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TRINITY COLLEGE DUBLIN 

 

Summary 
Seismic Tomography of South America: Continental Lithosphere, Subduction-

Zone Structures, and the Origins of Intraplate Magmatism 
By Bruna CHAGAS DE MELO 

 

The lithospheric structure of South America records its long and complex tectonic evolution, 

during which it has influenced the distribution and composition of local magmatism, the 

geometry of the subduction at its western margin, and the behaviour of the Andean orogeny. 

Throughout the years, seismic tomography models have provided increasingly accurate 

images of the Earth’s structure beneath South America. However, our understanding of the 

upper mantle underlying the continent and its surroundings is still limited by the sparse and 

uneven distribution of seismic data.  In this work, we present a new seismic tomography 

model of South America and surrounding oceans, including the crust and upper mantle. To 

address the heterogeneous data coverage in South America, our model SACI-24 (South 

America Continental Imaging 2024) is based on the inversion of more than 970,000 

waveforms from ~300,000 earthquakes, recorded by more than 9000 seismic stations 

globally and locally. The combined regional and global dataset ensures the densest possible 

data sampling of the South American continent, its margins, and the surrounding oceans. We 

invert the waveforms using the Automated Multimode Inversion (AMI) of S-, multiple S-, 

and surface waves. AMI generates a set of independent linear equations with uncorrelated 

uncertainties for each source-receiver path. These equations describe the path-average S-

wave velocity structure within approximate sensitivity kernels. We assemble these equations 

into a large linear system and solve it to obtain the 3D distribution of S-wave velocities in 

the crust, upper mantle, and transition zone. Our model is calculated globally; however, the 

parametrization and regularisation values are optimized for the South American region, and 

the data coverage is maximized only in the hemisphere centred on South America. 

Within the lithosphere, our model reveals a more complex structure of the cratonic 

lithosphere than previously proposed. Internal heterogeneities within cratonic boundaries 

include regions of thinner lithosphere, which correspond to areas of proposed rifting in 

previous tectonic cycles. Inside the boundaries of the Amazon Craton, two distinct cratonic 



  

 blocks are identified, separated by the Amazon basin. In the São Francisco Craton, newly 

imaged thin lithosphere underlies the Paleoproterozoic Paramirim Aulacogen area. Our work 

further reveals separate, high-velocity lithospheric blocks beneath the Parnaíba and Paraná 

basins. South of the Paraná Basin, our model maps for the first time evidence of the cratonic 

root of the Rio de la Plata Craton. The detailed mapping of the lithospheric structure reveals 

its control on several geodynamic processes. Comparison of cratonic lithosphere with the 

reconstructed position of hotspots reveals that lithospheric thickness is the main control on 

the distribution of volcanism in large igneous provinces. Under the roots of the Andean 

Cordillera, our model finds multiple regions of underthrusting of continental lithosphere 

from South America. Our high-resolution images of the active margin reveal highly 

heterogeneous subduction, indicating several slab segments from the Nazca and Caribbean 

plates. East of the Peruvian flat slab, we find areas of thick lithosphere that we attribute to 

the Amazon Craton, indicating the role of cratonic hydrodynamic suction in flat slab 

formation. Furthermore, we identify regions under the Altiplano and Puna Plateaus 

undergoing lithospheric root growth and delamination, indicative of varying stages of 

Cordillera cyclicity. 

Within the mantle transition zone, we detect segments of colder mantle from the subduction 

of the Nazca plate. East of these subduction segments, we identify fast seismic anomalies 

we interpret as remnants of past lithospheric delamination events. Underlying the thick 

continental lithosphere, our model reveals prominent low-seismic velocity anomalies 

extending as deep as the transition zone, with the strongest anomaly found beneath southeast 

Brazil. Whole-mantle tomography shows that this anomaly extends to a depth of at least 

2000 km depth, suggesting a deeply rooted mantle plume. We postulate that interaction with 

past slab fragments from the long-lived Nazca subduction modifies the plume ascension 

path, causing it to branch out and travel horizontally to areas of thin oceanic lithosphere, 

where we find the present-day location of the many hotspots in the Atlantic Ocean. 
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 1 Introduction 
 

In this chapter, I aim to provide a comprehensive overview that acquaints the reader 

with the key themes of seismology and seismic tomography, and their development in the 

context of the South American continent. While this chapter offers a broad contextual 

understanding, each subsequent chapter is structured as a standalone, publication-based 

work and will provide more specific details regarding the data used, methods, and target 

geological features. 

 

Understanding the Earth 

 

The Earth, with its 4.54 billion-year history, is a dynamic and ever-changing planet. 

Its activity, evident in shifting landscapes, volcanic eruptions, and seismic events, has been 

at the centre of interest for humanity for thousands of years due to its impact on the formation 

of communities. Historical efforts to comprehend Earth's complexities can be traced back to 

ancient civilizations, including the Hebrews, Egyptians, Babylonians, and Chinese. Modern 

geophysics, however, took shape in the Victorian era, focusing primarily on understanding 

the structure of the Earth. Since the end of World War II, the scientific community has 

shifted its focus towards the Earth's surface, particularly after the consolidation of plate 

tectonics in 1968. This theory has been instrumental in explaining the mechanics of Earth's 

crust and mantle (Fowler, 2005). 

 

1.1 Seismology 

 

Seismology is currently the most powerful geophysical tool for understanding the 

structure of the Earth. When earthquakes occur, they release energy in the form of elastic 

waves that traverse the Earth and cause varying degrees of ground motion. These ground 

vibrations can be picked up by instruments known as seismometers deployed on the Earth’s 

surface. The speed of these waves is influenced by the density and elastic properties of the 

rocks they traverse. Elastic waves are generally categorized into two types: body waves and 

surface waves. 
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 1.1.1 Body Waves 

 

Body waves are a category of seismic waves that move through the Earth's interior. 

Their behaviour is akin to light and sound waves, as they get reflected and transmitted at 

boundaries where there are changes in seismic velocity or density.  There are two types of 

body waves: 

 

P-Waves: Also known as primary, compressional, or longitudinal waves, P-waves 

consist of a sequence of compressions and expansions (Figure 1.1-A). The ground particles 

move back and forth in the same direction as the wave, resulting in a wave speed of 

approximately 6–7 km/s in the Earth's crust. P-waves are the fastest among seismic waves. 

S-Waves: Standing for secondary or shear waves, S-waves result from shear 

deformation. These waves move particles perpendicular to their direction of travel, making 

them transverse waves. S-waves are further split into a horizontal (SH) and a vertical (SV) 

components (Figure 1.1-B). With speeds ranging 3.5–4 km/s in the crust, S-waves are slower 

than P-waves. Importantly, S-waves can only propagate through materials that support shear 

strain; therefore they cannot travel through fluids. 

 

 
Figure 1.1: A,B) Representation of the particle displacement of seismic waves. C) Hypothetical 

seismogram (figure taken from Lowrie, (2018)). 
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 1.1.2 Surface Waves 

 

Surface waves radiate along the Earth's surface from a point known as the 

epicentre, which is situated directly above the earthquake's source. These waves behave in a 

manner akin to ripples expanding across a pool following a splash. Small, deep earthquakes 

generally do not generate strong surface waves, while shallow and large events can produce 

surface waves that have very large amplitudes and can be highly destructive. This is because 

unlike body waves, which disperse in three dimensions within the Earth's interior, the energy 

of surface waves is confined near the Earth's surface. This results in more concentrated 

energy, leading to the largest amplitudes that can be produced by an earthquake and causing 

the most significant ground motion and damage. Surface waves are categorised into two 

main types: 

 

Rayleigh Waves: These waves merge the longitudinal vibrations of P-waves with 

the vertical vibrations of S-waves. This combination causes particles on the surface to move 

in an elliptical path within the vertical plane. 

Love Waves: These waves arise when the horizontal components of shear vibrations 

are confined to the boundary layer between the Earth's surface and a lower interface. 

 

1.2 1D Earth Models 

 

The travel times and amplitudes of seismic waves offer insights into the physical 

properties of the medium they traverse. In particular, strong, distant earthquakes excite 

waves that can travel thousands of kilometres inside the Earth, sensing its deep layers, and 

variations in the arrival time, frequency and amplitude of these waves can be directly related 

to changes in the temperature and composition of the Earth's interior. These measurements 

are the core data for the construction of seismic models of the Earth’s structure, which detail 

the seismic velocity at various depths, achieved through mathematical inversion of the 

recorded seismic data. While the Earth's properties do exhibit significant lateral and vertical 

variations, the most pronounced changes occur with depth. As a result, the Earth's structure 

can be effectively approximated by one-dimensional models (Figure 1.2) that account for 

changes in seismic velocities, density, and attenuation as functions of depth (e.g. Bullen, 

1942; Dziewonski & Anderson, 1981). It is important to note that one-dimensional reference 

models serve as a basic approximation of the Earth's structure. These models are often least 



 1.4  

 accurate in representing the crust and uppermost mantle, where lateral seismic velocity 

variations are most pronounced.  

 

 
Figure 1.2: Variations of body wave velocities and density with depth in the Earth’s interior 

(figure taken from Lowrie, (2018)). 

 

1.3 Seismic Tomography: Mapping the 3D Earth 

 

In a realistic Earth, the internal composition and temperature are more complicated 

than in an idealized, 1D, layered Earth. The observed travel-times of individual seismic 

phases often show deviations from those predicted by the 1D Earth models. These 

deviations, known as travel-time residuals, may arise from local or regional variations in the 

seismic velocity structure along the path travelled by the wave from the source to the 

recording station. By combining residuals from multiple crossing paths, we can infer the 

distribution of these velocity variations in space, crafting three-dimensional images of the 

seismic structure of the Earth. These variations in velocity can then be mapped to variations 

in the temperature and composition of the Earth, which can in turn be related to the different 

physical properties of 3D geological features. Large-scale geological features have distinctly 

different temperature and composition that allow them to be “seen” by seismic waves. For 

example, the lithosphere of cratons—the stable cores of the continents—and subducting 

slabs show seismic velocities that are characteristically higher than the surrounding mantle, 
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 while mid-ocean ridges and mantle plumes—deep seated upwellings of hot material—show 

seismic velocities that are lower than average. It is important to note, however, that the 

sensitivity of seismic waves to temperature and composition is complex, so that different 

geological bodies can be identical to seismic waves in certain conditions, requiring 

additional constraints for interpretation. 

The first P-wave travel-time tomographic models could mostly resolve large-scale 

heterogeneities in the Earth's lower mantle (e.g. Dziewonski, 1977). Subsequent years saw 

the use of normal modes (Masters et al., 1982) and surface waves to model the upper mantle 

and its anisotropic properties (e.g. Anderson & Dziewonski, 1984; Woodhouse & 

Dziewonski, 1984).  

Concurrently, the varying sensitivities of the different seismic waves led to the 

development of tomographic models based on waveform modelling (e.g. Fichtner et al., 

2009; Lebedev & Van Der Hilst, 2008; Mégnin & Romanowicz, 2000; Rickers et al., 2013; 

Ritsema et al., 2011). These models utilise data from both surface and body waves, and in 

some instances, normal modes. Waveform tomography is capable of sampling the crust and 

a significant portion of the mantle with varying degrees of accuracy. 

 

1.4 Seismic Tomography of South America 

 

If seismic tomography relies on the combination of seismic data, its efficacy depends 

strongly on the distribution and availability of seismic stations. Early tomographic models 

relied on relatively few seismic stations and were able to sample heterogeneities only in the 

scale of thousands of kilometres (~3000-5000 km) (e.g. Dziewonski, 1977; Masters et al., 

1982; Romanowicz, 1995a; Woodhouse & Dziewonski, 1984b). In South America, until the 

year 2000, seismic stations were mostly located on the Andes and in south-eastern Brazil 

(Figure 1.3). The distribution of these stations reflected the target area of the first regional 

models, which focused on the Nazca subduction (Engdahl et al., 1995) and the upper mantle 

below SE Brazil (Vandecar et al., 1995). 
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Figure 1.3: Evolution of the distribution of permanent seismic stations in South America from 

2000 to 2020. Seismic station data from USGS. 

 

From the 2000s, the number of broadband seismic stations deployed worldwide 

increased dramatically. Global models (Houser et al., 2008; Montelli et al., 2006; Panning 

et al., 2010; Ritsema et al., 2011; Romanowicz, 2008) could now resolve the heterogeneities 

to the scale of hundreds of kilometres (500-1000 km). In South America, global S-wave 

models (Houser et al., 2008; Panning et al., 2010; Ritsema et al., 2011) identified the high 

seismic velocities of the thick continental lithosphere as forming one or two large units in 

the northeast-centre of the continent (Figure 1.4). The regional, mostly S-wave models 

developed  (Feng et al., 2007; Heintz et al., 2005; van der Lee et al., 2001; Vdovin et al., 

1999) had better resolution in the upper mantle, due to the specific choice of parametrization 

and regularisation values to reflect the seismic data coverage in South America. As shown 

in Figure 1.3, deployments of seismic stations in the 2010’s in the northern Andes and 

Amazon regions, and in the interior of the continent filled the large seismic gap on most of 

South America. As a result, the regional models computed with the newly available data 

showed improved definition on the lithospheric structure, usually identifying regions of 

higher velocities in the north and southeast South America (Figure 1.4). Despite the seismic 

networks’ growth, the distribution of seismic stations in the 2000’s was still highly 

heterogeneous. 

 



 1.7  

 

 
Figure 1.4: S-wave tomography models published between 2000 and 2010. The models HMSL-

S06 (Houser et al., 2008) and SAW642ANb (Panning et al., 2010) are global and Feng (Feng et 

al., 2007) was constructed with emphasis on the South American stable platform. Figures 

were made with SubMachine (Hosseini et al., 2018). 

 

In 2011, the Brazilian Seismic Network (RSBR; (Bianchi et al., 2018b)) was 

founded, with efforts to expand the seismic stations coverage specially in the large Amazon 

region. Additionally, efforts to understand the Nazca subduction and its seismic hazard 

resulted in significant improvements to the distribution of seismic stations on the western 

coast and Andean Cordillera (Figure 1.3). This explosive growth in the regional and global 

seismic data led to the creation of a broad range of seismic tomography models (Figure 1.5). 

These advancements in the seismic coverage of South America also lead to improved crustal 

maps (Rivadeneyra‐Vera et al., 2019; Shirzad et al., 2020), more accurate definition of the 

cratonic boundaries (Affonso et al., 2021; Celli et al., 2020b; Ciardelli et al., 2022; Neto et 

al., 2019; Rocha et al., 2019), and a better understanding of the complex geometry of the 

subduction slab (Portner et al., 2020; Rodríguez et al., 2020). 
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Figure 1.5: S-wave tomography models published between 2010 and 2020. Seismic models 

SEMUCB-WM1 (French and Romanowicz, 2014) and SGLOBE-rani (Chang et al., 2015) are 

global. SA2019S (Celli et al., 2020b) is a model including South America, Africa and the South 

Atlantic. Figures were made with SubMachine (Hosseini et al., 2018). 

 

1.5 Motivation and Outline 

 

Despite considerable global improvements in seismic data coverage over the past 

decade, challenges persist in many remote or inaccessible regions and particularly in the 

Southern Hemisphere. In South America, these regions include the Amazon Forest, the 

Peruvian Andes, the remote regions of southern Patagonia and the surrounding oceans. The 

scarcity of information on surface geology in these areas further amplifies the necessity for 

indirect geophysical studies. 

To capture fine-scale details of the crust and upper mantle, seismic tomography must 

efficiently utilise the extensive, but uneven, seismic data currently available, a task that 

demands significant computational resources. In this context, this thesis employs the 

Automated Multimode Inversion (AMI) technique (Lebedev et al., 2005). AMI enables the 

efficient extraction of structural information from millions of seismograms and has been 

successfully applied in several tomographic models (Celli et al., 2020b; De Laat et al., 2023; 

Lebedev and Van Der Hilst, 2008; Schaeffer and Lebedev, 2014). Its computational 

efficiency makes AMI an ideal tool to study regions with sparse or uneven data coverage, 

where including the largest amount of seismograms to constrain tomographic models is key. 

This thesis presents a new seismic tomography model of South America and its 

surroundings by applying AMI to a very large database of over 970 thousand waveform fits 

and fine-tuning the resulting model to South America. The model reveals the detailed 
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 structure of the lithosphere and the underlying mantle, down to 660 km depth. The thesis 

consists of three research chapters, with each focussing on a relevant feature of the upper 

mantle. In each chapter, we address and discuss the new structures revealed by our model, 

previously unseen in past tomography models. 

Chapter 2 discusses in detail all the processes involved in achieving the final 

tomography model. These include data pre-processing, model calculation and details on the 

choice of regularisation parameters and resolution analysis. 

Chapter 3 was developed as an invited publication on the upper mantle seismic 

structure of South America. The manuscript is submitted to Gondwana Research as part of 

their invitation-only ‘GR Focus Review’ category. The chapter investigates the lithospheric 

structure of the major cratonic blocks of South America, namely the Amazon, São Francisco, 

Rio de la Plata Cratons, and Paraná and Parnaíba Blocks. The chapter also examines the 

spatial distribution of magmatic events, such as Cenozoic volcanism and diamondiferous 

kimberlites and their correlation with lithospheric thickness. Notable findings include the 

identification of several regions within cratons where the lithosphere is thinner, 

corresponding to areas of historical rifting and the first-ever mapping of the cratonic root of 

the Rio de la Plata Craton. 

Chapter 4 delves into the origins and distribution of intraplate magmatism in South 

America, focusing on Mesozoic large igneous provinces and igneous rock locations. The 

chapter compares the new tomography model with existing models and discusses potential 

sources of magmatism in the mantle and processes responsible for magma generation and 

emplacement. Key findings include evidence of complex plume-lithosphere interactions and 

plume branching due to slab subduction, as well as a detailed description of the role of 

lithospheric structures in the control of the distribution of magmatism. 

In Chapter 5 we apply our high-resolution seismic model to decipher the 

complexities of Andean tectonics, with a focus on the structures of the subduction zone and 

the lithosphere beneath the Andean Cordillera. In this chapter, we analyse the influence of 

the continental lithosphere in the formation of flat-slab segments, the underplating of 

subducted lithosphere, and cordillera cyclicity. The main findings include the identification 

of multiple slab segments in northwestern South America, evidence of slab tearing and 

delamination in the Peruvian and Chile-Pampean flat-slab segments, and the influence of the 

Payenia and Patagonia segments on the crustal deformation and magmatism. 

Chapter 6 concludes the thesis with a summary of the principal results and 

contributions as well as possible pathways for future research directions stemming from our 

new findings. 
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 2 Methodology 
 

In this chapter, I will describe all the necessary steps (Figure 2.1) required to produce 

the final tomographic model presented and discussed in this thesis. The methodology 

employed in the computation of the tomographic model has been extensively described in 

peer-reviewed journals (Celli et al., 2020b; De Laat et al., 2023; Lebedev et al., 2005) and 

doctoral theses (Celli, 2020; Schaeffer, 2014) and has been successfully applied in a number 

of global (Lebedev and Van Der Hilst, 2008; Schaeffer and Lebedev, 2013) and continental 

studies (Celli et al., 2020a; De Laat et al., 2023; Lebedev and Nolet, 2003; Schaeffer and 

Lebedev, 2014).  

I will briefly discuss the standard pre-processing steps applied to seismic data prior 

to waveform inversion. Subsequently, I will outline Partitioned Waveform Inversion (PWI) 

schemes, including the Nolet (1990) implementation and the Automated Multimode 

Inversion (AMI) (Lebedev et al., 2005). These are followed by the 3D linear inversion 

(Lebedev and Hilst, 2008; Schaeffer and Lebedev, 2013), outlier removal, and tuning of 

model regularisation parameters. If not expressly specified in the text, I refer the reader to 

two books that extensively treat the subject: Nolet (2008) and Dahlen and Tromp (1998).  
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Figure 2.1: Simplified flowchart description of all necessary steps to compute the final 

tomography model we will present in the following chapters. 

 

2.1 Data Pre-Processing 

 

The seismic data used to calculate the tomographic model was acquired from the 

FDSN (International Federation of Digital Seismograph Networks) Web Service 

(https://www.fdsn.org/) and downloaded and processed using the Obspy tools (Beyreuther 

et al., 2010). The acquisition of the broadband waveforms is followed by automated quality 

checks and pre-processing including: checks for fragmentation, clipping (seismograms with 

which are removed), detrending and response correction to displacement. Additionally, we 

check the station response information provided by the data centres. We did so by comparing 
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 the response files provided by different data repositories and making sure to use the one that 

is most up to date (de Laat et al. 2023). Finally, the vertical component seismograms are 

downsampled to one sample per second. For the application of the AMI codes, the 

seismograms need to be formatted into an organized data tree structure. 

The earthquake source parameters used are provided by the Global Centroid Moment 

Tensor Catalogue (GCMT) (Ekström et al., 2012) with a distance-magnitude dependent 

threshold (Figure 2.2). The empirically generated linear cut-off filters out low-magnitude 

and long-distance events, which would only lead to lengthier computational times with a 

small percentage of fits due to low signal to noise ratios. 

 

 
 

Figure 2.2: Plot of all seismograms pre-processed for fitting with AMI. Black points are all 

unsuccessfully fit seismograms and blue points represent those successfully fit. The 

empirical cut-off is indicated by the grey line at the bottom of the figure. Figure from Schaeffer, 

(2014). 

 

2.2 Waveform Inversion 

 

Waveform inversion techniques aim to constrain Earth's structure by leveraging the 

abundant information contained within seismic waveforms. This process requires three 

principal components: a forward modelling step to generate a synthetic seismogram based 
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 on an Earth model, an objective measure for comparing synthetic and real data, and an 

algorithm for updating the Earth model.  

Starting from a simplified model of the Earth (e.g., Figure 1.2), it is possible to 

calculate synthetic seismograms. For the methods discussed herein, the generation of a 

synthetic seismogram is presented in the framework of efficient frequency domain mode 

summation, utilising the Jeffreys-Wentzel-Kramers-Brillouin (JWKB) approximation, as 

detailed by (Dahlen and Tromp, 1998). This approximation serves as the surface-wave 

analogue of ray theory. The limitations of the JWKB approximation are related to the 

phenomena of scattering, which occurs due to the presence of heterogeneities of certain sizes 

that can influence the propagating waveform. An illustrative example is the scattering of 

high-frequency components of the seismogram as they traverse the highly heterogeneous 

crust, encountering scatterers of sufficient size to impact the modelled wavelengths (Nolet, 

2008; Lebedev et al., 2005; Schaeffer and Lebedev, 2013). The comparison of observed and 

synthetic data is conducted in the time domain through waveform fitting. 

Waveform fitting consists of matching the observed and synthetic waveforms by the 

application of perturbations to the model. The calculated perturbations indicate areas of 

lateral heterogeneity, not predicted by the initial, simplified model of the Earth. Constraining 

the perturbations means decoding the Earth structure—or solving the nonlinear inverse 

problem. 

 

2.3 Partitioned Waveform Inversion (PWI) 

	

In this section, we present the conceptual basis of the nonlinear Partitioned Waveform 

Inversion (PWI) method, introduced by Nolet (1990) and applied successfully in many 

studies (e.g., Bedle and Van Der Lee, 2006; Feng et al., 2007; van der Lee et al., 2001; van 

der Lee and Nolet, 1997). The Automated Multimode Inversion (AMI) (Lebedev et al., 

2005) method used in the present work was developed with PWI as a basis. It inherited from 

it the basic approach of fitting seismograms independently and some of PWI’s routines used 

in waveform fitting and applied in order to obtain linear equations with independent 

estimated uncertainties. The general approach effectively reduces the complexity of large-

scale two- or three-dimensional seismic modelling challenges by dividing them into smaller, 

more manageable segments. The fundamental concept involves utilising path integrals over 

seismic velocities as the model parameters, instead of the seismic velocities themselves, 
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 thereby transforming a large-scale optimisation issue into several independent small-scale 

challenges. 

The procedure consists of two phases to optimize efficiency. Synthetic seismograms are 

computed using the JWKB approximation (Dahlen and Tromp, 1998): 

 

𝑠(𝜔) =&𝐴!(𝜔)
!

𝑒𝑥𝑝+𝑖𝜔∆//𝐶!" (𝜔) + 𝛿𝐶!(𝜔)333333333345,					(1) 

 

where the sum is over modes m and ∆ is the source-receiver distance. The complex 

amplitudes of the modes 𝐴!(𝜔) depend on the source mechanism (e.g. Dziewonski et al. 

1994) and the Earth model assumed for the source region, as well as on geometrical 

spreading and attenuation (detailed calculations in, e.g. Aki & Richards 1980; Dahlen & 

Tromp 1998). Phase-velocity perturbations 𝛿𝐶!(𝜔)3333333333 are functions of the path averaged S-

velocity perturbation: 

 

𝛿𝐶!($)333333333 = 9
𝜕𝐶!" (𝜔)
𝜕𝛽(𝑟) 𝛿𝛽(𝑟)33333333𝑑𝑟.

&

"
					(2) 

 

The reference phase velocities 𝐶!" (𝜔)	and their Fréchet derivatives 𝐶!" (𝜔)/𝛽(𝑟) are 

calculated for a 1-D model with an estimated average structure of the mantle and crust  along 

the source–station path, and a is the Earth’s radius.  

Waveform fitting is using the Fourier-transformed synthetic s(t) and the data d(t) in the time 

domain by minimizing a least-squares misfit function:  

 

𝐹/𝛿𝛽(𝑟)4 = 9A𝑹𝑑(𝑡) − 𝑹𝑠/𝑡, 𝛿𝛽(𝑟)4A 𝑑⬚
( 𝑡		 		(3) 

 

where R is a filtering, windowing and weighting operator. The fitting involves executing the 

non-linear inversion for each path separately, yielding path-average perturbations in the 

model parameters (Nolet, 2008, see eqs. 10.14 and 10.15). 

We parametrize 𝛿𝛽(𝑟)33333333 using a set of 1-D basis functions ℎ)(𝑟) spanning the crust, upper 

mantle, and the upper part of the lower mantle: 

 

𝛿𝛽(𝑟)33333333 =&𝛾)ℎ)(𝑟)
*

)+,

.					(4) 
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The number M of the inversion parameters 𝛾) is 15–20 for S-velocity perturbations 𝛿𝛽(𝑟)33333333. 

PWI refines seismic modelling through the diagonalization of the path integral parameters’ 

correlation matrix, facilitating the subsequent linear inversion. Given that surface wave 

dispersion reflects the cumulative property of all layers, rotation of the parameters using the 

Hessian matrix 𝐻)
- = 𝜕(𝐹/𝜕𝛾)𝜕𝛾- delineates a new parameter set with uncorrelated errors 

 

9 𝐺)
.(𝒓)𝛿𝛽(𝒓)𝑑/𝒓

⬚

⊕
= 𝜂) ± Δ𝜂) ,						(5) 

 

where i = 1, ..., M. New parameters 𝜂) correspond to new basis functions 𝑔)(𝑟): 

 

𝛿𝛽(𝑟)33333333 =&𝜂)𝑔)(𝑟)
*

)1,

,					(6) 

 

with each 𝑔)(𝑟) a linear combination of the M original basis functions ℎ)(𝑟) (for details see 

Nolet 1990). 𝐺)
.(𝒓) define the S-velocity sensitivity volumes within the 3-D Earth volume 

⊕. 

The inversion partitioning process enhances computational efficiency and facilitates 

the management and analysis of extensive seismic datasets, as each waveform is individually 

inverted and then collectively assessed. Beyond reducing computational demands, this 

segmentation simplifies the incorporation of new data into the inversion: rather than 

recalculating the entire dataset for each tomographic model, only new paths require 

inversion, and the linear tomographic inversion is reiterated with the updated dataset.		

Following this, in the second phase, the path averages are consolidated into a 

comprehensive damped linear system of Eqs (5) obtained from different seismograms are 

weighted with their uncertainties Δ𝜂) and solved together for a 3-D tomographic model. 

 

2.3.1 Automated Multimode Inversion (AMI) 

	

The Automated Multimode Inversion (AMI) algorithm (Lebedev et al., 2005) is a 

fully automated approach to waveform fitting and inversion. AMI's numerical efficiency 

primarily stems from its ability to discern signals for which theoretical approximations are 

applicable, effectively weighting and integrating data from various segments of the wave 
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 train (see the simplified flowchart Figure 2.3). Additionally, AMI implements the use of 3D 

reference models and the estimation of approximate sensitivity regions. 

	

 
Figure 2.3: Simplified flowchart of AMI, including checks for the validity of the JWKB 

approximation, waveform fitting at each time-frequency window and waveform inversion of all 

successful fitted windows. The resulting linear equations with uncorrelated uncertainties will 

be inverted together for a 3D seismic tomography model. 
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  The key elements of AMI which enable the generation of high- resolution 

tomographic models (Celli et al., 2020b; Lebedev and Van Der Hilst, 2008; Schaeffer and 

Lebedev, 2013) are: 

 

1. 3D reference model. While previous PWI implementations used a simplified 1D 

reference model (Nolet, 2008, 1990), AMI calculates the initial phase velocities and  

the path average perturbations 𝐶!" (𝜔) and 𝛿𝐶!⬚(𝜔), respectively. The path average 

phase velocities are expressed as derivatives with respect to P- and S-wave velocities 

𝛿𝛼2(𝑟) and 𝛿𝛽2(𝑟) (Fréchet derivatives), using a 3D reference model:  

 

𝐶!
2 (𝜔) = 9

𝜕𝐶3" (𝜔)
𝜕𝛽(𝑟)

&

"
𝛿𝛽2(𝑟)𝑑𝑟 + 9

𝜕𝐶3" (𝜔)
𝜕𝛼(𝑟)

&

"
𝛿𝛼2(𝑟)𝑑𝑟,					(7) 

 

where a is the radius of the Earth. These derivatives are then averaged over 

approximate sensitivity regions (Lebedev and Van Der Hilst, 2008). The 3D model 

incorporates the CRUST2.0 (Bassin et al., 2000) for the crust with added topography 

and bathymetry, and a modified version of AK135 (Kennett et al., 1995) for the 

mantle (Schaeffer and Lebedev, 2013). The model is parametrised on a triangular 

grid (Wang and Dahlen, 1995) with an approximate spacing of 28 km.  

 

2. Sensitivity kernels. AMI improves on the ray path approximation by implementing 

approximate sensitivity areas. These areas are defined in terms of Fresnel zones 

(Lebedev and Van Der Hilst, 2008): 

 

𝛿 = U
𝜆/2

|𝑐𝑜𝑡Δ, + 𝑐𝑜𝑡Δ(|
					(8) 

 

encompassing all nodes within the reference model grid where the phase shift 

between the source and the point, and the source and receiver, is less than π/2 (as 

shown in Figure 2.4). In Equation (2) Δ, and Δ( are the distances from a point on the 

source-station great circle path to the source and to the receiver, δ is the path-normal 

distance from this point to the Fresnel-zone boundaries, and λ is the wavelength 

(Wang & Dahlen 1995b). 
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Figure 2.4: Example of the calculation of a sensitivity kernel used by AMI. Left: path-

perpendicular cross-section through a kernel illustrating the trapezoidal shape. Right: grey 

circles show the nodes of the integration grid and white the tomographic model grid; both 

circle sizes are scaled with the weights of the knots in the area integral. Figure from Lebedev 

and Van Der Hilst, (2008). 

 

3. Near-nodal radiation check. AMI to selects and assesses time-frequency windows 

to ascertain the applicability of the JWKB approximation. This is crucial as, in 

instances where the source-station azimuth aligns with a nodal point in the radiation 

pattern of a wave, the observed energy is likely predominantly scattered. Therefore, 

AMI calculates the earthquake radiation pattern for each path, frequency, and mode. 

Segments of the seismogram corresponding to near-nodal azimuths in the radiation 

pattern are excluded due to their likelihood of being dominated by scattered energy. 

Paths also tend to exhibit increased complexity as they approach near-nodal azimuths 

(Lebedev et al., 2005). 

 

4. Time-frequency windows. AMI employs a series of Gaussian filters for the 

selection of time-frequency windows (Figure 2.5-a). By applying these filters to the 

seismogram, the complex broadband waveform is simplified into a sequence of 

simpler waveforms. The minimum frequency is determined to ensure that the far-

field approximation holds, requiring at least 3–4 wavelengths of the fundamental 

mode to span the distance between the source and station. the high-frequency 

threshold is established to validate the point source approximation, set at 1/(3τ), 

where τ denotes the estimated duration of the event (taken from a catalogue, e.g. 

Dziewonski et al. 1994). Wave periods akin to τ are likely influenced by the 

unmodelled complexities of the source, finite in both space and time. 
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5. Window selection and waveform fitting. Within the defined minimum and 

maximum frequency boundaries, the selection of time-frequency windows must 

surpass a predetermined signal-to-noise ratio. The signal to noise ratio is calculated 

based on the amplitude of the envelope before the P-wave arrival. If the signal to 

noise ratio of the first filter exceeds a fraction of the maximum amplitude of the 

signal envelope within the S- wave–fundamental mode window, we increment the 

centre frequency of the filter until detecting an acceptable signal-to-noise ratio. If 

it is not detected within the frequency range, the seismogram is discarded. Having 

chosen the first frequency, we attempt to obtain a waveform fit of it and, if successful, 

add higher frequency filters one after another (Figure 2.5-b).  

Waveform inversion within a time–frequency window is considered successful—

and, thus, the window is accepted—if the relative data-synthetic misfit within it is 

smaller than 5 per cent. A single, widest possible time window is initially attempted 

at every frequency. If the fit is acceptable only in parts of the window, then it is either 

narrowed to include only the well-fit wave train(s) or split into two or more windows 

with an acceptable fit within each.  

Waveforms in all time–frequency windows are inverted together, that is, we search 

for the velocity perturbation that minimises the cumulative misfit over all windows. 

The simplicity of the waveforms ensures the computed value of the misfit becomes 

an accurate and sufficient measure of similarity between the actual and synthetic 

signals. For each wave train (one or more in each of the time– frequency windows) 

we can obtain an almost perfect data-synthetic fit as long as the scattered-wave and 

noise contributions are small.  
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Figure 2.5: AMI fit example of a Chilean earthquake recorded by the DVLD station from the XC 

network on 25th of October, 2016 (d). a) Time frequency windows Gaussian filters. b) 

Waveforms (solid lines) are matched with synthetics (dashed lines). c) The reference model 

used for the waveform inversion and the path-average-model obtained from the inversion of 

all selected time–frequency windows.  

 

6. Cycle-skip prevention. We decrease the likelihood cycle skipping (2π phase 

ambiguity) we initiate the fitting at the lowest frequency, and not lower than a defined 

number (here 12) of the fundamental-mode wavelengths. This approach ensures that 

once the phase is accurately identified in the initial frequency band, it remains 
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 correctly established in subsequent, higher frequency bands. If an acceptable fit 

cannot be achieved at sufficiently low frequencies, the seismogram is excluded from 

further analysis. 

