/Os and 187Os/186Os ratios, respectively, and #Mg equals to 0.89. These 475 

values along with the mineral composition for Al2O3 (3.95%) and CaO (3.4%) plot for fertile 476 

Phanerozoic SCLM, being very close to Primitive asthenospheric mantle composition [see 477 

O’Reilly and Griffin, 2006]. According to Carlson et al. [2007], the Re-depletion model ages of 478 

this xenoliths is around 1.2 Ga, yet the age of the metasomatism is not very well constrained and 479 

it might be Middle to Neoproterozoic, connecting it to the Brasilia belt orogeny, the Goias 480 

magmatic arc evolution and the suturing of the SFC, AC and Parana lithospheres [Pimentel and 481 

Fuck, 1992]. The GAP xenoliths are located within the PMP where higher density is resolved by 482 

the geoid inversion (see Figure 6). Thus, the GAP xenoliths most likely are samples of the PMP 483 

SCLM. 484 

SSA-pvel and SSA-dens analysis for the PMP and neighbouring cratons constrained by 485 

density estimates for mantle xenoliths led us to conclude that the ancient Paleoproterozoic PMP 486 

lithosphere is presently more fertile, that is, rich in denser minerals from where basalt can be 487 

extracted. The low-resistivity (< 500 Ωm) of the lithosphere beneath the PMP imaged by Padilha 488 

et al. [2015] also supports an altered lithosphere as typical resistivity values range between 1000 489 

and 10000 Ωm for unaltered cratonic lithosphere [e.g. Eaton et al., 2009]. 490 

 491 

4.3 Causes of densification and implications for the PMP basalts generation  492 

Interpretation of SSA-pvel and SSA-dens for the PMP lithosphere requires a discussion 493 

regarding the causes of SCLM densification and basalt extraction. Thus, we firstly discuss the 494 

possibility of the PMP SCLM reconstruction after lithospheric delamination.  495 

Delamination involves the foundering of a detached dense lithospheric mantle due to 496 

gravitational instability into a less dense and hot asthenosphere [Bird, 1979; Elkins-Tanton and 497 

Hager, 2000; Lustrino, 2005]. Both the sinking of the cold lithosphere and the rising of the hot 498 

asthenosphere may contribute to magmatic episodes [Elkins-Tanton, 2005; Wang and Currie, 499 

2015]. Although the asthenospheric material that replaces the former lithosphere becomes 500 

depleted due melt extraction, it is more fertile in mineral composition than highly depleted 501 

peridotite of cratons, then denser. Therefore, delamination could explain the densification under 502 

the PMP. Delamination may also explain the rapid main phase of the eruption, which lasted 503 
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around 1.5−2 Myr [e.g. Renne et al., 1996a], the northward migration of the volcanism [Ernesto 504 

et al., 1999] and the tholeiitic basalts, which are predominant type of igneous rocks in the PMP 505 

and are generated at depths shallower than 100 km. The removal of a large portion of the 506 

lithosphere affects the local isostatic equilibrium and promotes at its inception a significant 507 

uplift. For example, removing 75 km of lithosphere, at least 1 km of uplift is expect as estimated 508 

by numerical modeling [Wang and Currie, 2015]. However, there is no evidence for widespread 509 

uplift prior to delamination and the onset of the basaltic volcanism neither in the stratigraphic 510 

record of the Paraná basin [e.g. Milani and Ramos, 1998] or in the fission track (AFT) analysis 511 

of apatite in PMP basement rocks [e.g. Gallager et al., 1994; Hegarty et al., 1996]. Therefore, 512 

large-scale delamination of the PMP lithosphere seems to be unlikely. 513 

 An alternative densification process, which reconciles most of the geophysical, 514 

geochemical and petrological data is mantle refertilization induced by subduction of oceanic 515 

lithospheric plates during the evolution of the Paraná basin. Suture zones surround the present 516 

day PMP with convergence of the fold/thrust belts against the cratons, indicating that the 517 

subduction of an oceanic plate and its corresponding mantle wedge was located under the Paraná 518 

basin. The convective process of the asthenosphere might have contributed to basin subsidence 519 

due to dynamic topography [Mitrovica et al., 1989]. At the same time, metasomatic processes 520 

changed the chemical composition and increasing the density of the SCLM above, contributing 521 

to amplify the basin subsidence. In this scenario, the model proposed by Psysklywec and Quintas 522 

[2000] to explain Paraná basin subsidence relating it to Panthalassa oceanic plate subduction at 523 

the Andean proto-margin should be revised.     524 

Refertilization of the Paraná SCLM from Neoproterozoic time [Carlson et al., 2007] 525 

throughout Paleozoic, culminating in the Early Cretaceous magmatism, is a plausible explanation 526 

for the increased density and velocity in the PMP lithosphere. Recent analysis of Os, Sr, Nd, and 527 

Pb isotope systematics [Rocha-Junior et al., 2012, 2013] indicates that the PMP basalts were 528 

derived from a metasomatized SLCM, variably enriched in recycled components (EM-I and EM-529 

