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The Phanerozoic sedimentary sequences of Parnaíba basin (PB) occupy at 

least 600.000 km2 of the NE region of Brazil. A regional Pre-Silurian unconformity 

marks the erosive planar base of the PB, and indistinctly cuts key tectonic units for 

the understanding of the Neoproterozoic evolution of western Gondwana (WG) in this 

region. The PB also preserves one of the largest Ordovician-Silurian sedimentary 

records of WG, represented by the Serra Grande Group.  A comparative analysis of 

geophysical and geological datasets is presented here supporting a new proposal for 

the tectonic configuration of the pre-Silurian basement of PB, as well as presenting 

some insights related to the tectono-sedimentary controls of PB during the Early 

Paleozoic. Using integrated seismic interpretation and gravity modelling, constrained 

by an updated grid of the Moho depth, well data and a compilation of recent 

geophysical studies, two main basement blocks in the center of the basin were 

identified. They represent pre-Brasiliano inliers, surrounded by Brasiliano mobile 

belts, and assigned to two major crustal building blocks of western Gondwana. The 

Grajaú block belongs to the Amazonian-West Africa block, and is characterized by 
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low gravity anomaly, thicker crust (41-45km), transparent seismic pattern of the 

basement and a high velocity lower crust. The Teresina block belongs to the Central 

African block and is characterized by slightly thinner crust (39-41km), higher values 

of gravity and magnetic anomalies and by the presence of a mid-crustal reflectivity 

(MCR), observed in seven seismic lines and here interpreted as a remnant of a 

paleosuture zone between both blocks. Along a NE-SW 500-km seismic and gravity 

profile, the MCR was interpreted as crustal-scale thrust faults verging westwards and 

also defined the Barra do Corda mobile belt, which was formed by the closure of the 

Goiás-Pharusian ocean, in between the Grajaú and Teresina blocks. This belt 

deforms the eastern margin of the Ediacaran Riachão foreland basin (RB), observed 

in seismic and well data beneath the SW portion of PB. The western margin of RB is 

bounded by eastwards verging thrust faults, interpreted as a zone of back-thrusts 

and thinned crust (~36km) in the eastern prolongation of the Araguaia belt beneath 

PB. To the east, the limit between the Teresina block and the Borborema Province is 

marked by the NE-SW Transbrasiliano Fault Zone (TBFZ), along which 

Neoproterozoic mylonites were recovered from wellbores, and a system of narrow 

pull-apart basins is interpreted in the seismic data, possibly during the Cambro-

Ordovician. Field observations in the NE portion of PB described conglomerates in a 

scarp-related alluvial fan system composing the basal Ordovician-Sulurian sequence 

of PB (Ipu Formation). As also suggested in the seismic data, these deposits were 

possibly controlled by tectonic reactivations along the TBFZ. Finally, the isopach 

maps of the Paleozoic sequences of PB indicate that the basement configuration 

played a role in the basin tectono-stratigraphy. The depocenter of PB from Early 

Paleozoic to Early Mesozoic lied upon the Teresina Block and then, during the 

Mesozoic, it migrated to the west, towards the Grajaú block. 
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As sequências sedimentares fanerozóicas da Bacia do Parnaíba (BP) 

recobrem pelo menos 600.000 km2 da região nordeste brasileira. Uma discordância 

regional pré-Siluriana marca a base erosiva desta bacia, truncando indistintivamente 

unidades geotectônicas do embasamento, importantes para o entendimento da 

evolução Neoproterozóica da região oeste to paleocontinente Gondwana (OG). A BP 

também preserva um dos maiores registros da sedimentação Ordovicio-Siluriana do 

OG, representado pelo Grupo Serra Grande. Uma análise comparativa de dados 

geofísicos e geológicos é apresentada aqui, embasando uma nova proposição para 

o arcabouço tectônico do embasamento pré-Siluriano da BP, bem como 

apresentando novas idéias relacionadas ao controle tectono-estratigráfico da bacia 

durante o Paleozóico Inferior. Utilizando interpretações sísmicas integradas a 

modelagens gravitacionais diretas e a um mapa atualizado da profundidade da 

Moho, além de dados de poços e da compilação de recentes estudos geofísicos na 

área, foi possível identificar dois blocos do embasamento sob a porção central da 

bacia. Eles representam blocos pre-Brasilianos, circunscritos por faixas móveis 
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Brasilianas e assinalados a dois blocos crustais maiores que compuseram a porção 

oeste do paleocontinente Gondwana. O bloco Grajaú, a oeste, pertence ao bloco 

Amazônico-Oeste Africano e é caracterizado por uma baixa anomalia gravimétrica, 

crosta espessa (41-45 km), padrão sísmico transparente do embasamento, onde 

uma anomalia de alta velocidade é observada na crosta inferior. O bloco Teresina, a 

leste, pertence ao bloco Central Africano e é caracterizado por uma crosta mais 

afinada (39-41 km), valores maiores de anomalia gravimétrica e pela presença de 

uma reflexão na crosta intermediária (MCR), observada em sete linhas sísmicas e 

aqui interpretada como uma zona de paleosutura remanescente preservada entre 

ambos os blocos. Ao longo de um perfil símico e gravimétrico de direção NE-SO e 

500 km de comprimento, foi possivel interpretar o MCR associado a falhas de 

empurrões de escalas crustais, com vergências para oeste, definindo assim a faixa 

móvel Barra do Corda, formada através do fechamento do oceano Goiás, que 

separava os blocos Grajaú e Teresina. Esta faixa móvel limita e deforma a borda 

leste da bacia Ediacarana do Riachão (RB), do tipo foreland e observada sob a 

porção sudoeste da BP. A borda oeste da Bacia do Riachão, por sua vez, é limitada 

por falhas de empurrão com vergência para leste, interpretadas como uma zona de 

retro-empurrão associada ao prolongamento a leste da Faixa Araguaia sob a BP, 

onde também se observa um afinamento crustal (~36 km). O limite entre o bloco 

Teresina e a Província Borborema é dado pela zona de falhas do Transbrasiliano 

(TBFZ), com orientação NE-SO, e ao logo da qual ocorrem milonitos 

Neoproterozóicos amostrados em poços, e um sistema de estreitas bacias to tipo 

“pull-apart” interpretadas no dado sísmico e possivelmente formadas durante o 

Cambro-Ordoviciano. Dados de campo da porção NE da bacia descrevem 

conglomerados típicos de leques aluviais em borda de falha compondo a sequência 

basal da BP (Formação Ipu; Ordovicio-Siluriano). Como também sugerido no dado 

sísmico, esses depósitos foram possivelmente formados por reativações tectônicas 

da TBFZ. Finalmente, mapas de isópacas das sequências Paleozóicas da BP 

indicam a importância da configuração de seu embasamento para sua evolução 

tectôno-estratigráfica. Seu depocentro durante o Paleozóico até o início do 

Mesozóico estava localizado sobre o bloco Teresina, enquanto que durante o 

Mesozóico, migra para oeste, sobre o bloco Grajaú. 

 

 



x 
 

Contents 

 

1. Introduction 1 

2. Thesis Structure, Datasets and Methods 13 

2.1 Thesis Structure 13 

2.2 Dataset 14 

2.3 Methods 16 

3. The Neoproterozoic/ Early Paleozoic basement of Parnaíba Basin in 
West Gondwana amalgamation context 

24 

3.1 General Outline 24 

3.2 SCIENTIFIC PAPER 1: “THE NEOPROTEROZOIC BASEMENT OF THE 

PHANEROZOIC PARNAÍBA BASIN (NE BRAZIL) FROM COMBINED 

GEOPHYSICAL-GEOLOGICAL ANALYSIS: A MISSING PIECE OF 

WESTERN GONDWANA PUZZLE.” 

25 

3.3 Additional Information  

3.3.1 The Continental Lithosphere beneath Parnaíba Basin 

3.3.1 Electrical conductivity of the crust beneath Parnaíba Basin 

3.3.3 The Mid-Crustal Reflectivity: further examples and forward 
modeling tests. 

89 

3.4 Final Remarks 102 

4. The Early Paleozoic tectonic evolution of Parnaíba Basin: links with 
the basement configuration. 

103 

4.1 General Outline 103 

4.2 SCIENTIFIC PAPER 2: “THE ORDOVICIAN-SILURIAN TECTONO-

STRATIGRAPHIC EVOLUTION AND PALEOGEOGRAPHY OF 

EASTERN PARNAÍBA BASIN, NE BRAZIL.” 

104 

4.3 Additional Information 
4.3.1 The Pre-Silurian Unconfirmity 
4.3.2 Paleozoic evolution of Parnaíba basin: depocenter migration 

and the basement configuration. 

128 

4.4 Final Remarks  140 

5. Discussions, conclusions and future work 141 

References  
146 

Appendix I 
“Seismographic Stations Information” 

164 



xi 
 

Appendix II                  “ Well data Information”  168 

Appendix III              “ Conference Paper” 171 

 



1 
 

List of Figures 

Fig. 1.1 Location of the Parnaíba basin upon the western portion of the Gondwana 

paleocontinent (…) 

Fig.1.2. Location and outline of the Transbrasiliano-Kandi mega-shear zone and of the suture 

of the Cambrian Clymene ocean (…) 

Fig. 1.3 Seismic interpretation along the Deep Regional Seismic Profile (…) (a) Zoom to the 

Phanerozoic section of Parnaíba basin (…); (b) Line interpretation of the Parnaíba deep 

seismic reflection profile; (c) and the respective geological interpretation(…) 

Fig. 2.1: Available dataset of the PhD research (…) 

Fig. 2.2: Flowchart with the main activities performed during the PhD research (…) 

Fig. 2.3: Illustrative examples of the three main steps (…) 

Fig. 2.4 Location of the wells (…)  

Fig.3.1: Main geotectonic elements of the NE Brazil and NW Africa (…)  

Fig.3.2: Seven different interpretations of basement inliers (…) 

Fig.3.3: Literature compilation map (…) 

Fig.3.4: Seven 2D profiles compiled and combined from the literature (…) 

Fig 3.5: Crustal thickness map of Parnaíba Basin and surrounds (…)  

Fig.3.6 (a)Complete Bouguer anomaly; (b) Total Magnetic Anomaly Intensity (TMI) map; (c) 

residual filter of the Bouguer anomaly map; (d) 1st Vertical Derivative of the TMI map(...). In 

(e) and (f) we present the interpreted gravity and magnetic lineaments (…) 

Fig.3.7 (a) Map showing the spatial distribution of the Mid-Crustal Reflectivity (…); (b), (c), 

(d), (e) show the raw and interpreted seismic sections (…)  

Fig.3.8 Map showing the outcropping units and subsurface units beneath the Parnaíba basin 

and surrounding areas. (…)   

Fig.3.9 Seismic reflection lines converted to depth (above) with the equivalent geological 

interpretations in (a) L104 and (b) L007 (…)  

Fig.3.10 (a) Moho depth along L103, sampled from the map of Fig.3.5; (b) Forward model of 

the continental crust-mantle boundary in relation to the Bouguer gravity anomaly (…); (c) the 

full forward model of L103 (…) 

Fig.3.11 (a) Paleotectonic map of the Pre-Silurian basement of the Parnaíba basin; (b) 

Support map with the main features observed in the data compilation (…)  

Fig.3.12 Tectonic sketches of the western Gondwana amalgamation in the vicinities of the 

Parnaíba basin (NE of Brazil) during the Neoproterozoic (…) 



2 
 

Fig.3.13: (a) Lithospheric thickness map and (b) S-wave velocity map at 100k depth slice in 

the Parnaíba basin and surrounding areas (…) 

Fig.3.14 (a) Conductance distribution map adapted from Arora et al.(1999); (b) Resistivity 

distribution map within crustal depths (-10 to -30 km) (…) 

Fig.3.15 (a) Deep seismic reflection profile (DRP) in depth domain, non-interpreted version, 

available in Tozer (2017); (b) Interpreted DRP highlighting the main crustal discontinuities 

(…) 

Fig.3.16 (a) Deep seismic reflection profile (DRP) in two-way time domain, non-interpreted 

version, available in Manenti et al. (2018); (b) Interpreted DRP highlighting the main crustal 

discontinuities (…)  

Fig.3.17 (a) Magnetic anomalies along L103 (…) (b) Total magnetic anomaly map showing 

the location of the MCR observed in seismic data (…) 

Fig. 3.18 (a) Forward model of L103 cropped to MCR region (see Fig.3.11a) adjusted to the 

Moho relief. (b) Forward model (test 1) of L103 cropped to MCR region (…) (c) Forward 

model (test 2) of L103 cropped to MCR region (…) 

Fig.4.1. Map of Central-West Gondwana reconstruction using rotated GIS data on GPlates 

(Gondwana Project Map, Schmitt et al.,2016) with main Phanerozoic Basins delimitated and 

Ordovician to Devonian deposits highlighted. 

Fig.4.2. Parnaíba Basin Geological Map (modified from 1:1M geological maps of the 

Geological Survey of Brasil - CPRM, 2004). (…) 

Fig.4.3. Geological map of the study area along the eastern border of Parnaíba Basin and 

NNW-SSE cross-section (A-A'), showing (…) 

Fig.4.4. Sedimentary logs and description of facies association(…) 

Fig.4.5. (A) Paraconglomerate of the base of Log A (…) (B) Striated and flatiron shape clasts 

(…) (C) Mid part of Log C, with stratified pebbly polimithic conglomerates (Gt). (D) Stratified 

pebbly sandsontes (…) (E) Mid part of Log A, showing intercalations of pebbly sandstones 

(…) (F) Thickening upwards cycle (…) (G) Top of Log C, predominance of stratified 

sandstones (…) (H) Tilted sandstones (…) 

Fig.4.6. (A) Sandstone cliff, c.a. 113m of Bica do Ipu(…) (B) Paraconglomerate covering 

Precambrian metamorphic unit(…) (C) Sedimentary stack of stratified conglomerates (…) (D) 

Mid part of Log C, quartz rich stratified sandstones (…) (E) Top part of Log C tabular layers 

of stratified sandstones (…) 

Fig.4.7. (A) Brecciaed zones suggestive of scarp-related alluvial fan deposits (…) (B) Breccia 

mainly composed by quartz sandstone fragments(…) (C) Breccia with argillaceous matrix 

(…) 

Fig.4.8. Cross-bedded sandstone characteristic of the braided river channels (…) (A) Planar 

and Trough cross-stratified sandstones(…) (B) Amalgamated braided channels and quartz 

granules (…) (C) Rose diagrams (…) 



3 
 

Fig.4.9. (A) View of outcrop in CE-257 road cut  (…) (B) Interpretationof facies (…) (C) 

Stratified diamictite (…) (D) Low angle/horizontal stratified sandstone (…). (E) Massive 

diamictite (…) 

Fig.4.10. (A) White clay/sandy matrix diamictite (…) (B) Massive diamictite (…) (C) Yellow 

line marks erosional contact (…) (D) Contact between stratified diamictite (Dms) and massive 

diamictite (…) (E) Tabular bed of massive diamictite (…) (F) Striated gneiss clast in Dmb 

facies. (G) Shear deformed surfaces within (…) 

Fig.4.11. Prodelta facies association in road cut CE-257 in Ipueiras (…) (A) Overall view of 

the dark green to gray shales(…) (B) Dark green shale(…) (C) Black shale grading to very 

fine sandstone (…) 

Fig.4.12. Shoreface facies association within the Tianguá Formation(…) (A) General view of 

outcrop (…) (B) and (C) show detail heterolithic beds (…) (D) Sin-depositional deformation 

structures (…) 

Fig.4.13. (A) Stratigraphic mosaic panel located near the site (…) (B) Sandstone 

Bodies (…) (C) Siltstone with ripple Cross lamination. 