 

7. Weights and energy equalization. We want to account for the contributions of 

different wave types from the distinct parts of the signal, in order to prevent the wave 

trains with the largest amplitudes (e.g. fundamental mode) from dominating the final 

misfit measurement. We do so, by applying a weight value that incorporates the 

product of the ‘envelope’ weighting  𝑤)456(𝑡), the ‘wave-type’ weight 𝑤)
7829(𝑡) and 

the ‘error-suppressing’ weigh 𝑤)9::(𝑡) for each time-frequency window in the form:  

 

𝑤)(𝑡) = 𝑤)456(𝑡)𝑤)
7;<4(𝑡)𝑤)4==(𝑡)					(9) 

 

such that the misfit of body wave arrivals (higher modes) contributes equally 

compared to the fundamental mode arrival (Lebedev et al., 2005). Without this 

balanced weighting, the misfit function could be dominated by fundamental mode 

surface waves, potentially compromising the tomographic model's resolution at 

specific depths, such as the transition zone. Additionally, we remove the absolute 

amplitude of the seismograms, so that the misfit function for the i-th window is 

defined as: 

 

𝐹) =
∫ 𝑤)(𝑡) ^𝑑)(𝑡) − 𝑓)

9>𝑠)(𝑡)`
(
𝑑𝑡7!

7"

∫ 𝑤)(𝑡)𝑑)((𝑡)𝑑𝑡
7!
7"

					(10) 

 

and is only dependent on the shape of the waveforms (Lebedev et al., 2005). In 

Equation (4) di and si are the observed and synthetic seismograms, respectively, 𝑡, 

and 𝑡( the beginning and end time of the i-th time window and the factor 𝑓)
9? 

equalizes the energy of the synthetic with that of the data. 

 

8. Automatization. The automated execution of each of the above key points enables 

the efficient processing of massive volumes of both vertical- and transverse-

component seismic data, which would not be feasible if the procedure required 

human interaction. A direct advantage of this extensive dataset of waveform fits is 
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 the substantial increase in data redundancy, which can be leveraged to enhance both 

the resolving power and accuracy of the final tomographic model. 

	

The efficacy of AMI is demonstrated by a series of benchmark simulations (Qin et 

al., 2008) which use the spectral element method to compute seismograms through several 

synthetic Earth models. The result  of the waveform inversion of each seismogram is a set 

of linear equations with uncorrelated uncertainties (Nolet, 1990). This set of linear equations 

describe the average S- and P-wave velocity deviations from a 3D reference within 

approximate sensitivity volumes between the sources and stations (eq. (5), Lebedev and Van 

Der Hilst, 2008). The uncorrelated uncertainties associated with these linear equations are 

directly linked to the seismic waveforms and serve to weight the equations accordingly. In 

summary, AMI offers three key advantages:  

 

§ It enables the processing of voluminous data sets through full automation. 

§ It maximises information extraction from broad-band seismograms while 

maintaining the validity of relevant theoretical approximations. 

§ It balances the extracted information, particularly by weighting waves of varying 

amplitudes and types, to constrain unbiased Earth models. 

 

2.4 3D Tomographic linear inversion 

 

The linear equations with uncorrelated uncertainties (eq. (5), Lebedev and Van Der 

Hilst, 2008) generated by AMI offer robust constraints on the path-average Earth structure. 

The computational efficiency of AMI facilitates the production of millions of waveform fits.  

These fits are then combined in a large linear tomographic inversion (Paige and Saunders, 

1982) to solve for P- and S-wave velocities, moving from the path-averaged models to a full 

3D tomography model of the Earth’s upper mantle. 

The individual waveform fits, created for hundreds of thousands of seismograms, are 

amalgamated into a unified linear system represented by the equation Am = d.  

	

2.4.1 The data vector d 
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 The system's equations are parameterized using 18 and 10 vertical basis functions 

for S- and P-wave velocities, respectively, leading to a significant number of rows in the 

system. To limit the number of equations to those essential for the tomographic inversion, 

only eigenvalues of the adjusted parameters exceeding a specified threshold are retained (on 

average, 3.5 equations per path). The incorporation of S- and multiple-S waves results in a 

slower decay of the eigenvalues with depth, indicating that waveform fits including these 

additional phases will contribute a larger set of equations. We then group all source-station 

paths, encompassing the reduced, weighted equations, into a single data vector d. 

 

2.4.2 The model vector m 

 

The model vector m represents a global, 3D model. Vertically, the model is 

parameterized using the same set of basis functions as employed in waveform inversion, 18 

for S-wave and 10 for P-wave velocities. Horizontally, the model vector is parameterized 

using a grid that is similarly spherically tessellated into triangular knots, akin to the reference 

model grid (integration grid), albeit typically with a coarser spacing. As the grids are co-

registered, equations can be seamlessly interpolated from the finer integration grid onto the 

coarser model grid. 

The tomographic model inverts for P- and vertically polarized S-wave velocities, as 

well as for 2ψ S-wave azimuthal anisotropy. The primary focus lies on the structure of the 

shear wave velocity, although the P-wave velocity component is incorporated due to 

Rayleigh waves' marginal sensitivity to compressional waves. We calculate azimuthal 

anisotropy by making phase velocity (and later the shear-velocity) direction dependent	(eq.	

(1),	Smith	and	Dahlen,	1973).	 

 

2.4.3 The sensitivity matrix A 

 

The matrix A connects the data vector and the model vector, representing the 

sensitivity of the data to the model parameters mathematically. It is constructed from scaled 

kernel functions, which are the product of transformed basis functions and sensitivity areas. 

As a result, A is predominantly a sparse matrix, with most elements outside the sensitivity 

regions being zero. To optimize memory usage during the inversion, the storage is limited 

to non-zero elements of A and associated indexing arrays. 
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 Given the extensive number of waveform fits processed, we combine many source-

station paths that are nearly identical. Direct inclusion of each path without modification 

could lead to a bias in the tomographic inversion, giving relatively higher weight to highly 

sampled model knots. To address this issue, each seismogram is assigned a path-similarity 

weight. The weight is a sum of  an individual measure of each seismogram path similarity 

with all the other seismograms (eq. (2.127), Schaeffer, 2014).  

After constructing the sensitivity matrix, we compute the path-similarity weights and 

scale the data with them, defining the new, scaled data vector d where equations with high 

path-similarity are down-weighted.  

 

2.4.4 Tomographic Inversion 

 

The resulting system of equations is overparameterized, necessitating the imposition 

of regularisation conditions to stabilize the inversion process. The regularisation conditions 

applied encompass slight norm damping, along with lateral and vertical smoothing. These 

conditions are integrated into the linear system as additional operators within the sensitivity 

matrix A (eq.	(2.129),	Schaeffer,	2014).	The inversion then proceeds through the minimisation 

of a weighted sum, which includes the data misfit, the norm of the model, and the gradient 

of the solution (eq. (19), Zielhuis and Nolet, 1994). 

 

2.5 Automatic outlier removal  

 

Errors in the data, such as inaccuracies in source locations, event origin times, source 

mechanisms, and station timing, can introduce velocity artefacts into the final tomographic 

model. Outlier analysis and rejection (e.g., Lebedev & van der Hilst, 2008) are essential for 

enhancing equation consistency, improving inversion convergence, and increasing the 

accuracy of the tomography. To quantitatively evaluate the consistency and relative quality 

of hundreds of thousands of waveform fits, an objective search is performed to identify 

significantly deviating equations. 

This outlier analysis procedure involves conducting an initial tomographic inversion 

to obtain the model m, followed by generating synthetic coefficients d through the matrix 

multiplication d=Am. The distribution of data-synthetic misfits is then analysed, identifying 

equations that reside in the distribution's tails, beyond the 2–3σ level (95-99%), for potential 

examination and rejection. Empirically, discarding 1–2% of outliers substantially enhances 
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 inversion convergence and model quality. Given the vast size of the dataset, a more selective 

approach to data retention is feasible, allowing for the elimination of up to 15% of data 

outliers—a strategy that has been empirically validated and successfully implemented in 

previous tomographic studies (Celli et al., 2020b; De Laat et al., 2023; Schaeffer and 

Lebedev, 2013).  

For the tomographic model developed in this thesis, and discussed in subsequent 

chapters, I assessed the impact of varying outlier rejection thresholds, including 5%, 10%, 

15%, and 20% of outlier data. This comparison aims to identify the most effective strategy 

for removing seismic artefacts, such as bulls-eye patterns or smearing, which do not 

represent real Earth structures but are instead indicative of data errors such as station timing 

errors and event mislocations. Upon evaluation, a 15% outlier data rejection rate was found 

to most effectively eliminate errors without compromising the model's data sampling (Figure 

2.6). Smaller scale variations observed between the models (Figure 2.6) are due to 

regularisation values applied to a different dataset, reducing the dataset will result in the 

same regularisation values affecting the model differently. 

 

 
Figure 2.6: On the left, we show a tomographic model built with the full dataset, prior to outlier 

removal. On the right, we show the resulting model after 15% of data outlier removal. Red 

circles indicate areas of possible seismic artefacts, before and after outlier removal, 

consisting of bull’s eyes and smearing. 
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 2.6 Optimization of regularisation parameters 

 

Regularisation parameters play a pivotal role in tomographic inversion due to the 

inherently ill-posed nature of these problems. The application of smoothness is designed to 

mitigate the influence of noise and data gaps, yet it is critical that it does not oversimplify 

the model to an unrealistic degree. The model must also maintain sufficient flexibility to 

accurately fit the data within its error bounds (Loris et al., 2007; Nolet, 1990). This often 

involves iterative processes and the application of subjective judgment, which should be 

grounded in both geophysical and geological insights, as well as the specific characteristics 

of the seismic dataset and the study area. 

Regularisation is implemented through lateral and vertical smoothing along with 

mild norm damping to stabilize the mixed-determined inversion. Smoothing acts as the 

primary mechanism of control, with slight damping serving a supplementary function. Two 

forms of smoothing may be applied: one that penalises the deviation between the anomaly 

at a node and the average anomaly across the node and its 6 (or 5) nearest neighbours, and 

another (gradient damping) that penalizes variations between adjacent model knots. In both 

instances, we set the intensity of these coefficients to diminish with depth, countering 

potential over-smoothing in areas of lower sampling at greater depths, where the sensitivity 

of the fundamental mode of surface waves is lower. Vertical gradient damping acts against 

abrupt changes within the model across depth layers (Schaeffer, 2014), while norm damping 

aims to minimise the anomaly magnitudes relative to the 3D reference model, with damping 

strength variably applied according to depth. All smoothing and damping parameters are 

non-dimensional and heavily parametrisation-dependent, and have to be set empirically for 

each inversion. An example of an input file used for inversion that sets and adjusts the 

regularisation parameters is demonstrated in Figure 2.7. 

Determining the optimal regularisation parameters for the model involves 

conducting a series of inversions, each time varying a single parameter. Initially, several 

levels of norm damping are tested to identify the minimal amount required to effectively 

reduce noise within the model. Following an initial visual assessment, two to three models 

with distinct norm damping values are selected for further testing with varying levels of 

smoothness. Despite the qualitative nature of this preliminary parameter selection, a-priori 

knowledge of the area is employed to validate the model's velocity structures. This includes 

geological surface data such as bedrock composition and age, areas of sutures or rifting, and 

comparisons with other tomographic models. 
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Figure 2.7: Example of an input file containing the regularisation parameters used in the 

tomographic inversion. 

 

2.6.1 Resolution Tests 

 

Resolution tests offer a robust method to validate the choice of regularisation 

parameters in seismic tomography. They consist of calculating synthetic data from a 

synthetic velocity structure and then inverting them for a tomographic model, using the same 

regularisation parameters as the real data inversion. Tuning of the regularisation parameters, 

including smoothing and damping factors, influences the inversion's ability to resolve 

specific features, the balance between model simplicity and data fit, and mitigate the effects 

of noise and incomplete data coverage. The effectiveness of the selected parameters is 

evaluated by comparing the inverted “output” model against the known, “input” synthetic 

model, focusing on the accuracy of anomaly locations, shapes, and amplitudes. This 

comparison not only highlights the capability of the regularisation scheme to recover true 

subsurface features but also identifies potential biases or artefacts introduced by over- or 

under-regularisation. 

In order to assess the accuracy of the model presented in this thesis and its capability 

to resolve structures of different dimensions and separation distance, we perform a series of 

“checkerboard type” resolution tests consisting of vertical columns with alternating positive 

and negative velocities. The synthetic vertical columns are input with ± 300 m/s extending 

from 80 km to 660 km depth (Figure 2.8). In Figure 2.8, model a) consists of columns of 

two nodes width and approximately three node spacing; model b) consists of columns of two 

nodes width and approximately six node spacing; and model c) consists of columns of four 

nodes width and ~12 nodes spacing. The distances between nodes are ~120 km. With this 



 2.29  

 first set of input models, we mainly aim at evaluating the horizontal resolving power of the 

model at different scales. 

 

Figure 2.8: Vertical column resolution tests. The input structures are defined with positive and 

negative columns of 300 m/s, from 80 km to 660 km depth. The three different input models 

consist of varied dimension and spacing, shown on the top row. The resulting models are 

shown below at 110 km, 260 km, and 485 km. 

 

In Figure 2.8, model a) includes small scale structures separated by approximately 

250 km, a smaller distance than in models b) and c). In the Earth’s upper mantle, anomaly 
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 of the sizes of model a) are comparable to geological features such as a mantle plume tail 

originating from the deep mantle, small fractured cratonic blocks within the lithosphere, or 

fragmented subduction slabs. The results for model a) indicate accurate recovery of both the 

amplitude and shape of the input features at all depths, particularly within continental 

regions. At depths of 110 km and 260 km, structures are well recovered in the Pacific Ocean, 

whereas the east coast of South America and Atlantic Ocean exhibit notable smearing and 

reduction in the amplitude of the anomalies. At 485 km depth, increased smearing across 

structures and amplitude attenuation in most oceanic regions and north-eastern Brazil are 

observed. 

Model b) includes structures with identical size to those of model a), but with an 

increased spacing of approximately 650 km. This configuration aims to explore the model's 

efficacy in distinguishing between more distantly spaced structures.  The inversion outcomes 

from model b) demonstrate well-delineated spatial columns and amplitudes, exhibiting 

reduced smearing compared to the results of model a). At 485 km depth, minor smearing 

and amplitude reduction are particularly noticeable in oceanic areas, especially in the 

Atlantic.  

Model c) features large scale structures with increased spacing between them. The 

model's input structures are approximately 500 km wide, with a separation of around 1500 

km from each other. In a real Earth scenario, such larger scale structures could represent 

larger plume conduits, large blocks of cratonic lithosphere, or flat subduction zones. The 

output from model c) closely matches the input in both amplitude and shape across all model 

depths. At 485 km depth, smearing is observed in oceanic regions, indicating averaging 

lengths that surpass the column-footprint width on the map. However, at this scale, the model 

successfully resolves the input structures in terms of both space and amplitude across all 

depths, in both continental and oceanic areas.  

These tests illustrate qualitatively the ability of the tomography to resolve gaps 

between anomalies, of different widths and in different locations in the study region. More 

importantly, we validated the choice of regularisation parameters of the inversion. The 

model resolves a range of dimensions and separation distances between structures, and 

anomalies are well resolved in space and amplitude. The model efficiently recovers small 

scale structures within continental regions at depths extending into the transition zone, while 

oceanic regions show worse recovery due to the decreased data sampling in there. 

These resolution tests thoroughly explore the resolving capabilities of our model, in 

amplitude and scale, both laterally and vertically. 
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 3 The lithosphere of South America from seismic 

tomography: Structure, evolution, and control on 

tectonics and magmatism 
 

Abstract 

 

The thickness, temperature and mechanical strength of the lithosphere vary greatly across 

South America, controlling tectonic and magmatic processes during the continent’s 

evolution. Here, we compare state-of-the-art tomographic models to geological and 

geophysical data on lithospheric thickness complementing them with our new tomographic 

model of the South American upper mantle, SACI-24. The model is obtained by waveform 

inversion of surface, S and multiple S waveforms globally, but is optimised for South 

America and the surrounding oceans and is constrained by ~970,000 seismogram fits from 

9259 stations.  

SACI-24 maps the details of cratonic lithosphere across the continent, highlighting new 

internal complexities and fragmentation. Within the Amazon Craton, the Guiana and Central 

Brazil blocks are separated by the low velocities below the Amazon Basin at 80-150 km 

depth, matching the location of ancient rifting and the flood basalts of the Central Atlantic 

Magmatic Province. In the São Francisco Craton, high velocities extend north and southwest 

beyond the previously proposed boundaries. Warmer, thinner lithosphere underlies the 

Paramirim and Pirapora aulacogens.   

A fragmented cratonic root underlies the Paraná Basin, with thinner lithosphere along its 

central rift. High velocities south of the Paraná Block indicate the cratonic root of the 

northern Rio de la Plata Craton. The model shows that Cenozoic intraplate basalts in the 

Borborema province, the southern Atlantic coast and Paraguay occurred in areas of thin 

lithosphere and near strong lithospheric gradients, suggesting horizontal asthenospheric 

flow. Most flood basalts of the Phanerozoic large igneous provinces map on low velocity 

areas, but smaller portions sit atop cratonic lithosphere, providing new evidence for lateral 

flow of magma in the crust. About 80% of known diamondiferous kimberlites locate on thick 

lithosphere, whereas the remaining indicate cratonic erosion and thinning since their 

emplacement. 

Keywords: South America; Lithosphere; Cratons; Seismic tomography; Waveform 

Inversion; Continental Evolution; Intraplate Volcanism. 
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3.1 Introduction  

 

Earth’s lithosphere provides a unique insight into the long-term growth and tectonic 

evolution of continents and, also, the break-up of supercontinents. Moreover, the interaction 

of the lithosphere with the underlying asthenosphere exerts primary controls on the 

distribution and composition of intraplate volcanism. This is because mantle melting is 

controlled by the thickness of the lithosphere, the temperature of the asthenosphere, and 

dynamic processes that perturb the two (e.g. Ball et al., 2021; Gibson et al. 2024; McKenzie 

and Bickle, 1988). Variations in lithospheric thickness of the continents have also been 

shown to control the distribution of mineral resources, including diamondiferous kimberlites 

(e.g. Priestley & McKenzie 2006;  Celli et al., 2020a; Faure et al., 2011) and sediment hosted 

metal deposits (Hoggard et al., 2020).  

Seismic tomography is an effective tool for the investigation of the structure of the 

lithosphere and underlying mantle (Celli et al., 2020a; De Laat et al., 2023; Heintz et al., 

2005; Rocha et al., 2011). Seismic surface waves offer a rich source of information on the 

temperature and thickness of the lithosphere, with a much smaller sensitivity to the 

compositional heterogeneity in the upper mantle (e.g., Fullea et al. 2012, 2021; Lebedev et 

al., 2024). Seismic body waves sample deeper mantle and, thus, offer complementary 

sensitivity. Regional and global waveform tomography extracts structural information from 

both surface and body waves and combines their structural sensitivity (e.g., Celli et al., 

2020b; Ciardelli et al., 2022; Debayle et al., 2016; French and Romanowicz, 2014; Priestley 

and McKenzie, 2006; Schaeffer and Lebedev, 2013).  

In seismic-velocity images, the cold, thick lithosphere of a craton is clearly 

distinguishable by the high-velocity anomalies in the depth range around 100-150 km depths 

(e.g., Lebedev et al., 2009). Tomography-based tectonic regionalisations have thus shown 

impressive accuracy in mapping the lateral extent of cratons (Lekić and Romanowicz, 2011; 

Schaeffer and Lebedev, 2015). According to the tomography-based tectonic regionalization 

of Schaeffer and Lebedev (2015), the boundaries of cratonic mantle tend to match closely 

the surface geology-based craton boundaries, except in areas where cratonic roots have 

eroded or where the cratons are unexposed and could not be mapped (e.g., Celli et al., 

2020a). This confirms that the cold, thick lithosphere detected by tomography is the mantle 

part of the cratons that comprise Archean mantle lithosphere and Archean crust, even if the 

latter does not outcrop. Griffin et al. (2009) argued that high velocities under many cratons 
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 considered to be Proterozoic, based on the latest tectonic or magmatic episodes at some 

locations within the units, indicate cratonic lithosphere of Archean age. The cratonic 

lithosphere is compositionally buoyant due to its high degree of depletion in basaltic 

constituents (Jordan 1975), and it could only have been produced by high degree melting in 

the hot Archean upper mantle.  

Our study is focused on the architecture of South America’s lithosphere. The lateral 

variations in its thickness and strength have controlled tectonics, including multiple episodes 

of deformation and rifting (Brito Neves and Fuck, 2014; Cordani et al., 1984; Fuck et al., 

2008; McKenzie and Priestley, 2008; Santos, 2003a).  Considerable gaps remain in our 

knowledge of the tectonic evolution, magmatism, and the location of mineral resources due 

to the uneven coverage of the continent with seismic stations and other geophysical 

instrumentation the paucity of mantle xenoliths, and because geological mapping is 

hindered, in many places, by thick sedimentary cover and access difficulties. The coverage 

of South America with broadband seismic stations in has, however, increased dramatically 

over the past decade (Bianchi et al., 2018b). Regional (Chaves et al., 2016; Neto et al., 2019; 

Rocha et al., 2011; Shirzad et al., 2020) and continent-scale (Celli et al., 2020b; Ciardelli et 

al., 2022; Feng et al., 2007) studies are targeting increasingly detailed mapping of the upper 

mantle. The now available tomographic models show increasing mutual consistency on the 

large-scale features but disagree on much of the smaller-scale structure.  

In this paper, we present a new seismic tomography model of South America and 

surrounding oceans, SACI-24, derived with waveform tomography using very large regional 

and global datasets. We also analyse the new model jointly with the other available seismic 

tomography models. We appraise the current state of the art and discuss what features can 

now be considered well established, where our new tomography may achieve improvements 

in resolution, and the main remaining open questions. We then review in detail the deep 

structure of the lithosphere across South America and discuss its influence and controls on 

the continent’s tectonic evolution and varied magmatism. 

 

3.2 Tectonic Settings in South America 

 

The South American continent comprises a large stable platform in its central and 

eastern parts and the active mountain ranges and inter-montane plateaus of the Andes in the 

west (Figure 3.1). Most of the South American platform is Precambrian and includes 

Archean cratons surrounded by younger mobile belts, predominantly of Neoproterozoic age 
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 (Brito Neves and Fuck, 2013). From the Paleoproterozoic to Late Mesoproterozoic, multiple 

blocks assembled to form the Amazon Craton and surroundings and it is proposed that 

together with Baltica and Laurentia it formed the Paleoproterozoic supercontinent Columbia 

(Brito Neves and Fuck, 2014; Cordani et al., 2009). After the fragmentation of Columbia, 

the Amazon Craton remained stable and formed a part of the Rodinia supercontinent and, 

following another rifting and assembly cycle, became part of Gondwana at 600-550 Ma 

(Cordani et al., 2009). 

East of the Amazon craton, the Brasiliano Domain—which makes up the eastern part 

of stable South America—includes Neoproterozoic fold belts that formed during the 

assembly of West Gondwana (Brito Neves and Fuck, 2013). These fold belts surround the 

São Francisco and Rio de la Plata Cratons, as well as the Parnaíba and Paraná blocks (Brito 

Neves and Fuck, 2014; Fuck et al., 2008). The latter two may be cratons (Almeida et al., 

1981; Cordani et al., 1984) but this is not universally accepted (Chaves et al., 2016; Padilha 

et al., 2015). These cratons are believed to be results of the fragmentation of Rodinia, but 

evidence for the subsequent rifting, break up and drift is scarce and controversial (Fuck et 

al., 2008).  

In the Late Paleozoic, the Patagonia Terrane was docked to southern South America 

but its origins are debated, with two end member theories (Pankhurst et al., 2006; Ramos, 

2008). Some authors propose that Patagonia is an allochthonous accreted terrane (Ramos, 

1984), while others (Forsythe, 1982) believe that it is an autochthonous block that separated 

from South America in the Devonian (~401 Ma) and reconnected with it in the late Paleozoic 

(~295-307 Ma; Ramos, 2008). The oldest known basement rocks are Neoproterozoic (<0.6 

Ga), although recent xenolith studies show Meso- to Paleoproterozoic ages of some of the 

lithospheric mantle (Schilling et al., 2017).  

A large portion of the South American stable platform is now covered by 

Phanerozoic sediments (Heilbron et al., 2017). The major basins include the Amazon, Paraná 

and Parnaíba Basins, as well as the sub-Andean depocenters (De Brito Neves, 2002; 

Mabesoone et al., 1981; Ultiana et al., 1995). 
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Figure 3.1: Simplified tectonic map of the South American continent and surrounding oceans. 

Different ages of bedrock geology are plotted with different colours (see legend). SLC: São Luiz 

Craton; PbB: Parnaíba Block; SFC: São Francisco Craton; PtB: Pantanal Basin; PrB: Paraná 

Block; RA: Rio Apa Craton; LAC: Luis Alves Craton; TBL: Transbrasiliano Lineament. The main 

tectonic boundaries and bedrock ages are from the “Tectonic Map of South America” (Cordani 

et al., 2016). Yellow lines are plate boundaries from Bird (2003). 

 

3.2.1 Amazon Craton 

 

The Amazon Craton (AC) (Tassinari and Macambira, 2004) is one of the largest and 

best-preserved products of the Rodinia amalgamation in South America (Fuck et al., 2008). 
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 It is divided into the Guiana and Central Brazilian Shields, separated by the Paleozoic 

Amazon basin (Tassinari and Macambira, 2004). Archean crust outcrops only in the Carajás, 

Amapá and Imataca areas of the craton (Figure 3.2-a) (Kroonenberg and de Roever, 2010). 

Phanerozoic sedimentary basins cover most of the AC boundaries, which makes it difficult 

to define them accurately based on the basement rock ages. There are two main conceptual 

models for the AC evolution. The first one defines it as a large Archean platform reworked 

and reactivated during the Proterozoic (Almeida et al., 1981) and later modified by several 

magmatic pulses over time (Teixeira et al., 2021). The other describes the Amazonia Central 

and Carajás regions as the nuclei that converged and collided, successively, with multiple 

magmatic arcs, to form the present Amazon Craton. In the latter, the different magmatic arcs 

have Paleoproterozoic ages that decrease from northeast to southwest (Cordani et al., 1979; 

Tassinari, 1981).  

Based on geochronology, a number of sub-divisions have been proposed (Delor et 

al., 2003; Santos, 2003b; Santos et al., 2000; Tassinari and Macambira, 1999; Vasquez and 

Rosa-Costa, 2008).  Here, we adopt the model of Vasquez and Rosa-Costa, (2008), which 

uses updated boundaries based on new geochronology and geological data. It identifies 

seven tectonic provinces within the Guiana and Central Brazil Shields: Carajás (3000 – 2500 

Ma), Transamazonas (2260 – 1990 Ma), Tapajós – Parima (2030 – 1860 Ma), Amazônia 

Central (1900 – 1860 Ma), Rondônia – Juruena (1850 – 1540 Ma), Rio Negro (1820 – 1520 

Ma) and Sunsás (1450 – 1000 Ma) (Figure 2a). We note that some authors disagree with this 

definition of the geochronological provinces of the AC (Fraga et al., 2008; Kroonenberg, 

2014; Kroonenberg and de Roever, 2010). For example, rubidium-strontium (Rb-Sr) age 

measurements used to define the different geochronological boundaries in the Guiana Shield 

are now considered obsolete. Newer and more accurate SHRIMP uranium-lead (U-Pb) 

measurements show basement ages up to 400 Ma older than originally thought (Kroonenberg 

and de Roever, 2010).  
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Figure 3.2: a) The Amazon Craton and surrounding units. Geochronological provinces are from 

Vasquez and Rosa-Costa (2008). CCB: Cauarane-Coeroeni Belt; CAMP: Central Atlantic 

Magmatic Province. Kimberlite Clusters are T: Traíra (Nannini et al., 2017); CJ: Cujubim (Neto 

et al., 2014); PB: Pimenta Bueno (Masun and Scott Smith, 2008); J: Juína (Kaminsky et al., 

2009); CO: Colorado do Oeste (Zolinger, 2005). b) The São Francisco Craton and the 

surrounding belts. Kimberlite clusters are: APIP, Alto Paranaíba Igneous Province; PIP, Iporá 

Igneous Province (Gibson et al., 1995) and B: Brauna (Donatti-Filho et al., 2013). TBL: The 

Transbrasiliano Lineament. The thick continuous line indicates the mapping of the lineament 

using surface or geophysical measurements, and the dashed line (a) is the proposed 

continuation of the lineament further south under the Paraná Basin (Pinto and Vidotti, 2019). 

Archean and Paleoproterozoic boundaries are simplified from the tectonic map of Cordani et 

al. (2016). 

 

Multiple large igneous provinces were emplaced in the AC (Klein et al., 2012; Santos 

et al., 2002; Teixeira et al., 2019). The Central Atlantic Magmatic Province (CAMP) 

(Deckart et al., 2005) in South America includes extensive lava flows, dikes and sills.	Its 

emplacement occurred around 200 Ma ago, near the Triassic– Jurassic boundary. It has been  

linked to reactivation of older rift structures during the initial breakup of Pangaea  (Davies 
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 et al., 2017; Deckart et al., 2005) and to the arrival of a mantle plume from the deep mantle 

(A M Leitch et al., 1998; Marzoli et al., 1999b; Wilson, 1997a).  

In the Oriximiná region, pyroxenites, jacupirangites and syenites recovered from the 

basement of the Amazon basin indicate roughly 565 Ma age (Cordani et al., 1984). These 

samples are collocated with positive gravity anomalies and with the depocenter of the 

overlying basin (Nunn and Aires, 1988; Van der Meijde et al., 2013). These ultramafic rocks 

have been proposed to result from the same rifting event that led to the development of the 

Amazon basin (Bahia and Abreu, 1985).  

 

3.2.2 São Francisco Craton and Surroundings 

 

In the São Francisco Craton (SFC, Alkmim et al., 1993; Almeida, 1977) in south-

eastern Brazil (Figure 3.2-b) Archean basement outcrops mainly in the north and south, 

surrounded by Paleoproterozoic orogenic belts (Barbosa and Sabaté, 2002; Teixeira et al., 

2017). The northern exposure is formed by a mosaic of Archean blocks with ages of up to 

ca. 3.6 Ga (Barbosa et al., 2012; Teixeira et al., 2017). The southern exposure is largely 

overprinted by Paleoproterozoic deformation episodes with ages up to 3.2 Ga (Lana et al., 

2013; Teixeira et al., 1998). Between these domains, the Paramirim Aulacogen represents 

an intracontinental rift system (Cruz and Alkmim, 2017; Pedrosa-Soares and Alkmim, 

2011), with the first proposed rifting event at 1775±7 Ma (Danderfer Filho et al., 2015). The 

Paramirim Aulacogen then hosted at least eight events of rifting and anorogenic magmatism 

over a 1.3 Ga long period (Cruz and Alkmim, 2017; Pedrosa-Soares and Alkmim, 2011).  

Cutting across the central portion of the craton, the Pirapora aulacogen (Alkmim et 

al., 1993) is a prominent NW-SE structure and is the largest Proterozoic rift structure 

preserved in the São Francisco Basin (Alkmim and Martins-Neto, 2012; Reis et al., 2017). 

The opening of the Pirapora aulacogen is described as the first tectonic rift event 

corresponding to the opening of the São Francisco Basin. The second tectonic event recorded 

by the basin is the Pirapora rift reactivation in the Mesoproterozoic, associated with the 

Columbia supercontinent breakup (Alkmim and Martins-Neto, 2012; Reis and Alkmim, 

2015). 

It has been proposed from surface geology that the SFC boundaries do not 

correspond to the lateral extent of the cratonic lithosphere at depth (Pereira and Fuck, 2005). 

Bouguer gravity anomalies (Pereira and Fuck, 2005), seismological observations 

(Assumpção et al., 2004a; Soares et al., 2006) and  petrophysical studies (Fernandes et al., 

2021) suggest that the cratonic lithosphere extends beneath the Brasília Belt in the west and 
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 the Araçuaí Belt in the east. The lithosphere beneath the SFC may have been an inner part 

of an older paleo-plate, with its peripheral parts reworked during the Paleo- to 

Neoproterozoic eras with the assembly of Gondwana (Almeida et al., 1981; Pereira and 

Fuck, 2005).  

 

3.2.3 Parnaíba Basin 

 

The Parnaíba Basin (PB) is an intracratonic basin (Figure 3.3-a), underlain by 

Neoproterozoic basement.  Its subsidence spans from the Silurian to the late Cretaceous 

(Góes and Feijó, 1994; Porto et al., 2022). Despite the lack of known Archean outcrops, it 

has been proposed that cratonic lithosphere underlies the basin (Almeida et al., 2000; Brito 

Neves, 2003; Cordani et al., 1984; Fuck et al., 2008). In the north, the basin is bounded by 

the São Luís Craton, a continental fragment linked to the West African Craton (Almeida et 

al., 1981; Brito Neves and Fuck, 2014).  

 

 

Figure 3.3: The Parnaíba and Paraná-Chaco Basins and surrounding belts. a) The Parnaíba 

Basin. TBL: Transbrasiliano Lineament. b) The Paraná Basin. Different boundaries previously 

proposed for the cratonic nucleus under the basin are shown with lines of different colour. 

PMP: Paraná Magmatic Province; Paraguayan AIP: Unconfirmed diamonds of the Paraguayan 

Alkaline Igneous Province (Gibson et al., 2006; Peate et al., 1992; Presser Baez, 2016). c) The 

Rio de La Plata Craton and surrounding regions. 1: Pampean Orogenic Belt; 2: Tandilla Belt; 3: 

Cuchulla de Dionisio Terrane; 4: Sierra de la Ventana Fold Belt (Rapela et al., 2007). 

 

According to aeromagnetic, aerogravity, seismic reflection and borehole data (Lopes 

De Castro et al., 2016), the basin can be divided into three tectonic domains. The eastern 
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 part contains NE-oriented rift systems. In the central area of the basin, the rift trend direction 

is WNW-ESE. The northern part is characterized by sparse or absent graben-like structures 

(Lopes De Castro et al., 2016). The sedimentary fill of the Parnaíba basin is punctuated by 

two episodes of basaltic magmatism. The Mosquito Basalts are from the Jurassic Period and 

are believed to be related to the CAMP (Merle et al., 2011) whereas the Sardinha basalts are 

thought to be related to the Cretaceous Paraná LIP (e.g., Klöcking et al., 2018). 

According to aeromagnetic, aerogravity, seismic reflection and borehole data (Lopes 

De Castro et al., 2016), the basin can be divided into three tectonic domains. The eastern 

part contains NE-oriented rift systems. In the central area of the basin, the rift trend direction 

is WNW-ESE. The northern part is characterized by sparse or absent graben-like structures 

(Lopes De Castro et al., 2016). The sedimentary fill of the Parnaíba basin is punctuated by 

two episodes of basaltic magmatism. The Mosquito Basalts are from the Jurassic Period and 

are believed to be related to the CAMP (Merle et al., 2011) whereas the Sardinha basalts are 

thought to be related to the Cretaceous Paraná LIP (e.g., Klöcking et al., 2018). 

 

3.2.4 Paraná Basin 

 

The Paraná Basin in south-eastern Brazil (Figure 3.3-b) is another typical 

intracratonic basin in South America (Milani and Ramos, 1998; Zalán et al., 1990). Cordani 

et al. (1984) were the first to propose a cratonic lithosphere under the basin, based on 

basement samples with ages > 2 Ga. The model of a single cratonic nucleus underlying the 

basin–commonly referred to as Paranapanema Block (Mantovani et al., 2005)–is, currently, 

the most commonly accepted (Cordani et al., 2016, 1984; Mantovani et al., 2005; Zalán et 

al., 1990). However, a fragmented basement under the basin has also been proposed (Milani 

and Ramos, 1998). This would have facilitated the development of the central rift as the 

cause for the initial mechanical subsidence at ~470-440 Ma (Julià et al., 2008; Milani, 2004; 

Milani and Ramos, 1998). This lithospheric thinning of the Paraná Basin is associated with 

basaltic magmatism at Três Lagoas in the Neo-Ordovician (443 ± 10 Ma; Milani, 2004). 