II) and fluids released in the mantle wedge above a subducting slab. Metasomatism may have 530 

generated a veined mantle with mafic components (e.g., pyroxenites or eclogites) in the PMP. It 531 

increased mantle density and promoted partial melting due to lowering of the melting 532 

temperature by the inflow of metasomatic fluids. 533 
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5 Conclusions 534 

The results of a new study of the density and P-wave speed in the mantle beneath the 535 

southern South America plate from a joint analysis of geoid anomalies and P-wave traveltime 536 

residuals show correlation between density (SSA-dens) and P-wave speed (SSA-pvel) anomalies 537 

beneath the Paraná Magmatic Province (PMP) and conterminous geological provinces. SSA-538 

dens and SSA-pvel models show that the density and P-wave velocity are high beneath the PMP. 539 

The seismic structure in the central part of the PMP is typical of a cratonic lithosphere, but the 540 

high density is unexpected for ancient cratons. Compilation of density estimated of peridotite 541 

xenoliths from several subcontinental lithospheric mantle (SCLM) indicates a density decrease 542 

through time. Therefore, densification most likely occurred in the PMP during Phanerozoic ages. 543 

Geochemical and Re-Os systematic studies of the PMP basalts and the geolectrical structure of 544 

the PMP lithosphere suggest lithosphere refertilization and densification by asthenospheric 545 

components from mantle wedge at subduction zones around the Paraná lithosphere since 546 

Proterozoic times. Melting of this fertile mantle allowed large volume of basalts to be generated 547 

without increasing the temperature gradient.  548 

 549 
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 884 

 885 
Figure 1. Topography and bathymetry map of the southeastern South America showing location 886 

of geological-tectonic provinces in the study area (black dashed square in the small map in the 887 

upper right). The study area encompasses the São Francisco craton (SFC), Amazonian craton 888 

(AC), Chaco-Paraná basin (CB), Pelotas basin (PB), Santos basin (SB), Campos basin (CAB), 889 

Pantanal basin (PTB), Paraguay belt (PyB), Brasília belt (BB), Alto Paranaíba Alkaline Province 890 

(APAP), Goiás Alkaline Province (GAP), Serra do Mar Alkaline Province (SMAP), Ponta 891 

Grossa Arch (PGA). The superposed map of the southern Atlantic region shows the locations of 892 

(red contour) the Paraná Magmatic Province (PMP), Rio Grande Rise (RGR), Walvis Ridge 893 

(WR), Etendeka Magmatic Province (EMP), (green line) the Mid-Atlantic Ridge and (red 894 

circles) the Tristan da Cunha (TC) and Gough hotspots 895 
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 896 

Figure 2. (a) Geoid height after removing the long-wavelength components (> 5400 km) by 897 

subtracting the EGM2008 [Pavlis et al., 2012] of degree and order 7 from the EGM2008 up to 898 

degree and order 2159. (b) Geoid height for the study area. (c) Filtered residual geoid anomaly 899 

obtained after removing crustal effects from the geoid in Figure 2a. The wavelength spectrum of 900 

the residual geoid ranges between 111 and 5400 km. (d) Residual geoid anomaly map for the 901 

study area. White contours indicate the limits of tectonic provinces shown in Figure 1. Brown 902 

thick lines are plate boundaries. Red circles show hotspot locations. 903 
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 904 

Figure 3. (a), (b), (c) and (d) are  the geoid components due to topographic masses, Moho depth 905 

variations, sedimentary and  basalt thickness, respectively. White contours indicate the limits of 906 

magmatic provinces shown in Figure 1. Brown lines are plate boundaries. Red circles show 907 

hotspot locations.  908 

 909 

 910 

 911 
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 912 

Figure 4. (a) Moho depth from CRUST1.0 (b) Moho depth using compilation of receiver 913 

function (RF) values of Assumpção et al. [2013] (yellow dots) and local isostatic modeling of 914 

observed topography. Brown contours indicate the limits of tectonic provinces shown in Figure 915 

1. Red color represents the contour of the PMP.   916 

 917 

  918 
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 919 

Figure 5. Residual geoid anomaly in the study area using (a) CRUST1.0 and (b) results from 920 

regional seismic studies and isostatic modeling. The residual geoid maps contains wavelengths 921 

between 111 and 5400 km.  922 
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 924 
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 939 
Figure 6. Slices of the estimated density model for the study area (SSA-dens) at different depths. 940 

A-A’, B-B’ and C-C’ are profiles from where vertical cross-sections were extracted (see Figure 941 

7a). FC: Fossil conduit (green hexagon) mapped by VanDecar et al. [1995]. White thick lines are 942 

the contours of tectonic provinces. For full name of tectonic and igneous provinces, 943 

(abbreviation in the first slice) see caption in Figure 1. Green line is the limit of the PMP. Yellow 944 

and green circles are  the locations of the alkaline intrusions of the GAP and APAP, respectively. 945 

Red circle are the xenolith samples studied by Carlson et al. [2007].   946 
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 947 

Figure 7. Vertical cross sections of SSA-dens along the A-A’, B-B’ and C-C’ profiles. Gray line 948 

is the Moho depth and black dashed lines are the depth of 410 and 660 km discontinuities. PTB: 949 