Fig.4.14. Proposed model for the depositional evolution of the Serra Grande Group in the 

study area. (A) Schematic stratigraphic column of SGG (…) (B) Alluvial fan scarp-related 

alluvial fan conglomerates(…)  (C) At the initiation of the sag phase, the stabilization (…). (D) 

Transgression took place during the Landovery (…) (E) With the decreasing of the ice weight 

above the land, the platform was uplifted (…) 

Fig.4.15. Seismic interpretation of lines L102, L111, L103 and L112 (…) (A) (C), (E) and (G) 

present the uninterpreted versions of the seismic lines; (B),(D), (F) and (H) present the 

interpretation (…) 

Fig.4.16. Summary of the Lower Paleozoic stratigraphic columns of the major western 

Gondwana basins(…) 

Fig.4.17. Evolution scheme of South Pole migration and paleogeographic evolution model for 

the transition between (A) Ordovician (Lowermost Ipu Formation), (B) Lower Silurian (Ipu, 

Tianguá and lowermost Jaicós Formation) and (C) Early Devonian (uppermost Jaicós 

Formation). (…) 

Fig.4.18 (a) Structural map in depth of the PSU (…) (b) Tectonic lineaments and domains of 

the basement of Parnaíba basin (…) 

Fig. 4.19 (a) Contour map of the PSU seismic horizon in depth superimposed to the 

structural map of the PSU (…) (b) Zoom to the contour map of the PSU seismic horizon in 

depth. (…) 

Fig.4.20 (a) raw and (b) interpreted seismic line L115, located in the SW of Parnaíba basin, 

upon the Riachão basin (…). In (c) it is shown a zoom in the erosive angular truncations of 

the Riachão basin sediments against the PSU. 

Fig.4.21 Seismic reflection L009 in depth, located in the vicinities of the Transbrasiliano Fault 

Zone (…) 



4 
 

Fig. 4.22 (a) Eastern portion of the Deep seismic reflection profile (DRP) available in Tozer 

(2017), with the respective interpretation (b) showing the off-lap pattern of the uplifted margin 

of Parnaíba basin; (c) the elevation map of Parnaíba basin based on SRTM data(…) 

Fig.4.23 Field examples of the PSU in the region of Ibiapaba cliff, Ceará state. (a) Geological 

map available in the Frecheirinha chart (…) (b) , (c) and (d) shows the Serra Grande group 

overlying the Ubajara Group. 

Fig. 4.24  Detail of the pre-Silurian unconformity (PSU) (…) 

Fig. 4.25 (a), (c) and (e) are the isopach maps of the three main lithostratigraphic groups of 

Parnaíba basin(…) In (b), (c) and (f), the main contours of the basement tectonic units of 

Parnaíba basin area superimposed to the respective isopach maps. (…) 

Fig.5.1 Simplified W-E sketch illustrating the tectonic relationships between the domains of 

the Neoproterozoic basement of Parnaíba basin (…) 

 

 

 

 

 

 

 

 

 

 



5 
 

List of Tables 

Table 2.1: Details of the available geophysical dataset 

Table 2.2 Details of the geophysical datasets used in the GIS compilation of this thesis  

Table 2.3: Comparison between literature density values interpreted for geological units 

beneath Parnaíba basin, available in the studies of De Castro et al. (2014) and Tozer et al. 

(2017) and the ones used in this thesis (see Chapter 3). The locations of the profiles 

modelled by both aforementioned studies are shown in Fig. 3.3. “NA” means not applicable 

or not available. 

Table 3.1 Details of the available datasets used for the present study. The full information 

about the Seismographic stations and well data are available in the supplementary materials. 

Table 3.2 Tectonic domains, geological units and density values used in the 2D model of 

Fig.3.10. 

Table 3.4 Main characteristics in seismic and gravity data of the Mid-Crustal Reflectivity 

observed in this study and also along the DRP, based on the descriptions of Daly et al., 

2014; Tozer, 2017 and Manenti et al., 2018. 

Table 4.1 Facies codes, description, and interpretation with respective facies association 

code (according to Miall, 1996 and Eyles et al., 1983). 

 

 

 

 

 

 



6 
 

Chaper 1  

Introduction 
 

At least one third of the continental extension of the northeastern region of 

Brazil is covered by the Phanerozoic sediments of the Parnaíba basin, which 

occupies approximately 670.000 (e.g., Cordani et al., 1984) of the states of Ceará, 

Piauí, Maranhão and Bahia, as well as part of the Pará and Tocantins states, in the 

northern region of Brazil. The two thirds left are mainly represented by the 

Precambrian rocks of the Borborema Province (Almeida et al. 1981;Caxito et al., 

2020), located in the easternmost portion of the NE region, and by the northern 

margin of the São Francisco craton (Heilbron et al., 2017), to the south, in the state of 

Bahia. These pre-Cambrian rocks compose the eastern basement of the Parnaíba 

basin. To the west/northwest, the basin is bordered by pre-Cambrian rocks of the 

northern region of Brazil, named as the Araguaia belt (Hasui et al., 1977; Herz et al., 

1989)and the Gurupi belt (Klein et al., 2017), that in turn encompasses the marginal 

terranes of the Amazonian and São Luis-West Africa cratons, respectively. The 

metamorphic and magmatic rocks prevailing in these basement units were formed or 

reworked during the Neoproterozoic Era (~1.0 Ga – 540 Ma), when the massive 

Gondwana paleocontinent was formed after a series of diachronic processes of 

oceanic consumption and continental collisions (Torsvik and Cocks, 2013; Schmitt et 

al., 2018). 

A schematic reconstruction of the western portion of the Gondwana 

paleocontinent is presented in Fig. 2.1, just before it was broken-up at ca. 180 Ma, 

giving birth to the South Atlantic Ocean (Schmitt et al.,2016; Schmitt et al., 2018). 

Since the stabilization of this massive paleocontinent and even after its break-up, the 

Parnaíba basin (PB; e.g. Vaz et al., 2007) resists as a sedimentary basin unit, 

preserving palogeographic hints for the evolution of the planet in the last ~450Ma 

(Late Ordovician-Silurian times), when the first sedimentary rocks were deposited.  
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Fig. 1.1 Location of the Parnaíba basin upon the western portion of the Gondwana paleocontinent. 

The map is modified after the Gondwana Project Map (Schmitt et al.,2016; Schmitt et al., 2018), which 

was built using GPlates software and  re-assembled continental fragments at 183 Ma. The colors 

indicate the geochronological information of the geological units based on International 

Chronostratigraphic Chart (IUGS/ICS - v. 2016/12). 

The PB is classified as a “cratonic” sedimentary basin (Allen & Armitage, 

2012) and along with some other similar long-lived cratonic basins in South America 

and Africa (such as Solimões, Amazonianas, Paraná, Taoudenni and Congo basins), 

hides key information of the so-called Brasiliano-Pan African orogenic collage (e.g. 

Brito Neves et al., 2014), which represents the main tectonic event that affected the 

Neoproterozoic basement of these basins, during the consolidation of the western 

portion of Gondwana (Fig.1.1). 

There are plenty of uncertainties during the exercise of plate reconstruction. In 

the specific case of the NE of Brazil and western Gondwana, one of the matters of 

debate in the scientific community is regarding the nature of the “internal” orogens 
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observed along the Borborema Province, Araguaia and Gurupi belts. Broadly 

speaking, two main theories represent the end members of this discussion (e.g. 

Schmitt et al., 2018). They are related to whether there were different large oceans 

separating faraway paleocontinents (e.g., Clymene Ocean, Tohver et al. 2012) or if 

these belts were the product of intracontinental rifting and basin inversion of 

continental fragments that were close to each other and part of the same block (e.g., 

Araguaia Belt, Cordani et al. 2013a; Gurupi belt, Klein et al., 2017)  

This second idea is debated in Cordani et al. (2013a) and Ganade de Araujo 

et al. (2014). For them, the western Gondwana was formed by the convergence of 

two groups of blocks: Amazonian-West African cratons and Central African blocks 

(Saharan, São Francisco-Congo, Kalahari and Rio de La Plata), due to the 

consequent closure of the Goais-Pharusian Ocean, between 630 and 580 Ma. This 

huge orogeny was developed along a corridor of continental scale and roughly NE-

SW, called as the Transbrasiliano-Kandi shear zone. This “tectonic entity” crosses 

the eastern portion of Parnaíba basin and played an important role during its 

development (Brito Neves et al., 1984; Cunha, 1986; De Castro et al., 2014; Assis et 

al; 2019).  

 On the other hand, Tohver et al. (2012) and Trindade et al. (2006) assume the 

closure of the Clymene Ocean, which would be located to the western margin of 

Parnaíba basin. According to these authors, this ocean went through a long phase of 

subduction resulting in the formation of the Araguaia and Rockelides (in Africa) belts, 

suturing the Amazonian craton in the last stages (Ediacaran-Cambrian) of the 

western Gondwana amalgamation. For this assumption, they argue the presence of a 

magmatic arc hidden beneath Parnaíba basin. The sutures along the closure of both 

oceanic domains advocated by both theories discussed here for the western 

Gondwana, as well as the geographic position of the Parnaíba basin are illustrated in 

Fig.1.2. 
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Fig. 1.2. Location and outline of the Transbrasiliano-Kandi mega-shear zone and of the suture of the 

Cambrian Clymene ocean in a schematic paleoreconstruction of South America and Africa, before the 

Gondwana break-up. In yellow, “PB” locates the Parnaíba basin. Modified after Cordani et al. (2013b). 

 
Given the complexity of the debate proposed in the previous paragraphs, it is 

clear that the Phanerozoic sedimentary cover of Parnaíba basin hides key elements 

to support a more precise paleoreconstruction of Gondwana. Therefore, it is very 

important to better understand the subsurface geology of this area, and the 

geophysical investigation encompasses the most powerful tools to accomplish this. 

Recently, there were big advances in this direction and the Parnaíba basin 

(PB) became one of the most studied cratonic basins in the world (Mckenzie and 

Tribaldos, 2018). Part of these results is compiled in the Special Publication of the 

Geological Society of London (eg. Daly et al., 2018), following a series of geophysical 

acquisitions and analyses along the W-E Deep Regional Profile (DRP), shown in 

Fig.1.3. These new results revealed a much more complex tectonic framework for the 

PB basement, and evidenced the prolongation of such crustal-scale Neoproterozoic 

suture zones (see Fig.2.2), beneath the western and eastern portions of the basin. 
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Fig. 1.3 (previous page) Seismic interpretation along the Deep Regional Seismic Profile 

(DRP; modified after Daly et al., 2018 and Daly et al. 2014): (a) Zoom to the Phanerozoic section of 

Parnaíba basin along DRP(1:30 vertical exaggeration), showing the cratonic basin megasequences 

(1) Cretaceous Grajaú Group, (2) Late Carboniferous–Middle Triassic Balsas Group, (3) Lower 

Devonian–Late Carboniferous Canindé Group, (4) Late Ordovician–Lower Devonian Serra Grande 

Group, “PSU” stays for the Pre-Silurian unconformity; (b) Line interpretation of the Parnaíba deep 

seismic reflection profile; (c) and the respective geological interpretation, in which (5) Early Silurian–

Triassic cratonic basin megasequence; (6) Late Neoproterozoic and Cambrian sedimentary remnants 

of the Riachão Basin; (7) Parnaíba Block crystalline basement; (8) mid-crustal reflectivity (MCR); (9) 

Cambrian volcanics and sediments of the Campo Maior graben; (10) Neoproterozoic Cruzeta Complex 

of the Borborema Province; (11) Neoproterozoic granitic gneisses of the Borborema Province; (12) 

Neoproterozoic schists of the Estrondo Group; (13) Neoproterozic phyllites of the Tocantins Group; 

(14) Paleoproterozoic Amazonian Craton; “QSZ” stays for Quatipuru suture zone, “AFZ”,Araguaína 

Fault zone (both in Araguaia belt) and “TBFZ” is the Transbrasiliano Fault Zone. 

Daly et al. (2014; Fig.1.3) have assumed the presence of a cratonic block 

called as the Parnaíba block, observing the seismic character and seismic Moho 

depth of the central Parnaíba basin along DRP. These authors also recognized a 

mid-crustal reflectivity (MCR) in the easter-central portion of Parnaíba block. The 

seismological studies of Coelho et al. (2018) and Soares et al (2018), and the 

magneto-telluric profile of Solon et al. (2018), all constrained along this E-W regional 

profile, pointed out geophysical differences (crustal thickness, velocity anomalies and 

resistivity patterns) between the eastern and western portions of the central Parnaíba 

basin. These new results challenge the idea of a unique cratonic nucleus beneath 

PB, especially if brought to the broader collisional context of western Gondwana 

(Cordani et al., 2013a and b; Ganade de Araujo et al., 2014; Caxito et al., 2020). 