Receiver function measurements indicated high velocity lower crust at a few sites on the 

basin (Julià et al., 2008), consistent with some localized mafic underplating under the 

proposed rift location.  

The Paraná Magmatic Province (PMP) formed in the Cretaceous times, at ~137 – 

127 Ma (Piccirillo and Melfi, 1988 ; Renne et al., 1996; Thiede and Vasconcelos, 2010; 

Turner et al., 1994) and  is believed to be the result of the impact of the Tristan Plume prior 

to the opening of the South Atlantic Ocean (e.g., O’Connor and Duncan, 1990). Based on 
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 the flood-basalt TiO₂ content, the composition of the southern Paraná basalts has been 

reported to differ substantially from the northern ones (Bellieni et al., 1984). This difference 

was suggested to be due to chemical heterogeneity of the lithosphere under the Paraná Basin 

(Bellieni et al., 1984; Gibson et al., 2006, p. 199; Marques et al., 1999; Peate et al., 1992). 

Recently, it was also proposed that cratonic lithosphere may have been a contributing melt 

source region of Paraná basalts in the north-central region of the basin (Rocha-Júnior et al., 

2020).  

 

3.2.5 Rio de La Plata Craton 

 

The Rio de la Plata Craton (RPC) comprises the southernmost outcrops of the 

Precambrian basement of South America (Figure 3.3-c). Its basement is largely concealed 

by the sediments of the Paraná-Chaco Basin, making it the least exposed craton of the 

continent (Cordani et al., 2010; Cordani and Sato, 2000; Hartmann et al., 2001). The oldest 

exposed rocks are of Paleoproterozoic age, and the dating of zircon inclusions in them 

indicated Archean ages (Hartmann et al., 2001). Due to the lack of data of its basement, the 

current boundaries of the RPC are a matter of debate, especially in the west. The unexposed 

northern boundary is hypothesized to lie under the Paraná Basin (Ramos, 1988). In the 

northwest, the limit proposed by Ramos et al. (2010) is located southwest of the Rio Apa 

Craton and the Paraná Block. In the west, the RPC may extend as far as the Pampean 

Orogenic Belt, based on the Paleoproterozoic U-Pb SHRIMP ages of the basement samples 

from boreholes (Rapela et al., 2007). The eastern boundary of the unit in Uruguay is placed 

next to the Cuchulla de Dionisio Terrane, and the one in Argentina—at the Atlantic coast 

(Pankhurst et al., 2003; Rapela et al., 2007). The southern boundary is placed at the limit of 

the Patagonia Terrane, at the Sierra de la Ventana Fold Belt (Cordani et al., 2010; Rapela et 

al., 2007). 

 

3.2.6 Rio Apa Craton 

 

East of the Paraná Basin, outcrops of the Rio Apa Craton (Figure 3.3-c; Cordani et 

al., 2010; Teixeira et al., 2020), also referred to as Rio Apa Terrane (Faleiros et al., 2016) 

are poor and mostly covered by the sediments of the Pantanal Basin. The Paleo- to 

Mesoproterozoic basement of the Rio Apa Craton is considered to be a fragment of the 

Amazonian Craton, and is an example of a long-lived accretionary orogen developed along 
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 the SW Amazonian margin, which has undergone a long and complex metamorphic 

evolution (Faleiros et al., 2016). The Rio Apa Craton is predominantly composed of 

(meta)igneous and subordinate metasedimentary rock units ranging from 2100 to 1720 Ma, 

overprinted by regional thrusting at c. 1300 Ma (Cordani et al., 2010; Ribeiro et al., 2022; 

Teixeira et al., 2020). 

 

 

3.3 Data and Method 

 

3.3.1 Data 

 

In the construction of the tomographic model, we use a very large global dataset (> 

1.7 million) of vertical component seismograms, each successfully fit using the automated 

multimode inversion (AMI) of surface, S- and multiple S-waveforms (Lebedev et al., 2005). 

The dataset includes waveform fits collected in previous studies (Lebedev and van der Hilst 

2008; Schaeffer and Lebedev 2013, 2014; Celli et al. 2020; de Laat et al. 2023) and new 

ones computed in this study. In South America, in particular, the dataset includes all 

available seismograms from the long running permanent stations and from the dense recent 

deployments in the Andean Cordilla from 1994 to the beginning of 2019, for a total of 1120 

stations. We also include the data from the 41 stations of the temporary FAPESP "3-Basins 

Thematic Project" (Assumpção and Bianchi, 2016) operating in southeast South America 

since 2016 (e.g., Chagas de Melo et al., 2018), which contribute seismograms from 1298 

events (Figure 3.4). The regional coverage given by the stations in South America is 

complemented by global stations, with data from a total of 9259 stations included in the 

dataset and contributing to the data sampling of South America, its margins, and the 

surrounding oceans (Figure 3.4). For computational efficiency, we discard the source-station 

paths that have no part in the hemisphere centred at the continent. Our dataset then reduces 

to waveform fits of over 1.2 million vertical component seismograms.  

The total period range of the data is 10-450 s, with most of the data in the 30-350 s 

range. These fits include regional measurements (up to 5000 km) that tend to carry more 

high-frequency information, in particular information on the crustal structure from the 

fundamental mode, as well as information on the entire upper mantle from the fundamental 

and higher modes (Lebedev and van der Hilst 2008; Schaeffer and Lebedev 2013). These 

are complemented by fits for longer event-station distances, up to 18000 km, generally with 
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 longer periods at which the fundamental mode samples the entire upper mantle and with 

multiple-bounce S waves (SS, SSS, SSSS, etc.) The combined regional and global dataset 

ensures the densest possible data sampling of the South American continent, its margins, 

and surroundings. The inclusion of S and multiple S waves adds essential structural 

information on the mantle transition zone depths (Lebedev et al., 2005). The model is 

calculated as a global one and does not have any boundaries. The model parametrization and 

regularisation values are optimized for the South American region, and the data coverage is 

maximized only in the hemisphere centred at South America. Therefore, we only show this 

portion of the model. 

 

 

Figure 3.4: Seismic Data Coverage. Global seismic stations are plotted as red triangles, 

temporary deployment of the "3-Basin Project" are squares. Yellow stars show the events used 

in the waveform tomography, after data selection. Black circles indicate the location of the 

nodes of the model grid. The colour shows the hit-count map of data sampling in the region. A 

grid node is considered hit if it is within the sensitivity area between the source and the station 

calculated for a waveform fit and used in the tomographic inversion (Lebedev and van der Hilst 

2008). 

 

After an initial tomographic inversion for the 3-D model, we select a subset of the 

most mutually consistent seismograms using automated outlier analysis (Lebedev and Van 

Der Hilst, 2008). Afterwards, manual identification and removal of stations and events that 
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 appear to be affected by errors is performed, resulting in a final dataset comprising ~970 

thousand seismogram fits. 

Application of regularization constraints in the model is necessary due to the 

inherently ill-posed nature of the problem. A smoothness constraint base of value 5.0 is 

applied on the inversion to penalize the difference between the anomaly at a knot and the 

average over anomalies at this and the six (in a few cases, five) closest-neighbour knots. The 

coefficient that determines the strength of the smoothing (Lebedev and van der Hilst, 2008) 

is 5.0. Norm damping aims to minimize the anomaly magnitudes relative to the 3D reference 

model, and we apply a damping strength starting at 3.0. All smoothing and damping 

parameters are chosen for the particular parametrisation and have been tuned for the 

inversion in this study.  

Figure 3.4 illustrates the data coverage. The colour scale shows the total number of 

source-station-pair sensitivity areas sampling each model grid node. An alternative, more 

quantitative mapping of the total waveform data sensitivity, which also accounts for the path 

similarity weighting we apply and the depth-variable sensitivity of each waveform fit, is 

given by the column sums of the sensitivity matrix of the tomographic problem (Lebedev 

and Van Der Hilst, 2008), shown in the Supplementary Figure 3.2. 

The broadband data were obtained from numerous online data centres, including 

RSBR (Bianchi et al., 2018a; http://rsbr.gov.br), RNAC (https://www.sgc.gov.co), Ecuador 

Seismic Network (https://www.igepn.edu.ec),  RSSN (http://www.funvisis.gob.ve), RSN 

(https://www.sismologia.cl), IRIS (http://www.iris.edu) and GEOFON (https://geofon.gfz-

potsdam.de). The temporary stations were deployed and afterwards made available by 

projects including PULSE/UNC (https://doi.org/10.7914/SN/ZD_2010), CAUGHT 

(https://doi.org/10.7914/SN/ZG_2010), SIEMBRA (https://doi.org/10.7914/SN/ZL_2007), 

LaMa (https://doi.org/10.7914/SN/ZR_2015), MEJIPE 

(https://doi.org/10.7914/SN/8G_2013) and CARMA 

(https://doi.org/10.7914/SN/YU_2016).  

The waveforms are downloaded through the FDSN (International Federation of 

Digital Seismograph Networks) Web Service (https://www.fdsn.org/) using ObsPy 

(Beyreuther et al., 2010). The acquisition of waveforms is followed by pre-processing, 

including checks for fragmentation and clipping (seismograms with which are removed), 

detrending and response correction to displacement. One step of the quality control is 

checking the station response information provided by the data centres. We do so by 

comparing the response files provided by different data repositories and making sure to use 
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 the one that is most up to date (de Laat et al., 2023). Finally, the vertical component 

seismograms are downsampled to 1 sample per second.  

We use earthquake source parameters from the Global Centroid Moment Tensor 

catalogue (GCMT) (Ekström et al., 2012) with a distance-dependent magnitude threshold 

(Schaeffer and Lebedev, 2013). This results in a highly sampled model (Figure 3.4), where 

each node in our map area is sampled by 50000 fits on average, with the most well-sampled 

by 169597 and the least sampled by 12173 fits. 

 

3.3.2 Waveform Tomography 

 

The inversion procedure used to compute the tomographic model comprises three 

steps. First, we apply the Automated Multimode Inversion (AMI) (Lebedev et al., 2005) to 

the pre-processed vertical component displacement seismograms. AMI performs an accurate 

and efficient automated waveform fitting of large datasets. This is achieved by an elaborate 

selection of time-frequency windows and phase weighting, using strict data-synthetic misfit 

criteria. For each waveform, the synthetic seismograms used in the fitting procedure are 

computed through mode summation, with the fundamental and first 20 Rayleigh modes 

included. The result  of the waveform inversion of each seismogram is a set of linear 

equations with uncorrelated uncertainties (Nolet, 1990). The set of linear equations describes 

the average S- and P-wave velocity deviations from a 3D reference model within 

approximate sensitivity volumes between the sources and stations (Lebedev and Van Der 

Hilst, 2008). 

In the second step, the equations generated by AMI for all seismograms are inverted 

together for the 3D distribution of P- and S-wave velocity deviations from the reference 

model and S-wave azimuthal anisotropy. The 3D reference model comprises different 1D 

velocity profiles at different points on the surface computed using CRUST2.0 (Bassin et al., 

2000) in the crust, smoothed at cell boundaries, with added topography, and with a 1D 

velocity correction to bring the average S-wave velocities to the global average values at 

different depths (Lebedev and van der Hilst 2008). Beneath the Moho, the reference model 

is a 1D global average seismic-velocity model of the upper mantle and uppermost lower 

mantle (Lebedev and Van Der Hilst, 2008), with AK135 (Kennett et al., 1995) below that. 

The tomographic model is parametrized laterally using a dense triangular grid (Wang and 

Dahlen, 1995) with an average 120 km internode spacing, and vertically--using18 and 10 

depth nodes for S- and P-wave velocities, respectively (S-wave velocities: 7, 20, 36, 56, 80, 

110, 150, 200, 260, 330, 410-, 410+, 485, 585, 660-, 660+, 809 and 1007 km; P-wave 
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 velocities: 7, 20, 36, 60, 90, 150, 240, 350, 485 and 585 km). Values between the nodes of 

the model grid are computed using linear interpolation.  

The linear inversion is subject to smoothing and slight norm damping. Extensive 

testing of different regularisation coefficients was performed to find the values that 

effectively suppress data errors but, at the same time, allow us to achieve a model with the 

most detailed seismic structure the data sampling and data errors can afford. 

In the last step of the inversion procedure, the automatic outlier analysis is performed 

(Lebedev and Van Der Hilst, 2008), selecting the most mutually consistent equations and 

exploiting the data redundancy given by the large amount of waveforms in our dataset. In 

this a posteriori re-selection of the data, we first compute an initial tomographic model, then 

compute synthetic data from this model, compare them to the original data, and discard the 

data with the largest misfits. For further details on the methods, we refer the reader to 

Lebedev et al. (2005), Lebedev and Van Der Hilst (2008) and Schaeffer and Lebedev (2013). 

 

3.4 The Model 

 

Our azimuthally anisotropic, Sv velocity model SACI-24 (South American 

Continent Imaging, 2024) has been computed in a global inversion but with a focus on South 

America. Specifically, we maximized the data sampling in the hemisphere centred at the 

continent, tuned the regularisation of the tomography for it, and removed the outliers 

affecting the model in and around the continent using elaborate automatic and then, manual 

procedures. All these measures were aimed at maximising the resolution beneath the South 

American continent and its surroundings (Figure 3.5).  

On the stable platform, high-velocity anomalies of >5% dVs are prominent at 

lithospheric depths between 80 and 200 km. These high velocities indicate cold, thick 

cratonic mantle. The model also resolves substantial internal heterogeneity within the 

different cratons. Lower velocities, with anomaly <–2% at lithospheric depths, indicate thin, 

warm lithosphere. In the west of the continent, high velocity anomalies (>5% dVs in the 

shallow and >3% dVs in the deep upper mantle) correspond to the subducting Nazca slab. 

Following the eastward subduction direction, these anomalies migrate east with increasing 

depth and are observed down to the bottom of the mantle transition zone (the bottom of our 

model).  

Figure 3.5 shows that there are pronounced low velocity anomalies (< -2% dVs) east 

of the subducting slab at 150-260 km. Beneath the stable platform of central and eastern 
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 South America, low velocities are dominant from 260 km to the bottom of the mantle 

transition zone. In the transition zone beneath eastern South America, a particularly strong 

low-velocity anomaly is observed under the southern tip of the São Francisco Craton.  

 

 
Figure 3.5: Map views of the model at nine different depths. Perturbations in S-wave velocity 

are plotted in percent with respect to the reference value indicated above each frame. The 

scale limits are given at the bottom right of each frame. Pink diamonds represent hotspot 

locations (Whittaker et al., 2015). At 80 and 150 km depth, circles are mantle peridotite 

xenolith samples (see Section 3.5). Orange is the Canastra-1 sample (Fernandes et al., 2021), 

red is Três Ranchos (Leonardos et al., 1995) and purple is Pali Aike (Gibson et al., 2020). 
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 3.4.1 Resolution Tests 

 

A useful way to test the resolving power of the data sampling that constrained a 

tomographic model is via resolution tests using synthetic models. The general procedure 

comprises calculating synthetic data from a synthetic velocity structure and then, inverting 

the synthetic data for a tomographic model, using the same regularisation parameters as the 

real data inversion. The ability of the inversion to recover the input model can be used as an 

indication of the real model accuracy (Rawlinson et al., 2010) and will depend on the data 

coverage and regularisation parameters. Apart from traditional resolution tests that assume 

that the wave propagation theory behind the inversion scheme is correct, AMI has also been 

tested previously using inversion of two benchmark datasets calculated using numerical 

wave propagation and showed high accuracy in the recovery of unknown synthetic 

anomalies (Lebedev and van der Hilst, 2008; Qin et al., 2008). Here, we performed three 

different types of resolution tests: spike tests (Figure 3.6, Supplementary Figure 3.5), column 

tests (Supplementary Figure 3.6), and two synthetic cratonic structure tests (Figure 3.8). 

 

3.4.1.1  Spike tests 

 

Spike tests yield an estimate of point-spread functions and the lateral and radial 

resolution (averaging lengths) at the location of the spikes (e.g., Bonadio et al. 2021; Celli 

et al. 2020b). In the first test we show here, several S-velocity anomaly spikes of 250 m/s at 

150 km depth were placed in different locations, spaced widely enough so that the spikes 

did not interfere with one another (Figure 3.6; Supplementary Figure 3.5). The lateral and 

radial averaging lengths in the lithosphere at the different locations depend on the data 

coverage. In Figure 3.6, we show two examples: 1) a spike in Southeast Brazil, a well-

sampled area (Figure 3.4, Supplementary Figure 3.2) and the location of structures of interest 

such as the São Francisco Craton, the Paraná, and Pantanal Basins; 2) a spike in a region 

with fewer stations and the location of the southern Amazon Craton. In both resolution tests, 

the output synthetic model recovers well the location of the input spike. The lateral spreading 

of the velocity anomaly is greater in spike 2, indicating lower lateral resolution there. More 

spike tests in different locations are shown in Supplementary Figure 3.5. For the narrow 

spikes, we see the expected loss of amplitudes at the spike location due to the lateral and 

radial spreading of the anomaly. For features of finite size, resolution tests with specific sizes 

and shapes of anomalies can be performed to check the accuracy of the amplitude recovery. 



 3.49  

  

 
Figure 3.6: Spike resolution tests. The spike input anomalies are at a 150 km depth and have a 

250 m/s velocity perturbation. For each spike we plot (from left to right): a vertical cross-

section through the input and output models; horizontal and vertical, 1-D, S-wave speed 

anomaly profiles along the cross-section. The amplitudes are normalized in each plot 

independently. The location of the spikes are indicated with red stars on the map on the right. 

 

3.4.1.2  Synthetic Craton Structure 

 

These tests examine the ability of the tomography to recover finite size structures, in 

particular the cratons of South America. First, we constructed an input synthetic structure 

derived from the most frequently used geological cratonic outlines in South America (same 

as in shown Figure 3.1, Cordani et al., 2016 and references therein). These outlines depict 

broad, continuous cratons. Within these synthetic cratons, a 300 m/s S-wave velocity 

anomaly was assigned in the 80-200 km depth range (Figure 3.7).  The output of the test 

demonstrates that if the cratonic lithosphere at depth followed these outlines, then the 

tomography would be able recover the shapes accurately. The test confirms that the 

fragmentation of the cratonic lithosphere mapped by the model is not an artefact of the 

imaging. 
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Figure 3.7: A “cratonic lithosphere” resolution test.   The shapes follow the geologic cratonic 

boundaries. The input S-velocity anomaly is 300 m/s everywhere within the blocks, from 80 to 

200 km depth. Cross sections are indicated by the dashed lines. 

 

Secondly, we construct the input synthetic structure using seismic velocities from 

our model. We trace the 6% dVs contours at 110 km depth and assign a 300 m/s S-wave 

velocity anomaly in the 80-200 km depth range within the areas enclosed by the contours 

(Figure 3.8). The goal is to test the model’s recovery of the shapes and amplitudes of the 

craton anomalies and, also, how well the tomography can distinguish closely spaced 

structures. 
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Figure 3.8: In this resolution test, the shapes are taken from the actual tomographic model but 

with sharp block boundaries, defined by the 6% dVs contour at a 110 km depth. The input S-

velocity anomaly is 300 m/s everywhere within the blocks, from 80 to 200 km depth. Cross 

sections are indicated by the black lines. 

 

In the recovered models shown in Figure 3.7 and Figure 3.8, we see the effect of the 

lateral and radial averaging in the model: small-amplitude anomalies appear outside of the 

input structures, and lateral averaging broadens the anomalies’ boundaries. Apart from this, 

we accurately retrieve the lateral and radial shape of the input structures.  

In Figure 3.8, the closely spaced, thick-lithosphere blocks with a ~240 km gap 

between them (Figure 3.8, blocks 1 and 2), a weak (~25 m/s) artificial anomaly appears 

between them, due to lateral averaging. Small anomalies (Figure 3.8, block 3 and 4) are 

resolved with a loss in amplitude, although their location is mapped correctly. For the larger 

blocks (Figure 3.8, blocks 1, 2 and 5), both the amplitude and the lateral extent are recovered 

accurately.  

Resolution tests targeting 'cratonic' structures validate the model's capacity to 

delineate the boundaries of cratonic lithosphere, regardless of whether it is defined by the 

geologic mapping in the surface or if its extension in depth is more complex and fragmented 

than previously thought. The various resolution tests confirm that our data sampling is 

sufficient to resolve the varied lithospheric structures discussed in the following sections. 
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 3.5 Validation of SACI-24 from mantle peridotites 

 

The thickness of the lithosphere can be independently constrained from mantle 

peridotite xenoliths; this is because the compositions of phases in fully-equilibrated 

xenoliths permit estimates of the pressures and temperatures (PTs) that existed in the mantle, 

prior to their entrainment. From these PT estimates it is possible to calculate conductive 

geotherms and the thickness of the lithosphere (Figure 3.9). The PT calculations are iterative 

and based on parameterisations of experimental studies; the most accurate results are from 

garnet-bearing peridotites (see Nimis and Grütter, 2010). 

In cratonic settings, mantle xenoliths are typically bourn by kimberlites and 

lamproites whereas in off-craton regions they are hosted by nephelinites, basanites and alkali 

basalts. Considering the widespread occurrence of these various types of magma in South 

America (e.g. Figure 3.17, Figure 3.18 and Figure 3.19) there have been remarkably few 

discoveries of mantle peridotites compared to other major continents. Examples from South 

America include: Três Ranchos (Leonardos et al., 1995) and Canastra 1 (Fernandes et al., 

2021) in the Alto Paranaíba Igneous Province, on the southern margin of the São Francisco 

craton (Figure 3.2-b); and the Pali Aike Volcanic Field in southern Patagonia (Gibson et al., 

2020), which is in an off-craton setting (locations indicated in Figure 3.5-a,c). Despite the 

rarity of garnet lherzolites in South America, the contrasting tectonic settings in which they 

have been found provide important independent constraints on our new tomographic model 

for the continent. 

Only a few mantle peridotites have been recovered from the 87 Ma Três Ranchos 

kimberlite (Guarino et al., 2024; Leonardos et al., 1995, 1993) but these occupy a wide range 

in PT space, which reduce the uncertainties in the geotherm estimate. Based on published 

analyses of mantle peridotites by Leonardos et al. (1993) and Guarino et al. (2024) we 

estimate a surface heat flow of 47.2 mW/m2 and that the base of the lithosphere beneath the 

south-west margin of the São Francisco craton resided at a depth of 181 km at the time of 

xenolith entrainment. This is entirely consistent with the present-day Vs tomography from 

SACI-24, which shows high velocities beneath this part of the São Francisco craton (Section 

3.6.2.3). 

Numerous studies have analysed garnet peridotites from the recent (< 4 Ma) Pali-

Aike Volcanic Field in southern Patagonia (see Gibson et al., 2020). Pressure and 

temperature estimates from these off-craton mantle xenoliths correspond to a geotherm with 

a surface heat flow of 60.3 mW/m2 and a lithospheric thickness of 92 km (Gibson and 
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 Mckenzie, 2023). Accordingly, SACI-24 shows that Pali Aike is located in a low velocity 

region. 

 

 
Figure 3.9: Thermal structure of the S. American lithosphere derived from the compositions of 

mantle peridotites. MBL and TBL denote the Mechanical and Thermal Boundary Layers, 

respectively, following the convention of McKenzie et al. (2005). We assume that the base of 

the lithosphere is where the shallow conductive part of the geotherm reaches an isentropic 

potential temperature TP of 1315 °C (see McKenzie et al, 2005). Panel a) shows a geotherm 

calculated from mantle peridotites entrained by the Três Ranchos kimberlite in the Alto 

Paranaíba Igneous Province, on the southern margin of the São Francisco craton (18.36° S, 

47.78° W), using data from Leonardos et al. (1993) and Guarino et al. (2024). PT estimates are 

also shown for peridotites from the nearby Canastra 1 kimberlite (20.34° S, 46.55 °W 

Fernandes et al., 2021). We estimate that the base of the lithosphere beneath Três Ranchos 

was at 181 km depth at the time of xenolith entrainment (i.e. ~90 Ma). Panel b) shows a 

geotherm calculated from the compositions of mantle peridotites from the recent (<4 Ma) Pali 

Aike Volcanic Field in Southern Patagonia (52.11° S, 69.74° W; see Gibson et al., 2020). We 

estimate the base of the lithosphere beneath the volcanic field to reside at a depth of 92 km at 

the time of volcanism. 
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 3.6 Discussion 

 

S-wave velocities are sensitive to temperature and composition at depth and can also 

be affected by the presence of water and partial melt in the rock (e.g., Bonadio et al. 2018; 

Fullea et al., 2021; Griffin et al., 2009; Priestley and McKenzie, 2006; Schutt and Lesher, 

2006; Sobolev et al., 1996). Although temperature is the main control on seismic velocities 

in the upper mantle, the effect of composition may be significant in special local cases (e.g., 

Sobolev et al. 1996; Eeken et al. 2018). Some of the velocity reduction in the sub-

lithospheric seismic low velocity zone (LVZ) may originate from the presence of partial 

melts and volatiles, which could play a role in the dynamics of plate tectonics (Chantel et 

al., 2016; Karato, 1995, 1986). In the Central Andes region, very low seismic velocities and 

other data suggest a large area of partially molten rock in the crust (Schilling et al., 2006; 

Schmitz et al., 1997; Schurr et al., 2003). The melt in the mid-crustal zone associated with 

the observed low seismic velocities is believed to give rise to strong mechanical weakening, 

which may be the cause for the development of the flat topography of the Altiplano Plateau 

(e.g., Schilling et al., 2006). In the upper mantle beneath stable continental regions, however, 

seismic velocity variations reflect primarily those in temperature, so that the upper-mantle 

anomalies in the different tomographic models discussed in the following are primarily 

temperature-controlled: shear waves propagate slower through warm and faster through cold 

mantle (e.g., Finger et al., 2021; Priestley and McKenzie, 2006; Schutt and Lesher, 2006). 

 

3.6.1 The Upper Mantle Beneath South America: the State 

of the Art 

 

The early global seismic tomography models resolved structures at long wavelengths 

(~3000-5000 km), with young oceanic lithosphere adjacent to the mid-ocean ridges and 

major cratons being the most prominent negative and positive anomalies in the upper mantle, 

respectively (Don L Anderson and Dziewonski, 1984; Romanowicz, 1995b; J. H. 

Woodhouse and Dziewonski, 1984; Zhang and Tanimoto, 1993). In South America, the first 

regional models focussed, in particular, on the Nazca-Plate subduction (Engdahl et al., 1995) 

and the upper mantle below south-eastern Brazil (Vandecar et al., 1995). At the turn of the 

century, with increasingly abundant seismic data and improved methodologies, global 

seismic models began to achieve the lateral resolution of 500-1000 km (Reid et al., 2001; 

Zhao, 2001). In 2011, the Brazilian Seismic Network (RSBR, Bianchi et al., 2018) was 
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 founded, with efforts to expand the seismic stations coverage from southeast Brazil towards 

the Amazon Basin. The growth in the regional and global seismic data has led to the creation 

of a broad range of seismic tomography models. These encompass regional (e.g., da Silva et 

al., 2021; de Azevedo et al., 2015; Neto et al., 2019; Shirzad et al., 2020), continental (e.g., 

Ciardelli et al., 2022; Rodríguez et al., 2020) and global (e.g., French and Romanowicz, 

2014; Hosseini et al., 2020; Schaeffer and Lebedev, 2013; Simmons et al., 2021) models.  

A range of methodologies have been employed in seismic tomography studies to map 

South America’s deep structure. These include travel time tomography (e.g., Chaves et al., 

2016; Neto et al., 2019; Rocha et al., 2011; Schimmel and Marcelo Assumpção, 2003), 

ambient noise surface-wave tomography (e.g., Dias et al., 2015; Goutorbe et al., 2015; 

Shirzad et al., 2020) and waveform inversion (e.g., Celli et al., 2020b; Ciardelli et al., 2022; 

van der Lee et al., 2001). Each technique has advantages and disadvantages. For instance, 

teleseismic body waves dive deep into the Earth at steep angles, primarily sampling the upper 

mantle beneath the seismic events and stations. Consequently, these body waves provide 

high resolution in areas like the subduction zone in western South America, which hosts 

numerous seismic sources and stations. However, in regions where there is an uneven 

distribution of seismic stations and a scarcity of earthquakes, the resolution of body-wave 

models is limited. 

Our new model, SACI-24, is calculated using waveform inversion that extracts 

structural information from surface waves and S and multiple S waves. Surface waves travel 

along the Earth’s surface between sources and receivers and are highly sensitive to the 

structure of the lithosphere and underlying upper mantle. The inclusion of S and multiple S 

waves in the waveform inversion allows us to sample greater depths than we could with 

surface waves alone, with substantial resolution in the transition zone. As our model SACI-

24 is built from a global dataset, it is not affected by the loss of resolution, or artefacts 

associated with boundary effects in regionally constructed models.  

A comparison of a range of recent tomography models yields a useful overview of 

the current state of the art in the imaging of the lithosphere and underlying upper mantle 

beneath South America. This comparison can also highlight the areas where our new model 

offers advances over existing ones.  

We first compare SACI-24 with a representative selection of global S-wave 

tomographic models at the lithospheric depths (110, 150 and 260 km, Figure 3.10). The 

models are CAM2016_Vsv (Ho et al., 2016), 3D2016_09Sv (Debayle et al., 2016), 

SGLOBE_rani (Chang et al., 2015) and SL2013 (Schaeffer and Lebedev, 2013) listed 

chronologically by publication date. All models show the high velocity cratonic lithosphere 
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 in the centre and east of the continent, although with varying levels of detail. In particular, 

SL2013 and SGLOBE_rani, as well as SACI-24, distinguish the cratonic domains in the 

northwest and southeast as separate anomalies. By contrast, CAM2016_Vsv and 

3D2016_09Sv show the lithospheric high-velocity anomalies as a single, large-scale feature.  

At 150 km depth, all models show high velocities near the active western boundary 

of the continent, associated with the subducting Nazca slab. At 260 km depth, the Nazca slab 

is visible most clearly in SACI-24 and SL2013. Below the continental lithosphere, all models 

show low seismic velocities, indicating hot asthenosphere. 

In Figure 3.11, we compare SACI-24 with the recent regional models SAAM23 

(Ciardelli et al., 2022) and SA2019 (Celli et al., 2020b) and the earlier model by Feng et al. 

(2007). Larger-scale structures are consistent across all the models. The model of Feng et al. 

(2007) was the first to map a separation between the lithosphere of the Amazon and São 

Francisco Cratons. Since then, the increase in data sampling and imaging resolution have 

allowed the SA2019 model to map more clearly, and in greater detail, the reduction in 

seismic velocities between the Amazon Craton in the north-west and the São Francisco 

Craton and Paraná Block in the south-east, as well as other lithospheric structures across the 

continent.  
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Figure 3.10: Model Comparison at 110, 150, and 260 km depths. Global models are plotted 

below SACI-24 (this study) in chronological order (most recent first): CAM2016_Vsv (Ho et al., 

2016), 3D2016_09Sv (Debayle et al., 2016), SGLOBE_rani (Chang et al., 2015), SL2013 

(Schaeffer and Lebedev, 2013). All models are plotted with respect to the reference velocity at 

each depth that is specified at the top right of the images. The limits of the colour scale are 

given at the bottom right of each panel.  
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Figure 3.11: Continent-scale model comparison at 110, 150, and 260 km depths. The models 

are: SAAM23 (Ciardelli et al., 2022), SA2019 (Celli et al., 2020b); Feng2007 (Feng et al., 2007). 

All models are plotted with respect to their own reference velocity at each depth, shown at the 

top right of the frames. The limits of the colour scale are at the bottom right of each frame.  
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 The recent continent-scale model of South America SAAM23 (Ciardelli et al., 2022) 

was computed using adjoint waveform tomography. A key advantage of SACI-24 is the very 

large global dataset that constrains it whereas SAAM23 is constructed using selected 

earthquakes and stations limited to South and Central America and a few stations in the 

surrounding oceans and Antarctic Peninsula, with the total of 20,884 source-station pairs 

used.  

SAAM23 and SACI-24 have many similarities, as highlighted in the Supplementary 

Figure 4.1. These include the high velocities associated with the Amazon Craton, Parnaíba 

Block, and São Francisco Craton. There are, however, significant differences as well. One 

such difference is in the north, under the Transbrasiliano Lineament. At 110 km depth, 

SAAM23 displays craton-like high velocity anomalies between the Parnaíba Block and SFC, 

whereas SACI-24 shows lower, non-cratonic seismic velocities. Furthermore, SAAM23 

does not resolve the high velocities associated with the Nazca plate subduction—which we 

know to be occurring—at depths shallower than 260 km.  

Near the southern extremity of the continent, SACI-24, SAAM23 and SA2019 all 

map low seismic velocities associated with the thin lithosphere of the Patagonia terrane, 

which has been attributed to the subduction of the Chilean rise, forming a slab window 

(Breitsprecher and Thorkelson, 2009). The boundary between the seismic velocities of the 

continental platform and Patagonia are similar in SACI-24 and SAAM23.  

Overall, when compared to previous models, SACI-24 displays more detailed, 

clearly defined boundaries of different lithospheric blocks, including cratons and subducting 

slabs. It also maps the substantial structural heterogeneity within each craton. Despite the 

model differences, it is important to note that the current generation of waveform 

tomography models of South America (SACI-24, SAAM23, SA2019) mutually agree and 

validate each other at much finer scales compared to earlier models. This demonstrates the 

advance of the state of the art in the imaging of the continent, driven primarily by the rapid 

growth in the broadband data sampling.  

We also compare SACI-24 with P-wave velocity models computed using teleseismic 

travel times in Supplementary Figure 3.3. At 150 km depth, the body wave models map the 

high velocities within the subducting Nazca slab, but not the cratonic lithosphere inside the 

continent. Most models also show low P-wave velocities in the deep upper mantle beneath 

central and eastern South America, consistent with our observations of low S-wave 

velocities in SACI-24. The structure and dynamics of the transition zone beneath South 

America will be discussed in a forthcoming publication. 
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 3.6.2 South America’s Cratons 

 

In the stable platform of South America, outcrops of exposed Archean crust are 

relatively scarce, with vast cratonic regions either inaccessible or covered by Phanerozoic 

sediments (e.g., Schobbenhaus et al., 2003). Mapping craton boundaries based on surface 

observations alone is, thus, uncertain. SACI-24 provides a detailed new mapping of the 

cratonic lithospheric mantle beneath South America, which is independent from and 

complementary to the evidence from outcrops of Precambrian rock. 

Our model displays strong high velocity anomalies preferentially within the 

boundaries of the major Amazon and São Francisco cratons, with the boundaries drawn 

based on geological and geophysical observations and inferences (Cordani et al., 2016). 

There is strong lithospheric heterogeneity within these major cratons as well. Our 

tomography shows that large parts of them are not currently underlain by cratonic mantle 

(Figure 3.12). The new evidence on the lateral extent of the cratonic lithosphere provided by 

our model is explored in detail in the sections below. 