Pantanal Basin; AC: Amazonian craton; SFC: São Francisco craton; PyB: Paraguay belt; BB: 950 

Brasília Belt; APAP: Alto Paranaíba Alkaline Province; SB: Santos basin; PGA: Ponta Grossa 951 

Arch; PMP: Paraná Magmatic Province. FC: Fossil conduit mapped by VanDecar et al. [1995]. 952 
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 953 

Figure 8. (a) Location of sources and receivers used in the P-wave tomography. Yellow dots are 954 

the epicenters of the selected events. Red triangles are the seismic stations. (b) Histogram 955 

showing the azimuthal distribution of events recorded by stations within the study area (black 956 

dashed square). Histogram showing the epicentral distance distribution of events recorded by the 957 

seismic stations within the study area. (d) Histogram for the P-wave travel-time residuals before 958 

the inversion (yellow bins) and after the inversion (blue bins). 959 

 960 

 961 

 962 

 963 
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 964 

Figure 9. Slices of the estimated velocity model (SSA-pvel) at different depths from the 965 

inversion of the P-wave delay travel-times (Figure 8b). A-A', B-B' and C-C' are profiles where 966 

vertical cross sections were extracted (see Figure 10). FC: Fossil conduit (green hexagon) 967 

mapped by VanDecar et al. [1995]. White thick lines are the contours of tectonic provinces. For 968 

full name of tectonic and igneous provinces (abbreviation in the first slice) see caption in Figure 969 

1. Green line is the limit of the PMP. Yellow triangles are the seismic stations. Yellow and green 970 

circles are the alkaline intrusions of the GAP and APAP. Red circles are the xenolith samples 971 

studied by Carlson et al. [2007]. 972 
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 973 

Figure 10. Vertical cross sections of SSA-pvel along the A-A’, B-B’ and C-C’ profiles. Black 974 

dashed lines are the depth of 410 and 660 km discontinuities. PTB: Pantanal basin; AC: Amazon 975 

craton; SFC: São Francisco craton; PyB: Paraguay belt; BB: Brasília belt; APAP: Alto Paranaíba 976 

Alkaline Province; SB: Santos basin; PGA: Ponta Grossa Arch; PMP: Paraná Magmatic 977 

Province. FC: Fossil conduit mapped by VanDecar et al. [1995]. 978 
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 979 
Figure 11. Slices of the recovered velocity model for a) and c) the checkboard and b) and d) 980 

spike test at different depths using perturbed cell sizes of 2.5˚×2.5˚ and of 5˚×5˚. White lines are 981 

the contours of tectonic provinces as shown in Figure 1. Green line is the limit of the PMP. 982 

Green hexagon is the location of the low-velocity fossil conduit mapped by VanDecar et al. 983 

[1995]. Yellow triangles are the seismic stations in the study area. 984 
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 985 

Figure 12. Averaged density perturbation as a function of depth from SSA-dens (Figure 6) 986 

beneath the SFC and AC, PMP. Black dashed curve is the averaged velocity perturbation from 987 

SSA-pvel (Figure 9) beneath the PMP. 988 

 989 

 990 
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 991 

Figure S1. Slices of the recovered velocity model for spike tests at different depths using 992 

perturbed sparse cell sizes of 2.5˚×2.5˚ and of 3.75˚×3.75˚. White lines are the contours of 993 

tectonic provinces as shown in Figure 1. Green line is the limit of the PMP. Green hexagon is the 994 

location of the low-velocity fossil conduit mapped by VanDecar et al. [1995]. Yellow triangles 995 

are the seismic stations in the study area. 996 
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 997 

 998 

Figure S2. Vertical cross sections of the recovered velocity model for sparse spikes of cell sizes 999 

of 2.5˚×2.5˚ along the A-A’, B-B’ and C-C’ profiles (see Figure S1). Black dashed lines are the 1000 

depth of 410 and 660 km discontinuities. PTB: Pantanal basin; AC: Amazon craton; SFC: São 1001 

Francisco craton; PyB: Paraguay belt; BB: Brasília belt; APAP: Alto Paranaíba Alkaline 1002 

Province; SB: Santos basin; PGA: Ponta Grossa Arch; PMP: Paraná Magmatic Province. FC: 1003 

Fossil conduit mapped by VanDecar et al. [1995]. 1004 

 1005 

 1006 

 1007 

 1008 
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 1009 

 1010 

Figure S3. Vertical cross sections of the recovered velocity model for sparse spikes of cell sizes 1011 

of 3.75˚×3.75˚ along the A-A’, B-B’ and C-C’ profiles (see Figure S1). Black dashed lines are 1012 

the depth of 410 and 660 km discontinuities. PTB: Pantanal basin; AC: Amazon craton; SFC: 1013 

São Francisco craton; PyB: Paraguay belt; BB: Brasília belt; APAP: Alto Paranaíba Alkaline 1014 

Province; SB: Santos basin; PGA: Ponta Grossa Arch; PMP: Paraná Magmatic Province. FC: 1015 

Fossil conduit mapped by VanDecar et al. [1995]. 1016 
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