The present PhD research aims to shed more light on the hidden substract of 

Parnaíba basin, broaden the constrained study area along the 2D DRP profile by 

adding new geophysical and geological data to the discussion.  Indeed, most of the 

recent paleotectonic maps of the pre-Silurian Parnaíba basin basement were either 

older than the recent geophysical discoveries or have not taken into consideration 

the regional context of Neoproterozoic western Gondwana amalgamation. This thesis 

addresses these gaps, complementing regional tectonic maps of Gondwana in NE 

Brazil. This is covered mainly in Chapter 3 of the present thesis. 

 Another relevant outcome of Daly et al. (2018) is the wide recognition of a 

remarkable regional unconformity in the base of Parnaíba basin that indistinctly cuts 

the Brasiliano tectonic units of the basement. This was called as the “Pre-Silurian 
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unconformity” in Porto et al. (2018), “PSU” in Fig.2.3, and represents a geological 

hiatus between the end of the Brasiliano Orogeny (~480Ma; Late Cambrian, Cordani 

et al., 2013b) and the initial deposition of Parnaíba basin, in the transition of the Late 

Ordovician and Early Silurian (~450 Ma), that is also observed in other cratonic 

basins across Gondwana (e.g. Linol et al., 2016a,b and Assis et al., 2019). Due to 

the non-fossiliferous content and limited areal exposures, the first sedimentary 

sequences of these Gondwanan “cratonic” basins, and consequently, the basal 

unconformities beneath them, are yet poorly dated and understood in terms of 

paleogeographic and paleotectonic conditions (e.g. Assis et al., 2019). In Chapter 4 

of the present thesis, new surface and subsurface data of the NE portion of Parnaíba 

basin will be presented and discussed. 

The understanding of the Neoproterozoic evolution of the basement of 

Parnaíba basin, in NE of Brazil, added to the understanding of the initial deposition of 

such basins in western Gondwana, supports the formulation of another topic of 

debate in the geoscientific community: “how do cratonic basins form?” (Allen & 

Armitage, 2012; Daly et al., 2019). The scope of this thesis is far from covering this 

complex topic, but aims to give some new information to converge into a model that 

encompasses the complexity and variety of such basin types, linked to the 

heterogeneities derived from the tectonic processes that affect old continental crusts. 
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Chapter 2 

Thesis structure, Dataset and Methods 

 

2.1 Thesis structure 

In order to understand the tectonic evolution of the Parnaíba Basin and 

adjacent areas of the NE of Brazil, we have subdivided the results of this thesis into 

two main chapters: 3 and 4. Their disposal follows the geochronological order of 

events: first, the Neoproterozoic/Early Paleozoic configuration of the basement, then 

the Ordovician-Silurian installation of PB and some possible links between its 

subsequent Paleozoic evolution and the basement configuration proposed here. 

Each chapter is composed of an introductory topic presenting the general outline, 

followed by the results, and the final remarks. The results are presented in the layout 

of scientific papers, already submitted along the PhD research timeline, followed by a 

topic called as “Additional information”, where related results not encompassed in the 

scopes of the respective papers are presented.    

Chapter 3 is considered the denser topic of this thesis in terms of research 

dedication. It is entitled as “The Neoproterozoic/ Early Paleozoic basement of 

Parnaíba Basin in West Gondwana amalgamation context” and presents a 

compilation of recent literature added to reinterpretations and new interpretations of 

different geophysical datasets of the pre-Silurian basement of Parnaíba basin, 

including the analysis of the lithosphere, lower crust and upper crust. In the “Scientific 

paper 1” (item 3.2), a new tectonic configuration for the NE of Brazil in the regional 

context of West Gondwana amalgamation is proposed, including the “hidden” 

basement of Parnaíba basin.  

In chapter 4, entitled as “The initial Ordovician-Silurian subsidence and 

Paleozoic tectonic evolution of Parnaíba Basin: links with the basement 

configuration”, the results of field observations and seismic interpretation in the NE of 

Parnaíba basin are presented and they are mainly related to the characterization of 

the first lithostratigraphic group of Parnaíba basin, the Serra Grande group 

(Ordovician-Silurian). These results were published in the “Scientific paper 2”, which 
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was actually prior to the submission of “Scientific paper 1” (Chapter 3).  One 

additional topic shows new examples of the basal regional unconformity of Parnaíba 

basin, the Pre-Silurian unconformity. The other is composed by well data analysis 

showing the Phanerozoic evolution of Parnaíba basin in terms of depocenter 

migration and regional unconformities. In the Appendix 3, a “Conference Paper” is 

attached as part of the efforts related to this theme.  

2.2 Dataset 

In Figure 2.1, we display the available dataset used during the PhD research, as 

well as the location of the surface geological data collected during the field trip to the 

NE of Parnaíba basin, in February/2018, better explained in Chapter 4. The details of 

the seismic reflection and potential field surveys are presented in Table 1. They are 

all public data, released and granted by the Brazilian National Petroleum Agency 

(ANP), except for the Deep Regional Seismic Profile (DRP in Fig.2.1), granted by BP 

Energy do Brasil as part of the “Parnaíba Basin Analysis Project”(PBAP, see Daly et 

al., 2018).  

We also display the location of the 89 seismographic stations (Fig.2.1) compiled 

from the literature and used to build the updated crustal thickness map of Parnaíba 

basin, presented in Chapter 1. The full information of the geographic coordinates, 

station names, Moho depth estimations, and references are detailed in Appendix I. 

The specific dataset of the “Scientific paper 1”, in Chapter 3, is displayed in item 

3.3.1, with the respective applicability in the study.  

We have analyzed 51 public wellbores, which were also granted by ANP. The 

complete well list is available in the Appendix II, where we also display the available 

geological well tops, used as inputs for the isopach grids of Parnaíba basin. Only 20 

wells have penetrated the pre-Silurian basement, and their geological details are 

available in Appendix II, which is equivalent to the Supplementary Material 2 of the 

“Scientific Paper 1”. 
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Fig. 2.1: Available dataset of the PhD research, including 20 seismic lines (DRP, 295 and 317 surveys); 27 land 

gravity profiles (295 and 317 surveys) , 51 wellbores, of which only 20 reached the pre-Silurian basement, one 

airborne magnetic and gravimetric survey. The field trip area is located in the NE of Parnaíba basin. 

 

Table 2.1: Details of the available geophysical dataset 
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2.3 Methods 

In the flowchart below (Fig.2.2), we present the steps of the PhD research 

following the activities timeline. As it is shown, the field trip and the publication of the 

“Scientific Paper 2”, presented here in Chapter 4, were done before the conclusion of 

“Scientific Paper 1” and the results of Chapter 3.  

 

 

Fig. 2.2: Flowchart with the main activities performed during the PhD research and the respective 

chapters and publications in which the related results are presented. 

  

 Four main methodologies of work were applied during the PhD research and 

they are explained in the following topics. 

 

 Literature Review and GIS compilation 

 

As expected in most of the scientific researches, literature review is a basic start 

to understand the state of the art of the object of study and this was not different 

here. In Chapter 3, it was a fundamental step to achieve the results, including: (1) the 
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review of the most updated regional tectonic studies about the western portion of the 

Gondwana paleocontinent (see item 3.2.1); (2) the evolution of available paleo 

reconstructions of the hidden basement beneath the Parnaíba basin (see item 3.2.2); 

and (3) the integration of recent geophysical studies in this area (see items 3.2.4, 

3.3.1, 3.3.2 in Chapter 3). 

The recently published geophysical datasets were evaluated in a common GIS 

database, in which it was possible to cross-correlate different types of anomalies 

related to the lithosphere, lower and upper crust, together with the main structural 

lineaments and the limits of outcropping geological units. This step supported the 

definition of preliminary tectonic domains beneath Parnaíba basin, later tested in the 

integrated forward model along L103, discussed in Chapter 3. The integration of the 

Moho depths estimated from 89 seismographic stations available in the literature 

allowed the creation of an updated crustal thickness map beneath PB, presented in 

item 3.2.5. The table 2.2 below presents the main details of the different geophysical 

surveys used during this compilation. 

Table 2.2 Details of the geophysical datasets used in the GIS compilation of this thesis  
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  Seismic Interpretation 

The seismic reflection data interpretation of 295 and 317 surveys (Table 2.1 and 

Fig. 2.1) is being performed by the PhD candidate since 2014, during her 

Undergraduate major project (Porto, 2014) and Master thesis (Porto, 2017). The 

details of these activities are described in both aforementioned studies and a 

summary of the main steps are listed below and exemplified in Fig.2.3. 

o 1st) Identification of Key Seismic Sequences:  it consists of a 

qualitative analysis of the 2D seismic profiles, in two-way travel time 

domain, in order to identify the main seismic patterns. It followed four 

main criteria: the frequency and the amplitude of the seismic signal and 

the continuity and geometry of the reflections. 

 

o 2nd) Well-Seismic Data Calibration: it consists of matching the 

synthetic seismogram extracted from well logs to the real seismograms 

extracted from the seismic profiles. The available sonic logs were used 

to generate the synthetic density and the synthetic checkshot curves, as 

well as the acoustic impedance curves (product of density and P-wave 

seismic velocity). Then, the reflection coefficient (RC) was calculated 

and a Ricker type wavelet (zero-phase, 25Hz) was convolved in order 

to simulate the effect of a seismic wavelet moving downwards. Finally, 

the resulted synthetic trace is correlated to the original seismic traces in 

the vicinity of the wellbore location, in order to find the best fit between 

them, also comparing the horizons interpreted during the qualitative 

analysis with the stratigraphic well tops. We have used 8 wells to 

calibrate six lines in the southern portion of 317 surveys, where the 

Riachão basin (Porto, 2017; Figs.2.3 and 2.4) is located, and only one 

well was available for the 295 survey (Porto, 2014; Figs.2.3 and 2.4). 

 

o 3rd) Velocity Model and Depth Conversion:  In a cube (XYZ; Fig.2.3), 

five interpreted horizons were gridded in time domain. They are from 

base to top: top of Basement, Pre-Silurian Unconformity, top of Jaicós 

Formation, top of Pimenteiras Formation, and Permian Anhydrite layer. 

Using the velocity values from the time vs. depth tables from the eight 

wells, the velocity variation gradient was calculated for each well and 
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interpolated in between them to build a preliminary velocity cube. The 

grids of the seismic horizons were added to the cube and, following 

their geometries and the tendency of the velocities variations from the 

wells, a final velocity cube was calculated for the area. Using the 

velocity values from the cube, the seismic profiles were converted from 

two-way travel time to depth domain. 

 

o As a final step, the geological horizons are reinterpreted in the depth 

converted seismic lines, as well as the main faults. The well-seismic 

calibration and the velocity model were done in SeisWorks software 

(Halliburton), and the seismic interpretation and associated horizons 

grids were performed using the Petrel software (Schlumberger). 

 

 

Fig.2.3: Illustrative examples of the three main steps of seismic interpretation described in the text. 

The images are compiled from previous studies of the PhD candidate in the Parnaíba basin (Porto, 

2014 and 2017).  

 

The main points of attention during the seismic interpretation for this thesis are 

listed below and also located in the map of Fig.2.4, where there is also the location of 

the nine wells calibrated to the seismic profiles, and of the velocity cube used to 

convert some of the lines to depth.  
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Fig. 2.4 Location of the wells used for the seismic-well tie and the limits of the velocity cube, used for 
depth conversion of some of the seismic lines. The labeled lines are the ones presented in the thesis. 
In red, we show the location of the MCR, presented along the DRP, and L103, L108, L117, L112, in 
Chapter 3. In item 3.2.8, L104 and L007 illustrate the Pre-Silurian basins beneath Parnaíba basin. In 
Chapter 4, L102, part of L103, L111 are also interpreted. In the north, L212 is presented in Chapter 5 
to illustrate a regional Cretaceous unconformity.                                                                                                                                                   

 

o The mid-crustal reflectivity (MCR): it refers to seismic anomalies located 

in the mid-portion of the crust within the basement of Parnaíba basin. It 

was first defined by Daly et al. (2014) along the DRP (Fig.2.4). It is 

presented in six different seismic lines, including the DRP, and also in a 

grid map in two-way travel time (see item 3.2.7). 

o  Pre-Silurian basins beneath Parnaíba basin: they include the Riachão 

basin and a system of narrow grabens along the Transbrasiliano Fault 

Zone, here called as the Transbrasiliano Pull-Apart Basin System (see 

items 3.2.8, 4.2 and 4.3).  
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o The pre-Silurian unconformity (PSU): it is represented by the regional 

unconformity in the base of the Parnaíba basin, presented in different 

examples and in a grid in two-way time in Chapter 4. 

o  Unconformities, faults and folds:  They are presented as isolated 

examples along the following chapters of the thesis, located within the 

basement or in the Parnaíba basin (see item 4.4).  

 

 Integrated 2D Gravity Forward Models along L103 

 

The integrated two-dimension gravity forward model was performed along the 

500-km-long “317_103” profile (L103; see location in Fig.2.4) using the GM-SYS tool 

in the Oasis Montaj software (Geosoft). The main purpose was to test the 

interpretation of the basement configuration beneath Parnaíba basin. As described 

by Blakely (1995), the forward method considers an initial model of the sources 

based on geological and geophysical information.  The model’s anomaly is calculated 

and compared with the observed anomaly. The initial parameters of the model are 

then adjusted several times in order to generate the best fit between both observed 

and calculated anomalies. 

In the case of the gravity forward model along L103, the observed complete 

Bouguer anomaly is compared to the total calculated gravitational attraction of an 

interpreted geological model. The root-mean square (RMS) error of this fit is then 

calculated and needs to be diminished as close as possible to the error floor (given 

by the observed measurement errors), in order to have a reasonable final 

adjustment. For the Bouguer correction, the typical crustal density of 2670 kg.m-3 was 

used for the Bouguer slab (Blakely, 1995). For the interpreted geological model along 

L103, two parameters were inferred: (1) the shape (lateral extension, thickness and 

depth) of the geological units in subsurface; and (2) the average density values of 

these geological units.  

According to Saltus & Blakely (2011), even though gravity anomalies 

interpretations are mathematically non-unique due to the multiple theoretical possible 

solutions, it does not mean that there is not a single interpretation to fit into a better 

geological scenario. For these authors, additional information provided in the real 

world allows a more reasonable decision on, for example, the more likely depth of a 
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geological body, regardless of the fact that an infinite number of mathematic solutions 

could also fit to the observed data. Following this idea, it is proposed here to 

integrate different types of prior information to constrain the interpreted geological 

model along L103. These constraints include information of previous published 

models in Parnaíba basin, seismological hints of the crustal thickness, the seismic 

interpretation along L103 and density values available in well data.  