In order to distinguish the lithosphere of different temperature and thickness more 

clearly, from Figure 3.13 onwards we plot seismic velocity anomalies using a discrete colour 

scale. Higher velocities indicate colder, thicker lithosphere (e.g., Fullea et al. 2021). Yellow 

colour in the lithospheric depth range represents low seismic velocities (<1% dVs anomaly), 

indicating warm, thin lithosphere. Light blue represents dVs between 2% and 5%, indicating 

velocities slightly higher than the global reference, common in stable but non-cratonic 

continental lithosphere. A threshold of 5-6% dVs was used to delimit cratonic lithosphere in 

a number of previous tomography studies (Celli et al., 2020a; de Laat et al., 2023). Here, we 

do not adopt a single dVs threshold to define the boundaries of cratonic mantle lithosphere 

but use a colour scale with the 5.5%, 6.5% and 7.5% dVs thresholds clearly visible. This 

colour scale highlights both where the thick, cold cratonic lithosphere is and the seismic 

velocity variations within the cratonic blocks. The plotting of the multiple threshold 

boundaries indicates, qualitatively, the intra-cratonic variations in the lithospheric 

temperature and thickness. 
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Figure 3.12: Seismic Velocities at 110 km depth and the main tectonic provinces. Tectonic 

overlays are as in the legend box. Seismic velocities in the oceanic areas are shaded, as the 

main focus of this paper is on the continental lithosphere.  

 

3.6.2.1  Amazon Craton 

 

Within the boundaries of the AC shown in Figure 3.13, seismic velocity anomalies 

are positive everywhere, but with strong lateral heterogeneity. Instead of one continuous 
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 cratonic core, we observe two major blocks divided by the Amazon River basin, and each of 

the blocks comprises both cratonic and non-cratonic lithospheric units. In previous studies, 

different sub-divisions of the AC were proposed based on seismic tomography (Heintz et 

al., 2005) and Bouguer gravity anomalies (Nunn and Aires, 1988; Van der Meijde et al., 

2013). A gravity high coincides with a Neoproterozoic magmatic area (Cordani et al., 1984) 

and has been linked to an intracontinental rift preceding the formation of the Amazon Basin 

(Burke and Lytwyn, 1993). The 10 mGal gravity high contour (Figure 3.13-yellow line) is 

matched closely by the 6.5% dVs contour, which confirms a deep lithospheric boundary. 

The relatively low seismic velocities indicate that the lithosphere under the Amazon River 

is thinner and mechanically weaker than that of the neighbouring blocks, which is likely to 

localise deformation, rifting and magmatic activity in this area.  

 

 
Figure 3.13: The lithosphere of the Amazon Craton and the Parnaíba Domain. See Figure 3.2-a 

for the information on the tectonic overlays and Amazon geochronologic provinces. *Bouguer 

gravity anomaly high contour corresponds to -20 mGal (Nunn and Aires, 1988). **Tectonic 

units from Lopes De Castro et al., (2016).  

 

The presence of two separate major blocks under the AC can be interpreted in two 

ways:  
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 A. The Amazon Craton evolved as a single block, as suggested by a number of 

workers (Cordani et al., 1984; Tassinari and Macambira, 1999; Teixeira et 

al., 1989). A subsequent Neoproterozoic rifting event modified the deep 

cratonic lithosphere, leading to the craton’s division into the two lithospheric 

blocks. This event then triggered the initiation of the subsidence of the 

Amazon basin, as proposed by (Burke and Lytwyn, 1993)). Afterwards, the 

thinner lithosphere under the basin could act as a “thin spot” where hot 

asthenosphere could flow into, localising the magmatism of CAMP (Boscaini 

et al., 2022; Sleep, 2003; Thompson and Gibson, 1991). 

B. The Amazon region was assembled as two separate major cratonic blocks, 

with somewhat thinner lithosphere between them. The thinner-lithosphere 

area localised the Neoproterozoic magmatic event, rifting and basin 

formation and the Mesozoic CAMP (Deckart et al., 2005). The S-velocity 

anomaly beneath a large part of the Amazon Basin exceeds 5.5% at 110 km 

depth (Figure 3.13) and the lithosphere here can be considered cratonic, 

although warmer and thinner than beneath the neighbouring units to the north 

and south. The lack of known diamondiferous kimberlites beneath the 

Amazon Basin is consistent with its lithosphere having always been relatively 

thin. We note the possibility of a sampling bias, but to establish the presence 

of thick cratonic lithosphere beneath the Amazon Basin in the past, evidence 

from diamondiferous kimberlites would be necessary. 

 

3.6.2.1.1  Guiana Shield 

 

In the Guiana Shield in the north of the Amazon Craton, highest-velocity anomalies 

at lithospheric depths are observed predominantly within the Transamazonas and Amazônia 

Central Provinces (Figure 3.2, Figure 3.13), east of the Cauarani-Coeroeni Belt (Fraga et al., 

2009, 2008; Kroonenberg et al., 2016). The Amazônia Central Province is characterised by 

most geochronology models as Paleoproterozoic (Santos, 2003a; Santos et al., 2000; 

Vasquez and Rosa-Costa, 2008). Some authors (Almeida et al., 2000; Cordani et al., 1979; 

Tassinari and Macambira, 1999) define this area as the oldest cratonic nucleus from which 

the remaining of the Amazon craton evolved.  

Hadean and Archean ages from zircon xenocrysts, ranging from 2519 to 4219 Ma, 

have been reported from the country Guyana (Nadeau et al., 2013), east of the CCB. 
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 Together with the evidence from our tomography, this confirms the presence of Archean 

cratonic lithosphere in the eastern Guiana Shield.  

 

3.6.2.1.2  Central Brazil Shield 

 

In the Central Brazil Shield in the southern AC, we detect a large block of cratonic 

lithosphere, which we will refer to as the Central Brazil Block. The cratonic lithosphere 

extends east as far as the eastern boundary of the craton. In the south, cratonic mantle 

lithosphere extends beneath the Parecis Basin, beyond the cratonic boundaries mapped at 

the surface (Figure 3.2). The presence of cratonic lithosphere beneath the basin is consistent 

with published evidence from potential field methods (Bahia et al., 2007; Faria, 2015) and 

petrology (Lima et al., 2021).  

High velocity anomalies exceeding 5.5% dVs underlie the four oldest 

geochronologic provinces of the Central Brazil Shield. The Carajás province has the oldest 

Archean basement of the AC and is underlain by very high seismic velocities (dVs > 7.5% 

at 110 km depth). Other provinces within the shield, however, show greater variability of 

the lithospheric structure. 

In the southern Amazônia Central province, seismic velocities are lower in the north 

and increase to the south, where Archean-Paleoproterozoic rock ages have been reported 

(Tassinari and Macambira, 2004). The lithosphere in the north of the province may be 

warmer and thinner due to its modification by the processes that gave rise to the anorogenic 

magmatism of the 1.88Ga Uatumã LIP (Klein et al., 2012; Teixeira et al., 2019). 

The oldest dated crust in the Amazônia Central is 1.9 Ga (Vasquez and Rosa-Costa, 

2008). Contrary to previous suggestions (Santos, 2003a; Tassinari and Macambira, 1999; 

Teixeira et al., 1989) regarding the basement under the Amazon basin, tomography indicates 

that the lithosphere of the craton does not extend homogeneously from the Guiana Block to 

the Central Brazil Block but includes different units with different lithospheric temperature 

and thickness.  

West of the Amazonia Central province, the Tapajós-Parina Province is underlain by 

very high seismic velocities (>7.5% dVs), indicating cold, thick cratonic lithosphere. This is 

consistent with rock ages of 2.80–1.87 Ga (Figure 3.1) measured in the south of the province 

(Paes de Barros, 2007). High seismic velocities are also observed further west, beneath the 

Rondônia-Juruema province, and south, under the Parecis Basin.  

High seismic velocities are evident beneath the Amazon-Solimões basin, to the north 

of the Rondônia-Juruema province (Figure 3.13). Kroonenberg and de Roever (2010) 
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 highlighted the similarities in the rock age and lithology between the Amazônia Central and 

Tapajós-Parina provinces. Given the mapped seismic velocities and limited occurrence of 

Archean crustal rocks (Kroonenberg et al., 2016; Lafon et al., 2003; Motta et al., 2019), we 

infer that most of the AC’s basement was formed in the Archean Era but some of it was 

altered in the Proterozoic, as previously proposed by Almeida et al. (1981) and Zheng et al. 

(2006), and that thick, depleted Archean mantle lithosphere underlies large parts of the 

Amazon Craton. Across the craton, the lithosphere shows strong lateral variations in its 

structure and thickness. 

 

3.6.2.2  Parnaíba Block 

 

The presence of cratonic lithosphere beneath the Parnaíba Basin to the east of the 

Amazon Craton (Figure 3.2) has been proposed in a number of studies (Cordani et al., 1984; 

Daly et al., 2014; Lopes De Castro et al., 2016; Tozer et al., 2017). Our imaging reveals a 

pronounced high-velocity anomaly beneath the northern part of the basin, indicative of cold, 

thick, mechanically strong cratonic lithosphere (Figure 3.13). It is bordered by the TBL to 

the east, the Araguaia Belt to the west, and the São Luiz Craton to the north (Figure 3.3). 

The rifts and grabens of the basin lie predominantly in its eastern and southern parts (Lopes 

De Castro et al., 2016), where the lithosphere is warmer, thinner and mechanically weaker, 

as inferred from the lower seismic velocities, and where deformation localised. Our model 

thus offers a more accurate mapping of the basin’s cratonic lithosphere than available 

previously and can explain the distribution of the lithospheric deformation in the basin. 

The São Luiz Craton to the north of the Parnaíba Block (Daly et al., 2014) is thought 

to be a fragment of the West African Craton. It does not show high velocities characteristic 

of cratonic lithosphere, consistent with lithospheric modification and erosion during the 

fragmentation of western Gondwana (Klein and Moura, 2008). 

 

3.6.2.3  São Francisco Craton 

 

 High seismic velocities beneath the São Francisco Craton indicate the presence of 

thick cratonic lithosphere. The boundaries of the craton in the mantle are substantially 

different from the geological boundaries mapped at the surface (Almeida, 1977) (Figure 

3.14). The extent of the cratonic lithosphere beyond the western geological boundary of the 

craton, seen in our tomography, has already been proposed previously based on gravity 
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 (Pereira and Fuck, 2005), seismology (Assumpção et al., 2004a; Rocha et al., 2019) and 

petrophysical studies (Fernandes et al., 2021).  

In the craton's northernmost region, a small high-velocity anomaly is observed 

beneath the Archean Serrinha Block (Figure 3.2-b), indicating thick lithosphere of this 

Archean core. The reduction of seismic velocities towards the south aligns with the location 

of the complex rift system of the Paramirim Aulacogen (upper green line in Figure 3.14). 

This region has recorded activity of at least eight rifting and/or anorogenic magmatic events. 

Our tomography indicates thinned lithosphere here, which must have localised the recurrent 

tectonic activity. The south-central part of the SFC is dominated by high seismic velocities 

(>7.5% dVs; Figure 3.14), which evidence thick, cold cratonic lithosphere.  

 

 
 

Figure 3.14: Seismic velocity map of the São Francisco Craton. See Figure 3.2-b for information 

on the tectonic overlays and SFC provinces. 
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 3.6.2.4  Paraná Block 

 

Evidence for cratonic lithosphere beneath the Paraná Basin, commonly referred to as 

the Paranapanema Block (Mantovani et al., 2005), has been reported in several previous 

seismic studies (Affonso et al., 2021; Celli et al., 2020b; Chaves et al., 2016; Ciardelli et al., 

2022; Feng et al., 2007; Heintz et al., 2005; Lebedev et al. 2009; Rocha et al., 2011). Our 

new model (SACI-24) shows high seismic velocities down to a depth of 200 km beneath the 

Paraná Basin (Figure 3.5, Figure 3.15), which is consistent with a number of previous models 

(Celli et al., 2020b; Ciardelli et al., 2022; Heintz et al., 2005; Lebedev et al. 2009).  

Whereas most tomographic models depict a single high-velocity feature stretching 

across the Paraná Basin and the São Francisco Craton, our model shows closely spaced but 

distinct cratonic blocks. Paraná’s largest cratonic block is just southeast of the SFC (Figure 

3.11). Between the two cratons, seismic velocities decrease somewhat (< 7.5% dVs; Figure 

3.14). The Brasília foldbelts here are also locations of magmatism of the Goiás and Alto 

Paranaíba alkaline provinces (Figure 3.2). To the west, we also observe two smaller high-

velocity regions, with western boundaries along the inferred extension of the Transbraziliano 

Lineament. 

In Figure 3.15, we compare our seismic velocities with various previously proposed 

boundaries for the cratonic blocks beneath the Paraná Basin (Cordani et al., 1984; Mantovani 

et al., 2005; Milani and Ramos, 1998). The lateral extent of the observed high velocities does 

not quite match any of them. In general terms, our model supports the concept of a 

fragmented craton around a central rift (Marques et al., 1993). Evidence for a fragmented 

craton beneath the basin was also reported previously based on receiver functions and 

Rayleigh wave dispersion analysis (Julià et al., 2008). The relative location of cratonic 

blocks and rifts suggests that deformation and rifting associated with the basin formation 

was localised in the areas with thinner, weaker lithosphere. 

The westernmost high-velocity block is situated between the Paraná Basin and the 

Rio Apa Craton (Cordani et al., 2010) (Figure 3.1, Figure 3.3-c). It is an open question 

whether this high-velocity block and its evolution are associated more with the Paraná 

Cratonic Block or the cratonic lithosphere of the Rio Apa Craton. 
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Figure 3.15: Seismic Velocities under the Paraná Basin. Comparison between seismic 

velocities at 110 km depth and the different, previously proposed boundaries of the cratonic 

block(s) under the Paraná Basin. Central rift and the location of the Paleoproterozoic Três 

Lagoas Basalt are from (Milani and Ramos, 1998). 

 

3.6.2.5  Rio de La Plata Craton  
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 The lateral extent of the Rio de La Plata Craton (RLC), based on surface geology and 

geochronology is much debated (e.g. Oyhantçabal et al., 2011; Ramos et al., 2010; Rapela 

et al., 2007; Santos et al., 2019; Figure 3.16). We have observed a relatively small, in terms 

of its lateral extent, high velocity anomaly in the north of the craton. It is particularly 

prominent (up to 9-10% dVs) at 80 km depth and weakens gradually with increasing depths 

to 1-3% at 150 km depth (Figure 3.5). A number of previous models (Celli et al., 2020b; 

Ciardelli et al., 2022; Feng et al., 2007; Schaeffer and Lebedev, 2013) show some high 

velocities in this region, but with little mutual consistency regarding their location. SACI-

2024 uses improved data sampling of the area, combining new regional and global data 

(Figure 3.4), and localises the anomaly in the northern part of the craton. The high seismic 

velocities we detect are near the northeastern boundary of the craton, according to most 

models, and extend over a relatively small portion of the craton’s area. Within the central 

part of the craton, seismic velocities in the mantle-lithosphere depth range are close to the 

global average (-2% to 2% dVs). 

The pronounced seismic velocity anomaly in the north of the RPC is just southeast 

of the Paraná Block (Ramos et al., 2010) and extends northwest beneath Paraná. The 

boundaries of the RLC and Paraná are difficult to map based on surface observations due to 

the thick sedimentary cover of the Paraná-Chaco Basin (Oyhantçabal et al., 2011; Ramos, 

1988; Rapela et al., 2007).  

Near the southern boundary of the craton, where it borders—and possibly 

comprises—the Tandilia Belt (Figure 3.3) (Rapela et al., 2007), we observe a band of 

positive velocity anomalies with amplitudes around 3%, indicating non-cratonic lithosphere. 

This region is known to host the southernmost Archean basement samples of the continent 

(Hartmann et al., 2002; Oyhantçabal et al., 2011; Pankhurst et al., 2003), which generally 

suggests that cratonic lithosphere formed here in the Archean. The eastern coast of South 

America, however, underwent significant reworking due to the Brasiliano collisions, 

associated with substantial magmatic activity (Oyhantçabal et al., 2011; Santos et al., 2019). 

Cratonic mantle lithosphere beneath the southern Rio de la Plata Craton is likely to have 

been eroded during the craton’s evolution.  
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Figure 3.16: Seismic velocities beneath the Rio de La Plata Craton. Comparison between 

seismic velocities at 80 km depth, with different previously proposed boundaries of the Rio de 

La Plata Craton and surrounding belts. A) Cratonic boundary from Cordani et al., (2016). B) 

Cratonic boundary proposed by Rapela et al., (2007). C) Cratonic boundary from Ramos et al., 

(2010). 

 

3.6.3 Lithospheric structure and magmatism 

 

3.6.3.1  Cenozoic volcanism 

 

Low shear-wave velocities in the lithospheric depth range indicate warm, thin 

lithosphere (Mckenzie and Bickle, 1988; Priestley et al., 2024). Intraplate basaltic volcanism 

is known to occur in areas with thin lithosphere and, in some but not all cases, warmer-than-

average asthenosphere. Ball et al. (2021) combined petrological and tomographic evidence 

at the global scale and reported a strong correlation of the Neogene-Quaternary intraplate 

volcanism with low upper mantle shear-wave velocities and small estimated thicknesses of 

the lithosphere (< 100 km). Recent high-resolution, continent-scale tomographic models 

show an even stronger correlation, with all intraplate basaltic volcanism located on thin 

lithosphere (e.g., Civiero et al., 2022; de Laat et al., 2023; El-Sharkawy et al., 2024). 

We compare seismic velocities at 110 km depth and the locations of Cenozoic (< 66 

Ma) intraplate basaltic volcanism in South America in Figure 3.17. We consider only the 

Cenozoic volcanoes because the lithosphere they erupted on is most likely to be similar to 

what we observe today, in contrast with the lithosphere further back in time, whose thickness 

is more likely to have changed substantially (e.g., Meier et al., 2016). We complement the 
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 magmatism compilation from Mizusaki et al. (2002) with additional data points (de Souza 

et al., 2003; Knesel et al., 2011; Perlingeiro et al., 2013; Skolotnev et al., 2011) and add the 

Patagonia dataset from D’Orazio et al. (2004). We cluster together the samples located 

within a radius of 10 km from each other and consider the cluster to be a single datum, so 

that heavily sampled areas do not bias the resulting histogram (Figure 3.17). Similar 

correlations of low velocities with late Cretaceous intraplate magmatism had also been found 

with a regional P-wave tomography study in SE Brasil (Assumpção et al., 2004b). 

We observe that a large majority of volcanic areas are where the seismic velocity 

anomaly is negative, which indicates thin lithosphere. The remaining ones are where S-

velocity anomaly is 0-4%, and almost all of them are very close to a boundary with a lower-

velocity structure. This suggests that these volcanoes probably erupted on the thinner 

lithosphere, indicated by the lower velocities, but the lateral averaging of the tomography 

smooths the boundaries of the thick and thin lithospheric blocks, which produces the few 

outliers to the, nonetheless, very clear pattern (Figure 3.17).  

The common occurrence of intraplate basaltic volcanism near the boundaries of 

lithosphere of contrasting thickness is an important observation in itself. This suggest that 

the origin of much of this volcanism is likely to have involved lateral flow of warm 

asthenosphere from beneath the thick lithosphere to the “thin spots,” where diabatic 

decompression melting and basaltic eruptions eventually occurred (Thompson and Gibson 

1991; Sleep 2003; Lebedev et al 2006; de Laat et al. 2023). 
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Figure 3.17: Locations of intraplate Cenozoic volcanism on the background of seismic velocity 

anomalies at 110 km depth. The histogram at the bottom right shows seismic velocities at sites 

of volcanism. 

 

3.6.3.2  Large igneous provinces  

 

The upper mantle structure, in particular that of the mantle lithosphere, also appears 

to have controlled the distribution of volcanism within South America’s major Large 

Igneous Provinces (LIPs): the Central Atlantic Magmatic Province (CAMP, e.g., de Min et 

al., 2003; Wilson, 1997) and the Paraná Magmatic Province (PMP, e.g., Peate et al., 1992). 

The emplacement of CAMP occurred around 201 Ma, prior to the breakup of Pangaea and 

the opening of the central Atlantic Ocean (e.g., de Min et al., 2003; Deckart et al., 2005; 

Marzoli et al. 1999; Milani and Zalán, 1999), whereas the Paraná Magmatic Province formed 

at around 134 Ma (e.g., Piccirillo and Melfi, 1988; Renne et al., 1996), just before the 

opening of the South Atlantic. 

The large volumes of the flood basalts, dyke swarms and other magmatic features 

within LIPs (e.g., Ernst et al. 2021) set them apart from the low-volume intraplate eruptions, 
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 such as those of Cenozoic age in South America discussed in Section 3.6.3.1. The origin of 

LIPs is commonly attributed to adiabatic decompression melting in upwelling mantle plumes 

(e.g., Richards et al. 1989; White and McKenzie 1989). The LIP magmatism, however, is 

often distributed unevenly over very broad areas, which continues to fuel debate on whether 

a plume—or only one plume—can account for the dispersed eruptions within a LIP (e.g., 

Sleep, 2003; Steinberger et al., 2019; Peace et al., 2020; Civiero et al. 2022). 

It has been postulated previously that the LIP basalts erupt where the lithosphere is 

thin (e.g., White & McKenzie, 1995; Lebedev et al., 2018; Niu, 2021; Civiero et al. 2022). 

Stephenson et al. (2023) compared the distribution of recent LIP magmatism globally with 

the lithospheric thickness, calculated from seismic tomography and geochemical data, and 

concluded that LIP eruptions occur on lithosphere thinner than about 80 km. They also noted 

that the lithosphere beneath older continental LIPs often looks cratonic (cold and thick), in 

contrast to the warm and thin lithosphere beneath younger LIPs, and suggested that cratonic 

lithosphere may re-grow with time after being thinned by a mantle plume.  

 In Figure 3.18, we compare the distribution of magmatism associated with 

South America’s Phanerozoic LIPs with seismic velocities at 110 km depth. The igneous 

rock sample locations were obtained from the GEOROC Continental Flood Basalt 

Compilation (DIGIS Team, 2022). CAMP magmatism is distributed preferentially at the 

boundaries of the blocks of the thick cratonic lithosphere in the Amazon Craton and the 

Parnaíba Block. The PMP igneous rock locations are also mostly on average-low seismic 

velocity anomalies. The exceptions are the high velocities beneath parts of the flood basalts. 

A part of the CAMP flood basalts just south of the Amazon River is atop a high-velocity 

anomaly indicative of cratonic lithosphere. Within the contours of the Paraná flood basalts, 

the lithosphere is non-cratonic and thin in the south, where most volcanic sites are observed, 

but in the north the velocities are high, indicative of the presence of cratonic lithosphere 

below the Parana Block. Flood basalts are known to spread on the Earth’s surface over 

hundreds of kilometres from the location of the lava outpouring (e.g., Hooper, 1997; Self et 

al., 2008) and dyke swarms can transport basaltic magmas over similarly long distances (e.g., 

Ernst et al., 2001), so their appearance on top of the thick lithosphere (Figure 3.18) does not 

require the unlikely re-growth of cratonic lithosphere (cf. Stephenson et al., 2023). Cratonic 

lithosphere needs to be compositionally buoyant in order to be stable when thick and cold 

(e.g., Jordan, 1975), and it is unclear how it could be created without pervasive melting, as 

in the hot Archean mantle. Similar to our observations in South America, seismic 

tomography also shows relatively thin, non-cratonic lithosphere in the central parts of other 

LIPs, in Siberia (Lebedev et al, 2018) and Africa (Celli et al. 2020a).  
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Figure 3.18: Mesozoic Large Igneous Provinces (LIPs) in South America. Shear-wave velocity 

anomalies at 110 km depth are overlain by the locations of volcanic areas and flood basalts 

from the CAMP and PMP. The boundaries of the CAMP flood basalts are based on the 100 m 

thickness contour of the sills (de Min et al., 2003; Heimdal et al., 2018). 

 

3.6.3.3  Diamondiferous kimberlites 

 

The presence of diamonds in kimberlites requires lithosphere exceeding about 150 

km in thickness at the time of magmatism (Boyd et al., 1985; Pearson et al., 2003).  
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Figure 3.19: Seismic velocities at 110 km depth overlain by the locations of kimberlites, 

including diamondiferous kimberlites (DK). Open diamonds have no age information. 

 

In Figure 3.19 we compare diamondiferous kimberlite locations in South America 

(Matos Cunha et al., 2017) with seismic velocities at 110 km depth. The histogram of seismic 

velocities shows that over 80% of diamondiferous kimberlites in South America are where 

seismic velocities are over 5% above the global average, indicating thick cratonic 

lithosphere. For the remaining minority of samples, the absence of cratonic mantle 

lithosphere implies its probable erosion since the time of the kimberlite eruption (Celli et al., 

2020a).  

A large proportion of the diamondiferous kimberlites found on apparently non-

cratonic lithosphere are situated along the western boundary of the Central Brazil Shield 

(southern Amazon Craton). This region has long been considered anomalous (Hunt et al., 

2009), with diamondiferous kimberlites emplaced through crust believed to be 

Mesoproterozoic in age, and outside the commonly accepted boundary of the AC. Two 

distinct clusters of kimberlites, Pimenta Bueno (Burnham et al., 2016; Hunt et al., 2009; 

Masun and Scott Smith, 2008) and Juína (Kaminsky et al., 2010, 2010, 2009), contain 

diamonds probably formed within the mantle transition zone. Yet, there is also compelling 
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 evidence pointing to diamonds of lithospheric origins from both clusters (Burnham et al., 

2016; Hunt et al., 2009; Kaminsky et al., 2009).  

We infer that the cratonic lithosphere of the southwestern Amazon Craton has been 

eroded or altered since the eruption of the diamondiferous kimberlites. Within the Juína 

cluster, only the older (~92-95 Ma) pipes are diamond-bearing, whereas younger kimberlites 

dated to 79-80 Ma are barren (Kaminsky et al., 2010). This is consistent with the erosion 

and thinning of the cratonic mantle lithosphere at 80-90 Ma. This also suggests that the 

basement along the western AC boundary is likely to be Archean-Paleoproterozoic, older 

than has been suggested by some authors (Santos, 2003a; Tassinari and Macambira, 1999).  

In the São Francisco Craton and its adjacent areas, all diamonds are found within 

regions of high seismic velocities, indicative of cratonic lithosphere.  

 

3.7 Conclusions 

 

Seismic tomography provides essential information on the structure of the 

lithosphere of South America and how it controls tectonics and volcanism. Together with 

complementary geological evidence, seismic tomography can also help us reconstruct the 

temporal evolution of the lithosphere. Our new waveform tomography model, SACI-24, 

offers significant improvements in the resolution of the shear-wave velocity structure across 

the South American continent and its margins, particularly at lithospheric depths, compared 

to previous regional and global models. This is due to the substantially improved data 

sampling, achieved thanks to the recently expanded seismic networks in South America and 

the large, complementary global dataset. Elaborate error analysis, data culling and the tuning 

of the tomographic inversion for the South American continent have helped us to extract 

accurate structural information from the massive datasets and increase the resolution of the 

imaging.  

The current generation of waveform tomography models of South America show 

mutual agreement at much finer scales than earlier models. This illustrates the ongoing 

progress in seismic imaging, driven mainly by the rapid growth in the data sampling.  

Tomography maps in detail the cratonic and intra-cratonic boundaries and other basic 

structural variations across the continent. The lithospheric structure variations indicated by 

the seismic velocities in SACI-24, in particular, show clear relationships with the locations 

of the deformation and rifting, basin formation and magmatism. These relationships offer 

insights into the mechanisms of the lithospheric control on these processes. The primary 
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 specific conclusions from our analysis of South America’s lithospheric structure are as 

follows. 

 

9. Within the Amazon Craton’s surface boundaries, we identify two distinct units of 

cratonic lithosphere, the Guiana and Central Brazil blocks, separated by the Amazon 

Basin. The lithosphere beneath the Amazon Basin is relatively warmer and thinner. 

This can account for the fact that it has been a location of recurrent magmatism and, 

as previously proposed, a site of a failed rifting event that formed the Amazon Basin.  

10. In the northern Guiana Shield, we map thick cratonic lithosphere east of the 

Cauarani-Coeroeni Belt and under the Amazônia Central province. In the southern 

Central Brazil Shield, thick cratonic lithosphere extends from the Archean Carajás 

province to the Mesoproterozoic Rondônia Juruema province.  

11. We identified a cratonic lithosphere under the sedimentary cover of the Parnaíba 

Basin. The Parnaíba cratonic block is bound on the east and south by rift and graben 

structures, where deformation is localized by the warmer and weaker lithosphere. 

12. In the São Francisco Craton, the cratonic lithosphere extends beyond the previously 

proposed north and southwest boundaries. The craton’s internal structure shows 

variability, with warmer, thinner lithosphere beneath the Paramirim and Pirapora 

aulacogens, which have been locations of magmatic and rifting cycles. 

13. We confirm the presence of cratonic lithosphere under the Paraná Basin. Contrary to 

the previously proposed hypothesis of a continuous block of cratonic lithosphere 

under the basin, we resolve multiple units of cratonic lithosphere. While many 

authors have posited the existence of a fragmented cratonic root, it has not been 

imaged by seismic tomography until now. The region of thinner lithosphere is 

oriented NE-SW and aligns with the previously proposed location of a central rift, 

also evidenced by the Paleozoic Três Lagoas basalt. 

14. High seismic velocities indicative of cratonic lithosphere are observed south of the 

Paraná Block. We interpret these velocities as the cratonic root of the northern part 

of the Rio de la Plata Craton, observed from 80 km to 150 km depth. No cratonic 

lithosphere is observed beneath the southern Rio de la Plata Craton, where Archean 

crust has been mapped, which suggests lithospheric reworking there. 

15. Cenozoic intraplate basaltic volcanism is observed primarily in areas with low 

seismic velocity and, by inference, thin lithosphere, especially in the Borborema 

province, the southern Atlantic Coast, and Paraguay. The high concentration of the 

volcanic sites near the thick lithosphere-thin lithosphere boundaries is consistent 
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 with the volcanism caused by horizontal asthenospheric flow from under the thick 

lithosphere towards the thin rifted lithosphere, with subsequent decompression 

melting below the thin lithosphere causing the magmatism. 

16. Most basalts of the CAMP and Parana LIPs are also observed in areas with relatively 

low seismic velocity, compared to neighbouring blocks, indicating that they erupted 

through relatively thin lithosphere. Parts of the flood basalts, however, are exceptions 

and overlie thick cratonic lithosphere. These melts are likely to have undergone 

lateral flow in hypabyssal intrusions or lava flows, from thin-lithosphere sites. 

Tomography thus provides new evidence on the importance and the extent of lateral 

transport of basaltic melts in and atop the crust of LIPs. 

17. Approximately 80% of known diamondiferous kimberlites in South America are 

situated in regions marked by high seismic velocity anomalies (>5% dVs), indicative 

of thick cratonic lithosphere. The remaining diamondiferous kimberlites are found 

on presently thin (non-cratonic) lithosphere, which is likely to indicate the erosion 

and thinning of cratonic lithosphere in these locations since the time of their 

eruptions. 

 

3.8 Supplementary Material 

 

3.8.1 Global Data Distribution 

 

 
Supplementary Figure 3.1: Global seismic data coverage used in the construction of SACI-24. 

Seismic stations are plotted in red; triangles indicate global stations with freely available data 
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 and squares the stations from "3-Basin" network in South America; Events are blue stars, all 

used in the tomography. 

 

3.8.2 Data Sampling per Depth – Column Sums 

 
Supplementary Figure 3.2: Data Sampling at Four Different Depths. The sums of the matrix 

columns yield a better measure of the relative sampling of each model knot, taking into 

account the variability in structural information provided by each waveform fit, the sensitivity 

volumes, and the path similarity weights. 

 

3.8.3 Model Comparison with Body Wave Models 

 

 
Supplementary Figure 3.3: Comparison of the model with body-wave velocity models at the 

upper mantle depths. The models are: SAM5_P_2019 (Portner et al. 2020); DETOX-P2 

(Hosseini et al. 2020); LLNL_G3Dv3 (Simmons et al., 2012); UU-P07 (Amaru, 2007); PRI-P05 (Li 
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 et al., 2005). All models are plotted with respect to their mean velocity at depth, shown at the 

top right of the images. The limits of the colour scale are at the bottom right of each image. 

Plate boundaries are plotted in green. 

 

3.8.4 Model Comparison with SAAM23 

 

 
Supplementary Figure 3.4: Comparison of SACI-24 and SAAM23. Columns from left to right: 

our model SACI-24, the SAAM23 model by Ciardelli et al. (2022) and the vote map for the two. 

The vote map displays areas where seismic velocities exceed a specified threshold (indicated 

at the top of the plot) in either or both models. A '1' value is registered at points where velocities 

surpass the threshold in a model. The cumulative vote map is an aggregate of votes from each 
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 model; red areas highlight the regions of consistency between the two models. Threshold 

values at depths of 110 km and 150 km are chosen to indicate cratonic lithosphere, whereas 

the threshold at 485 km depth—to indicate the Nazca slab. For the purposes of the 

comparison, the reference velocity of SAAM23 has been adjusted to match that of SACI-24. 

 

 

Supplementary Figure 3.5: Spike Tests at Different Locations. All are input at 150 km depth 

with 250 m/s velocity perturbation. For each spike we plot (from left to right): a vertical cross-
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 section through the input and output models. Horizontal and vertical 1-D S-wave anomaly 

profiles along the cross-section. The location of the spikes on the map as red stars. 

 

3.8.5 Synthetic Column Tests 

 

Supplementary Figure 3.6presents a series of synthetic column tests. The synthetic 

pattern, in each case, comprised columns of constant diameter of approximately 2.2° and a 

velocity perturbation of 300 m/s, distributed across the continent. These columns are set at 

different distances from each other in different tests—approximately 9°, 5.5°, and 3°. 

In the first test, where the columns are separated by 9°, the output model closely 

matches the amplitudes and shapes of the input one, particularly in well-sampled areas. The 

recovery of anomalies is the most accurate along the western coast. Beneath the continental 

interior and the oceans, the amplitudes are reduced and the anomalies broaden, indicating 

averaging lengths exceeding the column-footprint width on the map. At this separation 

distance between the columns, there is no smearing or leaking of amplitudes between them. 

In the second test, with a 6° separation, the results are similar to the first test in well-

sampled areas. In the southern Atlantic Ocean and north-eastern Brazil, we observe smearing 

of the seismic anomalies between neighbouring columns. 

In the test featuring a 3° column spacing, greater smearing between the structures 

appear in most parts of the oceans, north-eastern Brazil, and the Amazonia region. Despite 

the tight spacing, the model still recovers accurately the amplitude and shape of anomalies 

in the best-sampled areas, such as along the subduction zones and the central continental 

region. IN the NE part of the continent, low-amplitude artificial anomalies connect some of 

the pairs of columns, but the locations of the columns are still resolved correctly, clearly 

identifiable by high anomaly amplitudes. 

These tests illustrate qualitatively the ability of the tomography to resolve gaps 

between anomalies, of different widths and in different locations in the region. In parts of 

the continent, gaps may be partly filled with elongated artefacts along the NE-SW azimuth, 

but the artefacts have amplitudes substantially lower than those of the recovered true 

anomalies.  
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Supplementary Figure 3.6: Column resolution tests. The input synthetic columns have 

hexagonal cross-sections in the map view and extend from 80 to 200 km depth. The width of 

the columns is ~2.2°, and the velocity perturbation within them is 300 m/s. From top to bottom, 

we decrease the separation distance from ~9° to 5.5° and 3°. 
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 4 Origin and Distribution of the Intraplate 

Magmatism of South America 
 
 

Abstract 

 

The South American platform experienced significant intraplate volcanism during the 

Mesozoic and Cenozoic Eras, much of it associated with the break-up of Gondwana. This 

includes the large-scale Central Atlantic Magmatic Province and Paraná-Etendeka Large 

Igneous Province. The origins of the magmatism are debated, with models ranging from a 

mantle plume impact to lithospheric extension and edge-driven convection. Here, we 

investigate the origins and mechanisms of the magmatism using a new, high-resolution, S-

wave velocity tomographic model of the South American Plate. The model was calculated 

with a large dataset of global and regional seismic waveforms and resolves the upper mantle 

structure at a new level of detail. We also compile an extensive Mesozoic-Cenozoic 

magmatism dataset and analyse it jointly with the tomography, also including evidence from 

hotspot tracks and from recent whole-mantle tomography models. Prominent low-seismic-

velocity anomalies under the South American platform’s lithosphere extend down into the 

deep upper mantle, with the strongest anomaly in the mantle transition zone found beneath 

southeast Brazil. Whole-mantle tomography shows that this anomaly extends to ~2000 km 

depth, suggesting a deeply rooted mantle plume. Interaction with slab fragments from the 

long-lived Nazca subduction modifies the plume ascension path, causing it to branch out and 

travel horizontally to areas of thin oceanic lithosphere, where we find the present-day 

location of the many hotspots in the Atlantic Ocean. On the western coast, the low velocity 

anomaly associated with the Galápagos plume extends westwards, where it leads to a strong 

slow velocity anomaly ponding under the Peruvian segment of the Nazca subduction. In the 

lithosphere, our model SACI-24 maps the intricate shape of cratons, that, together with the 

reconstructed position of hotspots, reveals that lithospheric thickness is the main control on 

the distribution of volcanism in large igneous provinces. 

 

Keywords: Waveform Tomography, South America, Brazil, Intraplate Volcanism, Mantle 

Plumes, Lithosphere, Asthenosphere, Large Igneous Provinces, Hotspots. 
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 4.1 Introduction 

 

The South American platform comprises the stable central and eastern parts of the 

continent. It experienced numerous episodes of volcanism during the Mesozoic and 

Cenozoic Eras, much of it at the time of the protracted break-up of Gondwana. That included 

the extensive Central Atlantic Magmatic Province (CAMP), contemporaneous with the 

opening of the Central Atlantic around 201 Ma, and the Paraná Magmatic Province (PMP), 

which preceded the opening of the South Atlantic at approximately 135 Ma. Additionally, 

sporadic, small-volume volcanism occurred throughout the Borborema province in 

northeastern Brazil, from the Mesozoic era to as recently as 7.1 Ma (Knesel et al., 2011), 

and, post-PMP, along the southeast Brazilian coast, ranging in age from 95 to 28 Ma 

(Almeida et al., 1996) (Figure 4.1). 

 

 
Figure 4.1: Main Magmatic Provinces of South America. Samples of mafic alkaline igneous 

rocks (Mizusaki et al., 2002; Ribeiro et al., 2018; Tassinari, 1996) are plotted as triangles, with 

the colour fill representing the measured age. In the continent, brown filled contours are 

continental flood basalts (CBF). In the oceans, contours filled in red are seamounts and 

volcanic plateaus. The numbers indicate the province age in millions of years (Ma). P-I-AP-SM: 
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 Poxoréu, Iporé, Alto Paranaíba and Serra do Mar Provinces (Gibson et al., 1995). Hotspot 

locations are from Whittaker et al. (2015). Major plate boundaries are marked in green lines 

(Bird, 2003). 

 

The origin of the intraplate volcanism is a subject of debate. More evidence is 

required on the current and past dynamics of the mantle and melting within it. In this study, 

we use our new S-wave velocity tomographic model, SACI-24, to constrain the structure of 

the crust and upper mantle beneath South America and the surrounding oceans. SACI-24 is 

computed using an extensive dataset of waveform fits from both regional and global 

seismograms, enabling us to significantly enhance the resolution of the imaging beyond that 

of the existing continental scale and global models. The model reveals detailed upper mantle 

structure beneath the hotspots on the South America and Nazca plates and provides evidence 

on their interactions with the lithosphere and subducting slabs. We also compile a large 

dataset of magmatic events in South America since the Mesozoic, containing mafic and 

alkaline igneous rock locations and ages (Mizusaki et al., 2002; Ribeiro et al., 2018; 

Tassinari, 1996) and flood basalt data (Heimdal et al., 2018; Peate et al., 1992). 

We do not limit the tomographic evidence to that from our own new model but 

compare a range of recent models which, together, represent the current state of the art. We 

complement the tomography evidence with complementary geophysical, geochemical, and 

geological data. The results of our analysis suggest that the thermal upper mantle anomalies 

and associated magmatism have a deep mantle basic origin. The enigmatic distribution of 

the magmatism is likely to have been shaped both by the complexities in the morphology of 

hot mantle upwellings and by the lateral variations in the thickness of the lithosphere.  

 

4.2 Main Magmatic Provinces of South America 

 

Two significant magmatic events have notably impacted the South American 

continental margins and interior since the Mesozoic. The Central Atlantic Magmatic 

Province (CAMP) comprises flood basalts, mafic dyke swarms and layered sills, emplaced 

in Pangea at around 201 Ma (Davies et al., 2017; de Min et al., 2003; Marzoli et al., 2018).  

CAMP is a unique magmatic province due to its vast spatial extent, the large volume 

of intruded mafic magmas, and the relative rarity of preserved lava piles (Marzoli et al., 

2018). In South America, the CAMP tholeiitic magmatism extends from the continental 

margin into the Amazon Craton (de Min et al., 2003) and is proposed to have reached as far 
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 as Bolivia (Bertrand et al., 2014). It has been suggested that CAMP's origin is related to a 

mantle plume associated with either the Fernando or the Cape Verde hotspot (A.M. Leitch 

et al., 1998; Marzoli et al., 1999a; Wilson, 1997b). Alternative explanations include the 

incubation of hot upper mantle beneath thick continental lithosphere (de Min et al., 2003) 

and edge driven convection caused by steps in the lithospheric thickness (de Min et al., 2003; 

McHone, 2000). The enriched signature of the CAMP mantle source has been attributed to 

a deep mantle plume and, alternatively, to recycled continental crustal material (Callegaro 

et al., 2013; Merle et al., 2011; Whalen et al., 2015) and to the mantle enriched by subducted 

continental sediments (Merle et al., 2014).  

The following major magmatic event in South America was the emplacement of the 

Paraná-Etendeka large igneous province (LIP). It preceded and was partly coeval with the 

break-up of Gondwana and the opening of the South Atlantic Ocean. The Paraná-Etendeka 

LIP is connected to seamounts, oceanic plateaus and age-progressive volcanic chains on both 

the South American and African plates (Darros de Matos, 2021; Fairhead and Wilson, 2005; 

Will and Frimmel, 2018).  

The origin of the Paraná-Etendeka LIP has been attributed to the arrival a mantle 

plume between 135-130 Ma, with its tale causing the recent volcanism at Tristan da Cunha 

(Turner et al., 1994). This igneous province is one of only three globally where flood basalt 

emplacement was followed by small volume magmatism forming linear, age-progressive 

volcanic chains, as can be expected for the plume head-plume tail volcanism sequence 

(Courtillot et al., 2003). Using plate reconstructions, the Tristan Plume can be tracked back 

to the South American continent along the Rio Grande rise (Mohriak et al., 2010) and Santos 

and Pelotas basins (Geraldes et al., 2013), where it reaches southeast Brazil and the Paraná 

Igneous Province. 

There are a few other hotpots in the South Atlantic Ocean: the Trindade, Sierra 

Leone, Ascension and St. Helena hotspots (e.g., Darros de Matos, 2021). The Trindade 

hotspot is thought to be located beneath the Trindade and Martin Vaz Islands, offshore 

southeast Brazil, at the end of the E-W Trindade volcanic chain. The Abrolhos magmatic 

province at the ocean-continent transition is considered the link between the oceanic 

volcanic island chain and the Poxoréu, Iporá, Alto Paranaíba, and Serra do Mar igneous 

provinces (Stanton et al., 2021). The earliest volcanism attributed to the Trindade hotspot is 

the mafic alkaline eruptions of the Poxoreú igneous province (Figure 3.1) at 85 Ma on the 

continental interior (Gibson et al., 1997).  

For the Sierra Leone and St. Helena hotspots, there is no clearly visible trail of 

volcanic islands and seamounts on the South American plate as there is on the African plate 
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 (Darros de Matos, 2021). Recently, the Pernambuco and Bahia seamounts offshore northeast 

Brazil have been attributed to the St. Helena hotspot (Skolotnev et al., 2012a, 2012b), and 

the Demerara Plateau—to the Sierra Leone hotspot (Basile et al., 2020). There is ongoing 

debate on whether the volcanic Ascension Island has a deep mantle plume origin that is 

linked to the St. Helena hotspot (Kawabata et al., 2011; Montelli et al., 2006; Zhang et al., 

2021) or a mid-ocean ridge origin (Hoernle et al., 2011; Paulick et al., 2010). 

The Borborema province in north-eastern Brazil hosts the youngest continental 

volcanism of the South American stable platform, dated at 7.1 Ma (Knesel et al., 2011). 

Recurrent magmatic events occurred in this area since 200 Ma (Mizusaki et al., 2002). This 

region is also a site of Cretaceous tectonic uplift, which has been proposed to be due to 

asthenospheric upwelling or lithospheric thinning (e.g., Morais Neto et al., 2009). The 

Cenozoic volcanism in this area is often attributed to the Fernando hotspot offshore 

(Almeida, 1987; Fodor et al., 1998; Mizusaki et al., 2002). The long duration and the lack 

of the spatial age progression of the volcanism motivated other explanations for it, including 

edge-driven convection (King and Ritsema, 2000; Knesel et al., 2011). Alternatively, Sleep 

(2003) suggested that both the Fernando and Trindade volcanic island chains originate from 

lateral flow from plume material that had been ponding under the continent and was then 

transported horizontally from west to east along ocean fracture zones.  

 

4.3 Waveform Tomography 

 

Our high-resolution tomographic model, SACI-24 (Chapter 2), was constructed 

using over 1.2 million global and regional seismograms with the source-station paths 

crossing the half hemisphere centred on South America. They were obtained from more than 

27,000 earthquakes and over 9,000 broadband seismic stations (Figure 4.2). 

SACI-24 was computed as a global model, so that is does not have any model 

boundaries, but the inversion tuning, and error analysis were focussed particularly on the 

South American Plate region. We gathered all freely accessible broadband data from global 

data centres and complemented it with data from the stations from the temporary FAPESP 

"3-Basins Thematic Project". In the deep upper mantle, SACI-24 is constrained by long-

period fundamental and higher mode surface waves. In the shallow upper mantle and crust, 

the sensitivity of those waves is complemented by that of the shorter period surface waves. 

The combined regional and global dataset ensures the densest possible data sampling of the 

South American continent, its margins, and surroundings. 
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Figure 4.2: Seismic data coverage. a, b) number of approximate sensitivity areas 

sampling each node in the study region and globally. Red triangles represent the 

seismic stations used in the study, and yellow stars—the events. c-f) The sums of 

the columns of the sensitivity matrix are proxies for the structural information 

provided by each waveform fit, accounting for sensitivity volumes and path 

similarity weights at each depth. Values are plotted in percentage in relation to 

the maximum value, shown in the top right corner of each figure. 

 

The seismograms were inverted for a 3D Earth model in a three-step inversion 

procedure. Firstly, the Automated Multimode Inversion (AMI) technique is employed to fit 

the waveforms (Lebedev et al., 2005). This method calculates synthetic seismograms using 

mode summation and fits the surface, S, and multiple S waves in a seismogram-specific set 

of weighted time-frequency windows. AMI minimises the misfit in the time domain and, as 

the result of the waveform inversion, produces a set of linear equations with uncorrelated 

uncertainties for each seismogram (Nolet, 1990). These equations quantify the average S- 

and P-wave velocity deviations from a 3D reference model within approximate sensitivity 

volumes (Lebedev et al., 2005; Lebedev and van der Hilst 2008).  

In the next step, all the equations are jointly inverted for the 3D distribution of P- 

and S-wave velocities in addition to 2Ψ S-wave azimuthal anisotropy (Lebedev and Van Der 

Hilst, 2008). This is achieved using the LSQR method (Paige and Saunders, 1982) with 
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 smoothing and small norm damping (Nolet, 1990; Lebedev and van der Hilst, 2008). Our 

tomographic model is parameterised using a dense triangular grid (Wang and Dahlen, 1995) 

with approximately 120 km lateral knot spacing. Radially, the grid comprises 18 and 10 

triangular radial basis functions for S- and P-wave velocities, respectively. For S-wave 

velocities, the basis functions are centred at 7, 20, 36, 56, 80, 110, 150, 200, 260, 330, 410-

, 410+, 485, 585, 660-, 660+, 809, and 1007 km; for P-wave velocities—at 7, 20, 36, 60, 90, 

150, 240, 350, 485, and 585 km. Model parameter perturbations are computed with respect 

to the same 3D model as used in AMI, which combines a modified CRUST2 (Bassin et al., 

2000)—with added topography and smoothed at cell boundaries—and our own global 1D 

mantle average (Lebedev and Van Der Hilst, 2008).  

In the third step of the inversion procedure, the automatic outlier analysis is 

performed (Lebedev and Van Der Hilst, 2008), selecting the most mutually consistent 

equations and exploiting the data redundancy given by the large amount of waveforms in 

our dataset. 

We employ the Global Centroid-moment-tensor (GCMT) catalogue (Ekström et al., 

2012) to determine earthquake source parameters from 1994 onwards. Then, we apply a 

threshold varying on a distance-magnitude scale (Schaeffer and Lebedev, 2013, p. 200). In 

our final model, each node within the research area is sampled by a minimum of 12,000 fits, 

with optimally sampled regions reaching up to 170,000 fits. 

 

4.3.1 Resolution Tests 

 

A common way of validating specific features in seismic tomography is by the 

construction of synthetic resolution tests. It consists of calculating synthetic data from a 

synthetic velocity structure and then, inverting the synthetic data for a tomographic model, 

using the same regularisation parameters as the real data inversion. The ability of the 

inversion to recover the input model can be used as an indication of the real model accuracy 

(Rawlinson et al., 2010) and will depend on the data coverage and regularisation parameters. 

AMI been tested previously using inversion of two benchmark datasets calculated using 

numerical wave propagation and showed high accuracy in the recovery of unknown 

synthetic anomalies (Lebedev and van der Hilst, 2008; Qin et al., 2008). Additionally, we 

have performed several resolution tests on SACI-24, including columnar checkerboard tests 

(Section 2.6.1), spike tests and “cratonic type” structural tests (Section 3.4.1).  

Here we will show and discuss resolution tests developed to specifically test features 

of the model discussed in this chapter. These include: alternating velocity columns within 
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 the mantle intermediate depths (Figure 4.3) and transition zone depth nodes (Figure 4.4 and 

Figure 4.5); vertical synthetic columns at the proposed hotspot locations on the surroundings 

of South America (Figure 4.6); and the removal of the structures below the cratonic areas, 

to investigate the effect of the strong positive velocities of the cratonic lithosphere in the 

continent in the greater depths (Figure 4.7 and Figure 4.8). 

In Figure 4.3, we show a checkerboard resolution test we constructed in order to 

evaluate the model’s accuracy in resolving seismic structures in the intermediate mantle 

depths (200 – 410 km). The input model consists of alternating ± 300 m/s velocity columns, 

with a geometry similar to model c) in Figure 2.8 (four nodes width and ~12 nodes spacing). 

The resulting model shows seismic structures that are well resolved in both location and 

amplitude, over the continental and oceanic regions. 

 

 
Figure 4.3: Column resolution tests at the depth nodes 200, 260, 330 and 410 km. The input 

structures are defined with alternating positive and negative columns of 300 m/s. Vs colour 

scale boundaries are shown at the bottom right of each top panel. The input and output 

models are shown as depth slices at the top and vertical cross sections at the bottom. The 

cross section is shown as a black line in the first plot on the left. 

 

In Figure 4.4 and Figure 4.5, we construct input synthetic models to test the model’s 

resolution within the mantle transition zone (410-660 km depth). Figure 4.4 consists of 

vertical synthetic columns located at 410, 485, 585 and 660 km depth, and Figure 4.5 consists 

of vertical columns at 485 and 585 km depth only. Both input structures consist of alternating 
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 ± 300 m/s velocity columns, with a geometry similar to model c) in Figure 2.8 (four nodes 

width and ~12 nodes spacing). 

 

 
Figure 4.4: Column resolution tests at the depth nodes 410, 485, 585 and 660 km. The input 

structures are defined with alternating positive and negative columns of 300 m/s. The input 

and output models are shown as depth slices at the top and vertical cross sections at the 

bottom. The cross section is shown as a black line in the first plot on the left. 

 

 
Figure 4.5: Column resolution tests at the depth nodes 485 and 585 km. The input structures 

are defined with alternating positive and negative columns of 300 m/s. The input and output 
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 models are shown as depth slices at the top and vertical cross sections at the bottom. The 

cross section is shown as a black line in the first plot on the left. 

 

In Figure 4.4 and Figure 4.5 the output model recovers the shape of the input 

structures, especially in the continental region. The longer input structures spanning the 

entire transition zone at the depth nodes from 410 to 660 km are recovered slightly better in 

the output model than the shorter anomalies spanning only the 485-585 km depth nodes 

range. Despite having slight loss of the lateral shape and smearing in the oceanic regions, all 

input columns are recovered in the output model both in the continent and the ocean. For the 

shorter columns, spanning the two depth nodes at 485 and 585 km, some loss of the 

structures on the oceanic areas is observed. In the continents, however, the model resolves 

the structures both in location and shape. Small scale vertical smearing in the output models 

is observed where anomalies are smoothed out to the nearby depth nodes above and below.  

In Figure 4.6 we show the input synthetic structure, which consists of vertical 

columns from 80 to 660 km depth and laterally of two nodes width. The columns are 

constructed with -300 m/s and located at the hotspot locations given by the catalogue of 

(Whittaker et al., 2015). The geometry of the input structure have the function of simulating 

a vertical thin mantle plume on the oceanic regions surrounding South America. 

From the resulting model, we can observe that SACI-24 resolves the location and 

amplitude of the columnar structure across all depths. The very closed spaced hotspots in 

the south Pacific appear as one, and we observe small scale smearing of the anomalies (~10% 

of the amplitude) from the ocean towards the continent. Despite that, the resolution model 

offers further validation on the model’s regularisation and sampling to resolve structures in 

the oceanic regions and of this scale. 
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Figure 4.6: Vertical columns at hotspot locations. In this resolution test, we input vertical 

columns of 2 nodes width and -300 m/s seismic velocity at the hotspot locations of our model 

area from the catalogue of (Whittaker et al., 2015). The output velocities are show with the 

colour scale boundaries shown on the bottom of each map. 

 

The following resolution tests shown in Figure 4.7 and Figure 4.8, consist of the 

removal of the velocity anomalies at a desired area from the final model, instead of designing 

a synthetic structure from a blank model. After modification of the model, we calculate the 

synthetic data, and from it, re- invert for the seismic velocities. Doing so, we wish to remove 

data that are sampling specific structures. The resulting model is then expected to not find 

velocity anomalies at the region where we removed the data. If a seismic anomaly is found 

where the data is removed, we can conclude that the anomaly in not calculated from the data 

and is in fact a seismic artefact. We wish to investigate if the broad low seismic velocities 

we find under the lithosphere is a seismic artefact created for example, from the high seismic 

velocities of the continental cratonic lithosphere or of the western Nazca slab. 

In Figure 4.7 we defined the -1.5% dVs velocities contour at 485 km depth and used 

it to remove all velocity anomalies located within the contour in the transition zone, from 

410 to 660 km depth. In the resulting model, the slow anomaly is removed completely, 

indicating that the strong slow velocity we find in the transition zone is not the result of a 

seismic artefact and is explained by the data. 
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Figure 4.7: The input of the resolution test consists of a modified seismic structure from SACI-

24. We removed from our final model the slow velocity anomaly located in the mantle 

transition zone from 410 km to 660 km depth. 

  

In the following resolution test (shown in Figure 4.8), we wish to investigate further 

the possible effect of the thick cratonic lithosphere on the underlying mantle depths. From 

the final SACI-24 model, we remove the block of seismic velocities located below the 

continental cratonic lithosphere, starting from 200 km depth down to 810 km depth. In the 

resulting model, seismic velocities are removed completely from below the cratonic 

lithosphere. With these resolution tests, we can confirm that the seismic velocities shown by 

our model below the continent’s cratons are not seismic artefacts and must be explained by 

the data. 
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Figure 4.8: In this resolution test, we removed all anomalies from below cratonic lithosphere, 

from 260 km to 660 km depth. 

 

4.4 Results 

 

The model SACI-24 captures the upper mantle structure of both the South American 

continents and the surrounding oceans—the South Atlantic Ocean and the eastern Pacific 

Ocean (Figure 4.9). Within the lithosphere and upper asthenosphere (80-150 km depth 

range) seismic velocities beneath the eastern Pacific Ocean are, on average, substantially 

lower than beneath the South Atlantic. Particularly high velocities are observed beneath the 

Argentine Basin in southwest South Atlantic, which is characterised by anomalously deep 

bathymetry (Crosby et al., 2006).  

On the continent, high seismic velocities (>5.5% dVs) indicate blocks of cratonic 

lithosphere in the centre and east of the continent, as well as the subducting slabs on the 

north and west. At a depth of 80 km, a prominent area of low seismic velocities is evident in 

the Central Andes region. This is the area where independent studies indicate a vast region 

of partially molten crust (Schilling et al., 2006; Schmitz et al., 1997; Schurr et al., 2003). In 

the stable platform, regions characterised by relatively low seismic velocities (<0% dVs) 

underlie locations of recent volcanic activity, including the Borborema Province in the 

northeast and Patagonia in the south. 
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 In the west of the continent, the high velocities associated with the Nazca slab 

subduction are a dominant feature from 150 to 660 km depths. To the east of the slab, high 

velocities associated with the cratonic lithosphere are observed down to a depth of 200 km. 

At 260 km depth and below, we observe anomalously low seismic velocities. The low 

velocity anomalies extend laterally across much of South America’s stable platform and 

down—to the bottom of the transition zone. A particularly strong low-velocity anomaly is 

observed from 485 km to 660 km depth south of the São Francisco Craton and East of the 

Paraná continental flood basalts (CFB). A low velocity anomaly in this location was seen in 

some of the previous tomographic models as well (Rocha et al., 2011; Rodríguez et al., 2020; 

Vandecar et al., 1995).  

Vandecar et al., (1995) proposed that this anomaly indicated a fossil conduit of the 

Tristan da Cunha mantle plume that moved with the continent as it drifted westward from 

the South Atlantic Ridge. Van Der Lee and Wiens, (2006) proposed a compositional 

explanation for this anomaly, attributing it to the water release from the deep Nazca slab. 

Rodríguez et al., (2020) interpreted the anomaly, instead, as a focused upwelling formed in 

response to the slab stagnation in the lower mantle. In Section 4.3.1 we developed structural 

resolution tests specifically to investigate the slow velocity anomaly found below the 

continental lithosphere in South America. Based on the results, we show that the slow 

anomalies are not a seismic artefact derived from the high seismic velocities of the cratons 

above or from the Nazca subduction on the west. 
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Figure 4.9: S-wave velocities anomalies at 9 depths in the upper mantle. S-wave velocity 

variations are plotted in percentage with respect to the reference velocity at each depth, 

indicated at the top of each map.  

 

In Figure 4.10 and Figure 4.11, we present east-west cross sections through the 

model. For the Nazca plate subduction, we observe a markedly heterogeneous pattern. Low 

seismic velocities are prominent beneath the continental lithosphere, in particular beneath 

the central and northern parts of the continent (van der Lee et al. 2002). The strong low-

velocity anomaly in the transition zone beneath south-eastern Brazil stands out in Figure 

4.10-e near the 5200 km lateral distance mark. 
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Figure 4.10: Northern South America E-W cross-sections. Yellow diamonds are hotspot 

locations and green lines (the map) and triangles (the cross-sections) indicate the mid-

Atlantic ridge. The locations of the cross-sections (black lines) are shown on the map views of 

the model at 100 km and 485 km depth. 

 

Around most proposed locations of oceanic hotspots, low seismic velocities are 

evident in the shallow upper mantle down to 150-200 km depths. However, the same is not 

observed for the Fernando (Figure 4.10-c) and Trindade (Figure 4.10-f) hotspots, where no 

substantial slow anomalies are observed. In the resolution test from Figure 4.6, we showed 

that our model has the data sampling to resolve accurately slow velocity (-300 m/s) vertical 

columns on the oceans of the scale of small plume conduits (~250 km width). In the 

resolution test from Figure 4.6, we showed that our model has the data sampling to resolve 

accurately slow velocity (-300 m/s) vertical columns on the oceans of the scale of small 

plume conduits (~250 km width). From the resolution test results we confirm that the model 

can resolve anomalies of the expected location and dimension of oceanic hotspots. 

Therefore, we can infer that no hot material conduit is present in these locations. 
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Figure 4.11: Southern South America E-W cross-sections. The locations of the cross-sections 

(black lines) and hotspots (yellow diamonds) are shown on the map views of the model at 100 

km and 485 km depth. 

 

 In the Eastern Pacific, prominent low-velocity anomalies are observed to the west of 

the Nazca slab. Near the Galápagos hotspot, low velocities underlie the ocean across a large 

area of thousands of kilometers (Figure 4.10-a, b.). To the north of it, we observe a column 

of low velocities that extends vertically across all depths shown Figure 4.10-a.  

 

4.5 Model Comparison 

 

In Figure 4.12, we compare SACI-24 with the S-wave velocity models SAAM23 

(Ciardelli et al., 2022), SA2019 (Celli et al., 2020b) and SL2013 (Schaeffer and Lebedev, 

2013) in the upper part of the upper mantle (80 km, 110 km, 150 km and 260 km depth). All 

models show low seismic velocities under the mid-Atlantic ridge (MAR) down to 150 km 

depth. At 260 km depth, SACI-24, SA2019 and SL2013 show slightly positive velocities 

under or close to most hotspots located at or close to the MAR. The model SAAM23 

(Ciardelli et al., 2022) is relatively noisy in the oceans, because it was constructed for the 

South American continent and has a much sparser data sampling in the oceans around it. 

SACI-24, SA2019 and SL2013, by contrast, use a global distribution of seismic data and 

offer a more uniform resolution across the region (Celli et al. 2020).  
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Figure 4.12: Comparison of SACI-24 with three other S-wave velocity models of the upper 

mantle. All models are plotted with respect to their own reference velocity. Colour scale limits 

are indicated at the bottom right of each map. Pink diamond symbols are hotspot locations 

(Whittaker et al., 2015). 

 

The lower seismic velocities in the Pacific and higher velocities in the South Atlantic 

are consistent across all models down to 150 km depth. In the Pacific, all known hotspots 

are underlain by low velocities down to 150 km depth, with higher velocities at 260 km 

depth. In the South Atlantic, there are only two hotspots (Fernando, Trindade) that are not 

located on the MAR. Beneath the Fernando hotspot, we image low seismic velocities down 

to 150 km; previous models show no consensus on the anomaly here. At the Trindade 

hotspot, we image low seismic velocities that appear to connect the island with the coast of 

the continent. The models SA2019 and SL2013 show a similar anomaly, whereas SAAM23 

shows velocities close to the reference value.  
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Figure 4.13: Comparison of SACI-24 with global, whole-mantle models in the deep upper 

mantle (330, 485, 585, 660 km depth). All models are plotted with respect to their own 

reference velocity. Colour scale limits are indicated at the bottom right of each map. Pink 

diamond symbols indicate hotspot locations. 

 

At the greater depths, we also compare our seismic velocities with the global S-wave 

tomography models SEMum2 (French and Romanowicz, 2014), SPiRaL (N A Simmons et 

al., 2021) and P-wave model UU-P07 (Amaru, 2007) in Figure 4.13. The global models 

SPiRaL and UU-P07 agree with SACI-24 on the occurrence of prominent low-velocity 

anomalies in the mantle transition zone beneath South America’s stable platform, although 

the fine structure of the anomaly differs from model to model. Low velocities were also 

observed here in several regional tomographic models (Rocha et al., 2011; Rodríguez et al., 

2020; Vandecar et al., 1995). 
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4.6 Discussion 

 

We assembled a comprehensive dataset of intraplate mafic and alkaline magmatic 

occurrences in South America. This dataset encompasses the locations of igneous rocks 

(Mizusaki et al., 2002; Ribeiro et al., 2018; Tassinari, 1996), flood basalts (Heimdal et al., 

2018; Peate et al., 1992), dikes (Pessano et al., 2021), carbonatites (Woolley, 1987), 

kimberlites and lamproites (Matos Cunha et al., 2017). We analyse this dataset together with 

the hotspot tracks according to several plate motion models (Matthews et al., 2016; Müller 

et al., 2016; Seton et al., 2012) (Figure 4.14), upper-mantle seismic velocities from our 

model SACI-24, and lower mantle velocities from whole-mantle tomography, to investigate 

the deep sources of the magmatism. 

 

 

Figure 4.14: Hotspot tracks from different plate motion models. Tracks connected by solid 

lines span from 0 to 130 Ma. Reconstructions at 130-200 Ma are more uncertain and the 
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 hotspot tracks for these ages are plotted as dashed lines. The hotspot track in magenta is an 

alternative reconstruction with the Tristan da Cunha hotspot located on the ridge. Circles are 

the reconstructed location of each hotspot at the colour indicated by the colour scale. 

Triangles are the locations of volcanic rocks (same as Figure 4.1), also plotted with the ages 

indicated by the colour scale.  

 

In Figure 4.14 we show locations of igneous rocks formed in the last 200 Ma, 

continental flood basalts and seamounts, together with plate motion trails of all known 

hotspots that might have affected the South American continent (refer to Figure 4.1 for the 

names of hotspots and province ages). These include from north to south: Sierra Leone 

(Basile et al., 2020), Fernando, Ascension, St. Helena, Trindade and Tristan hotspots 

(Whittaker et al., 2015). The hotspot tracks are reconstructed back to 200 Ma, using plate 

motion models from Seton et al., (2012), Müller et al., (2016) and Matthews et al., (2016). 

Plate motion over a fixed thermal source is best observed in oceanic crust with the formation 

of linear volcanic chains. For this reason, plate motion reconstructions have better accuracy 

up to 130 Ma in South America (Müller et al., 2016). In Figure 4.14 we represent the 

reconstructed tracks with a continuous line up to 130 Ma, and dashed lines from 130 Ma to 

200 Ma. 

By visually inspecting each hotspot track and the South Atlantic seamounts in Figure 

4.14, we can infer that the plate models from Müller et al., (2016) and Matthews et al., (2016) 

show better agreement with the South American seamounts in this specific time span. The 

two models are identical from 0-80 Ma, due to the fact that the reconstruction from Matthews 

et al., (2016) incorporated the reconstruction from Müller et al., (2016) from 230 to 0 Ma. A 

few modifications from Müller et al., (2016) to Matthews et al., (2016) include a reference 

frame update, with the addition of a transitional period from 70-100 Ma. Overall, in the 

period from 80-200 Ma the difference between the two models is not significant and for later 

comparisons we will adopt the model from Matthews et al., (2016), which seems to have 

better tracking of the Tristan and St. Helena seamounts.  

The focus of this paper is, however, the understanding of magmatic processes that 

affected continental South America. In continental lithosphere the mapping of hotspot tracks 

is more complex than in the oceans, as continental lithosphere is thicker, older, and more 

heterogenous when compared to oceanic lithosphere. 

In the following sections we will integrate the most recent available constrains on 

the upper and lower mantle under South America with the seismic images from our model 

SACI-24 in the upper mantle, and global, full mantle models at greater depths. Finally, we 
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 will compare the seismic velocities in the lithosphere with hotspot tracks and locations of 

igneous rocks to elucidate how heterogeneity in the continental lithosphere might influence 

the distribution of magmatism at the surface. 

 

4.6.1 The Upper Mantle under South America 

 

4.6.1.1  Origin of Lithospheric Material under the South Atlantic 

  

Using evidence from tomography and mantle flow modelling, Hu et al., (2018) 

suggested that the observed positive seismic velocities beneath the South Atlantic Ocean 

might have originated as delaminated segments of continental lithosphere. Consistent with 

this, our model shows a horizontal layer of positive seismic velocities from 200 km to ~500 

km in depth, across both central and northern sectors of the South Atlantic. In the resolution 

tests shown in Figure 4.3, we demonstrated that the model SACI-24 can accurately resolve 

seismic structures at these depths on the Atlantic oceanic regions of width equal or larger 

than ~650 km. The delaminated segments we identify are larger than the column width used 

in Figure 4.3, therefore we can confirm that they are within the resolution range of the model. 

These positive seismic anomalies are also corroborated by the global models SEMum2, 

SPiRaL (Figure 4.13) and SL2013 and the regional models SAAM23 and SA2019 

(Supplementary Figure 1).  

We offer further evidence to explain the origins of the delaminated lithospheric 

material. In Africa, lithospheric erosion due to plume impact has been evidenced through 

seismic tomography combined with the locations of diamondiferous kimberlites (Celli et al., 

2020a). A parallel can be drawn with South America, specifically within the southwestern 

Amazon Craton (Chapter 3), which is marked by numerous clusters of diamondiferous 

kimberlites, spanning from 230 Ma (Zolinger, 2005) to 90 Ma (Kaminsky et al., 2010). Such 

occurrences imply the presence of cratonic lithosphere during the time of kimberlite 

emplacement (Boyd et al., 1985).  

However, our model does not reveal cratonic lithosphere beneath all the 

diamondiferous kimberlite sites. This was confirmed by resolution tests which showed that 

SACI-24 accurately resolves either a continuous and homogeneous cratonic lithosphere 

(Figure 3.7) as well as multiple smaller scale, fragmented blocks of cratonic lithosphere 

(Figure 3.8). This suggests a potential loss of the local cratonic lithosphere post-90 Ma, 

potentially due to a plume impact. Studies of the Juína kimberlite cluster suggest a change 
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 in the lithospheric structure: while older conduits are diamondiferous, younger kimberlitic 

pipes (79-80 Ma) are barren (Kaminsky et al., 2010). Even though most Juína diamonds 

have their origins in the deep mantle, some diamonds have a lithospheric origin that requires 

thick, cratonic lithosphere.  

This temporal shift from diamond-rich to diamond-scarce suggests a thermal event 

influencing the southwestern border of the Amazon Craton. Additionally, the most accepted 

mechanism for the transport of super deep diamonds to the lithosphere is by upwelling of 

hot material (Kaminsky et al., 2001), which reinforces the proposition of plume impact under 

the southwestern Amazon craton. 

Comparing SACI-24 to other studies indicate that cratons in South America are, on 

average, less thick than those found in regions such as Africa or North America (Celli et al., 

2020b; Schaeffer and Lebedev, 2013). The model’s accuracy in resolving the cratonic depths 

are supported by the resolution tests shown in Figure 3.7 and Figure 3.8. In the “cratonic 

type” resolution tests we confirm that the model has great accuracy at the lithospheric depths, 

and it can clearly delineate the lithosphere-asthenosphere boundary. This disparity might 

also be attributed to the impact of mantle plumes, which could have partially eroded the base 

of these cratons (Wang et al., 2015), in addition to the southwestern edge of the Amazon 

Craton discussed in previous sections. As the South American plate proceeded in its 

westward motion, the eroded lithospheric material remained buoyant, above the transition 

zone beneath the South Atlantic Ocean. 