The deepest density contrast considered for the model is defined by the crust-

mantle boundary (Moho discontinuity), at approximately 40km depth. The shape of 

this boundary was based on the sampled profile along L103, extracted from the new 

grid of Moho depth in Parnaíba basin, which was based on seismological data (see 

items 3.2.9 of Chapter 3). For the shallower portions of the crust, the interpretation of 

the seismic reflection profile along L103 (see Fig. 3.10 in Chapter 3) was considered. 

The still poorly described mid-crustal reflectivity observed in L103 (see Fig. 3.7 in 

Chapter 3) was tested using two different geological interpretations available in the 

literature. The best solution was picked based on the smallest calculated RMS error 

and then, included in the full model of L103. This step is described in item 3.3.3, of 

Chapter 3.  

Finally, the constant density values of the geological layers were chosen 

based mainly on the literature studies of De Castro et al. (2014) and Tozer et al. 

(2017), who also applied forward modelling to unravel the hidden basement beneath 

Parnaíba basin. For the Riachão basin, the values were based on the forward model 

of Porto et al. (2018). One of the basement density values was based on whole rock 

density measurement available in well folder (1-MS-1-MA well). The details are 

available in the table 2.3 below: 
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 Table 2.3: Comparison between literature density values interpreted for geological units beneath Parnaíba 

basin, available in the studies of De Castro et al. (2014) and Tozer et al. (2017) and the ones used in this 

thesis (see Chapter 3). The locations of the profiles modelled by both aforementioned studies are shown in 

Fig. 3.3. “NA” means not applicable or not available. 

 

 Well Data Analysis  

 

The 51 wellbores available in this study (Fig.2.1; see Appendix II) were mainly 

used: (1) to constrain the seismic interpretation, as previously described, (2) to 

analyze the lithological information of the pre-Silurian basement, available in the well 

reports, cuttings or core descriptions, supporting the final tectonic interpretation of 

Chapter 3; and (3) as input for the isopach maps of the Phanerozoic sequences of 

Parnaíba basin, presented in Chapter 4. 
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Chapter 3 

 
The Neoproterozoic/ Early Paleozoic basement 

of Parnaíba Basin in West Gondwana 

amalgamation context 

 

3.1 General Outlines 

In Chapter 3, a compilation of published and new geophysical datasets is 

presented and interpreted under the light of the recent geotectonic studies of the 

western portion of the Gondwana paleocontinent during the Brasiliano orogeny 

(Neoproterozoic/ Early Paleozoic), in the area equivalent to the Parnaíba basin and 

marginal terranes in North and NE Brazil. 

The chapter is subdivided into two main topics. Item 3.2 consists of the 

“Scientific Paper 1”, entitled as “The Neoproterozoic basement of the 

Phanerozoic Parnaíba Basin (NE Brazil) from combined geophysical-geological 

analysis: a missing piece of the western Gondwana puzzle”, in which the present 

PhD candidate is the first author. In the following item 3.3, additional information not 

encompassed in the scope of the “Scientific Paper 1” is presented to complement the 

results of item 3.2. Finally, item 3.3, called as “Final Remarks”, summarizes the 

results of Chapter 3. 

The introductory topics, including dataset details and the geological context of 

the study area are available in items 3.2.1, 3.2.2 and 3.2.3. The results of GIS 

literature compilation and geotectonic reinterpretation of the basement units beneath 

the Parnaíba basin are presented in items 3.2.4 and 3.2.5, and complemented by the 

additional items 3.3.1 and 3.3.2. Airborne gravity and magnetic maps of Parnaíba 

basement are analyzed in topic 3.2.6. Seismic interpretations of the deep and 

shallow basement, supported by wellbore information, are presented in items 3.2.7 

and 3.2.8. Integrated 2D forward models are presented in items 3.2.9 and 3.3.3. 

Finally, the new proposal of the tectonic map of the basement of Parnaíba basin is 

presented in item 3.2.10, as well as a sketch of its Neoproterozoic evolution. 
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3.2 Scientific Paper 1 

[Submitted to “Precambrian Research” on 25th May 2021. Current status: Under 

Review. Figures, tables, and topics numbering is adapted to the present Thesis 

layout] 

 

THE NEOPROTEROZOIC BASEMENT OF THE PHANEROZOIC PARNAÍBA 

BASIN (NE BRAZIL) FROM COMBINED GEOPHYSICAL-GEOLOGICAL 

ANALYSIS: A MISSING PIECE OF THE WESTERN GONDWANA PUZZLE. 

Amanda Porto1*; Ciro Carvalho2; Claudio Lima3; Monica Heilbron4; Fabricio Caxito5, 
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Abstract 

A regional Pre-Silurian unconformity marks the erosive planar base of the 

Phanerozoic Parnaíba basin (PB), and indistinctly cuts key tectonic units for the 

understating of the Neoproterozoic evolution of western Gondwana in the NE of 

Brazil. We present a comparative analysis of geophysical and geological datasets in 

the PB, and propose a new tectonic configuration for its pre-Silurian basement, 

composed of different terranes amalgamated during the Brasiliano orogeny. Using 

integrated seismic interpretation and gravity modelling, constrained by an updated 

grid of the Moho depth, well data and a compilation of recent geophysical studies, we 

have identified two main blocks in the center of the basin, representing pre-Brasiliano 

inliers, surrounded by Brasiliano mobile belts, and assigned to two major crustal 

building blocks of western Gondwana: the Amazonian-West Africa (AWB; to the 

west/north) and the Central African blocks (CAB; to the east/northeast). The Grajaú 
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block belongs to the AWB and is characterized by low gravity anomaly, thicker crust 

(41-45km), transparent seismic character of the basement and a high velocity lower 

crust. The Teresina block belongs to the CAB and is characterized by slightly thinner 

crust (39-41km), higher values of gravity and magnetic anomalies and by the 

presence of a mid-crustal reflectivity (MCR), observed in seven seismic lines and 

here interpreted as a remnant of paleosuture zone between both blocks. Along a NE-

SW 500-km seismic and gravity profile, we interpreted the MCR as crustal-scale 

thrust faults verging westwards and also defined the Barra do Corda mobile belt, 

which was formed by the closure of the Goiás-Pharusian ocean along the 

Transbrasiliano-Kandi corridor and subsequent collision of the Grajaú and Teresina 

blocks. This belt is found between the Grajaú and Teresina blocks and deforms the 

eastern margin of the Ediacaran Riachão foreland basin (RB), observed in seismic 

and well data beneath the SW portion of PB and overlying the southern Grajaú block. 

The western margin of RB is bounded by eastwards verging thrust faults, interpreted 

as a zone of back-thrusts and thinned crust (~36km) in the eastern prolongation of 

the Araguaia belt beneath PB. To the east, the limit between the Teresina block and 

the Borborema Province is marked by the NE-SW Transbrasiliano Fault Zone, along 

which Neoproterozoic mylonites were recovered from wellbores, and a system of 

narrow pull-apart basins is interpreted in the seismic data, triggered by Early 

Paleozoic transtensional reactivations of the TBFZ, prior to the deposition of the 

basal Ordovician-Silurian sequence of PB. This complex collisional tectonic setting of 

PB basement jeopardizes the idea of a stable cratonic block beneath it, inciting new 

formation models that account for the observed crustal and lithospheric 

heterogeneities. 

3.2.1. Introduction  

According to different authors (i.e. Cordani et al., 2013a; Cordani et al., 2013b; 

Brito Neves and Fuck, 2014; Caxito et al., 2020, 2021), two main tectonic blocks 

make up the western portion of the Gondwana paleocontinent at the end of the 

Neoproterozoic: the Amazonian-West African block, to NW, and the Central African 

block, to the east (Fig.3.1). They were amalgamated during the Brasiliano-Pan 

African orogenic cycle, by the closure of the Pharusian-Goiás ocean, along which the 

transcontinental NE-SW Transbrasiliano-Kandi Fault Zone (TBFZ) has been 

established, from the terminal continental collision (c.a. 615–610 Ma) to post-

collisional (580–500 Ma) stages.  
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Fig.3.1: Main geotectonic elements of NE Brazil and NW Africa, during the stabilization of the 

western Gondwana paleocontinent. Note the current position of the Phanerozoic Parnaíba Basin in 

relation to the two main crustal building blocks: Amazonian-West African Block, to the NW, and the 

Central African block, to the east, as well as the location of the intercontinental Transbrasiliano 

Lineament. Modified after Caxito et al. (2020). 

After orogenic stabilization and erosion, large cratonic sedimentary basins 

(such as Solimões, Amazonianas, Parnaíba, Paraná, Chaco, Taoudenni and Congo 

basins) were installed, occupying large areas of Gondwana and prevailing even after 

the Pangea consolidation (Permo-Carboniferous). The driven subsidence mechanism 

for their origin and further long evolution of such basins is still uncertain in the 

literature. Daly et al. (2019) recently reinforced the temporal connection between the 

installation of such basins and the final stages of continental collisional events, when 

large masses of continents were formed. Most of the so-far proposed cratonic basin 

formation theories (e.g. Tozer, 2017; Daly et al., 2019) imply causative links with their 
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basement configuration, or with deep crustal and mantle anomalies, indicating the 

importance of integrated subsurface analysis in order to improve the knowledge on 

such tectonic settings.  

Recently, the Parnaíba basin (PB), in NE of Brazil, became one of the most 

studied cratonic basins in the world (Mckenzie and Tribaldos, 2018) due to 

prospective activities conducted by the petroleum industry and general scientific 

efforts (Daly et al., 2019). The almost undeformed subhorizontal sedimentary 

sequences were deposited upon a flat erosive peneplane, termed the Pre-Silurian 

Unconformity (PSU; Porto et al., 2018; Daly et al., 2014). This regional unconformity 

indiscriminately cross-cuts distinct Brasiliano blocks (Daly et al. 2014, 2018) and 

possibly truncates a major suture zone along the NE-SW Transbrasiliano lineament 

(Caxito et al., 2020; Fig.3.1), representing a key element for the western Gondwana 

tectonic history. 

A comprehensive compilation of recent literature data and new geophysical 

datasets (see table 3.1) of the Parnaíba Basin are presented here in order to 

investigate the hidden pre-Silurian basement of the NE of Brazil, constrained by 

geotectonic reconstructions of western Gondwana. A similar approach was published 

by Daly et al. (2018), although these authors were focused mainly along a W-E Deep 

Regional Profile (DRP), which crosses the entire center of the Parnaíba basin and 

adjacent edges. Here we broaden this study area and add new geophysical data to 

constrain the Moho depth and crustal structure under the PB. Indeed, most of the 

recent paleotectonic maps of the pre-Silurian Parnaíba basin basement were either 

older than the recent geophysical discoveries or have not taken into consideration 

the regional context of Neoproterozoic western Gondwana amalgamation. This paper 

addresses these gaps to present a new tectonic framework for the underlying 

basement of the Parnaíba Basin, complementing regional tectonic maps of 

Gondwana in NE of Brazil. 

3.2.2 Geological Context 

Neoproterozoic belts around PB and the West Gondwana amalgamation 

Several orogenic belts are located in the surrounding margins of Parnaíba 

basin (PB): Gurupi, Araguaia, Northern Brasília, Rio Preto, Riacho do Pontal belts 

besides smaller reworked terranes and crustal scale shear zones within the 
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Borborema Province (Fig.3.1). They were developed during the Neoproterozoic Era, 

as the result of the subduction and closure of a major oceanic domain, the Goiás-

Pharusian Ocean, extending from NE Africa to Central Brazil, and followed by the 

development of several accretionary and collisional processes (Cordani et al., 2013a; 

Caxito et al., 2020). These complex tectonic processes are part of the Brasiliano-Pan 

African collage, resulting in the formation of the Gondwana paleocontinent (Torsvik 

and Cocks, 2013).  

Understanding the configuration of the western portion of Gondwana, where 

the Parnaíba basin and the NE Brazilian belts are located, requires an integrated 

view of the complex diachronic processes involving continental masses of different 

ages and scales, in which collisional fronts of distinct paleogeography are coeval to 

extensional processes in other areas (Brito Neves et al., 2014). Ganade de Araujo et 

al. (2014) tentatively grouped these distinct belts as part of one single West 

Gondwana (WG) Orogen. This proposal is based on the compartmentation of WG 

assembly into two crustal building blocks (Cordani et al., 2013a), shown in Fig.3.1. To 

the west, the Amazonian-West Africa block (AWB) encompasses the major 

Amazonian and São Luis-West African cratons, as well as a continental fragment 

beneath the Parnaíba basin. To the east, the Central African block (CAB), includes 

the Saharan metacraton, the Borborema Province, São Francisco-Congo, Kalahari 

and Rio de la Plata cratons, and, to the south, the Paranápanema, Goiás Massif and 

Luiz Alves fragments (not shown in Fig. 3.1).  

Brito Neves et al. (2014) defined the configuration of the South American 

Platform, considering it as a stable part of WG since the Late Neoproterozoic, and 

proposed a similar tectonic subdivision to the one aforementioned (Cordani et al., 

2013b), naming two domains: the pre-Brasiliano Amazonian domain (N-NW) and the 

Neoproterozoic Brasiliano domain (central-eastern). For these authors, they are 

separated by weakness zones, associated to the N-S and NE-SW structural trends of 

the Araguaia-Rokelides suture and to the Transbrasiliano lineament, respectively. For 

Cordani et al. (2013a, 2013b), the main suture zones are only well-constrained to the 

Transbrasiliano-Kandi tectonic corridor (NE-SW), along which occurred the closure of 

the Goiás-Pharusian Ocean. In this proposal, the Araguaia belt is interpreted as an 

intracontinental thrust belt (reactivated aulacogen?), formed during the final stages of 

the Brasiliano orogeny, with the main vergence towards the Amazonian craton 

(Cordani et al., 2016). In both paleoreconstructions of western Gondwana, the hidden 
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basement beneath the Parnaíba basin remains a fundamental piece to unravel the 

Neoproterozoic puzzle of the NE sector of Brazil (Fig.3.1).  

The long-lived Brasiliano orogeny in this region started at ca. 900-850 Ma, with 

intra-oceanic arc collisions, followed by the continental collision main episode ca. 

615-600 Ma, and finally, post-collisional granitoids and foreland basins developed in 

the 580-500Ma interval (Ganade de Araujo et al., 2014). Just by the Middle 

Cambrian, the West Gondwana was already consolidated (Cordani et al., 2013b). 

The diachronic evolution of these events is detailed in the next paragraphs, 

according to the recent publications and focusing on the surrounding terranes of PB. 

The Goiás Ocean, located to the south of PB, was consumed from ca. 900Ma 

to 600Ma, due to the convergence between the Amazonian and São Francisco 

cratons, involving also the Archean Goiás Massif microcontinent and the formation of 

the Goiás Magmatic Arc (GMA) and the Brasília belt (Fig.3.1). GMA records at least 

three phases of magmatism pulses: juvenile (ca. 900-800 Ma) and younger (ca. 650-

630 Ma) island arcs and associated volcano-sedimentary sequences and late- to 

post-orogenic (~ 600 Ma) granites (Cordani et al., 2013b). 

Synchronously, in the NE of PB, the Pharusian ocean consumption resulted 

from the West African Craton and the Saharan Metacraton convergence, including 

the Northern Borborema Province (Médio Coreaú, Ceará Central and possibly part of 

the Rio Grande do Norte domains in Fig.3.1; e.g. Caxito et al., 2020 ). Due to the 

presence of high pressure and ultra-high pressure metamorphosed mafic and 

ultramafic rocks in NE Brazil and NW Africa (ca. 620-608 Ma), this region is 

interpreted as a typical Himalayan-scale mountain belt during the Ediacaran (Ganade 

De Araujo et al., 2014). 

To the SE sector of Parnaíba basin, the Transversal Zone and adjacent 

domains in the southern Borborema Province (Fig.3.1) were formed after a series of 

transpressional accretionary collisions, as a result of dextral strike-slip movements 

along the Transbrasiliano-Kandi corridor, in the terminal stages of Northern 

Borborema and the West African Craton orogeny (Ganade et al., 2021). According to 

Caxito et al. (2020), this kynematic resulted from the closure of longitudinal branches 

of the Goiás-Pharusian ocean, such as the Transnordestino-Central African ocean, 

involving also the northern margin of the São Francisco craton (Riacho do Pontal and 

Rio Preto belts in Fig.3.1) 
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At the northern and western boundaries of PB, the Gurupi and Araguaia belts, 

respectively, are the results of the terminal events of the of West Gondwana 

amalgamation, involving the São Luís-West African, Amazonian cratons and the 

suggested Parnaíba block. For Klein et al. (2017), the Gurupi belt represents an 

inverted aborted rift, during an Ediacaran intracontinental orogeny, without any or 

with very little oceanization. A similar hypothesis is argued for the Araguaia belt 

(Kotschoubey et al., 2005). Recent geochemical analysis of the ophiolitic units (~750 

Ma) in this region supports that they are remnants of exhumed lithospheric mantle, 

being the Araguaia belt the result of a fossil Neoproterozoic hyper-extended margin 

(Hodel et al., 2019). No magmatic arc is described for both belts, and the 

aforementioned authors believe that their respective suture zones are covered by 

Phanerozoic PB sediments. 

The Parnaíba Block – a cratonic nucleus beneath Parnaíba basin? 

The prolongation of Neoproterozoic Brasiliano structures beneath the 

Phanerozoic sedimentary sequences of the Parnaíba basin (PB) was already a 

consensus in the first paleoreconstruction maps proposed for its basement. 

According to Brito Neves et al. (1984), the increase of metamorphic grade towards 

the basin interior observed in the northern (Gurupi belt) and western (Araguaia belt) 

margins of PB was a strong indication for the presence of the internal zones of these 

belts, juxtaposed to the margins of a cratonic nucleus beneath its center (red contour 

in Fig.3.2). These authors have also pointed out the importance of the 

Transbrasiliano fault zone (TBFZ), as a NE-SW cataclastic zone cross-cutting the PB 

and defining the eastern boundary of the proposed cratonic nucleus. Cunha (1986), 

who also proposed a cratonic nucleus beneath PB (orange contour in Fig. 3.2) using 

sparse wellbore data, has noticed the thickening of the Early Paleozoic sedimentary 

sequences of PB along the NE-SW TBFZ trend and along the perpendicular NW-SE 

Picos-Santa Inês trend (parallel to the Gurupi belt; Fig. 3.2). Góes et al. (1990) 

presented similar observations, adding sparse seismic profiles interpretation and 

defining sets of grabens, surrounding a narrower cratonic nucleus limit (yellow 

contour in Fig.3.2).  
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Fig.3.2: Seven different interpretations of basement inliers beneath the Phanerozoic Parnaíba basin. The main 

tectonic limits are derived from the GIS database available in the “Tectonic map of South America” (Cordani et 

al., 2016), with the exception to the Araguaína Fault Zone (AFZ) and the Transbrasiliano Shear Zone (TBSZ), 

interpreted by Daly et al. (2014).  

 Later, in the 90s, the advances from new acquisitions of gravity and magnetic 

surveys, as well as more detailed fieldworks in the vicinities of the basin lead to the 

definition of four different cratonic inliers beneath the basin. Cordani et al. (2008b) 

have interpreted three pre-Brasiliano massifs composed of medium to high-grade 

metamorphic rocks of Early Paleoproterozoic age: Granja north, Granja south, and 

Monte Alegre de Goiás-Conceição do Tocantins blocks (purple contours in Fig.3.2). 

Juxtaposed to the western limit of the Granja north block, close to the cities of Barra 

do Corda and Grajaú, these authors have speculated about the presence of a fourth 

basement block, named as Parnaíba massif, showing a NW-SE elongation, entirely 

concealed by PB sediments. These blocks could be the result of a major 

paleocontinent break-up at ca. 900Ma, while the intervenient belts possibly resulted 

from the later Brasiliano orogeny (Cordani et al., 2008b). The above mentioned 

authors have also interpreted a pronounced NNW-SSE graben, identified as a lower 

Bouguer anomaly, close to the Riachão city, in the SW portion of PB, where Brito 

Neves et al. (1984) first defined a molassic basin, registered in four wells by clastic 
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pre-Silurian sediments. Recent seismic interpretations (Porto, 2017; Porto et al., 

2018) redefined this graben as an Ediacaran foreland basin, named as the Riachão 

basin, further discussed along the paper. 

De Castro et al. (2014), in an integrated analysis of potential field data, have 

proposed an alternative subdivision of the basement inliers presented so far (blue 

contours in Fig.3.2). For these authors, the basement of PB was severely affected by 

two extensional phases prior to the basin installation (pre-Silurian times), forming a 

dense array of rifts imprinted as NNW-SSE (1st rifting phase) and NE-SW (2nd rifting 

phase) magnetic and gravimetric lineaments. This interpretation was not confirmed 

by subsequent studies using seismic reflection data (Daly et al., 2014; Castro et al., 

2016; Porto et al., 2018). 

More recently, Daly et al (2014) defined a 500-km-wide crustal block, named 

as the Parnaíba block (green color in Fig.3.2) along the W-E Deep Seismic Reflection 

Profile (DRP, Fig.3.2). As proposed by these authors, this block comprises two 

entities due to differences in the seismic character of the crust. To the west of Barra 

do Corda, comprising ca. 60% of the Parnaíba block, the crust shows a transparent 

seismic pattern, without any evidence of the Moho reflection. In contrast, to the east, 

they have observed a subhorizontal high amplitude mid-crustal reflectivity above 

some moderate amplitude events, interpreted as the Moho signal. The seismic limits 

of the Parnaíba block were defined by an abrupt vertical fault (Araguaína fault zone 

in Fig.3.2), to the west, associated to the Araguaia belt suture, and to the east of the 

Transbrasiliano Shear Zone (TBSZ in Fig.3.2), by eastward dipping events, related to 

the Neoproterozoic thrust belts of the Borborema Province.  

In the vicinity of Teresina, there is an offset of approximately 90 to 100km 

between the TBSZ interpreted by Daly et al. (2014) and the Transbrasiliano 

lineament adopted here (Fig.3.2), based on the South American Tectonic map of 

Cordani et al. (2016), and also interpreted by De Castro et al. (2014). Within this 

offset, Daly et al. (2014) interpreted a narrow (~40km width) NE-SW-elongated rift 

structure in the seismic data, called the Campo Maior trough. They interpreted this 

structure as coeval to the Cambro-Ordovician Jaibaras trough (Oliveira and Mohriak, 

2003), that outcrops in the NE of PB. These rift basins seem to connect further south 

to other graben-like structures already observed in seismic data by several authors 
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(e.g. Porto, 2014; Morais Neto et al., 2013; Abelha et al., 2018; Schuback, 2019). 

Here we call this region as the Transbrasiliano Fault Zone (TBFZ in Fig.3.2). 

In 2018, as the result of the studies sponsored by the petroleum industry and 

the Brazilian National Petroleum Agency (ANP), published in the Special Publication 

of the Geological Society of London (eg. Daly et al, 2018), the Parnaíba basin 

became one of the most studied cratonic basins in the world (Mckenzie and 

Tribaldos, 2018). Following a series of geophysical acquisitions and analysis along 

the W-E Deep Regional Profile (DRP in Fig.3.2), further discussed in the next topic, 

the distinction between the western and eastern portions of the Parnaíba block, first 

suggested by Daly et al. (2014), became clear. These new results revealed a much 

more complex tectonic framework for the PB basement, challenging the idea of a 

single cratonic nucleus beneath it. 

3.2.3 Dataset and Methods 

To investigate the tectonic framework of Parnaíba Basin basement, first we will 

present a comprehensive compilation of the recent geophysical studies carried out in 

the basin, shown in item 3.2.4. Using a GIS database, we compiled, analyzed and 

merged the key results of these studies, presented in map view and in 2D sections 

(Figs. 3.3 and 3.4, respectively), coming up with a proposal for the tectonic 

compartmentation of the buried basement of PB. This envisaged framework is 

analyzed and refined under the light of the new results of this paper, presented in the 

subsequent topics.  

Table 3.1 summarizes the available datasets used in topics 3.2.5 to 3.2.9, 

including their application in the present study. We produce a new crustal thickness 

map, based on information of 89 seismographic stations available in the literature 

(item 3.2.5; Fig.3.5 and the “Supplementary Material 1”). Afterwards, we compare this 

map with literature compilation (item 3.2.4) and present an update of the proposed 

crustal domains. In the following item 3.2.6, we perform a qualitative analysis of the 

aerogravity and magnetic maps, defining tectonic lineaments and refining the crustal 

domains configuration, under the light of the results of item 3.2.5.  
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Data Type Dataset or survey name Source Amount Data processing Application in the study 

Seismology data  
Seismographic stations                                                         

See Supplementary Data II 

Assumpção et al., 2013 3 stations 

Receiver function method 
and H-stacking approach 

Crustal Thickness Map (Moho depth).       
(See Fig.3.5) 

Trindade,2014 5 stations 
Luz et al.,2015 7 stations 

Albuquerque et al., 2017 5 stations 
Coelho et al., 2018 9 stations 

Araujo, 2019 38 stations 
Queiroz, 2019 21 stations 

2D Seismic 
Reflection Data 

0295_ANP_2D_PARNAÍBA 

BDEP/ANP public data 

01 profile (L007) PSTM (pre-stack time-
migrated) converted to 

depth 
Interpretation of Pre-Silurian basement. 

(See Fig.3.9) 
0317_2D_ANP_BACIA_DO_ 

PARNAÍBA 

01 profile (L104) 

05 profiles 
(L103,L108,L112,L117) 

PSTM (pre-stack time-
migrated)  

Interpretation of the Mid-Crustal 
Reflectivity (See Fig.3.7) and Pre-Silurian 

basement (See Fig. 3.10) 

Gravity and 
Magnetic Airborne 

Surveys 
0050_GRAVIMAG002_ANP BDEP/ANP public data 

Survey Area: 748,612.4 
km2; Flight lines: E-W 6 
km spaced; Tie lines: N-

S 24 km-spaced.  

Gravity data: Bouguer 
correction, Residual 

Bouguer. Magnetic data: 
Total magnetic intensity 

(TMI), First Vertical 
Derivative. 

Interpretation of main gravity and magnetic 
lineaments and domains (See Fig.3.6) 

Land Gravity 

0295_GRAV_ANP_BACIA_D
O_PARNAÍBA BDEP/ANP public data 01 profile (L007); 

Complete Bouguer 
correction Qualitative analysis (See Fig.3.9) 

0317_GRAV_ANP_BACIA_D
O_PARNAÍBA BDEP/ANP public data 

05 profiles                         
(L104, L108,L112,L117) 

Complete Bouguer 
correction 

Qualitative analysis (See Figs.3.7 and 3.9) 
01 profile (L103); 500km 

long w/approx. 2500 
gravity stations. 

Complete Bouguer 
correction 

2D Forward Modelling (See Fig.3.10) 

Well data See Supplementary Data II BDEP/ANP public data 20 N/A 
Lithological analysis of the Pre-Silurian 
basement, as well as geocronological 

control, when absolute ages are available            
(See Fig.3.8) 

Table 3.1 Details of the available datasets used for the present study. The full information about the Seismographic stations and well data are available in the 

supplementary materials. 
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The next step presents the interpretation of four seismic lines (see Fig.3.7), 

where mid-crustal reflectivities were identified, and compared with the Bouguer 

response of equivalent land gravity profiles (item 3.2.7). Updated seismic 

interpretations (L104 and L007 in Fig.3.8) of the shallow basement underlying the PB 

are presented in item 3.2.8, constrained by well data (see Supplementary Material 2 

and Fig.3.8). Finally, we have also conducted a two-dimensional forward model along 

a semi-regional scale gravity profile in the center of PB (L103; item 3.2.9), seeking to 

adjust the Bouguer anomaly to the crustal blocks identified along the equivalent 

seismic line and the estimated Moho depth relief from our crustal thickness map.  

All the pertinent information, including literature compilation, crustal thickness 

variations derived from seismological data, gravity and magnetic anomalies, seismic 

interpretations and wellbore data, were then accounted to propose a new tectonic 

map for the basement in the Parnaíba basin area. This is presented in item 3.2.10, 

along with a proposal for the tectonic evolution for the region during the western 

Gondwana amalgamation, supported by the most updated and available 

paleoreconstructions. 