 

4.6.1.2  Galápagos Plume and the Nazca Slab 

 

The South American continent is marked by the long-lived subduction on its western 

edge. The Andean tectonic cycle started around 190 Ma (Mpodozis and Ramos, 1989), 

leading to the subduction of vast amounts of oceanic lithosphere material into both the upper 

and lower mantle. In different regions of the globe, interactions between ascending mantle 

plumes and subducted oceanic material have been described to alter the plume trajectories 

(Kincaid et al., 2013; Rogers et al., 2023). Based on this understanding, we postulate that 

beneath South America, subducted lithospheric material might have interacted with a deep-

sourced mantle plume. This interaction could induce plume branching, potentially 

accounting for the closely spaced hotspots observed in the South Atlantic Ocean and the 

apparent absence of vertical conduits beneath them. The resolution test from Figure 4.6 

shows the model’s ability to resolve the potential geometry of a vertical plume conduit on 
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 oceanic regions. Therefore we confirm that the lack of vertical columns of slow velocities 

under hotspot areas is not caused by modelling limitations. 

To validate this hypothesis in South America, and further investigate the distribution 

of low seismic velocities in the mantle, we compare the seismic velocities of our model 

SACI-24 and the full mantle tomographic models SPiRaL (N A Simmons et al., 2021), UU-

P07 (Amaru, 2007) and SEMum2 (French and Romanowicz, 2015) in Figure 4.15 and 

Supplementary Figure 3.1. 

 

 
Figure 4.15: Comparison of SACI-24 with whole-mantle models in the South American Plate. 

Cross section location is indicated in Figure 4.10-b. Yellow diamond symbol represent the 

closest hotspot location (<2° radius). Orange diamond symbols are hotspots in <5° radius. 

Green triangles indicate the mid-Atlantic ridge (MAR). SACI-24, UU-P07 and SEMum2 are 

plotting using their own velocity reference values. SPiRal is plotted in respect to the global 
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 velocity value at each depth. Colour scale of the seismic anomaly values are indicated at top 

right of each cross section. 

 

In Figure 4.15, which consists of a section crossing the continent and the Galápagos 

and Fernando hotspots (same as Figure 4.10-b), a strong low velocity anomaly under the 

Peruvian flat slab is evident in all models. As previously discussed, the low velocities under 

the Galápagos, the Peruvian flat slab, and its eastward extension into the lower mantle appear 

to be connected in the SACI-24, SPiRaL, and UU-P01 models. 

Given the absence of vertical upwelling beneath the Galápagos hotspot, as indicated 

by all four models, we infer that the subduction is altering the path of the plume, as observed 

in Figure 4.15. Hot material is present within the mantle transition zone under the hotspot 

location and deviates eastward towards the slab. The low seismic anomaly ponds under the 

Peruvian flat slab, and horizontal material transport could possibly occur from under the 

continent, west of the slab, to the thin oceanic lithosphere where the current volcanic islands 

are located. This low seismic anomaly has been previously observed by many seismic 

tomography models in this region (Antonijevic et al., 2015; Bishop et al., 2017; Scire et al., 

2016) and has been suggested as one of the causes for the flattening of the slab under Peru 

(Bishop et al., 2017).  

In the cross section of Figure 4.15, all models consistently reveal low seismic 

velocities throughout the upper mantle beneath the continental lithosphere east of the slab. 

However, there is no clear evidence of vertical upwelling of hot material from the lower 

mantle or the slab. In the lower mantle, the full mantle models show that positive velocities 

of the Nazca slab below 660 km depth cut at depth the low seismic velocities in the upper 

mantle above. These observations suggest that similar to the Galápagos, horizontal 

displacement of hot material from under the continent, rather than vertical upwelling may 

be feeding the current volcanism of the Fernando hotspot. 

 

4.6.1.3  Mantle Plume under Continental South America 

 

In our model, strong low seismic velocities are imaged beneath the thick lithosphere 

of the continent, to the west of the cold lithosphere of the Nazca subduction slab. This feature 

is visible starting at ~260 km and reaching to 700 km (Figure 4.9, Figure 4.10). Several of 

the resolution tests included in this thesis support the model’s resolution to define large scale 

structures in the continental area, such as the slow velocity anomaly we discuss here. In the 



 4.109  

 tests shown in Figure 4.4 and Figure 4.5 anomalies contained within the transition zone 

depths are well resolved in the continental region. Despite the visible low amplitude 

smearing of the anomalies to the depth nodes above and below the anomaly, likely due to 

the effect of smoothing, the model can accurately resolve the location of the anomaly. In the 

resolution tests shown in Figure 4.7 and Figure 4.8, we investigate whether the observed 

slow velocity anomaly could be a seismic artefact due to the thick high velocity layer of the 

cratonic lithosphere above. After removal of seismic structures the below cratonic 

lithosphere, the resulting models do not show low velocity seismic artefacts below the high 

velocities of the lithosphere high velocities. 

To understand the deep origin of these low seismic velocity anomalies and their 

correlation to present-day hotspot locations, we compare cross sections of our model with 

full mantle tomographic models SPiRaL (N A Simmons et al., 2021), UU-P07 (Amaru, 

2007) and SEMum2 (French and Romanowicz, 2015) in Supplementary Figure 4.2. 

In Figure 4.16, we present sections crossing the Trindade and St. Helena hotspots, 

and the deep low-velocity anomaly under eastern South America (cross-section f in Figure 

4.10). Within the upper mantle, all models consistently show positive anomalies of the Nazca 

slab and the low velocities under the continent. Under the South Atlantic, positive seismic 

velocities are also observed in SPiRaL and SEMum2, in agreement with the discussion in .  

From the full mantle tomography models shown, we cannot identify a clear deep 

mantle plume under either the Trindade or St. Helena hotspots. Yet, in the SPiRaL, UUP-

07, and SEMum2 models, we observe low velocities originating deep in the lower mantle, 

east of the subducting slab and beneath the South Atlantic. We propose that this conduit of 

low seismic velocity, which leads to the slow velocity anomaly we image beneath the 

continent in SACI-24, likely represents a mantle plume currently located under the South 

American plate. This inference aligns with the observations about the Fernando hotspot. It 

suggests that this mantle plume, rooted in the lower mantle and ascending beneath 

continental South America, could be the source of the volcanic material of the Trindade 

islands: after ascending and reaching the bottom of the thick continental lithosphere of the 

São Francisco Craton, the buoyant, hot plume deviates horizontally, following the 

lithospheric gradient, towards the thin oceanic lithosphere beneath Trindade. This 

interpretation is further validated by the wide, horizontally elongated anomaly beneath the 

Trindade islands (Figure 4.10, Figure 4.16), which is in stark contrast to the thin, vertical 

conduits expected for the classic oceanic hotspot paradigm. 
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Figure 4.16: Comparison of SACI-24 with whole-mantle models in the South American Plate. 

Cross section location is indicated in Figure 4.10-f. Yellow diamond symbol represent the 

closest hotspot location (<2° radius). Orange diamond symbols are hotspots in <5° radius. 

Green triangles indicate the mid-Atlantic ridge (MAR). SACI-24, UU-P07 and SEMum2 are 

plotting using their own velocity reference values. SPiRal is plotted in respect to the global 

velocity value at each depth. Colour scale of the seismic anomaly values are indicated at top 

right of each cross section. 
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 4.6.1.4  Plume Branching due to Slab Interaction since the 

Mesozoic 

 

In the previous sections, we postulated that a single superplume rooted under the 

continent is likely the primary source of most magmatism in South America since the 

Mesozoic. This hypothesis is supported by our model SACI-24, where we identify a strong 

low-seismic anomaly in the mantle transition zone beneath the southeast, and other, full-

mantle global models, where it appears to be connected to the lower mantle, consistent with 

the characteristics of a deeply rooted mantle plume (Figure 4.16). The seismic data presented 

in this work did not reveal any evidence of a deep mantle plume beneath any known offshore 

South American hotspots. 

We argue instead in favour of horizontal flow of hot mantle material modulated by 

the topography of the lithosphere-asthenosphere boundary, similar to what proposed by 

Sleep, (2003). As evidenced by the various tomography models we use for comparison, a 

high volume of oceanic lithosphere underlies the South American plate from the subduction 

of the Nazca plate since 190 Ma (Mpodozis and Ramos, 1989). The subducted oceanic plate 

material, combined with the delaminated lithosphere we observed beneath the oceans, may 

have influenced the distribution of this plume material, causing it to branch out. This 

mechanism can also explain the presence of superdeep diamonds in the western Amazon 

Craton. 

It is believed that superdeep diamonds from the mantle transition zone originate from 

subducted oceanic crust (Zhu et al., 2019) and are potentially transported to the lithosphere 

via upwelling hot material from a mantle plume (Kaminsky et al., 2010, 2001). Furthermore, 

numerical models suggest that the mixing of mantle plumes with subducted oceanic crust 

can alter the ascent of this heterogeneous material in ways more complex than those 

predicted by classical plume theory. Such effects can result in temporal and spatial variations 

in the composition and volume flux of magmatism (Ballmer et al., 2013; Rogers et al., 2023). 

For instance, these effects might include ponding at the upper mantle discontinuities, which 

is apparent under South America at above the 410 km depth discontinuity. 

 

4.6.2 Lithospheric Control on Magmatism Distribution 

 

One significant challenge in understanding the source of magmatism in intraplate 

continental settings is often the absence of age progression between potentially related 
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 magmatic provinces. This has been noted in North America (Kincaid et al., 2013), Australia 

(De Laat et al., 2023; Mather et al., 2020), and South America (e.g. Comin-Chiaramonti and 

de Barros Gomes, 2005; De Barros Gomes et al., 2013; Mizusaki et al., 2002; Neves et al., 

2020). Due to this lack of age-progressing information, reconstructed tracks from the South 

Atlantic hotspots alone (Figure 4.14) cannot fully explain the observed magmatism locations 

and ages. 

 

 
Figure 4.17: Reconstructed hotspot tracks (Müller et al., 2016) on South American lithosphere. 

Continuous lines are from 0-130 Ma, dashed lines range 130-200 Ma and represent pre-

Gondwana break up. Hotspot locations are shown as yellow diamond symbols (Whittaker et 

al., 2015). We show locations of alkaline mafic igneous rocks as triangles and dashed filled 

black contours are large basaltic provinces (intrusive sills for CAMP and flood basalts for 

Paraná CBF – refer to Figure 4.1 for additional information on symbols and province names 

and ages). Seismic velocities shown are from 110 km depth. 

 

Plume impact under thick cratonic lithosphere is proposed to flow towards thin 

lithosphere following the lithospheric gradient (Duvernay et al., 2022; Gorczyk et al., 2018; 

Sleep, 1997). To analyse this hypothesis, we compared lithospheric seismic velocities with 

the locations of igneous rock samples, large igneous provinces, and hotspot plate motion 

reconstruction (Matthews et al., 2016). From this comparison, we find that plume impact 

under South America is responsible for most, if not all, intraplate volcanism, with the 

thickness of the lithosphere acting as the main control on the distribution of volcanism. 

In the following sections, the discussion regarding the seismic structures within the 

continental lithosphere from SACI-24 are fully supported by results from resolution tests 

shown previously (Chagas de Melo, B. et al., 2024, submitted). In this thesis’ previous 
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 chapter, we have provided a fully detailed discussion on this model’s limitations based on 

resolution tests (see Section 3.4.1). The inferences we present here consider seismic 

structures of dimensions we have showed to be accurately resolved by the model within the 

continent and lithospheric depths (~250 km length, for example in Supplementary Figure 

3.6). 

 

4.6.2.1  Fernando Hotspot and its correlation to CAMP and 

northern volcanism in Brazil 

 

In Figure 4.17 the reconstructed tracks of two hotspots, Fernando and Trindade, 

reach the South American continent. In the north of the continent, the reconstructing the 

position of the Fernando hotspot indicates that it would have been located beneath the 

Amazon Craton from 200 Ma to 100 Ma (Figure 4.17-top right). Volcanism within and 

surrounding the Amazon Craton boundaries also spans approximately from 200-100 Ma. 

The region is largely cratonic, and we previously identified and discussed two, separate 

cratonic blocks beneath the Amazon Craton, divided by the Amazon River basin (Chapter 

2). Volcanism in the area is primarily distributed outside the boundaries of the thick 

lithosphere of the Amazon craton, with many occurrences located in the lithospheric 

"channel" between the two cratonic blocks suggesting a lithospheric control on their 

location. In Figure 4.18 we also compare our lithospheric seismic velocities to the thickness 

of the CAMP basaltic sills (de Min et al., 2003) on the Amazon basin. The sills exhibit 

maximum thickness in regions of thin lithosphere, which suggests their probable path of 

ascent to the surface where the lithosphere is thinner. When the ascending magma 

encountered the stratified media of the basin's sedimentary layers, it could have travelled 

horizontally towards the regions represented by the thin basalt contours. 

A similar pattern is observed along the Fernando hotspot track from 130 Ma to 40 

Ma. The track intersects the cratonic Parnaíba Block, and volcanism and flood basalts occur 

at the boundaries of the thick lithosphere mapped by our model. At 40-20 Ma, where the 

Fernando track first reaches mainland South America, we identify a discrepancy between 

the volcanism ages and the hotspot track. While many ages of the volcanism in this region 

agree with the ages predicted by the hotspot track, we also observe older Mesozoic 

volcanism. This volcanism has been previously attributed to the St. Helena hotspot (Bezerra 

Maia de Hollanda et al., 2006; Mizusaki et al., 2002). However, using more up-to-date plate 

reconstruction models, we find that the Ascension hotspot track shows better agreement for 
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 both location and age (Figure 4.17-bottom right). The reconstructed position of the 

Ascension hotspot from 200 Ma to 100 Ma places it under northeast Brazil. Thus, the older 

Mesozoic volcanism in the northeast could have originated from the Ascension hotspot, 

before the passage of the Fernando hotspot under the region. 

In northeastern Brazil, the Borborema province is predominantly underlain by low 

seismic velocities. This region, characterized by the youngest continental volcanism of the 

platform at 7.1 Ma (Knesel et al., 2011), and tectonic uplift (Morais Neto et al., 2009), 

exhibits thin lithosphere, as shown by several studies (Celli et al., 2020b; Klöcking et al., 

2020; Neto et al., 2019), which can explain the recurrent volcanic activity. 

Although we do not image a clear deep plume under the Fernando hotspot, 

comparing our new, detailed images of the lithosphere to the distribution of volcanism and 

plate reconstruction suggests that this hotspot originated the CAMP and most of the 

intraplate volcanism in northern South America. Despite recent studies questioning a 

classical plume origin for CAMP (de Min et al., 2003; McHone, 2000), they fail to provide 

an explanation for an alternative heat source for magmatism on the scale of CAMP. Using 

our images from SACI-24, we can reconstruct the Fernando "plume" to have underlaid the 

thick cratonic lithosphere of the Amazon Craton within the past 100 Ma, which explains the 

distribution of volcanism in northern South America. However, we cannot confirm whether 

a differently positioned branch or a different plume origin is responsible for other LIPs 

attributed to the CAMP in North America, Europe, and Africa. 
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Figure 4.18: Comparison between seismic velocities in the lithosphere at 110 km depth with 

the thickness of basalts in South America. Camp sills basalt thickness with a minimum 

contour of 100m (de Min et al., 2003) and Paraná extrusive flood basalts (Peate et al., 1992).  

 

4.6.2.2  Paraná Large Igneous Province 

 

In south-eastern Brazil, two igneous events are known to have affected the continent: 

the Paraná LIP and the alkaline volcanic provinces of Poxoréu, Iporá, Alto Paranaíba, and 

Serra do Mar.  

The large extrusive flood volcanism of the Paraná LIP (Piccirillo and Melfi, 1988) 

peaked at ~134 Ma and constitutes one of the largest igneous province in the world (Renne 

et al., 1996). Impact from the Tristan da Cunha plume is the most accepted origin for this 
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 province (Courtillot et al., 1999; Gibson et al., 2006), although some authors proposed 

alternative causes (Ernesto et al., 2002; Foulger, 2018).  

In Figure 4.18, we can observe the lithospheric influence over the distribution of 

lavas of the Serra Geral flood basalts of the Paraná LIP. In the centre-north of the Province, 

the thickest lavas (Peate et al., 1992) approximately coincide with the basin’s sedimentary 

depocenter. In this location, our tomographic model images a lithospheric “gap”, where 

thinner lithosphere between two blocks of thick lithosphere is found. We propose that the 

thinner lithosphere at the centre of the basin has provided a path for the lavas to reach the 

fractures on the surface, from where it flowed horizontally.  

We also observe thin lithosphere on the coast, east of the Serra Geral province, where 

there is evidence for widespread volcanism over a wide range of ages (134-121 Ma) 

(Mizusaki et al., 2002). There, several dikes extend from the basin to the coast and could 

indicate lateral transport of magma at the time of the onset of volcanism. The younger 

volcanism could thus represent the position of the plume later in time, due to the westward 

plate motion after continental break-up. The current proposed location of the Tristan hotspot 

is on the African plate, outside the boundaries of our seismic model. Therefore, we do not 

have evidence to discuss the possible origin of the igneous material related to this hotspot.  

 

4.6.2.3  Impact of the Trindade Hotspot under South America 

 

North of the Serra Geral flood basalts, we find the Poxoréu, Iporá, Alto Paranaíba, 

and Serra do Mar alkaline volcanic provinces (Costa dos Santos et al., 2021; Fodor and 

Hanan, 2000; Gibson et al., 1997, 1995; Thompson et al., 1998). These provinces are thought 

to represent a plume track of the Trindade hotspot on the continent, with magmatic ages 

ranging from 85 to 55 Ma. The proposed track continues seaward to the continental shelf in 

the Abrolhos Province (59-37 Ma) and the seamounts of the Vitória-Trindade (last volcanic 

activity 0.25 Ma (Pires et al., 2016)). While most authors agree on the Trindade hotspot as 

the source of these igneous provinces, alternative hypothesis include a dying Tristan da 

Cunha plume (Bizzi et al., 1995; Vandecar et al., 1995) and the partial melting of 

metasomatized lithospheric mantle (Guarino et al., 2013).  

For the previously discussed Fernando and Tristan hotspot tracks, we identified a 

large igneous province associated with the initial plume impact on the continent. However, 

there is no evidence of a similar province related to the Trindade plume. Most studies 

associate the earliest volcanism at 90 Ma in the Poxoréu province with the Trindade plume 

(Gibson et al., 1997, 1995; Thompson et al., 1998). Yet, others indicate instead the 92-95 
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 Ma kimberlite occurrences southwest of the Amazon Craton—almost 1000 km to the 

northwest of Poxoreú—as a result from the passage of the Trindade plume under the 

continent (Bulanova et al., 2010; Greenwood et al., 1999), a suggestion supported by our 

observations. Using our selected plate motion model, we note the reconstructed Trindade 

plume track intersects the southern Amazon craton at 180-130 Ma. Nearby, we find 230-90 

Ma kimberlites and 201 Ma small lava flows southwest of the craton (Figure 4.17). 

Typically, these flows are attributed to CAMP due to age similarities (de Min et al., 2003). 

However, we argue they align better spatially with the Trindade plume's reconstructed path. 

Furthermore, a study linked the superdeep diamonds from the Juína kimberlites to the 

interaction of subducted lithosphere with the Trindade plume (Bulanova et al., 2010), similar 

to what we discuss in the section . 

 

4.6.3  Final Remarks on Sources and Distribution of 

Volcanism 

 

We do not detect a deep mantle plume beneath the suggested location of the Trindade 

and Fernando hotspot. Instead, we propose a mechanism of horizontal flow from the mantle 

plume beneath the South American continent. Both Fernando and Trindade oceanic 

seamounts have a E-W distribution, aligned with oceanic fracture zones, which could have 

facilitated the transport of hot, buoyant material. This hypothesis is supported by the east-

west distribution of both Fernando and Trindade oceanic seamounts, which align with 

oceanic fracture zones and, we believe, enabled the lateral flow of the plume brunch.  

We also link the distinct temporal and spatial distribution of continental intraplate 

volcanism to interactions with subduction slabs, a connection corroborated by the superdeep 

diamonds in the western Amazon Craton. Around 201 Ma, a deep mantle plume originating 

beneath present-day South America would have encountered lithospheric material from 

oceanic subduction, resulting in plume branches. A more voluminous branch would have 

initiated the CAMP in the Amazon basin, while a secondary branch would have assimilated 

diamonds formed in the slab and transported them to the surface thousands of kilometres 

away in the southwestern Amazon Craton. These plume branches continued their trajectories 

beneath the continental lithosphere, presently feeding two volcanic islands. The shared 

superplume source could account for the similarities in the earliest flood basalts and why 

they are ascribed to the same source (CAMP). The plume branches would supply the heat 
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 source, while contamination from subduction slabs and heterogeneous continental 

lithosphere would explain the observed compositional differences. 

 

4.7 Conclusions 

 

In this study, we combined the evidence from our new S-wave velocity upper-mantle 

tomographic model, SACI-24, with that from a large intraplate-magmatism dataset, plate 

reconstructions and lower-mantle tomography to investigate the origins of the magmatism 

and its distribution.  

 

• Anomalously low seismic velocities are observed under large portions of the 

stable continental lithosphere of South America. 

• The low-velocity anomalies extend down to the mantle transition zone, with 

the strongest one observed beneath SE Brazil. 

• Whole-mantle tomography shows low velocities in the lower mantle beneath 

SE Brazil. We interpret this as convincing evidence for an upwelling of hot 

material from the deep lower mantle to under the thick lithosphere of the 

continent. 

• No deep-seated mantle plumes are present directly under any of the 

recognised hotspots on the South American plate, including the Fernando, 

Trindade and St. Helena hotspots. Relatively high velocities under the South 

Atlantic lithosphere probably indicate the lithospheric material delaminated 

as a consequence of the plume impact.  

• Diamonds in the SW Amazon Craton reveal that this region once had thick, 

cratonic lithosphere, now lost as shown by the tomography. South American 

cratons elsewhere appear to be thinner, on average, than beneath other 

continents, consistent with South America losing the lowermost lithospheric 

cratonic layer as a result of the plume impact(s) and ponding of the hot plume 

material, proposed previously (Sleep 2003) and confirmed by tomographic 

models. 

• West of the South American plate, subduction started at 190 Ma. We propose 

that subducting oceanic lithosphere deflected the conduit of an ascending 

mantle plume (Civiero et al., 2022; Mather et al., 2020) and divided it into 

several branches, giving rise to multiple, different hotspots. 
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 • Several of the current hotspots of the South American plate are likely to have 

originated from a single “super” plume, which we locate under the continent 

in the deep upper mantle. In the shallow asthenosphere, the hot material then 

flows horizontally towards thin lithosphere and erupts in the ocean where the 

current hotspots are placed. 

• By combining the lithospheric thickness inferred from seismic tomography 

with hotspot plate motion reconstructions, we can trace most of South 

America's Mesozoic intraplate magmatism back to hotspot origins. 

Specifically, we found that the Fernando hotspot was positioned beneath the 

thick lithosphere of the Amazon Craton when CAMP was formed. The 

maximum thickness of sills from CAMP aligns with the eruption of hot 

mantle material from the Fernando hotspot through thin lithospheric channels 

(Sleep, 2003; Thompson and Gibson, 1991), as mapped by our model. This 

leads us to propose that the thick cratonic lithosphere effectively channelled 

the igneous material from these hotspots towards the surrounding weaker and 

thinner lithosphere. 

• Therefore, the lithosphere thickness, indicated by tomography, exerts the 

main control on the location of the outpouring of the igneous material. The 

lithospheric thickness also controls the location of the flood basalt eruptions. 

For CAMP and PMP, we show that volcanic material erupts where the 

lithosphere is thinner, as indicated by the maximum thickness of basaltic 

material. From these areas, the volume of material decreases, indicating 

lateral flow. 

  

4.8 Supplementary Material 

 

4.8.1 Additional details on the magmatism dataset 

 

4.8.1.1  Igneous Rocks Locations 

 

Volcanism locations (Mizusaki et al., 2002)  

 

Types of rocks (as originally described): Andesite, Ankaratrite, Bas. tr./alk., 

Bas.tholeiitic, Basalt, Basanite, Breccia, Breccia alk., Breccia tholeiit., Dacite, Diab. tr./alc, 
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 Diab. tr./alk., Diab.tr./alk.?, Diab.tholeiitic, Diab.tr./alk., Diabase, Essexite, Hau¨ ynite, 

Limburgite, Nephelinite, Rhyolite, Tinguaite, Trachyte, Tufo tr./alk. 

 

Alkalines in the Southeast (Ribeiro et al., 2018) 

 

Types of rocks: Basalt-syenite-monzonite-granite, Bebedourite-phonolite, 

Carbonatite-Glimmerite, Carbonatite-kimberlite-lamproite-kamafugitic, Essexite-gabbro-

syenite, Essexite-missourite-lamprophire-malignite, Gabbro, Gabbro-clinopyroxenite, 

Granite-quartz-monzonite-syenite-nordmarkite, Kamafugite, Kamafugite-

sub_volcanic_phonolite, Katungite-mafurite-ugandite-(kamafugitic-rocks), Kimberlite, 

Magnetitite, Peridotite, Phlogopite-picrite, Phonolite-jacupiranguite-bebedourite, Syenite-

gabbro-piroxenite,Tinguaite-phonolite-nepheline-syenite-pyroclastic_rocks 

 

Additional locations in Amazonia from Tassinari, (1996) 

 

4.8.1.2  Large Igneous Provinces 

 

CAMP contour (100m sill): (Heimdal et al., 2018) 

Maranhão contour: (Merle et al., 2011) 

Anari Tapirapua contour: (de Min et al., 2003) 

Tarabuco contour: (Bertrand et al., 2014) 

Serra Geral/Parana contour: (Peate et al., 1992; Renne et al., 1996) 

Patagonia contours: (Kay et al., 2007) 

 

4.8.2 Model Comparisons 
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Supplementary Figure 4.1: Model Comparison between SACI-24 and the S-wave 

velocity models SAAM23, SA2019 and SL2013 at 330-660 km depths. 
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Supplementary Figure 4.2: The lower mantle beneath the South American Plate 

according to the whole-mantle models UUP07, SEMum2, DETOX-P2 and SPiRaL. 
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 5 Deciphering Andean Tectonics with High-

Resolution Seismic Tomography 

 

Abstract 

 

Situated along South America's western margin, the Andean orogenic belt extends over 

7,000 km and serves as a natural laboratory for studying plate tectonics, subduction 

dynamics, and orogenesis. From north to south, the subduction behaviour and its surface 

manifestation on the South American continent vary drastically and are usually associated 

to portions of flat slabs, slab tearing, and lithospheric delamination. To target the mountain 

range heterogeneity and change in behaviour of the subduction style, we employ our high-

resolution seismic tomography model, SACI-24. SACI-24 utilises an extensive dataset of 

both global and regional seismic waveforms, complement by recently available temporary 

deployments in the Andes. In northwestern South America, SACI-24 identifies distinct slab 

segments from the Nazca and Caribbean plates and confirms active continental lithosphere 

underthrusting in multiple regions. In the Peruvian flat slab segment, the model reveals a 

fast seismic anomaly attributed to the buoyant oceanic lithosphere of the Inca Plateau, which 

has underplated South America, leading to multiple slab tears. On South America, we map 

the thick lithosphere of the Amazon Craton's bordering the western side of the subduction 

zone, suggesting its role in slab flattening through hydrodynamic suction. Furthermore, we 

identify regions under the Altiplano and Puna Plateaus undergoing stages of lithospheric 

root growth and delamination, indicative of Cordillera cyclicity processes. Within the mantle 

transition zone depths, we detect colder mantle regions east of the subduction, interpreted as 

remnants of past lithospheric delamination events. 

 

Keywords: Seismic Tomography; South America; Lithosphere; Subduction; Andes; 

Mountain Building; Flat Slab. 
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 5.1 Introduction 

 

The Andean Subduction Zone is a long-lived, continuous active plate boundary, with 

a history of subduction extending back to at least the Mesozoic era (Horton, 2018; Mpodozis 

and Ramos, 1989; Ramos, 1999). This tectonic boundary is defined by the eastward 

subduction of the oceanic Nazca Plate beneath the continental South American Plate, 

spanning approximately 7000 km along the strike, and by the Caribbean Plate's oblique 

subduction in the north (Figure 5.1). Along most of this margin, the Nazca Plate converges 

at a relatively uniform rate, ranging from 5.3 to 6.3 cm per year (Kendrick et al., 2003). By 

contrast, the Caribbean Plate subducts beneath South America at a much slower rate of 

approximately 20 mm per year (Sella et al., 2002). The observed variations in topography 

and geological structure across the Andean range in South America have been attributed to 

lateral variations in the parameters of the convergence between the Nazca and South 

American Plates (e.g. Cediel et al., 2003; Contreras-Reyes and Carrizo, 2011; Ramos, 1999).  

 

 
Figure 5.1: a) Boundaries of deforming tectonic units: SMM, Santa Marta Massif; MA, Merida 

Andes; CC, Central Cordillera; AP, Altiplano Plateau; EC, Eastern Cordillera; IA, Interandes; 

PC, Principal Cordillera; PU, Puna Plateau; SP, Sierras Pampeanas; WC, Western Cordillera. 

Fracture Zones: Grijalva Fracture Zone (GFZ), Alvarado Fracture Zone (AFZ), Sarmiento 

Fracture Zone (SFZ), Mendaña Fracture Zone (MFZ), Nazca Fracture Zone (NFZ), Challenger 

Fracture Zone (CFZ), and Mocha Fracture Zone (MCFZ) (Bloch et al., 2017; Contreras-Reyes 

and Carrizo, 2011). b) Circles are the seismicity from the USGS dataset, filtered by depth > 40 
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 km and Mw>4. Contours are the predicted depth to the top of the subducting slab from the 

Slab2 model (Hayes et al., 2018). NWSA: Northwestern South America. C,d) Regional and 

global distribution of seismic stations (red triangles) and events (yellow stars) used in the 

tomography, plotted on the hit-count map of data sampling. 

 

Seismic tomography studies targeting the subduction under South America produced 

images of the regional, upper-mantle structure beneath various sections of the Andes 

Cordillera (e.g. Ammirati et al., 2015; Bianchi et al., 2013; Marot et al., 2014; Syracuse et 

al., 2016); at the upper mantle depths at the boundary between the South American and 

Caribbean plates (e.g. Mojica Boada et al., 2022; Yarce et al., 2014); and including the South 

Atlantic-South America region (e.g., Celli et al., 2020). Studies targeting the upper mantle 

structure of the subduction zone as a whole include, for example, Liu and Gao, 2022; Portner 

et al., 2020 and Rodríguez et al., 2020. Prior to the expansion of regional, temporary 

deployments on the Cordillera regions, much of our understanding of the deep subduction 

structure beneath South America was derived from global-scale tomography models 

(Amaru, 2007; Fukao and Obayashi, 2013; Lei et al., 2020; Montelli et al., 2006). These 

global studies have delineated the eastward-dipping, margin-parallel slab of the Nazca Plate 

and its ancestral Farallon Plate, descending to depths of approximately 900 km, and 

exhibiting significant fragmentation along strike. 

In order to capture the interaction between the continental lithosphere and the 

subducting plate, as well as the spatially variable patterns of subduction and seismicity, 

tomographic imaging of the entire upper mantle of the region is required—radially, from the 

lithosphere to the deep upper mantle and, laterally, from the oceanic Nazca Plate to the 

continental interior. Our newly developed S-wave seismic tomography model, SACI-24, is 

constructed to optimise the data sampling of the South American continent and 

surroundings. Data from both regional and global seismic stations yield dense data coverage. 

The waveform tomography that uses this data sampling reveals complex patterns of the 

interactions between the subduction zones and continental lithosphere and prompts new 

inferences on the geodynamic processes at play. 

 

5.1.1 Northwest South America 

 

The north-western region of South America features a complex geodynamic setting 

resulting from the convergence of the South American, Nazca, and Caribbean Plates and the 
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 northern Chocó and Panamá blocks. The complexity of the interaction between these plates 

and blocks prompted differing hypotheses regarding the subduction mechanisms.  

The Cordilleras, the extensive system of mountain ranges in the west of South 

America, rose, fundamentally, due to the subduction and are segmented into three main 

branches: the Western, Central, and Eastern Cordilleras. These branches are further 

separated by two key valleys, the Middle Magdalena and the Cauca-Patía valleys (e.g., 

Vargas, 2019).  

Seismicity data and seismic tomography studies reveal the existence of multiple plate 

segments, slab tears and regions of flat subduction. West of the Panamá Block, active arc 

volcanism terminates north of approximately 5.5°N latitude (e.g., Wagner et al., 2017). 

Concurrently, a right-lateral displacement of about 240 km is observed in the Wadati-

Benioff zone at this latitude. These unique characteristics strongly suggest a shift in 

subduction style, leading to the hypothesis of a potential east-west tear that segments the 

subducting slab in this region (Taboada et al., 2000; Wagner et al., 2017). This hypothesised 

tear, known as the Caldas Tear (Vargas and Mann, 2013), demarcates the subduction zone 

with a flat slab to the north from a steeper segment to the south, commonly referred to as the 

Bucaramanga and Cauca segments, respectively (Pennington, 1981). The Bucaramanga 

segment also encompasses the Bucaramanga nest, a localised area of seismic activity that 

contains some of the highest concentrations of intermediate-depth seismicity worldwide 

(e.g., Zarifi et al., 2007).  

Several models were proposed to explain the interactions between these plates and 

the origins of the Bucaramanga and Cauca segments (Figure 5.2). 

 

1) Nazca and Caribbean plates origin. According to this class of models, the 

Cauca segment originates from the Nazca Plate, while the Bucaramanga segment 

is derived from the Caribbean Plate (Prieto et al., 2012; Sun et al., 2022; Taboada 

et al., 2000; Yarce et al., 2014). Some of these models also suggest an overlap 

between the northern boundary of the Cauca segment and the southern boundary 

of the Bucaramanga segment (Mojica Boada et al., 2022; Taboada et al., 2000; 

Vargas et al., 2007).  

2) Nazca origin. In this scenario, the Bucaramanga nest is linked to a second tear 

within the Nazca Plate (Syracuse et al., 2016). It is usually proposed that the 

Caribbean slab may be overlapping the Nazca subduction to the north (Van Der 

Hilst et al., 1994). 
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 3) Bucaramanga segment with Nazca and Caribbean origins. This model 

implies that the Bucaramanga nest is at the boundary between the Nazca and 

Caribbean slabs (Corredor, 2003; Zarifi et al., 2007; Sanchez-Rojas and Palma, 

2014).  

 

 
Figure 5.2: Examples of previous interpretations of the slab boundaries beneath the northwest 

South America. Figure from González et al., (2023). 

 

At the northern boundary of South America, the geometry of the Caribbean plate 

subduction is also not fully understood. Moving southwards, the Caribbean plate under-

thrusts a part of northern Colombia and Venezuela (Miller et al., 2009; Van Der Hilst et al., 

1994). In northern Colombia, under-thrusting gives way to subduction (Taboada et al., 2000; 

Van Der Hilst et al., 1994), but where the transition occurs remains unclear. The situation 

may be complicated by other slabs interacting with the Caribbean-Plate on at depth 

(Chiarabba et al., 2016; Syracuse et al., 2016; Taboada et al., 2000).  

High seismic velocities have been observed in front of the flat slab portion of the 

Nazca slab segment, where it meets the South American platform (Chiarabba et al., 2016). 