3.2.4 A tectonic compartmentation of the Parnaíba basement based on recent 

geophysical studies 

 

In this topic we discuss the evolution of the geophysical studies recently published 

focusing on the interpretation of the basement of the Parnaíba basin. The main 

results were compiled in the GIS base map presented in Fig. 3.3 and also in four 

crustal-scale sections: A-A’, B-B’, C-C’ and D-D’ (Figs. 3.3 and 3.4), summarized in 

seven different geophysical profiles (Figs. 3.4a to g). We also describe the main 

distinctive geophysical features of the crustal domains here adopted for the 

basement of PB. Upon the profiles (Fig.3.4) and in the map (Fig.3.3), these domains 

are also represented, in order to illustrate their geographic distribution. 

The first relevant study using a broad geophysical dataset to investigate the 

basement of the Parnaíba basin was published by De Castro et al. (2014). These 

authors combined airborne and satellite gravity and magnetic surveys covering the 

entire basin area and margins, applying different filters and numerical models to 

define several geophysical domains within the basement. The profiles of Figs. 3.4a 
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and 3.4b represent, respectively, the reduce-to-pole magnetic and the Bouguer 

gravity anomalies from De Castro et al. (2014), along a NW-SE ~1190km-long profile 

(A-A’ in Fig.3.3). The lateral contacts between the basement domains interpreted by 

these authors are also displayed in Fig.3.4a (black vertical lines), based on analytic 

signal solutions of the magnetic and gravity datasets. 

Fig.3.3: Literature compilation map with the location of the main geophysical features observed in the 

basement of Parnaíba basin. The black profiles are presented in Fig.3.4 and represent: A-A’: gravity 

and magnetic anomalies (De Castro et al.,2014); B-B’: Deep Regional Profile, compiled in Daly et al. 

(2019) and WARR data interpreted by Soares et al.(2018),  Araujo (2019) and Schiffer et al.(2021); C-

C’: N-S transect of Queiroz (2019); and D-D’: Deep MT profile of Rocha et al.(2019). The 

abbreviations of the proposed crustal domains refer to: Ar: Araguaia belt domain; G: Grajaú domain; 

nG: Northern Grajaú subdomain; sG: Southern Grajaú subdomain; BdC: Barra do Corda transitional 

domain; T: Teresina domain; nBO: Northern Borborema subdomain; sBO: Southern Borborema 

subdomain (including the Transversa. Zone and southern domains of Boborema Province), these last 

two are part of the Borborema Province. 

After 2014, several studies along or in the vicinities of the ~1400km-long W-E 

Deep Regional Profile (DRP in Fig.3.2), crossing the center of PB, brought new 

perspectives for the interpretation of the basement. They have included a deep 

seismic reflection profile (DSRP, Daly et al., 2014), down to 14s (~ 60km depth); 823 

terrestrial gravity measurements analyzed by Tozer (2017; Fig.3.4c) and Tozer et al. 
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(2017), 39 broadband magnetotelluric stations (Solon et al., 2018), 9 broadband 

seismographic stations (blue symbols in Fig.3.3; Coelho et al., 2018), and the wide-

angle reflection and refraction profile (WARR; Soares et al., 2018).  

 A representative summary diagram of a typical cratonic basin was proposed 

by Daly et al. (2019), using as starting point the DSRP and all the additional studies 

along DRP. They have pointed out key observations of the lithosphere, lower crust, 

upper crust and shallow covers. These authors have also superimposed to this 

diagram the schematic configuration of the pre-Silurian Riachão basin (RB in 

Fig.3.3), interpreted by Porto et al. (2018). We modified this sketch (Fig.3.4d) adding 

some crustal features from the WARR profile from Soares et al. (2018), and from the 

3D inversion MT model of Solon et al. (2018). We have also included in this profile 

the lithosphere-asthenosphere boundary (LAB) proposed for the basin area in 

Agurto-Detzel et al. (2017).  

More recently, the contributions of De Lima et al. (2019), Araújo (2019) and 

Schiffer et al. (2021) added new information to the WARR profile of Soares et al. 

(2018), combining useful information from the DSRP of Daly et al. (2014). These 

authors reinforced the differentiation between the western and eastern portions of 

central Parnaíba basement. In the profile of Fig.3.4e, we compiled the results of the 

2D tomography inversion model for the S-wave (Araujo, 2019) together with the final 

Vp/Vs ratios obtained by Schiffer et al. (2021).  

Furthermore, two semi-regional scale profiles located in the western and 

southeastern margins of PB (C-C’ and D-D’ in Fig.3.3, respectively) were analyzed. 

The first profile refers to the S-N transect of Queiroz (2019) based on receiver 

function analysis and common conversion point (CCP) migrations of 26 

seismographic stations. This author calculated the Vp/Vs ratios of the crust and the 

Moho depth based on H–κ stacking approach (e.g. Zhu & Kanamori, 2000), 

presented in Fig.3.4e. In Fig.3.4f, we present the final 3D vertical inversion resistivity 

model along the NNW-SSE 470km–long profile of Rocha et al. (2019). They have 

used magnetotelluric (MT) data from 49 broadband and 23 long period stations, 

crossing the SE margin of Parnaíba basin and part of the southern Borborema 

Province and northern São Francisco craton. Both electrical anomalies observed by 

Solon et al. (2018) and Rocha et al. (2019) are presented in the same color scale, in 

Figs.3.4d and 3.4f, respectively.  
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(PREVIOUS PAGE) Fig.3.4: Seven 2D profiles compiled and combined from the literature, presented in 

the same vertical and horizontal scales. Profiles location on Fig. 3.: A-A’ is the NW-SE profile of De 

Castro et al. (2014): (a) Reduce-to-pole magnetic anomaly and the main boundaries (black lines) 

derived from analytical solutions); (b) the Bouguer anomaly.  B-B’ represents a E-W profile where 

several studies were merged: (c) Bouguer anomaly (with regional component removal) from Tozer 

(2017); (d) schematic geological compilation modified after Daly et al.(2019), with resistive anomalies 

from Solon et al. (2018)  and seismic features of Soares et al.(2018) overlaid, as well as the 

lithosphere-asthenosphere boundary modelled by Agurto-Detzel et al. (2017), and (e) the crustal S-

wave velocities and Vp/Vs ratios modelled by Araujo (2019) and Schiffer et al.(2021), respectively, 

along the WARR profile from Soares et al.(2018). C-C’ is the S-N transect of Queiroz (2019), with 

Vp/Vs ratios and the Moho depth. And D-D´ is the NNW-SSE MT profile of Rocha et al. (2019). The 

tectonic domains and abbreviations of specific features are explained in the text. 

 Looking to the summary profile of Fig.3.4d along the DRP (B-B’ in Fig.3.3), it is 

possible to observe that the continental lithospheric thickness below the Parnaíba 

basin is greater than 150km (Daly et al., 2019). McKenzie and Rodriguez Tribaldos 

(2018) obtained a range of 170-180 km for lithospheric thickness in the NW portion of 

PB, indicating a possible prolongation of the Amazonian craton “core” in this region. 

Eastwards, in the Borborema Province, these authors have observed a lithospheric 

thinning (140-110 km). The study of Agurto-Detzel et al. (2017), based on 

seismological data, indicates a lithospheric thinning to east in Borborema Province, 

and also in the SW margin of PB, beneath the southeastern portion of the Araguaia 

belt, as represented by the lithosphere-asthenosphere boundary (LAB) in Fig.3.4d.   

The average continental crust beneath the Parnaíba basin is approximately 

40km thick, according to the seismic interpretation of the DSRP in Daly et al., 2014. 

As previously discussed, these authors have identified a transparent seismic pattern 

for the crust within the so-called Parnaíba block, especially to the west. In the eastern 

Parnaíba block, between the cities of Barra do Corda and Teresina, a high-amplitude, 

mid-crustal reflectivity (MCR in Fig. 3 and Fig.3.4d), was observed at depths of 15-

20km and the seismic Moho was recovered at 38km depth. In the following item 

3.2.6, we will discuss in detail this particular MCR feature, with additional examples. 

These authors did not interpret the tectonic nature of the Parnaíba block, indicating 

that it could comprise two entities due to seismic-acoustic differences, even though 

these differences could be also associated to losses of seismic signal caused by the 

presence of shallow igneous rocks in the basin. 
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Further seismic studies shed light on distinctive anomalies within the Parnaíba 

block. Under the western portion of PB, close to Grajaú city (Fig. 3), Coelho et al. 

(2018) and Soares et al. (2018) recovered slightly thicker crust (~44km) besides high 

P and S-wave velocities. Soares et al. (2018) defined this area as the Grajaú 

domain (G in Fig. 3), in which they observed a 5 km-thick high-velocity (Vp=7.1-7.3 

km/s) layer in the lower crust (HVLC in Figs. 3.3 and 3.4), extending from the 

Araguaia belt to the center of PB. A high S-wave velocity in the lower crust was also 

recovered in one station of Coelho et al. (2018), close to the Grajaú (blue symbol in 

Fig.3.3), also in agreement with the Vs values recovered by Araujo (2019; Fig.3.4e). 

To the NW of the Grajaú domain, along the S-N transect (C-C’ in Fig. 3 and Fig.3.4f; 

Queiroz, 2019), the crust is also thicker. This author also observed a duplicated and 

discontinuous character of the base of the crust in the CCP stacking model, and 

interpreted it as a magmatic underplated body that correlates with the extension of 

the HVLC observed in the WARR profile. A reverberatory effect was described to the 

west of Barra do Corda city (RVBC in Fig.3.4d; Soares et al., 2018), within both the 

upper and lower crustal layers, coinciding with the region where Schiffer et al. (2021) 

observed a high Vp/Vs ratio (1.79; Fig.3.4e). The set of seismic features was 

interpreted as an indication of pervasive mafic intrusions within the crust and 

concentrated within the lower crust (underplating). 

In the eastern portion of PB, to the east of Barra do Corda city, Soares et al. 

(2018) interpreted the Teresina domain (“T” in Fig.3.3), following the same proposal 

of De Castro et al. (2014; Fig.3.2). The Moho transition recovered from the WARR 

data in this domain is flat and sharp, at ~39km depth. The same signature was 

observed by Coelho et al. (2018) in three stations to the east of Teresina city (blue 

symbols in Fig.3.3). According to Soares et al. (2018), the upper crustal Vp gradient 

is smoother in Teresina, in contrast to the steep gradient within the Grajaú domain. 

The upper mantle velocity is also slightly higher (Vp>8,4 km/s) in this domain. In the 

mid-western portion of the Teresina domain, the 200km-long MCR was observed in 

the seismic data (Daly et al., 2014), although no Vp or Vs increase was observed in 

the WARR data. According to Schiffer et al. (2021), the Vp/Vs ratios of the crust are 

lower in the Teresina domain, varying from 1.73, in the west, to 1.76 in the eastern 

portion. This possibly indicates an absence of the pervasive mafic intrusions 

interpreted for the adjacent Grajaú domain. The S-wave velocity values in the upper 

crust of the Teresina domain are low (2.0 km/s) and two zones of high velocity 
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anomalies in the lower crust are observed, dipping eastwards, one in the vicinities of 

Barra do Corda city, and the other, more pronounced, close to Teresina (Fig.3.4e). 

Between the Grajaú and Teresina domains, we defined a new domain, called 

the Barra do Corda transitional domain (“BdC” in Fig.3.3).  Solon et al. (2018) 

observed a cylindrical shape crustal conductor (“C”), down to 30km, dipping slightly 

westwards in the same location of Barra do Corda. According to these authors, this 

feature might correlate to the concentration of graphite along crustal-scale faults, 

marking a paleosuture hidden in the basement of PB. Regionally, they have also 

observed a distinction between a western resistive crust, encompassing the western 

portion of the Grajaú domain, and a central and eastern moderate to conductive 

crust, encompassing the BdC transition zone, Teresina domain and the TBFZ. Rocha 

et al. (2019) observed the same electrical resistivity values for the SE portion of the 

Teresina domain (Fig.3.4g, D-D’ in Fig.3.3). Schiffer et al. (2021) have also correlated 

the limit between “G” and “T” domains to a possible Neoproterozoic suture zone, 

observed by subtle eastward dipping anomalies in the crustal CCP staking section. 

Additionally, Araujo (2019) observed a high S-wave velocity anomaly within the lower 

crust (3.1 km/s) in vicinities of BdC (Fig.3.4e).  

In the potential field data interpretations of De Castro et al. (2014), three 

distinct geophysical domains within the Parnaíba central basement were proposed, 

as already presented in Fig.3.2 (blue contours). These domains are named as the 

Parnaíba North (Pn) and Parnaíba South (Ps) to the west, and the Teresina (T), to 

the east. They were defined based on distinctive gravity and magnetic anomalies, 

discussed later in item 3.2.8. According to our compilation, we believe that they 

roughly correlate to the proposed Grajaú and Teresina domains of Soares et al. 

(2018). Upon the magnetic and gravity NW-SE profiles of Fig.3.4a and 3.4b, 

respectively (A-A’ in Fig.3.3), we propose our tectonic subdivision (black arrows). It is 

possible to notice that the central portion of PB, encompassing Grajaú and Teresina 

domains, is represented by a low Bouguer anomaly (~-40mGal; Fig.3.4b), in contrast 

to the positive anomalies in the marginal tectonic domains: Araguaia belt (NW) and 

northern São Francisco craton (SE). The lowest gravity value of the profile 

(~70mGal) is located in the western portion, where we interpreted the Grajaú domain 

(Parnaíba South for De Castro et al., 2014). To the east, where we interpreted the 

Barra do Corda/Teresina domains, a residual positive anomaly (~50mGal) is 

observed.  
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Fig.3.4c shows the Bouguer gravity anomaly in the DRP, with the long 

wavelength component removed (Tozer, 2017). As well as De Castro et al. (2014; 

Fig.3.4b), Tozer (2017) noticed a basin-wide gravity low characterizing the Parnaíba 

area, contrasting with its margins. When correcting the gravitational effect of the 

sedimentary sequences of PB, Tozer (2017) observed a residual gravity anomaly in 

the central portion of the basin, to the east of Barra do Corda city, upon the MCR 

location. This mass excess (~175 kg/m3) was interpreted as caused by a high-density 

lower crust, as a result of basaltic intrusions or granulite metamorphism. However, 

this central high is equivalent to the Teresina domain, where no evidence of high 

velocity lower crust was observed (Soares et al., 2018; Coelho et al., 2018). The 

Grajaú domain, presented in both Bouguer profiles of Figs.3.4b and 3.4c, is 

characterized by a negative gravimetric anomaly. In the NW-SE profiles (A-A´ in 

Fig.3.3; Figs. 3.4a and b), the transition between “T” and “G” domains is marked by a 

positive magnetic anomaly (Fig.3.4a), where De Castro et al. (2014) have found an 

alignment of the magnetic and gravimetric analytic signal solutions (black vertical 

lines in Fig.3.4a), possibly indicating a geological contact. It is worth saying that in 

this profile, the Teresina domain is much narrower, following the overall shape of this 

domain indicated by De Castro et al. (2014) in the map of Fig.3.2.  

Steep crustal-scale faults mark the eastern limit of the Teresina domain and 

the western limit of the Grajaú domain (Fig.3.4d; Daly et al., 2019). Beneath the 

Araguaia belt (AR in Fig.3.3), the Moho bends downwards, reaching 51km depth 

(Soares et al., 2018). In the upper crust, down to 15km, curved and high amplitude 

reflections were interpreted by Daly et al. (2014) as the ophiolitic units of the  

Araguaia belt, thrusted towards the Amazonian craton and bounded to the east by 

Araguaína sinistral strike-slip fault (AFZ in Fig.3.4d). In the Bouguer profiles (Fig.3.4b 

and c), this region is characterized by a positive-negative contrast. On the other 

hand, at the opposite eastern edge of the DRP, the Moho depth varies from 41km 

beneath the dextral Transbrasiliano shear zone (TBSZ in Fig.3.3 and 4d) to 35km 

under the Borborema Province. Daly et al. (2014) described an undulatory Moho with 

anastomosed eastward dipping mid-crustal seismic reflections, interpreted as the 

Neoproterozoic shear zones of Borborema. According to Schiffer et al. (2021) and 

Araujo (2019), high Vp/Vs ratios (1.81 and 1.76) and the high Vs values in the lower 

crust (3.6 km/s and 3.4 km/s) under the Araguaia belt and TBFZ, respectively, 

indicate the presence of suture zones. De Castro et al. (2014) have also observed a 
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strong alignment of the sources derived from analytic signal depth analysis based on 

gravity and magnetic data in this region. They are represented in Fig.3.4a by black 

vertical lines, marking the main suture zones in the Araguaia and Southern 

Borborema domains.  In the MT profile of Solon et al. (2018), both AR and BO 

domains (Fig.3.3) are characterized by narrow and vertical resistive anomaly zones 

(Fig.3.4d), crossing the upper crust down to the upper mantle. To the SE, Rocha et 

al. (2019) observed a similar crustal electrical pattern (Fig.3.4g), inferring the 

prolongation of the main suture zones of southern Borborema beneath PB. 

A remarkable planar unconformity is demonstrated by the seismic image of the 

DSRP marking the base of the Phanerozoic Parnaíba basin. It represents a profound 

erosive peneplane (Daly et al., 2014, 2018), here called as the Pre-Silurian 

Unconformity (PSU in Fig.3.4d). Beneath the PSU, remnant basins were observed in 

the seismic data and in few wells. In Figs. 3.3 and 3.4d, they are represented by the 

Campo Maior trough (CMT; Daly et al., 2014), and the Riachão basin (RB; Porto et 

al., 2018). As previously described, the CMT is located within the limits of the TBFZ 

(Figs. 3.2 and 3.3) and the RB was observed in the SW of the Parnaíba basin, 

approximately ~120km apart from the DRP (Fig.3.3), upon the southern prolongation 

of the Grajaú domain. The pre-Silurian basins will be better described in the next 

topics, along with new interpretations. 

In terms of crustal geophysical anomalies recovered under these basins, 

Soares et al. (2018) observed low velocities within the upper crust close to the TBFZ, 

possibly related to the presence of a Cambrian rift, in agreement to the interpretation 

of CMT. Solon et al. (2018) have recovered a high to moderate resistive upper crust 

in the same region (Fig.3.4d). To the SE, a high resistive body within TBFZ was 

identified in the shallow crust (Fig.3.4g), interpreted as a rift basin by Rocha et al. 

(2019).  Additionally,  Romero et al. (2019), using broad-band MT data along the SE 

border of Parnaíba, also described resistive graben-like structures, down to ~2 km 

depth. 

The S-N transect of Queiroz (2019; C-C’ in Fig3) crosses the western portion 

of the foreland Riachão basin (RB), where Porto et al. (2018) observed a highly 

reflective upper crust in the seismic data, interpreted as the eastward verging 

thrusted margin of RB. In this portion, Queiroz (2019) has observed the highest 

Vp/Vs ratios of the profile (~1.83 in Fig.3.4f) and associated them either to a mafic 
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composition of the crust or to the presence of basaltic intrusions. Here, we have 

assigned this region as the southern portion of the Grajaú domain. Northwards in the 

C-C’ profile (Fig.3.4f), close to the crossing point with the DRP and WARR profiles, 

the crust is thicker and the Vp/Vs ratios are slightly lower, decreasing towards the 

Gurupi belt. This signature of a thicker crust conveys with the interpretation of an 

underplate (HVLC in Figs. 3.3, 3.4e and 3.4f).  The opposite southernmost portion of 

the S-N transect presents very low Vp/Vs ratios (<1.70), interpreted by Queiroz 

(2019) as a felsic crust, possibly without the igneous intrusions observed in the 

central PB. 

Finally, after compiling and reinterpreting the several geophysical datasets, we 

could propose a comprehensive subdivision of the main crustal domains partially or 

entirely hidden by the sediments of the Parnaíba basin. These seven proposed 

domains, presented below from west to east, will be refined and tectonically 

interpreted along the text. They are: 

● Araguaia belt domain (AR), encompassing the western margin of PB 

and interpreted as the eastward prolongation of the outcropping 

Araguaia belt beneath PB;  

● Grajaú domain (G), located in the mid-western portion of PB and that 

can be divided into two subdomains: Southern “G”, where the pre-

Silurian Riachão basin was described, and Northern “G”, where the 

crust is thicker (~43-44km) and a high-velocity lower crust was 

observed; 

● Barra do Corda transitional domain (BdC), located in the vicinities of 

the homonymous city in between the “G” and “T” domains, defined 

mainly due to the remarkable conductive crustal anomaly observed by 

Solon et al. (2018) and after the analysis along the WARR data made 

by Schiffer et al. (2021), suggesting the presence of a suture zone in 

this region; 

● Teresina Domain (T): located in the mid-eastern portion of PB, where 

the MCR was first described and where the crust is slightly thinner 

(~38-39km). It is bounded to the east by the Transbrasiliano Fault Zone; 

● Transbrasiliano Fault Zone (TBFZ): located along the NE-SW 

homonymous tectonic lineament, and where the Campo Maior trough 

was described, under a slightly thicker crust than the adjacent “T” and 
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Borborema domains, in the DRP; 

● Borborema domain (BO): encompassing the eastern and 

southeastern portions of PB and interpreted as the westward 

prolongation of the outcropping structural domains of the Borborema 

Province beneath the PB and truncated by the TBFZ.  Following the 

recent tectonic study of Caxito et al. (2020), it is here subdivided into 

Northern BO and Southern BO subdomains. 

3.2.5 Crustal Thickness Map of the Parnaíba basin 

 

Until very recently, most of the maps showing estimations for the Moho depth 

(crust/mantle boundary) based on seismic datasets (e.g. Feng et al., 2007; Lloyd et 

al., 2010; Chulick et al., 2013), satellite gravity surveys (e.g. Van der Meijde et al., 

2013) or a combination of both (e.g. Assumpção et al., 2013; Uieda and Barbosa, 

2017) were restricted to continental scale of the South American plate, with low 

resolution within the Parnaíba basin area. According to Chulick et al. (2013), the 

average thickness of the continental crust of South America is 38.17 km (+/- 8.7 km), 

which is approximately 1 km thinner than the global average. In Brazil, Assumpção et 

al. (2013) showed an average crust thickness of 39km (+/- 5km), without any clear 

discrepancy between different tectonic settings, such as intracratonic basins or 

Neoproterozoic fold belts, except to the thinned crust found in the Borborema 

Province (30-35km) and within the Tocantins Province (Araguaia belt). Both 

anomalies are located respectively in the eastern and western margins of the 

Parnaíba basin. Within the Parnaíba basin area, Feng et al. (2007) and Lloyd et al. 

(2010) have shown a thicker crust (40-45km) in the central part, slightly shifted to the 

west, while in the other maps this region is less precise. 

The studies carried out by Coelho et al. (2018), and more recently by Araujo 

(2019) and Queiroz (2019) brought information of at least 68 seismographic stations 

along both the E-W Deep Regional Profile and the N-S transect (B-B’ and C-C’ in 

Fig.3.3). Added to 21 seismographic stations available in the surrounding margins of 

PB, from Assumpção et al. (2013), Trindade (2014), Luz et al. (2015) and 

Albuquerque et al. (2017), we were able to update the Moho depth contour map of 

the Parnaíba basin area, compiling the crustal thickness estimates from 89 stations 
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(see full information in the Supplementary Material 1). The results are shown in 

Fig.3.5.  

The compiled studies used receiver functions to estimate the crustal thickness 

by the H–κ stacking approach (e.g. Zhu & Kanamori, 2000). We interpolated the 

average H–κ stacking of the Moho depth (crust-mantle boundary) values using a 

geostatistical algorithm available in the ESRI ArcMap 10.0 software, which applies an 

ordinary krigging interpolation method with spherical semivariogram model fit. In the 

interpolation, only the central values of the measurements were considered (i.e. the 

measurements errors were not taken into account). Despite the considerable number 

of stations, their spatial distribution remains irregular within the entire basin extent, 

implying higher uncertainties especially in the northern and southeastern portions of 

the basin. 

The crustal thickness contour map of Fig.3.5 shows a first order crustal 

thinning from about 50km to the west, in the Araguaia domain to ca. 30km to the 

east, in the Borborema domain, a pattern that accompanies the lithospheric thinning 

determined by Agurto-Detzel et al. (2017; Fig.3.4d). The average value calculated 

from the sum of the Moho depth estimates from the 89 stations yielded 40.7km in the 

study area. There is a clear difference between the western (thicker crust, >41km) 

and the eastern (thinner crust, <39km) portions of the central Parnaíba basin, 

reinforcing the observations along the DRP (Coelho et al., 2018; Soares et al.,2018; 

Araujo, 2019; De Lima et al., 2019; Schiffer et al., 2021) and the separation between 

the Grajaú and Teresina domains, respectively. This boundary is marked by the 

40km Moho depth contour line in the vicinities of Barra do Corda city. 

The most striking observations of this map are related to the crustal thickness 

variations observed in the western portion of the Parnaíba basin, in the Araguaia and 

Grajaú domains, where there is a better spatial distribution of the dataset. The 

northern and southern portions of the Araguaia belt (respectively, “nAr” and “sAr” 

subdomains in Fig.3.5) present the highest crustal thickness values of the map: 49km 

and 53km, respectively, while in the central portion of the Araguaia domain, beneath 

the PB, the thickness values are at least 17km lower. Three stations compiled from 

the study of Albuquerque et al. (2017; green stations in Fig.3.5) recovered values of 

31.6 to 36km for the Moho depth in this region. This “indentation” of thinner crust was 

also observed by these authors westwards, within the Carajás Province in the 
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Amazonian Craton. To the east, the stations of Queiroz (2019) along the N-S transect 

(yellow stations in Fig.3.5) have presented higher crustal thickness estimates, varying 

from 40 to 43km. In our study, we propose to  individualize this portion of thinner 

crust within the Araguaia domain as the Eastern Araguaia subdomain (“eAr” in 

Fig.3.5). The “eAr” encompasses the western margin of the Riachão basin, where 

westwards dipping reflections were interpreted in the shallow basement as the back 

thrusts related with the evolution of the Araguaia belt (Porto et al., 2018). This 

domain also coincides with the region of thinned lithosphere observed by Agurto-

Detzel et al. (2017).  

Fig. 3.5 Crustal thickness map of the Parnaíba Basin and surroundings, based on 89 seismographic 

stations (H–κ stacking approach) from recent literature compilation. Some average crustal thickness 

values are displayed close to the respective station (see full information in Supplementary Material 1). 
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The location of the seismic profiles L103 and the DRP are represented by gray lines. The 

abbreviations of the proposed crustal domains refer to: nAr: Northern Araguaia belt subdomain; sAr: 

Southern Araguaia belt subdomain; eAr: Eastern Araguaia belt subdomain; G: Grajaú domain; nG: 

Northern Grajaú subdomain; sG: Southern Grajaú subdomain; BdC: Barra do Corda transitional 

domain; T: Teresina domain; nBO: Northern Borborema subdomain; sBO: Southern Borborema 

subdomain; nSF: Northern São Francisco domain. RB stays for the pre-Silurian Riachão basin; CMT is 

the Campo Maior Trough; MCR, the mid-crustal reflectivity along the DRP. AFZ and TBFZ are 

Araguaína and Transbrasiliano fault zones, respectively.   

 To the east, within the Grajaú domain (G in Fig.3.5), we also observe subtle 

thickness variations of the crust. In the northernmost portion, close to the limit with 

the Gurupi belt, the crust reaches 45.5km thick, decreasing to approximately 42km 

thick close to the DRP. This region is defined as the Northern Grajaú subdomain 

(“nG” in Fig.3.5 and Fig.3.3).  Southwards, the crustal thickness decreases to ~40km, 

beneath the eastern portion of the Riachão basin, here assigned to the Southern 

Grajaú subdomain (“sG” in Fig.3.5). 