These fast anomalies are located beneath the Eastern Cordillera (EC), an area distinguished 

by its unique double-verging topographical features. A widely accepted hypothesis to 

explain this phenomenon posits that the flat subduction of the Caribbean slab initiates a 

process of continental lithosphere subduction beneath the EC (Colletta et al., 1990; Cortés 

and Angelier, 2005; Mojica Boada et al., 2022; Taboada et al., 2000).  



 5.128  

 Geodynamic models have been used to suggest that flat subduction could displace 

continental lithosphere material in one of two ways: by forming a keel in front of the flat 

subduction if the material is buoyant, or by causing the material to sink if it is dense (Axen 

et al., 2018). Delamination of the lower lithosphere beneath the EC and mantle melting are 

consistent with the compositions of the igneous rocks in the Paipa-Iza area (Monsalve et al., 

2019), which indicate partial melting in the upper mantle. 

 

5.1.2 Flat slab subduction 

 

In South America, two most prominent flat slabs are located in the Peruvian segment 

and the Chile-Pampean segment (Figure 5.1). The underlying causes of flat subduction and 

its effects on the upper plate are debated (e.g., Antonijevic et al., 2015; Hayes et al., 2018; 

Manea et al., 2017). The factors behind the formation of South American flat slabs could 

include buoyant features in the oceanic lithosphere such as the Inca Plateau and the Nazca 

and Juan Fernandez aseismic ridges (Gutscher et al., 1999), hydrodynamic suction from a 

thick overriding plate (Ma and Clayton, 2015; Manea et al., 2012) and the advance of the 

South American plate over a retreating Nazca plate (Schepers et al., 2017). 

The flat slab subduction has been studied extensively (e.g. Ammirati et al., 2015; 

Antonijevic et al., 2015; Bishop et al., 2017; Gao et al., 2021; Manea et al., 2017), but the 

impact of along-strike variations in the slab dip on the deformation of the overlying plate 

remains uncertain. As the angle of subduction varies along strike, the subducting plate 

undergoes bending and deformation, which can cause thinning or even tearing of the slab at 

the transitions between steep and flat subduction regions (e.g., Hu and Liu, 2016). This slab 

morphology would, in turn, influence mantle flow patterns. 

In the Peruvian region, several seismic studies documented the existence of a large 

(~1500 km in length) flat-slab segment in central-northern Peru (Antonijevic et al., 2015; 

Bishop et al., 2017; Cahill and Isacks, 1992; Scire et al., 2016). The Nazca plate contains a 

series of well-defined bathymetric highs corresponding to aseismic ridges and fracture 

zones. Among them, the one of a likely relationship with the Peruvian flat slab is the aseismic 

Nazca ridge (Figure 5.1). It has been proposed to contribute to the slab flattening beneath 

Peru (Antonijevic et al., 2015) together with the hypothetical, now completely subducted, 

Inca plateau (Gutscher et al., 1999). 

 Among the many ridges located on the Nazca Plate, the Juan Fernandez 

Ridge (JFR; Figure 5.1) is likely to have caused the development of the Pampean flat slab. 

The JFR is a roughly 900 km long volcanic hotspot chain, its origin attributed to a mantle 
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 plume (French and Romanowicz, 2015; Steinberger, 2000). Plate reconstructions suggest 

that the JFR has been migrating southward along the western margin of South America 

(Yáñez et al., 2002). 

While the flat subduction is generally attributed to the subduction of the JFR, this 

ridge is probably too small to account for the full extent of the flat slab, which measures 

between 200 and 250 km parallel to the trench (Yáñez et al., 2002). The western proto-

Gondwana margin has been significantly shaped by three major terrane accretions over the 

past 600 million years, profoundly affecting the structure and tectonic evolution of central 

Chile (Ramos et al., 2002). These terranes vary in their origins, compositions, and ages: the 

Pampia terrane amalgamated around 530–515 Ma; the Cuyania terrane accreted 

approximately 460 Ma ago; and the Chilenia terrane, whose existence remains a matter of 

debate, was added between 420 and 315 Ma (Ramos et al., 2002).  

 

5.1.3 Central Andes 

 

The most striking feature in the Central Andes is the expansive Puna-Altiplano 

Plateau (Figure 5.1). It has an average elevation of 3,700 meters and covers an area of around 

700 x 200 km. In contrast with the Tibetan Plateau, the uplift of the Puna-Altiplano Plateau 

is not the result of continental collision. Instead, it arises from a compressional tectonic 

regime linked to the collision between a continental plate and a relatively shallow subducting 

oceanic slab (e.g., Isacks, 1988). Similar to the Tibetan Plateau, the crust of the Altiplano is 

anomalously thick, with seismic data indicating thicknesses up to 80 km (e.g., Beck et al., 

1996; Yuan et al., 2002; McGlashan et al., 2008). 

The Altiplano in southern Bolivia (18° - 23°S) is the broadest region of the central 

Andes, measuring ~700 km in width. It has undergone a significant crustal shortening of 

approximately 300–400 km over the last 40 million years (Eichelberger et al., 2015). 

Currently, the Altiplano reaches a surface elevation of ~4 km and features low relief within 

the plateau interior. The topography descends gradually eastward from the elevated plateau 

to the lower foreland basins over a distance of ~300 km. Various mechanisms have been 

proposed to account for this elevated topography, including crustal shortening (Beck and 

Zandt, 2002), lithospheric mantle loss (Andersen et al., 2022; Göğüş et al., 2022) and 

magmatic addition from the mantle (Haschke et al., 2002).  
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 5.2 Waveform Tomography Model SACI-24 

 

SACI-24 is an S-wave tomographic model of the South American continent and 

surrounding regions, spanning the depth range from the surface to the bottom of the mantle 

transition zone. The development of SACI-24 involved the analysis of more than 1.2 million 

regional and global seismograms, sourced from more than 9000 stations globally (Figure 

5.1).  

The seismograms were waveform-fitted using the Automated Multimode Inversion 

(AMI) (Lebedev et al., 2005). This method inverts the surface-, S-, and multiple S-wave 

components of the wave train. S and multiple S waves sample the deep upper mantle and 

uppermost lower mantle and complement the sensitivity of the fundamental mode surface 

waves, sampling primarily the lithosphere and asthenosphere. 

Although computed in a global inversion, SACI-24 is built specifically for South 

America. This is achieved through specific parameterisation and regularisation, coupled with 

an emphasis on maximising regional data coverage. Meticulous manual quality control was 

used to detect and eliminate imaging artefacts and data originating from problematic 

stations. 

The areas around the subduction zone in northern and central South America are 

among the most densely sampled regions. In these areas, each grid node of the tomographic 

model is sampled by over 12000 waveform fits, and the maximum number per node reaches 

169597. 

Upon downloading the data, we first check for quality-control the waveforms. We 

check for clipping and gaps, ensuring the entire waveform is fully recorded. Subsequent to 

this quality control, each trace undergoes response correction and is downsampled to 1 Hz. 

The seismograms are then subjected to a structured three-step inversion procedure. 

1. Waveform Fitting. The Automated Multimode Inversion (AMI) method 

(Lebedev et al., 2005) is employed at this stage. It computes synthetic seismograms through 

mode summation and fits the surface, S, and multiple S waves with the observed waveforms 

within a set of weighted time-frequency windows, calculated for each seismogram 

specifically. Once the misfit is minimised in the time domain, AMI produces a series of 

linear equations with uncorrelated uncertainties (Nolet, 1990) that constrain the average S 

and P wave velocity variations from a 3D reference model within approximate sensitivity 

volumes (Lebedev et al., 2005). 

2. Joint Inversion for 3D Velocity Distribution. All the equations from the first 

step are inverted jointly to determine the distribution of P and S wave velocities, as well as 
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 the S-wave azimuthal anisotropy, in three dimensions (Lebedev and Van Der Hilst, 2008). 

The inversion is calculated using the LSQR method (Paige and Saunders, 1982) and 

incorporates smoothing and slight norm damping (Nolet, 1990). The tomographic model is 

parameterised using a dense triangular grid (Wang and Dahlen, 1995). We choose a grid of 

approximate 120 km lateral knot spacing and 18 and 10 triangular radial basis functions for 

S and P wave velocities, respectively. The maximum-value depths of the triangular basis 

functions for S-wave velocities are 7, 20, 36, 56, 80, 110, 150, 200, 260, 330, 410−, 410+, 

485, 585, 660−, 660+, 809, and 1007 km. For P-wave velocities, they are 7, 20, 36, 60, 90, 

150, 240, 350, 485, and 585 km. Model parameter perturbations are computed relative to the 

same 3D model used in AMI, a modified CRUST2 (Bassin et al., 2000) with added 

topography, a global-average baseline correction and smoothed cell boundaries, and a global 

1D mantle average (Lebedev and Van Der Hilst, 2008).  

3. Automated Outlier Removal. Outliers in the dataset present a challenge, but their 

identification and subsequent removal are facilitated by the redundancy of our very large 

dataset. The outliers are primarily due to errors in the source location and origin time and 

station timing (e.g., Legendre et al., 2012). To identify outliers, we first compute an initial 

tomographic model and then, calculate synthetic data from this initial model. The outliers, 

with the largest data-synthetic misfit, are then removed. This procedure selects the data with 

the greatest mutual consistency and eliminates the data with the largest errors.  

Earthquake source parameters are taken from the Global Centroid-moment-tensor 

(GCMT) catalogue (Ekström et al., 2012) since 1994, applying a distance-magnitude varying 

threshold (Schaeffer and Lebedev, 2013). 

 

5.2.1 Resolution Tests 

 

Synthetic resolution tests are the most common method for assessing solution 

robustness in seismic tomography, and were originally introduced to investigate spatial 

resolution in inverse problems for which formal resolution cannot be computed due to the 

large model size (Spakman and Nolet, 1988). They involve the formulation of a 

heterogeneous synthetic model through which the forward problem is solved using the 

identical data coverage as the observational data set. The inversion method is then applied 

to the synthetic data set to recover the synthetic model. Differences between the true and 

recovered model provide a basis for assessing the reliability of the solution. SACI-24’s 

accuracy has been tested by multiple resolution tests so far, including 1) synthetic spikes at 

multiple locations (Figure 3.6 and Supplementary Figure 3.5); 2) checkerboard tests (Figure 
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 2.8, Figure 4.3, Figure 4.4 and Figure 4.5); 3) synthetic structures that reconstruct the shape 

of a known mantle structure such as a craton (Figure 3.7 and Figure 3.8) or vertical mantle 

plumes (Figure 4.6) and lastly, 4) a modified tomographic model as the input (Figure 4.7 

and Figure 4.8). 

Checkerboard resolution tests are one of the most common type of synthetic 

resolution test in seismic tomography studies. The synthetic input model consists of an 

alternating pattern of fast and slow velocities. These tests have achieved popularity in 

seismic tomography due to their simple implementation and intuitive insight into the 

reliability of the recovered model (Rawlinson and Spakman, 2016). To evaluate the model’s 

spatial resolution at the subduction region within the lithospheric depths, we performed 

additional checkerboard type tests with columns of 250 km width and variable vertical 

length. In Figure 5.3 and Figure 5.4 we show two tests of similar horizontal geometry and 

different vertical lengths, spanning three and two depth nodes, respectively. We construct 

the following input model structures similarly to Figure 2.8, model a). The columns 

dimensions are two nodes wide a three node separation, approximately, and are input with 

S-wave velocity anomalies of ± 300m/. 

 

 

Figure 5.3: Column resolution tests at the depth nodes 80, 110 and 150 km. The input 

structures are defined with alternating positive and negative columns of 300 m/s. The input 

and output models are shown as depth slices at the top and vertical cross sections at the 

bottom. The cross section is shown as a black line in the first plot on the left.  
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Figure 5.4: Column resolution tests at the depth nodes 110 and 150 km. The input structures 

are defined with alternating positive and negative columns of 300 m/s. The input and output 

models are shown as depth slices at the top and vertical cross sections at the bottom. The 

cross section is shown as a black line in the first plot on the left. 

 

The results from Figure 5.3 and Figure 5.4 confirm the capability of the model to 

resolve structures of limited length accurately within the lithosphere, especially in the highly 

sampled subduction region. This test shows the excellent lateral and vertical resolution 

within the lithosphere, and supports that the model’s regularisation does not lead to smearing 

or shifting of the anomalies between adjacent nodes. 

To evaluate how the model performs when sampling the vertically dipping high 

velocity structure of a subduction slab, we have constructed two subduction geometries as 

synthetic input in the resolution test. The first consists of narrowed spaced segments that 

follows the shape of South America’s western coastline, from north to south (Figure 5.5). 

The first segment is defined at the 80 km and 110 km depth nodes. The next “slab-like” 

segment follows a similar geometry, offset slightly to the east, from 150 km to 260 km depth. 

We define two more high velocity segments further offset to the east, from 330 km to 410 

km and 485 km to 810 km depth. The position of the slab segments is loosely based on the 

Slab2 model (Hayes et al., 2018). The high velocity segments are input with 300 m/s 

velocity. 
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Figure 5.5: The slab segments resolution test is shown at four different depths. The vertical 

cross sections A and B (shown in the top left panel) show the model geometry with depth 

(bottom panels). The “slab” segments are input with 300 m/s velocity.  

 

In the second geometry, we add two discontinuities to the synthetic slab geometry 

(Figure 5.6). The first discontinuity is at 150 km depth, with an approximate 250 km lateral 

separation. The second discontinuity is defined from 300 km to 485 km depth with no offset 

from the end of the segment above and the start of the segment below. With this slab 

geometry, we intend to test how the model resolves slab gaps located at the lithosphere and 

greater upper mantle depths, whether the gap extends vertically or horizontally. 
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Figure 5.6: Fragmented slab segments resolution test at three different depths. The vertical 

cross sections A and B (shown in the top left panel) show the model geometry with depth 

(bottom panels). The “slab” segments are input with 300 m/s velocity. 

 

From the resolution tests shown in Figure 5.5 and Figure 5.6 we confirm the excellent 

resolution of the model on the top 330 km. SACI-24 accurately resolves the input structures 

from the continuous and fragmented models, both horizontally and vertically. From 330 km 

to 485 km depth we observe the slight effect of smearing of the velocities. The block at 330 

to 485 km depth appears as connected diagonally with the segment above in the model from 

Figure 5.5. Nevertheless, the location of the anomaly is still accurate. Similarly, we observe 

the effect of smearing in the fragmented model, where we observe a velocity anomaly of 

approximately 1% dVs connecting the two bottom structures in cross section A (Figure 5.6). 

Despite the observed effect of smearing, the model resolves the two separate segments 

accurately. The high velocity structure modelled at the greater depths (485-810 km) is also 

accurately modelled in location, despite some loss in amplitude is observed (~60%). 

Additionally, we observe the effect of smoothing, with the output geometry appears larger 

and smoother than the input. Within the transition zone, there is less crossing of seismic 

paths (as demonstrated in Figure 4.2) when compared to the lithospheric depths. Therefore, 

the lower density of seismic coverage leads to the smoothing operator to act more intensely 

in the structures sampled in the mantle transition zone. Additionally, when considering 

surface waves, the sampling at greater depths is mostly from long wavelengths. The longer 
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 the wavelength, the broader the area over which the seismic energy is distributed (Aki and 

Richards, 2002). Consequently, surface waves tend to average the seismic properties over 

larger volumes. This averaging results in a smearing effect, where the distinct boundaries of 

seismic anomalies become less sharp and more diffused in the resultant seismic images. 

 

5.3 Results and Discussion 

 

Previous seismic studies on the South American subduction zone have primarily 

focussed on regional-scale models (e.g. Ammirati et al., 2015; Bianchi et al., 2013; Marot et 

al., 2014; Syracuse et al., 2016). On a continental scale, body wave models often lack 

adequate seismic sampling at lithospheric depths and have gaps in less sampled regions, 

such as the Peruvian flat slab (e.g. Portner et al., 2020; Rodríguez et al., 2020). The new 

continental-scale model, SACI-24, offers the advantage of incorporating both surface and 

body waves from a global dataset, allowing for detailed imaging of the full extension of the 

subduction slab, from the crust to the mantle transition zone. The dense sampling at 

lithospheric depths reveals the complex interaction between the Nazca and Caribbean 

subduction and the South American continental lithosphere. 

In this chapter, we will discuss the small-scale structures identified by our model and 

also aim to provide a broader perspective on the subduction process as a whole, by 

comparing different subduction segments and their correlations over varying time scales, as 

evidenced by geodynamic models (Hu and Liu, 2016), kinematic evolution models 

(Schepers et al., 2017), time dependent modelling (Taramón et al., 2015) and geochemical 

data (DeCelles et al., 2009). 

High-velocity anomalies along the northern and eastern coasts of South America 

(Figure 5.7) indicate the subducting oceanic lithosphere of the Caribbean and Nazca Plates, 

situated to the north and east of South America, respectively. The subduction structures 

delineated by our model exhibit marked variability, both latitudinally from north to south 

and vertically, as they descend into the upper mantle. Based on the subduction morphology 

described by previous and inferred from our own observations, we divide the discussion on 

five different segments of the subduction zone: Northwest South America, Peruvian flat slab 

segment, Central Andes, Chile-Pampean segment and Patagonia. 
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Figure 5.7: S-wave velocities according to SACI-24 at ten different depths (56, 80, 110, 150, 

200, 260, 330, 485, 585, 660 km). Velocity variations are plotted in percentage with respect to 

the reference velocity at the depth, indicated at the top of each map. The subduction depth 

contours from Slab2 (Hayes et al., 2018) are plotted as dashed lines at 56, 80 and 100 km 

depths. From 150 km to 660 km, circles indicate the seismicity at the depth (±10 km) from the 

USGS catalogue (Geological Survey).  

 

5.3.1 Northwestern South America 

 

Beneath the northwestern region of South America (NW SA) (Figure 5.7, Figure 

5.8), we identify multiple areas of fast seismic velocities, mainly in the upper mantle above 

300 km depth. We interpret these anomalies as cold lithosphere from the subduction of the 

different plates surrounding the region.  

In Figure 5.8, we identify the likely origin of the major anomalies. To complement 

the structures delimited by seismic tomography, we add information from tectonic 

boundaries from Hasterok et al. (2022), seismicity from the USGS earthquake catalogue 

(Geological Survey) and slab depths from Slab2 (Hayes et al., 2018). We also include the 
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 locations of the Bucaramanga nest and Cauca cluster (Pennington, 1981), as these may 

represent changes in the subduction behaviour. 

We have showed the model’s accuracy in resolving small scale anomalies (~250 km) 

within the lithosphere in the resolution tests in Figure 5.3 and Figure 5.4. The small slab 

fragments we identify in this portion of the subduction range from ~300 km (segment N0 in 

Figure 5.8) to up to 700 km long. Vertically these fragments appear as having approximately 

100-200 km thickness. Based on the results from the resolution tests showed in Section 5.2.1, 

we can confirm that the dimensions of the slab fragments we discuss in this region is well 

within the resolving limitations of the model. 

 

 
Figure 5.8: Cross sections through SACI-24 in northwestern South America. Stars on the 

location maps and the cross-sections indicate the Bucaramanga (yellow) and Cauca (orange) 

seismic nests. Green dashed lines on the cross-sections are from Slab2, and black circles 

indicate earthquakes. Yellow dashed lines are our interpreted plate boundaries discussed in 

the main text. The different slab segments observed are labelled: CAR1 and CAR2 from the 

Caribbean Plate; N0, N1, N2 from the Nazca Plate. MB, Maracaibo Block; SA, South America; 

DL, Delaminated lithosphere; ID?, Unidentified segment.  

 

5.3.1.1  Identification of Multiple Slab Segments 

 

The map views (Figure 5.7) and the cross-sections (Figure 5.8a-h) indicate at least 

five separate slab segments beneath the northwestern region of South America. Due to the 

complex configuration of the possibly overlapping Caribbean and Nazca plates under South 
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 America, several slab configurations have been proposed for this region from regional 

tomography models (Syracuse et al., 2016; Taboada et al., 2000; González et al., 2023) and 

other geophysical information (González et al., 2023; Mojica Boada et al., 2022). Our model 

brings additional details in the identification each slab segment, either supporting existing 

models or by adding seismic information on a not yet modelled hypothetical structure. To 

the west of the Panamá Block and the Eastern Cordillera, we attribute the high seismic 

velocity anomalies to the subduction of the Nazca plate. This is based on the slab's closeness 

to the Nazca plate and its backtracking to a Nazca plate origin, as shown in Figure 5.8f-h. 

Additionally, there is a general agreement that this segment originates from the Nazca plate 

from kinematic reconstruction (González et al., 2023), seismicity and velocity models 

(Syracuse et al., 2016; Taboada et al., 2000). We label these segments as N0, N1, and N2 in 

Figure 5.8 for clarity.  

The main question that remains is the plate configuration east of this area (Mojica 

Boada et al., 2022; Sun et al., 2022; Syracuse et al., 2016). We have identified two new 

structures in this area, ID? above the Bucaramanga seismic nest and DL. Based on results 

from Mojica Boada et al., (2022), we interpret the low seismic anomaly ID? as the result of 

delamination of the local lowermost lithosphere from the flat subduction of the Nazca plate. 

East of ID?, the high seismic velocity structure DL would be displaced lithospheric material 

from ID?, supported by geodynamic modelling results (Axen et al., 2018).  

To the east of the Bucaramanga nest, we identify two more slab segments, as shown 

in Figure 5.8-f, g, h. These easternmost segments can be backtracked to the Caribbean plate, 

which is thought to subduct towards the southwest and south (Taboada et al., 2000). We 

label these CAR1 and CAR2. Multiple studies agree on the shallow subduction of the 

Caribbean plate in this region (Pennington, 1981; Taboada et al., 2000; Vargas and Mann, 

2013).  

For a better understanding of the observed slab segments in our tomography model, 

we now discuss each cross section of Figure 5.8. 

Cross Sections a-b. These sections reveal the upper mantle structure beneath the 

Maracaibo Block, showing the shallow high-velocity anomalies of CAR1 subduction near 

the trench. A deeper high-velocity anomaly is also evident under the Maracaibo Block, 

flanked by the mountain ranges of the Sierra Nevada de Santa Marta to the north and the 

Merida Andes to the south. We propose that this fast anomaly originates from the 

underthrusting of the thick South American continental lithosphere. In this context, the 

Caribbean plate's subduction is linked to the mountain building process of the Sierra Nevada 
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 de Santa Marta, while the underthrusting of the South American lithosphere is tied to the 

Merida Andes. 

The origin of the lower crust of the Maracaibo Block has been suggested to be related 

to the northeast underthrusting of the South American platform under the El Pilar fault 

system (Cediel et al., 2003). A direct connection between the South American lithosphere 

and the fast anomaly under the Maracaibo Block is seen in cross section b. In Figure 5.8 we 

attempt to add the proposed boundaries of each plate in yellow dashed lines. For 

simplification, in Figure 5.8 we will denominate this fast anomaly as the Maracaibo Block 

(MB). Additionally, a second high-velocity segment is visible, lower into the mantle. We 

attribute this feature to an older subduction slab, corroborating previous interpretations that 

suggest it is a detached, broken segment of the Caribbean slab (Cornthwaite et al., 2021). 

Cross Section c: This section is parallel to the high-velocity anomaly we observe at 

150 km depth. We attribute this fast anomaly mainly to the Nazca plate. The plate appears 

to dip east under South America, roughly parallel to the trench west of Panamá and the 

Eastern Cordillera. This suggests that the Eastern Cordillera system is a direct result of the 

subduction of the Nazca plate. In this region, it is possible that the Nazca subduction 

underlies the Caribbean shallow subduction as proposed by different models (González et 

al., 2023; Mojica Boada et al., 2022; Taboada et al., 2000; Van Der Hilst et al., 1994). Our 

model, however, does not separate these two closely spaced structures. This segment of the 

slab is the only part of the subduction in NW SA where we observe continuity of the slab 

down to 700 km (also seen in f). 

Cross Section d: This section crosses multiple mountain ranges and includes the 

Bucaramanga seismic nest. We identify that the nest sits at the boundary between two slab 

segments. The Nazca plate (N1) is subducting at a shallow angle, and to the east of it, we 

identify another fast anomaly, which we attribute to thick lithosphere of the South American 

platform.  

In cross section g, we have a perpendicular view of the intersection of the slab 

segments. There, we see that the thick lithosphere of the Maracaibo Block intercepts this 

location together with N1 and the lithosphere on the South American side. The seismicity 

on the edge of the MB suggests that the compression forces are causing the MB to 

underthrust west under the lithosphere of Colombia. Above the location of the Bucaramanga 

nest, we also observe an area marked by low seismic velocities (see Figure 5.7- 56 km depth) 

and upper crustal seismicity. We can identify this in additional cross sections (Figure 5.8-

c,g), and we will denominate this anomaly ID?. We interpret ID? as a possible result of the 

flat subduction of the Nazca plate in this area, which lead to delamination of the local 
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 lowermost lithosphere (Mojica Boada et al., 2022). Geodynamic modelling shows that in 

this scenario, the lithospheric material could be displaced eastward if buoyant (Axen et al., 

2018). Accordingly, we identify a high seismic velocity structure east of this region, visible 

in Figure 5.7 at 56 and 80 km depth, which we will denominate DL. We do not have enough 

evidence, however, to classify whether the origin of this fast anomaly is lithospheric 

delamination , as previously proposed (Mojica Boada et al., 2022), or underthrusted South 

American platform.  

Cross Section e: Here, we find an additional Nazca slab segment, denoted as N0. 

This segment is overlaid by the Cauca cluster and is thought to be bounded by the Caldas 

Tear to the north (Vargas and Mann, 2013) and the subducted Malpelo rift to the south (Sun 

et al., 2022; Vargas and Mann, 2013). The lower seismic velocities in this segment could be 

due to the young and warm lithosphere of the subducted Sandra rift. 

Cross Sections f, g, h: These sections run parallel to the main tectonic trends in NW 

SA and serve as additional evidence for identifying the seismic anomalies discussed earlier. 

 

5.3.2 Peruvian flat-slab segment 

 

We define the Peruvian flat slab segment as the area between the subduction of the 

Carnegie ridge and the subduction of the Nazca ridge (Figure 5.1). In this region, 

intermediate depth seismicity is scarce, with seismicity resuming in the mantle transition 

zone in some areas at depths of 500-700 km. In this section, we will discuss the structural 

variations of the subduction showed by our model SACI-24. 

From Figure 5.7, we observe a highly heterogeneous upper mantle in this area. High 

seismic velocities, indicative of the Nazca plate's subduction, are evident from depths of 56 

km to 200 km. Interestingly, there is an absence of fast anomalies between depths of 260 km 

and 330 km. At a depth of 485 km, both seismicity and high seismic velocities re-emerge. 

In Figure 5.9 we present vertical cross-sections of seismic velocities in the Peruvian 

region, supplementing this with seismicity data from the USGS earthquake catalogue 

(Geological Survey) and slab depths from Slab2 (Hayes et al., 2018). The observed 

heterogeneity in upper mantle seismic velocities appears to stem from the irregular dipping 

angles of the Nazca subduction oceanic slab under the South American platform.  

We have tested the robustness of the model in resolving continuous versus 

fragmented slab subduction in Figure 5.5 and Figure 5.6. The results validate the model 

accuracy in resolving continuous and/or fragmented subduction segments across all depths. 

Within the top 300 km, the model resolves seismic anomalies with great precision, in 
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 amplitude, location, and shape. At the mantle depths greater than 300 km we observe small 

scale smearing of the anomalies, which could lead to make fragmented blocks of slab appear 

as continuous. We show that despite this observed the smearing effect in Figure 5.6-A, the 

amplitude of the smearing anomaly between blocks (~1% dVs) is smaller than the amplitude 

of the continuous structures (~3-4% dVs) in Figure 5.5. In the mantle transition zone, the 

model correctly resolves the location of the input structure. However, we observe that the 

resulting structure appears less sharp and more diffused due to the effect of smearing. In the 

following discussion we will consider the model limitations observed from the resolution 

tests from Figure 5.5 and Figure 5.6 when making inferences about the geometry and 

behaviour of the subduction slab. 

 

 
Figure 5.9: Vertical cross sections on the Peruvian region indicating the distribution of seismic 

velocities within the upper mantle. Cross section locations are indicated as labelled lines on 

the top figures. Cross sections on the bottom: Green dashed lines are from Slab2 and black 

circles are seismicity locations. Orange dashed lines are the subduction boundaries we 

interpret in the text. We label the different slab tears observed as t?, t1 and t2. Additional labels 

on the cross sections are explained on the main text: us, underplated slab; SA, South America; 

IP, Inca Plateau; AC, Amazon Craton.  

 



 5.143  

 5.3.2.1  Geometry of the flat slab 

 

Flat subduction is believed to initiate in the northern Peruvian segment, and the 

formation of the flat slab has been associated with the subduction of the "lost" Inca Plateau. 

This plateau is considered to be the conjugate feature of the Marquesas Plateau in the western 

Pacific (Gutscher et al., 1999).  

We observe multiple fast seismic anomalies in the shallow upper mantle depths (110-

150 km) and the full extent of the Peruvian flat slab. This anomaly aligns well with prior 

suggestions of the subducted oceanic lithosphere of the Inca Plateau, and we will refer to it 

as IP (Figure 5.9). The IP fast anomaly is noticeable due to its great dimension (600 km 

length) and is clearly visible in the cross sections of Figure 5.9b-e.  

We notice, however, that the location of IP does not correspond exactly with the 

present shallow seismicity. What we observe seems to correspond with the behaviour of slab 

flattening and tearing previously described by geodynamic modelling (Hu and Liu, 2016) 

and kinematic reconstruction (Schepers et al., 2017), and only now revealed by seismic 

tomography. 

Upon examining the various cross-sections in Figure 5.9, we propose that IP 

originates from the Nazca plate and represents the furthest extent of the flat slab (Figure 5.9-

b,c,e). However, in Figure 5.9-d IP appears to be entirely detached from the remaining slab, 

and seismicity data suggest that the current subduction is occurring on its western edge, 

indicating the presence of a slab tear. This observation aligns well with predictions from 

geodynamic modelling and is consistent with the slab curvature indicated by seismicity (Hu 

and Liu, 2016). We therefore propose the existence of a tear in what was once a continuous 

flat segment that included IP. The location of this tear, which we will designate as t1, may 

be influenced by the subduction of the Mendaña Fracture Zone. We mark the location of t1 

in Figure 5.9 for clarity. 

We also observe a second tear, corroborated by both seismic tomography 

(Antonijevic et al., 2015) and geodynamic modelling (Hu and Liu, 2016). This tear, which 

we label as t2, is commonly ascribed to the slab flattening induced by the subduction of the 

Nazca ridge. In our model, t2 vertically bisects the slab at depths ranging from 200 km to 

400 km, as seen in Figure 5.9e, f. Additionally, we identify a third tear, denoted as t? in 

Figure 5.9a, b. While not explicitly detailed in their study, the modelling work by Hu and 

Liu, (2016) predicts tearing in this area when using alternative geoterms values. The 

presence of slab tears in the upper 400 km of the model have been validated by resolution 

models in Figure 5.5 and Figure 5.6. We have showed the model’s accuracy in resolving 
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 separate seismic structures of dimentions similar to those of a subduction slab, and the 

corresponding separation between them. 

Slab tearing in flat slab subduction settings can be explained by the differential 

sinking rates between the subducting aseismic ridges and the surrounding slab portions. 

Aseismic ridges, being less dense than the surrounding slab (Gutscher et al., 1999), exhibit 

slower sinking rates, leading to the accumulation of extensional strain at their down-dip 

extremities (Hu and Liu, 2016). As the tear manifests within the slab hinge, the high-pressure 

mantle beneath it ascends. This behaviour is evident in Figure 5.9-d where the slab's upper 

surface displays an apparent upward dip, corroborated by seismicity. This local mantle 

upwelling induces thermal weakening in the adjacent slab, thereby facilitating the expansion 

of the tear (Hu and Liu, 2016). 

Slab tearing has been additionally confirmed by seismic anisotropy measurements 

within the Peruvian slab (Eakin et al., 2016). The upwelling asthenosphere beneath the torn 

slabs creates favourable conditions for slab melting, particularly of its crust, potentially 

giving rise to adakitic magmatism (Gutscher et al., 2000; Hu and Liu, 2016). In Peru, adakitic 

eruptions occurred along a ∼300 km N–S distance range (-8° to -10° latitude) during 10–4 

Ma (Gutscher et al., 2000). The locations of adakitic volcanism coincide with our proposed 

tear location t1 and provide additional evidence for our observations. 

The geometries we observe within the Peruvian slab segment can be interpreted as 

representing various phases of slab flattening, tearing, and a return to conventional 

subduction. This cyclical behaviour aligns with the tectonic reconstruction of the Andes 

presented by Schepers et al., (2017). The main driver for flat slab formation, according to 

their model, is the South American plate advancing over the Nazca slab bend, that remained 

stationary in the mantle. In this scenario, in concert with other drivers, an overpressured sub-

slab mantle is supporting the weight of the slab in an advancing upper plate-motion setting 

can locally impede rollback and maintain flat slabs until slab tearing releases the excess 

pressure. Tear subduction re-establishes a continuous slab and allows the process to recur. 

 The first stage of flat slab formation and maintenance is observed in Figure 5.9-b 

and Figure 5.9-f, where we observe continuous horizontal slabs ranging from 600 km to 800 

km in length. Despite evidence of slab tearing at greater depths (200-400 km), these slabs 

appear to be supported by an overpressured, thermally elevated asthenospheric mantle. This 

is true specially for Figure 5.9-b, where the strong low velocity anomaly has been observed 

by many models (Antonijevic et al., 2015; Bishop et al., 2017; Scire et al., 2016). The 

relationship between this slow seismic anomaly and the Galápagos plume was explored in 

Chapter 4. 
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 In cross sections c and e of Figure 5.9 we may be witnessing an intermediate stage 

of slab tearing and pressure release. The observed seismicity within the slab could be a 

response to the thinning and extensional stress exerted by the overpressured sub-slab mantle. 

As noted earlier, Figure 5.9-d shows evidence of slab tearing, while the segmented slab in 

Figure 5.9-a could indicate a more advanced stage of tearing and a resumption of normal 

subduction. 

Taramón et al., (2015) predicted in their geodynamic modelling that seismic imaging 

would reveal a highly contorted slab shape in the upper mantle shortly after the cessation of 

a flat slab episode. Over time, the slab would regain a more homogeneous shape in the upper 

mantle, although the imprint of the previous flat slab episode might persist in its deeper 

structure. We believe that the heterogeneous slab geometry revealed by our model aligns 

precisely with the outcomes predicted by Taramón et al., (2015). Current observations in the 

Peruvian slab segment, including tearing and a return to normal subduction (Antonijevic et 

al., 2015), suggest the likely conclusion of this flat slab episode. Just as seismic imaging 

allows us to delineate current processes in slab dynamics, it may also enable us to identify 

regions where the signatures of past slab flattening and tearing events are preserved. 

 

5.3.2.2  Underplating of subducted lithosphere 

 

As a subduction slab encounters the continental overriding plate, variations in the 

continental lithosphere thickness can cause flattening of the slab through flow-induced 

reduction in pressure within the mantle wedge (Stevenson and Turner, 1977). Narrowing of 

the mantle wedge or increased wedge viscosity both act to increase negative pressure and 

pull the slab upward. The upward pull by the hydrodynamic stresses is often termed 

‘hydrodynamic suction’ (Manea et al., 2012; O’Driscoll et al., 2012; Taramón et al., 2015). 

Hydrodynamic suction exerted by a thick overriding plate has been proposed as one 

of the main mechanisms for the formation of flat slabs (Ma and Clayton, 2015; Manea et al., 

2017). Taramón et al., (2015) delineate two modes of slab flattening in their 3D geodynamic 

simulation: permanent underplating and transient flattening. In the case of permanent 

underplating, the suction force is sufficient to fully couple the subducting plate to the 

overriding lithosphere. Transient flattening occurs when the negative buoyancy of the slab 

is strong enough to overcome the suction force exerted by the overriding craton. 

While both transient flattening and permanent underplating have generally been 

attributed to the subduction of buoyant oceanic plateaus or episodes of rapid trench rollback, 

underplating tends to occur preferentially beneath cratons (Taramón et al., 2015). This 
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 distinction highlights the role of the overriding plate's characteristics, particularly its 

thickness and buoyancy, in determining the mode of slab flattening. 

Despite the presence of slab tearing, we note that the IP segment of the flat slab 

remains coupled beneath South America. We attribute this underplating of the buoyant 

oceanic plateau to the hydrodynamic suction effect exerted by the thick lithosphere of the 

Amazon Craton. In Figure 5.9, we can observe the Amazon Craton's thick, fast lithosphere 

in proximity to the flat slab segments, particularly in cross sections c to f.  

In the cross sections c and d of Figure 5.9, we identify fast seismic velocities below 

the IP segment extending to the mantle transition zone, indicated by orange dashed lines. 

We propose two potential origins for this fast anomaly, in line with the models described by 

Taramón et al., (2015).  

Firstly, permanent underplating of the IP segment could have occurred, facilitated by 

its proximity to the Amazon Craton's thick lithosphere, as suggested by Wells et al., (2014). 

In this scenario, a slab gap forms beneath the craton, leading to tearing in adjacent sections 

of the subducting plate and the initiation of a new subduction zone. The fast anomaly we 

observe beneath the IP segment would then represent the dipping portion of the previously 

flat slab, now fully detached and sinking into the lower mantle. 

Secondly, in the case of a transient slab flattening episode, the IP segment remains 

attached to the adjacent slab section and will eventually be pulled into the mantle. Given our 

earlier discussion regarding Figure 5.9-a, where we suggest that this section might represent 

a more advanced stage of flat subduction and detachment, the fast seismic velocities 

observed ahead of the subduction could be remnants of a previously underplated slab 

segment, denoted as "us" in Figure 5.9-a). 

 

5.3.3 Central Andes and Chile-Pampean flat slab 

 

South of the Peruvian flat subduction zone lies the Central Andes, characterised by 

the elevated topography of the Andean Plateau (Figure 5.1). This plateau represents the 

Earth's largest orogenic feature formed through ocean-continent convergence. In this 

section, we turn our attention to the seismic velocities observed beneath the Central Andes 

to shed light on the underlying geodynamic processes. 

In Figure 5.7, distinct features are evident beneath the Central Andes compared to 

other subduction zones along the western margin of South America. Within the crustal 

depths (56-80 km), a band of positive seismic velocities is observed at the continent's margin, 

while strong low seismic velocities underlie the mountain range. At a depth of 80 km, a band 
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 of positive seismic velocities is discernible northeast of the Central Andes orogenic 

boundary. At 150 km depth, strong positive seismic velocities are present beneath the 

Central Andes with varying lateral extents from north to south. Between depths of 200 km 

and 330 km, a more homogeneous band of fast seismic anomalies is observed, with slightly 

higher amplitudes in the central region. Within the mantle transition zone (485-660 km), the 

fast anomalies appear to bifurcate at approximately 25°S latitude, and a new fast anomaly 

emerges east of the subduction zone at 20°S. 

Figure 5.10 shows multiple cross-sections of the seismic velocities beneath the 

Central Andes, the Chile-Pampean flat slab, and the adjacent South American platform. 

Based on the integration of new insights from our tomography model with recent geological 

and geodynamic research the main findings from SACI-24 discussed in this section include:  

• The identification of continental underthrusting over multiple areas of the Central 

Andes, previously observed only at smaller scale by seismic tomography (Beck and 

Zandt, (2002) and refs within);  

• Several stages of Cordillera lithospheric root growth and delamination, proposed as 

a large scale Cordillera event (Decelles et al., 2015; Ducea et al., 2013; Kay and 

Coira, 2009) but only observed in local scale by seismic tomography (Andersen et 

al., 2022; Beck and Zandt, 2002; Tassara and Echaurren, 2012; Ward et al., 2016; 

Whitman et al., 1996);  

• The identification of broad region of fast seismic velocities within the mantle 

transition zone as possible delaminated lithospheric material from past lithospheric 

root foundering events. 
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Figure 5.10: Vertical S-wave velocity cross sections on the Central Andes and Chile-Pampean 

region. Cross section locations are indicated as labelled lines on the top figures. Red lines 

indicate the boundaries between the Pampia, Chilenia and Cuyania terranes. Cross sections 

on the bottom: Green dashed lines are from Slab2 and black circles are seismicity locations. 

Yellow dashed lines are the subduction boundaries we interpret in the text. NR, Nazca Ridge; 

JFR, Juan Fernandez Ridge; LD, Lithospheric delamination; AP, Altiplano; PU, Puna; SA, South 

America; PS, Pampean segment. 

 

5.3.3.1  Dynamics of the crust 

 

In Figure 5.10, we observe a spatial variation in the extent of low seismic velocities 

within the crust beneath the Cordillera, ranging from 13°S to 30°S. These low crustal 

velocities, particularly under the Altiplano, are commonly attributed to a weak, felsic 

composition (Beck and Zandt, 2002). The extent of this low-velocity crustal zone varies 

latitudinally. In Figure 5.10-a the zone spans approximately 400 km, but it expands 

southward, reaching a breadth of about 600 km in Figure 5.10-c. 

The recent lithospheric modelling by Wang and Currie, (2023) highlights the 

significance of a ductile, weak lower crust in the Altiplano's dynamics. As the orogen grows 

upward, this weak lower crust flows laterally, contributing to a stepwise expansion of the 

orogenic belt. Over time, this process can induce deformation that propagates into the 
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 continental crust. The weak lower crust serves as a crust-mantle décollement, facilitating the 

decoupling of the continental mantle lithosphere from the crust and enabling it to underthrust 

the plateau. 

In alignment with this model, our observations from Figure 5.10-a, b, c suggest an 

eastward migration of the weak lower crust towards the South American platform. We also 

identify westward-dipping high-velocity anomalies extending from the platform towards the 

subduction zone. We interpret these anomalies as indicative of continental underthrusting, 

corroborating the model's assertion that the weak lower crust acts as a décollement, allowing 

for lithospheric interactions that contribute to the plateau's uplift and expansion. 

 

5.3.3.2  Cordillera Cyclicity 

 

A recurrent question in geodynamics is the role of the mantle lithosphere in mountain 

building. When the crust undergoes shortening, the underlying mantle lithosphere must 

shorten and thicken too. Estimates of shortening in the Andean Cordilleran range up to ~400 

km (Kley and Monaldi, 1998; McQuarrie, 2002). As the orogenic belt consist almost 

exclusively of upper-crustal rocks that were detached from the lower crust (Boyer and 

Elliott, 1982), a slab of lower crust and lithosphere equal in length to the total upper-crustal 

shortening must underlie the region (Oldow et al., 1990). In the central Andes, the volume 

of lithosphere underthrust beneath the magmatic arc since early Cenozoic time is proposed 

to be on the order of 10⁷ km (Allmendinger et al., 1997). Surprisingly, thin lithosphere is 

often found beneath plateaus (e.g. northern Tibet) (Schurr et al., 2006). 

In the central Andes, multiple mechanisms have been proposed as the cause for 

lithospheric removal. For example, underthrusting of the continental lithosphere under the 

mountain range may lead to decoupling and consequent delamination or subduction of the 

orogen’s subcrustal lithosphere (Beck and Zandt, 2002). In contrast, DeCelles et al., (2009) 

advocate for a model of localized delamination, driven by density instabilities arising from 

the eclogitization of the mafic lower crust.  

Recent studies have also attributed rapid and transient geological phenomena in the 

Altiplano and Puna regions to lithospheric drips into the sub-lithospheric mantle (Andersen 

et al., 2022; Ducea et al., 2013; Göğüş et al., 2022; Ward et al., 2016). It has been proposed 

the Altiplano has a significantly deeper lithospheric root at 80 km depth than the more 

southern Puna, with 60 km depth (Kay and Coira, 2009; Tassara and Echaurren, 2012). The 

change in lithospheric structure is accompanied by a major change in morphology: at around 
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 22°S, the relatively flat Altiplano gives way to the more rugged, almost 1km higher, Puna 

(Whitman et al., 1996).  

Seismic tomography models consistently reveal anomalously fast lithospheric 

mantle velocities beneath the Central Andes, generally attributed to foundered lithosphere 

(Beck and Zandt, 2002; Tassara and Echaurren, 2012; Ward et al., 2016; Whitman et al., 

1996). Our data corroborate these findings, showing high seismic velocities east of the 

subduction slab, extending from the Altiplano to the northern reaches of the Pampean slab 

area (Figure 5.10a-e). Resolution tests showed that the model defines with excellent spatial 

accuracy seismic structures in the top 150 km of the model (Figure 5.3, Figure 5.4, Figure 

5.5 and Figure 5.6). Despite the small-scale heterogeneities found in the lithosphere of this 

region, these are within the sampling accuracy of our high-resolution model SACI-24. 

In the cross sections underlying the Altiplano (Figure 5.10a-c), we identify a high-

velocity seismic band extending from the South American platform to beneath the mountain 

range. This is interpreted as evidence of the underthrusting of continental lithosphere, as 

indicated by dashed yellow lines. Multiple data sources, including seismic tomography, 

shear wave anisotropy, and gravimetry, converge to suggest that continental lithosphere has 

underthrusted to approximately 65.5°W beneath the Eastern Cordillera's elevated regions 

(Beck and Zandt, (2002) and references within). Continental lithosphere underthrusting is 

the first evidence of the influx of lithospheric material under a cordillera system (DeCelles 

et al., 2009).  

As the continental lithosphere—and potentially the lower crust—underthrusts and 

thickens beneath the Cordillera, melting processes differentiate the material into a dense 

eclogitic root (DeCelles et al., 2009). Upon reaching a critical mass, this eclogitic root 

triggers a foundering event (Andersen et al., 2022; Decelles et al., 2015; Ducea et al., 2013; 

Kay and Coira, 2009). Removal of large volumes of dense lithosphere and influx of 

asthenosphere will cause a rapid isostatic increase in surface elevation and ignimbrite 

eruptions (Silva et al., 2006). In the Bolivian Altiplano rapid surface uplift has been 

documented in the Late Miocene (~10-6 Ma; Garzione et al., (2008)) and widespread 

voluminous ignimbrites of 10-1 Ma are found in the southern Altiplano/ northern Puna 

Plateau (Silva et al., 2006). With the lithospheric foundering event the cycle may begin again 

(DeCelles et al., 2009). 

In Figure 5.7, we observe alternating regions of thick and thin fast seismic anomalies 

beneath the Central Andes, specifically within the 150 km depth range. These variations are 

further corroborated by the cross-sectional data presented in Figure 5.10, which reveal 

notable north-to-south structural changes beneath the Cordillera. While seismic imaging 
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 primarily captures the present-day lithospheric architecture, we propose that the cross 

sections a-d in Figure 5.10 represent the Cordillera's lithospheric root at varying stages of 

growth and delamination, progressing from south to north. Areas where lithospheric root 

delamination may have occurred are denoted by the label "LD" in Figure 5.10. 

In the northernmost cross-section depicted in Figure 5.10-a, we find a strong fast 

anomaly east of the subduction reaching to 200 km depth. We propose that this section shows 

a thick Cordillera root structure, possibly prior to delamination time. In the southern 

Altiplano, the cross sections Figure 5.10-b,c show a high velocity structure of smaller 

dimension when compared to Figure 5.10-a. Crowding of material from the underthrusting 

of continental lithosphere is less evident, suggesting these structures represent different 

stages in the growth of the lithospheric root. The rapid uplift documented for the Altiplano 

around 10-6 Ma (Garzione et al., 2008) may serve as evidence for a prior delamination event, 

marking the resumption of underthrusting and root growth (Figure 5.10-b).  

In the cross-section beneath the northern Puna Plateau (Figure 5.10-d), we no longer 

observe high seismic velocities from the South American platform towards the base of the 

Cordillera root. Under the mountain belt, the distinction between subducted oceanic 

lithosphere and lithospheric root is not straightforward. Based on the seismicity and Slab2 

contour, it is possible that part of the observed fast seismic anomaly is the Cordillera 

lithospheric root. Given these observations, we propose a more advanced stage of 

lithospheric delamination for the northern Puna Plateau. This interpretation aligns with the 

observed widespread, non-subduction-related volcanism (Ducea et al., 2013; Murray et al., 

2015; Silva et al., 2006) and the region's elevated topography compared to the Altiplano 

Plateau (Allmendinger et al., 1997). The removal of lithospheric material would have 

facilitated uplift as the lower-density asthenosphere supplanted the higher-density mantle 

lithosphere. 

Within the transition zone depths, we find a broad region of fast seismic velocities 

east of the subduction (as indicated by the deep seismicity) on the Central Andes region at 

~20°S (Figure 5.7: 485-585 km depth and Figure 5.10-c). We propose that this fast seismic 

anomaly might be the delaminated lithospheric material from past lithospheric root 

foundering events, such as the 17-16 Ma and 10-6 Ma events proposed for the Altiplano 

(Garzione et al., 2008, 2017). This anomaly is also observed by several large scale 

tomography models (Amaru, 2007; Fukao and Obayashi, 2013; Romanowicz, 2008; 

Simmons et al., 2021). 
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 5.3.3.3  Chile-Pampean segment 

 

In the southern Puna, the subduction transitions to the Chile-Pampean flat slab 

segment. Figure 5.10-e reveals a shift from steep to flat subduction over a span of 400 km, 

as further evidenced in Figure 5.10-g. Similar to the northern Central Andes, we observe a 

variable extent of high seismic velocities beneath the Cordillera. Intriguingly, these seismic 

velocities align with the delineated structures of the accreted Pampia, Chilenia, and Cuyania 

terranes. For instance, in Figure 5.10-e a high-velocity block at 150 km depth is demarcated 

on the west by the Pampia terrane, while in Figure 5.10-g, a distinct high-velocity structure 

is confined within the Cuyania terrane boundaries.  

The agreement between the fast seismic anomalies beneath the Pampean segment 

and the boundaries of the accreted terranes suggests that continental lithospheric factors 

exert a significant influence on both orogenesis and subduction dynamics in this region. 

Geological observations suggest that the regional crustal structure is inherited from the 

accretion of the different terranes (Davis et al., 1999). Seismological data further corroborate 

this, indicating that these fault structures extend to considerable depths and currently 

accommodate crustal shortening in the region (Ammirati et al., 2015, 2015). 

Contrary to the proposal of flat slab formation due to the buoyancy of the Juan 

Fernandez Ridge (e.g. Gans et al., 2011; Gao et al., 2021), Marot et al., (2014) find seismic 

velocities that do not support the presence of a buoyant material in the flat slab area. Their 

model indicate a thin, high density subduction oceanic crust, consistent with the 

concentration of seismic activity, high mantle conductivity (Booker et al., 2004) and recent 

volcanism further east (Kay and Gordillo, 1994).  

In the northern Chile-Pampean segment (Figure 5.10-e, f) we observe positive 

seismic velocities to the east of the subduction zone. Although these velocities are less 

pronounced compared to those in Figure 5.10-a, b, c they may signify the underthrusting of 

a weaker South American lithosphere. Considering the presence of a thick lithospheric block 

related to the Pampia terrane on the continental lithosphere, the compression of this 

lithospheric material could be driving root growth and delamination episodes, similar to our 

interpretation of the Central Andean region. 

Between latitudes 31°S and 32°S, the dense seismicity delineates a shallower 

subduction angle, as shown in Figure 5.10-g. In this cross section, we find two high seismic 

velocity blocks underlying the slab, largely overlain by the region’s seismicity. The western 

block, adjacent to the coast, has a thickness of 100 km and is demarcated to the east by the 

boundary between the Chilenia and Cuyania terranes. The second block, situated beneath 
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 the Cuyania terrane, extends from a depth of 100 km to nearly 300 km. The demarcation 

between these two blocks aligns with previous receiver function studies, which identify a 

major structure separating the Chilenia and Cuyania terranes (Ammirati et al., 2016). This 

structure, constrained by reverse focal mechanisms, likely represents a reactivation of the 

collision between the two terranes (Ammirati et al., 2015). Under compressional forces, both 

terranes would maintain rigidity, while their deep lower crust and lithosphere would likely 

undergo eclogitization (Ammirati et al., 2016; Marot et al., 2014). Subduction erosion would 

then drive material east, contributing to the anomalous thick crust (Ammirati et al., 2015; 

Gans et al., 2011) and lithosphere we observe. 

We propose an alternative mechanism for the shallow subduction of the Chile-

Pampean ridge. Instead of cratonic lithosphere induced hydrodynamic suction, as previously 

proposed (Manea et al., 2012), we suggest that the thick lithosphere of the Cuyania terrane 

may be instrumental in slab flattening. Supporting this hypothesis, samples from the Pocho 

volcanic field, located at the easternmost segment of the flat slab, indicate the incorporation 

of depleted Proterozoic components (Kay and Gordillo, 1994). A Proterozoic formation age 

for the Cuyania terrane would account for the anomalously thick lithosphere observed in our 

seismic data. The dense seismicity in this region does not clearly indicate the subduction 

interface, making it challenging to distinguish fast seismic anomalies associated with 

subduction from those originating from the Andean lithospheric root. 

At the Chile-Pampean segment, no deep seismicity is observed. In a similar manner, 

we observe a gap in the subduction related fast seismic anomalies from ~300 km to 400 km 

depth. This observation aligns with our earlier discussion regarding the Peruvian flat slab: 

the underplated flat slab material beneath the Chile-Pampean segment could be strongly 

coupled to the continental lithosphere, leading to the detachment of the slab's edges. The 

presence of a slab gap in this region is also consistent with the slab gap configurations 

predicted by 3D geodynamic modelling (Hu and Liu, 2016). 

 

5.3.4 Payenia and Patagonia Segment 

 

5.3.4.1  Payenia Segment 

 

South of the flat subduction of the Chile-Pampean region, we find high seismic 

velocities indicating the sudden re-steepening of the Nazca plate (Figure 5.11-a). We observe 

low seismic velocities on the east of the subduction, related to a thin continental lithosphere 
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 of this region. There is indication of continental underthrusting under the cordillera region, 

evidenced by positive seismic velocities extending from the continental platform towards 

beneath the mountain range from 100 km to 200 km depth. 

In the previous sections, we described the Andean cordillera cycle as primary 

controlled by the absolute motion of the South American continent (DeCelles et al., 2009; 

Schepers et al., 2017). On the Central Andes regions, the thick continental crust and 

lithosphere (Isacks, 1988) favoured generalized delamination during steepening of the slab 

and associated with voluminous rhyolitic ignimbrite eruptions as the Altiplano-Puna 

Volcanic Complex (Kay and Coira, 2009; Ramos, 2009). Similarly, cycles of shallowing 

and steepening were recognized to have occurred in the Payenia segment (Folguera et al., 

2011). However, the Payenia paleoflat-slab segment is the only one characterized by intense 

basaltic flooding associated with the steepening of the subducted slab (Ramos et al., 2014). 

In contrast to the Central Andes region, it is proposed that an original normal-to-thin crust 

of the continent is controlling the formation of large basaltic flooding in the foreland. 

The seismic velocities we find for this region agree with the proposal of a thin 

lithosphere controlling the mountain building and volcanism of the Payenia segment. 

Additionally, by showing current underthrusting of continental lithosphere is taking place, 

we have evidence that a new cordillera cycle has initiated since the last flat subduction at ~5 

Ma (Folguera et al., 2011; Ramos and Folguera, 2009). Our model shows the high seismic 

velocities associated to the subduction extending to the transition zone. As observed for the 

Central Andes, we find high seismic velocities east of the subduction on the transition zone. 

Similarly, we propose this material could have originated from the previous lithospheric 

delamination events recorded by past flat slab subduction. 
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Figure 5.11: Seismic velocity distribution of the Payena and Patagonia subduction segments. 

Cross section locations are indicated as labelled lines on the top figures. Green dashed lines 

are from Slab2 and black circles are seismicity locations. 

 

5.3.4.2  Patagonia Segment 

 

In Figure 5.11, we show a vertical cross section through the subduction of the Chilean 

spreading ridge. We observe anomalously slow mantle throughout this region, with fast 

velocities only present in the transition zone and offshore on the lithosphere of the Argentine 

Basin. The absence of fast seismic anomalies related to the subduction indicate the formation 

of a slab window. Slab windows form when a spreading ridge subducts and the plates 

continue to diverge, opening a gap in the subducting plate interface. The Patagonian slab 

window began forming ∼18 Ma, when the Chile Ridge started subducting beneath South 

America (Breitsprecher and Thorkelson, 2009). 

Under Patagonia, we observe seismic velocities much lower than the expected for 

continental lithosphere (<3% dVs). Such low seismic velocities indicate that within the 

shallow depths (<80 km), continental lithosphere is missing and has been replaced by hot 

asthenospheric mantle (Figure 5.7). The absence of lithospheric mantle suggests that hot 

mantle material from the subduction of the slab window have eroded the base of the South 

American lithosphere. Thermal erosion of the overriding plate is predicted by thermo-

mechanical models of ridge subduction (Groome and Thorkelson, 2009). This observation 

is supported by previous studies based on regional heat flow data (Ávila and Dávila, 2018), 
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 crustal thickness measurements (Robertson Maurice et al., 2003), regional seismic 

tomography (Mark et al., 2022) and glacial isostatic adjustment models fit to observed uplift 

rates (Lange et al., 2014; Richter et al., 2016). 

 

5.4 Conclusions 

 

The increasingly dense seismic station distribution across South America, in 

particular in the Andes, enables tomographic imaging of the upper mantle at a new level of 

detail. The new, high-resolution, plate-scale model SACI-24 offers important new insights 

into the subduction dynamics. Consequently, we can delineate the various stages of 

Cordillera cyclicity associated with subduction geometry and orogenesis. 

 

• Slab Segments in Northwestern South America. SACI-24 illuminates the presence 

of several slab segments originating from the Nazca and Caribbean plates. We 

identify two segments of the Nazca plate separated by the Caldas tear. The western 

segment is characterized by warmer lithosphere, attributed to the subduction of the 

Sandra Ridge, while the eastern segment subducts at a shallow angle for 

approximately 300 km. Additionally, the Caribbean plate subducts under South 

America in two directions. From the northeast, it underthrusts the South American 

lithosphere from north to south, and from the north it subducts to the southeast. 

• Bucaramanga Seismic Cluster. Our model locates the Bucaramanga seismic cluster 

as the intersection between different lithospheric segments: the Nazca slab, the 

lithospheric root of the Maracaibo Block, and, possibly, a layer of delaminated 

lithosphere. 

• Active Underthrusting Regions. Our model shows the structure of the regions of 

the active underthrusting of continental lithosphere beneath the Andean Cordillera 

system. These regions include northwestern South America adjacent to the 

Maracaibo Block, as well as segments of the Central Andes, Pampean, and Payenia 

regions. 

• Peruvian Flat Slab Segment. Our model maps structures that correspond to multiple 

stages of the slab flattening and tearing, likely driven by the subduction of 

anomalously buoyant lithosphere and the interaction of subduction with the thick 

lithosphere of the Amazon Craton. A segment of the flat slab of dimensions similar 

to those of the “lost” Inca Plateau appears to be coupled to the continental 
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 lithosphere. As a result, the slab is torn in at least two locations. We identify a 

segment of the flat slab where, after tearing, normal subduction appears to have 

restarted. 

• Cordillera Cyclicity. In the Central Andes, Pampia and Payenia segments, we 

identify the multiple stages of the Cordillera cyclicity. These include underthrusting 

of continental lithosphere, which leads to root growth. The continuous lithospheric 

growth eventually reaches a point of instability, resulting in lithospheric foundering. 

We identify regions under the Altiplano and Puna Plateaus where lithospheric 

delamination lead to uplift and volcanism. 

• Pampia Segment: In the Pampia segment, our model reveals thick lithosphere 

corresponding to the accreted terranes of Pampia, Chilenia, and Cuyania. We propose 

that the inherited lithospheric structure from these terranes exerts a controlling 

influence on subduction dynamics, including slab flattening. 

• Transition Zone Depths: Lastly, we suggest that the cold mantle material east of 

the slab within the transition zone depths likely originates from continental 

lithosphere displaced during root foundering events. 

 

In summary, new observations provided by SACI-24 improve our understanding of 

the complex geodynamics of subduction beneath South America, from slab segmentation to 

lithospheric underthrusting and foundering. 
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 6 Conclusions 
 

In this study, we built a high resolution seismic tomography model of South America 

and the surrounding regions using more than 970,000 seismic waveforms. As a first step, we 

constructed the dataset constraining the model by retrieving earthquake records from all 

freely available global seismic data, with particular focus on the seismic deployments on the 

South American Continent. The waveform dataset was then complemented by the temporary 

FAPESP “3-Basins Thematic Project”. After performing the three step inversion utilizing 

the Automated Multimode Inversion method, we carefully selected the model regularisation 

parameters that optimize the seismic coverage in the South American continent.  

In Chapter 1, we introduce the reader to the general concepts of seismology. In 

Chapter 2 we provide a in-depth explanation of the full process involved in the model 

calculation, including: data collection and pre-processing, detailed description of the 

methods used to calculate the final tomographic model and a analysis on the model 

optimization by the choice of regularisation parameters. In Chapter 3 we detailed the 

computation of the new S-wave model SACI-24. In Chapters 3, 4 and 5 we compared our 

model SACI-24 to the current state of the art in seismic tomography and discuss what 

features can now be considered well established, where our new tomography achieved 

improvements in resolution, and what the main remaining open questions are. Moreover, we 

compiled a comprehensive review of the upper mantle structure under South America and 

its surroundings. 

 

6.1 Cratonic Lithosphere and Tectonic Processes 

 

In Chapter 3, we used our model SACI-24 to identify the detailed boundaries of 

cratonic lithosphere. We find that the structure of the cratonic lithosphere is much more 

complex than previously proposed from seismic tomography and other geophysical 

methods. This is due to the significant improvements in the resolution of the shear-wave 

velocity structure within the lithospheric depths that SACI-24 offers when compared to 

previous regional and global models. The lithospheric structure variations indicated by the 

seismic velocities show clear relationships with the locations of the deformation and rifting, 

basin formation and magmatism.  

Our improved mapping of cratonic boundaries allows us to identify the small-scale 

heterogeneity within each craton. We separate two distinct cratonic blocks within the 
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 Amazon Craton boundaries that we denominate Guiana and Central Brazil Blocks. The São 

Francisco Craton extends beyond previously proposed limits and shows internal variability 

with thinner lithosphere beneath the Paramirim and Pirapora aulacogens. Under the Paraná 

Basin, we separate multiple fragments of cratonic lithosphere. The newly identified thin 

lithosphere within the Amazon and São Francisco Cratons and Paraná Block correlates well 

with areas of recurrent magmatism, failed rifting and basin formation. These findings 

highlight the importance of lithospheric control in mantle dynamics and tectonic evolution. 

 

 

6.2 Intraplate Magmatism and Mantle Plumes 

 

In Chapters 3 and 4, we reveal that lithospheric thickness is the main control on 

intraplate magmatism distribution. We find that by juxtaposing the newly revealed 

lithospheric structure from seismic tomography with plate motion reconstructions, we can 

relate most of the complex, intraplate magmatism in South America to present-day hotspots. 

This applies also to the well-known, but widely discussed, Central Atlantic Magmatic 

Province (CAMP) and Paraná Magmatic Province (PMP). We find that the Fernando hotspot 

was located under the thick lithosphere of the Amazon Craton at the emplacement time of 

CAMP. As evidenced by the maximum thickness of sills and basalt floods from CAMP and 

PMP, the hot mantle material from the Fernando and Tristan hotspots erupted at the surface 

on top of thin lithospheric channels we map with our model. We propose that the existing 

thick cratonic lithosphere lead the igneous material from the Fernando and Tristan hotspots 

to deviate towards the surrounding thinner and weaker lithosphere, travelling laterally for 

100s of kilometres following the lithospheric gradient. 

Within the mantle transition zone, SACI-24 reveals anomalously low seismic 

velocities under most of the South American platform. The low seismic velocities are located 

on the east of the Nazca plate subduction and are strongest under SE Brazil. From the 

comparison between our model and full mantle tomography models, we identify this 

anomaly as an upwelling of hot material from the deep lower mantle originating from at least 

2000 km deep. On the upper mantle under the South Atlantic we find broad areas of fast 

seismic velocities. We propose these fast anomalies indicate the presence of delaminated 

lithosphere from the continental South American lithosphere, similar to the cratonic erosion 

shown to have occurred in Africa by Celli et al., (2020a). The lithospheric delamination 

process would have occurred due to plume(s) impact prior to the opening of the South 



 6.160  

 Atlantic. The presence of lithospheric material derived from continental delamination and 

subduction of the Nazca plate within the upper mantle, combined with the absence of deep-

seated mantle plumes under recognised hotspots, leads us to believe in a “super” plume 

origin. We propose that this plume under SE Brazil is likely the primary source of all 

observed intraplate magmatism since the Mesozoic. The lithospheric material in the upper 

mantle would have deflected the path of the main plume conduit, dividing it into several 

branches and giving rise to multiple hotspot locations. In the shallow asthenosphere, the hot 

material follows horizontally towards thin oceanic lithosphere, causing the current complex 

distribution of hotspot volcanism. 

 

6.3 Slab Geometry 

 

In Chapter 5, the enhanced resolution of our plate-scale model SACI-24 has provided 

a nuanced understanding of subduction dynamics beneath South America. SACI-24 

illuminates several slab segments originating from the Nazca and Caribbean plates. In 

northwest South America, the Caribbean plate exhibits bidirectional subduction beneath 

South America ,moving under South American lithosphere from both the northeast and the 

north. From north to south, the Nazca plate subduction is observed as fragmented segments 

with distinct dipping angles. In the northwest, it flattens where it meets the Caribbean slab 

and the continental lithosphere of the Maracaíbo Block.  

Under the Peruvian region, hydrodynamic suction from the thick lithosphere of the 

Amazon Craton leads to flattening of the slab. Our new images of the slab reveal a large slab 

segment coupled with the continental lithosphere, resulting in multiple slab tears. In one of 

the segments, we identify the resumption of subduction after slab tearing.  

Thanks to the new insights from our model, we observe that the continental 

lithosphere appears to play a major role in the subduction dynamics under the Central Andes, 

Pampia, Payenia and Patagonia. Cycles of slab flattening, tearing and return to normal 

subduction are related to the underthrusting of the South American lithosphere under the 

Andean Cordillera. Current flat slab subduction is also observed at the Pampian segment, 

where we observe correlation between fast seismic anomalies and the boundaries of previous 

accreted terranes. After resuming normal subduction at the Payenia segment, subduction of 

the Nazca plate ends at the Chilean Rise Ridge. At this location, hot asthenosphere is 

displaced towards the slab gap, leading to lithospheric delamination of the southernmost 

portion of the continent. 
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6.4 Cordillera Cyclicity  

 

In Chapter 5, we describe the observations from our tomography model in terms of 

Cordillera cyclicity models (e.g. DeCelles et al., 2009; Schepers et al., 2017; Taramón et al., 

2015). We are able to map regions of active underthrusting of the South American 

lithosphere under the root of the Andean Cordillera in northwestern South America, and the 

Central Andes, Pampia and Payenia regions. In the known locations of underthrusting of 

continental material, we find segments of the Andean belt where thick lithosphere is present 

as a result of root growth, alternating with other portions of the Cordillera where the 

lithospheric root is absent or thinner, especially in the northern Puna Plateau. In these 

segments, the lack of a thick lithospheric root evidenced by our images is consistent with 

lithospheric removal proposed to occur due to density instabilities of the thickened mountain 

root (Decelles et al., 2015). 

Within the transition zone, we identify regions of fast seismic anomalies east of the 

subduction of the Peruvian, Central Andes and Payenia slab segments. In the case of 

previous lithospheric foundering events, portions of lithosphere are expected to have sunk 

into the deeper mantle. We suggest that these fast seismic anomalies are, therefore, the colder 

material from the continental lithosphere displaced during root foundering events. 

 

6.5 Final Considerations and Future Work 

 

The work developed for this thesis unveils an unexpectedly complex Earth structure 

beneath South America, opening numerous possibilities for further investigation. In the 

continental lithosphere, additional work from geodynamic modelling could help in the 

understanding of the dynamics between cratonic lithosphere, rifting and basin formation. 

Seismic tomography provides a snapshot of the current lithospheric state. Therefore, we 

cannot discern on whether the South American cratons initially formed as a continuous, 

homogeneous structure, modified since then by geodynamic processes, or they were formed 

as a multitude of smaller, fragmented cores with varying lithospheric thickness as we 

observe at present day in our tomographic images. Further supporting information from 

techniques that can infer the past states of the lithosphere is needed, such as petrology and 

geodynamic modelling. The accurate mapping of the lithosphere throughout geologic time 

would lead to improvement understanding of the tectonic evolution processes such as plate 
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 reconstruction, and its reflection on surface dynamics, including the distribution of 

magmatism, basin formation and continental rifting. This historical perspective is crucial for 

advancing our understanding of tectonic evolution, plate reconstruction, and surface 

dynamics. Additionally, given the high-resolution seismic tomography model developed in 

this study, future work could focus on incorporating additional data types, such as seismic 

receiver functions, to further detail the thickness of the lithosphere and transition zone and 

confirm our inferences on the subducting slabs, delaminated lithosphere, and mantle plumes. 

The large scope of this work enables a broad view of the coexisting mantle processes 

and their potential interactions. Multidisciplinary studies are essential to comprehend how 

Earth's different segments interact. In Chapter 4, we highlighted the importance of 

lithosphere thickness in the distribution of intraplate magmatism, and in Chapter 5 how the 

continental lithosphere affects subduction dynamics. Further work should focus on the long-

term effects of Nazca subduction on the distribution of plume material beneath the continent. 

Additional research on the understanding of the interaction between the slow-seismic 

anomaly associated with the Galápagos plume and the Peruvian flat subduction could 

include mantle anisotropy measurements and geochemical characterisation of the hotspot 

lavas. Geodynamic modelling and plate reconstructions could be applied to further 

investigate the interaction between a “super” plume and the long-lived Nazca subduction. 

The underthrusting of the South American platform, as indicated by the models of 

Cordillera cyclicity, raises questions about the recycling of continental material induced by 

oceanic lithosphere subduction. This process has been largely described and debated (e.g. 

Beck & Zandt, 2002), and its large-scale implications have only started to be explored. 

Detailed comparison with other continents with a similar subduction history, such as North 

America, could help provide the context for future implications and questions such as: Can 

cratonic lithosphere be destroyed in this way? How can this process affect the long-term 

stability and evolution of the lithosphere? Plate evolution models may need to be updated to 

account for the loss of continental material during different stages of subduction. 

In summary, while this thesis provides a detailed snapshot of the current geodynamic 

setting of South America, it also sets the stage for future work aimed at understanding how 

these geodynamic processes interact through time. Future research could focus on the role 

of mantle dynamics in lithospheric processes, the long-term stability of the lithosphere, and 

the implications of these for seismic hazards and mineral exploration. 
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