In the southernmost portion of the Parnaíba basin, close to the Transbrasiliano 

Fault Zone (TBFZ in Fig.3.5), the crust reaches a maximum thickness of 46.7 km, 

with an average value of 44km (purple stations in Fig.3.5). According to the tectonic 

map of South America of Cordani et al. (2016), this region coincides with the suture 

zone of the northern São Francisco craton (SFC in Fig.3.5). Here we identified this 

region as the Northern São Francisco domain (“nSF” in Fig.3.5). Following the NE-

SW trend of the TBFZ towards the NE, the crust is much thinner than in the SW, 

presenting values equal or lower than 40km thick. No abrupt crustal thickness 

variation is observed between the Teresina domain (“T” in Fig.3.5) and this portion of 

the TBFZ domain. A slightly thicker (40-41km) crust is observed beneath the TBFZ in 

the DRP and possibly extends northwards. In the eastern prolongation of DRP, the 

northern Borborema subdomain (“nBo” in Fig.3.5) presents a continuous crustal 

thinning towards offshore Brazil, varying from approximately 37.5 to 30km thick. The 

Southern Borborema subdomain and the southern prolongation of the Teresina 

domain are not well represented in the map, due to the lack of data. Only one station, 

close to the seismic profile L103, recovered a 35.6km thick crust (red station in 

Fig.3.5; Assumpção et al., 2013), suggesting that possibly the Teresina domain 

presents a thinner crust southwards. 
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3.2.6 Interpretations of Gravity and Magnetic Anomalies 

 

The aerogravity and magnetic public maps (see details in Table 3.1) are 

presented in figure 3.6, including the complete Bouguer anomaly map (Fig.3.6a), the 

residual filtered Bouguer map (wavelength < 95km; Fig.3.6c), the total magnetic 

intensity map (TMI; Fig.3.6b) and the first vertical derivative filter of the TMI map 

(Fig.3.6d). In Figures 6e and 6f, we present the interpreted gravity and magnetic 

lineaments, respectively, superimposed on the crustal thickness map of Fig.3.5, as 

well as the abbreviations of the proposed basement domains. We also locate in 

Fig.3.6a the “A-A’” NW-SE profile of De Castro et al. (2014) and the Deep Regional 

Profile (DRP), both already presented in Figs. 3.3 and 3.4, respectively. The L103 

profile is also located in Fig.3.6, as it will be discussed further in the text during the 

2D gravity model (item 3.2.9). 

Only a small part of the outcropping Araguaia belt is covered by the available 

surveys. In the gravity maps (Figs. 3.6a and 3.6c), this mobile belt is represented by 

N-S elongated negative and positive stripes, following the N-S structural trends of 

geological contacts and faults. In the complete Bouguer map (Fig.3.6a), a striking N-

S elongated negative anomaly is noticed in the western portion, outside the basin 

limits, towards Amazonian craton. Along this negative Bouguer anomaly, the crust 

thickness map shows two regions of thicker crust to the north and to the south, 

separated by a central region of thinner crust, which extends from the AMC to the 

PB. Here we assign these regions to three subdomains: the northern, southern and 

eastern Araguaia belt subdomains (nAr, sAr and eAr in Fig.3.6e, f). The low residual 

gravity anomaly (Fig.3.6c) also observed in this region possibly reflects the low 

density metasedimentary units of the Estrondo and Tocantins groups, part of the 

external domain of the Araguaia belt , as corroborated by the interpretation along the 

DRP (Fig.3.4d; Daly et al., 2014). To the east, beneath the western basin margin, the 

gravity anomaly is characterized by N-S-trending positive stripes (Figs. 3.6a and 

3.6c). De Castro et al. (2014) interpreted this positive anomaly as the prolongation of 

the Goiás Magmatic Arc in this region. Our preferred interpretation is that the positive 

stripes reflect the presence of higher-grade metamorphic rocks in the hidden internal 

zone of the Araguaia belt, covered by PB. Moreover, these stripes could be 

associated to basement highs, uplifted during Mesozoic episodes of tectonic 

inversion along the Araguaína Fault Zone (AFZ in Fig.3.5), as argued by Daly et al. 
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(2014). These authors, using structural restoration, showed a basement uplift of ca. 

2km in this region, which resulted in folding the Pre-Silurian Unconformity (PSU) and 

in the consequent partial erosion of the Paleozoic sediments. 

 

Fig.3.6 (a)Complete Bouguer anomaly; (b) Total Magnetic Anomaly Intensity (TMI) map; (c) residual 

filter of the Bouguer anomaly map; (d) 1st Vertical Derivative of the TMI map. The interpreted 
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lineaments are displayed upon the maps, as well as the locations of A-A’ profile (De Castro et al., 

2014), the DRP and L103 profile. In (e) and (f) we present the interpreted gravity and magnetic 

lineaments, respectively, upon the crustal thickness map of Fig.3.5, as well as the locations of the 

proposed tectonic domains.  

In contrast to the gravity anomaly pattern, in the magnetic maps (Fig.3.6b and 

6d), the Araguaia belt domain is characterized mainly by ENE-SSW lineaments, not 

showing any compatibility with the N-S structural trend of the outcropping belt. This 

internal fabric prevails towards the Grajaú domain, located eastwards, and it was also 

observed by De Castro et al. (2014), westwards, in the Amazonian craton. This 

magnetic pattern can either reflect the inherited pre-Brasiliano structural trends of the 

Amazonian Craton beneath the Araguaia belt and Parnaíba basin or the imprint of a 

later tectonic event, such as the emplacement of Mesozoic mafic magmatic rocks 

and associated extensional stresses during Gondwana break-up (e.g. Mocitaiba et 

al., 2017). One example of how the shallow magmatic rocks can mask the basement 

response in the magnetic maps is observed in Fig.3.6b, where a remarkable positive 

magnetic anomaly is located in the vicinities of Riachão city and is coincident with the 

outcrops of the Mesozoic Mosquito basalts (“Mo” in Fig.3.6b). De Castro et al. (2018) 

interpreted this region as the E-W elongated North Mosquito Magnetic Domain.  

The mid-western portion of the Parnaíba basin, called here as the Grajaú 

domain, is characterized by low values of TMI anomalies (Fig.3.6b) and by a broad 

N-S elongated Bouguer low (Fig.3.6a). The negative anomaly was also observed in 

the regional gravity map of De Castro et al. (2014) and possibly correlates to the 

deeper values of the Moho depth (Fig.3.6e and 3.6f). In the Bouguer residual map 

(Fig.3.6c), we have interpreted curved lineaments within the central portion of the 

Grajaú domain (Fig.3.6e), bounded to the south by the NE-SW TBFZ and to the north 

by WNW-ESE trends, possibly indicating an imprint of the Gurupi belt structures in 

the northern Grajaú subdomain. In the southern Grajaú subdomain, a low magnetic 

anomaly in the TMI map (Fig.3.6b) and curved lineaments were interpreted in the first 

derivative map (Fig.3.6d) and are possibly related to the presence of the pre-Silurian 

Riachão basin (RB). According to Porto et al. (2018), the basin lies upon a NNW-

SSE-elongated low Bouguer anomaly, centered to the east, where the eastern 

depocenter is located (~4km thick). To the western portion of the RB, here assigned 

to the eastern Araguaia domain (“eAr” in Fig.3.6e), the Bouguer values increase and 

are correlated with the highly reflective pre-Riachão basement and with the central 
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basement high (“CA” in Fig.3.6a), also observed in the seismic data, as discussed 

ahead. 

Likewise De Castro et al. (2014), we have observed the high frequency 

magnetic pattern that individualizes the Teresina domain (“T” in Figs. 3.6e and 3.6f), 

in the eastern part of PB. In the TMI map, it is noticeable the contrast of the higher 

values of magnetic anomalies in this eastern-northeastern portion of the basin in 

relation to the western portion. In the Bouguer map (Fig.3.6a), the gravity anomalies, 

especially in the NE of PB, are also very high when compared to the rest of the basin 

area. Remarkable positive gravimetric and magnetic signatures were also observed 

by Pedrosa Jr. et al. (2014) within the outcropping Médio Coreaú domain (Borborema 

Province), mainly related to the high-grade metamorphic rocks of the 

Paleoproterozoic Granja complex. The similarity between the potential field data 

signatures of the Médio Coreaú and Teresina domains suggest a connection 

between both domains in the NE Parnaíba basin limit. The external shape of the 

Teresina domain resembles a “balloon”, wider in the NE and narrowing southwards, 

where the NE-SW lineaments of the Transbrasiliano Fault Zone (TBFZ) are 

superimposed (Figs. 3.6a.and 3.6b). Internally, we observe sigmoidal residual 

Bouguer lineaments (Figs.3.6c), and NE-SW elongated magnetic lineaments 

(Figs.3.6b and 3.6d). This sigmoidal shape resembles a typical “S-C fabric”, normally 

microscopically observed in shear zones, and it was observed in the magnetic maps 

of  Pedrosa Jr. et al. (2014) in the Médio Coreaú Domain, correlated to the dextral 

shear along the Sobral-Pedro II fault, a subsidiary fault of the TBFZ, during the 

Ediacaran/Early Cambrian. 

Between the Grajaú and the Teresina domains, in the vicinities of Barra do 

Corda, in the central Parnaíba, the sigmoidal shape of the residual Bouguer 

anomalies persists. Linear positive and negative gravity anomalies with an overall N-

S trend, curve to the east towards the Teresina domain. They terminate parallel to 

the NE-SW Médio Coreaú domain, in NE, and to the southern prolongation of the 

TBFZ, in the Northern Brasília belt. De Castro et al. (2014) interpreted these low 

linear gravity residual anomalies as an array of buried grabens beneath PB, formed 

during an extensional phase between the Neoproterozoic and Eopaleozoic, although 

they did not discard the possibility that these lighter sources could be caused by 

granitic rocks or low-grade metasedimentary sequences within the basement, fitting 

with the interpretation of a Neoproterozoic belt. Since the seismic data (Daly et al., 
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2014 and Porto, 2017) did not confirm the presence of such rifts in the central 

Parnaíba basin, we prefer the second interpretation for the Barra do Corda 

transitional domain (“BdC” in Figs.3.6e and 3.6f), with agreement to the suggestion of 

Schiffer et al. (2021) of a buried suture zone in this region. 

To the southeast of the Parnaíba basin, in the southern segment of TBFZ, the 

trends of the gravity and magnetic signatures are mainly NE-SW oriented. A striking 

positive NE-SW Bouguer anomaly (Fig.3.6a) marks the limit with the northern margin 

of the São Francisco Craton. It is noticeable the NE-SW bend of the E-W shear 

zones within the Southern Borborema subdomain beneath the Parnaíba basin, 

reinforcing the tectonic interpretation of Late Neoproterozoic/ Early Paleozoic right-

lateral displacements along the TBFZ (e.g. Brito Neves & Fuck, 2013). In between 

the Northern and Southern Borborema subdomains (“nBo” and “sBo”, respectively in 

Fig.3.6f), a very strong E-W positive magnetic anomaly seems to connect to the NE-

SW Senador Pompeu shear zone and is truncated by the TBFZ. 

3.2.7 Mid-Crustal Reflectivity in central Parnaíba basin basement. 

 

The Mid-Crustal Reflectivity (MCR) in the Parnaíba basin was first described 

by Daly et al. (2014) along the staked deep seismic reflection profile (DRP-MCR; 

Fig.3.7a). They have observed a subhorizontal layer of high amplitude curved 

reflectors, up to 3km thick, in the eastern Parnaíba block (here, Teresina domain). 

This reflectivity terminates laterally into an acoustically featureless seismic pattern 

and, beneath it, subhorizontal, moderate amplitude events define the Moho at 38 km 

depth. Here we use the denomination of DRP-MCR. Tozer et al. (2017), in order to 

better assess the spatial extent of the DRP-MCR, the nature of the lower crust and 

the Moho reflectivity, have analyzed unmigrated CDP reflection stacked from five 

wide-angle split-spread receiver gathers near the center of the basin. They have 

traced the MCR laterally for approximately 250km at depths ranging from 17 to 25km 

(~ 8.5s-13s in TWTT), with average P-wave velocity of 6.75–7.0 km/s. 

We bring here new observations of similar mid-crustal reflectivities in a 

different 2D seismic reflection survey (Table 3.1) within the central Parnaíba basin, 

approximately 80 km southwards from the DRP-MCR, in the region here assigned as 

the Barra do Corda transitional domain (BdC). The map of Fig.7a shows the location 

of the new interpreted top of the MCR seismic horizon and respective contour map in 
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two-way travel time (excluding the DRP-MCR). Raw and interpreted versions of four 

seismic reflection profiles, with the equivalent Bouguer anomaly data are displayed in 

Figs.3.7b to 3.7e.  
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(PREVIOUS PAGE) Fig.3.7 (a) Map showing the spatial distribution of the Mid-Crustal Reflectivity and 

the new MCR contour map relief in two-way travel time (TWTT). (b), (c), (d), (e) show the raw and 

interpreted seismic sections in time domain, with the associated gravity Bouguer anomalies, 

highlighting the presence of the new observed MCRs.  

Likewise the DRP-MCR, the new proposed MCR presents the same internal 

seismic facies described by Daly et al. (2014), however, there are some striking 

differences: it is much shorter, varying from 7 to 48km long, and also shallower, 

varying from 4.0 to 7.0s depth (TWTT). Regarding the Bouguer anomaly, the new 

MCRs occur in low anomaly zones, with an average value of -60 to -70 mGal, with 

exception to L112 (Fig.3.7d), in which the range is a bit higher (-50 to -60 mGal). The 

Bouguer anomaly along the DRP-MCR, however, is much higher, varying from 

approximately -20 to -40 mGal, as observed in the profile of Tozer (2017), in figure 

4c, coincident to the location of the interpreted “Central High". 

In the southern seismic profiles (L103, L108 and L117 in Figs.3.7b, 3.7c and 

3.7e respectively), the new MCRs are dipping NE, as shown by the contour map of 

Fig.3.7a. This is best displayed in part of L103, where the MCR presents a peculiar 

shape of “steps”, intercalating inclined and horizontal segments, varying from 7.0 s 

(in the base of the profile, to NE) to approximately 4.2s depth. To the SW of L103, the 

MCR is not clear, but scattered highly reflective events within the basement seem to 

connect it up to shallower depths within the basement, in the eastern thrusted margin 

of the Riachão basin (Porto et al., 2018). This interpretation is further discussed in 

item 3.2.9 of the paper. To the north, however, the new MCR seems to get horizontal 

(L112 Fig.3.7d), similar to the DRP-MCR shape, characterized by two high amplitude 

parallel levels of reflectivity, one at approximately 4.8s and the basal one down to 7.0 

s.  

Another interesting observation in all four seismic sections (Fig.3.6b to 3.6e) is 

the presence of a chaotic seismic pattern with moderate amplitude in the shallow 

basement of the Parnaíba basin, beneath the flat Pre-Silurian Unconformity (PSU). 

This shallow basement reflectivity (Fig.3.6b) presents an undulated to triangular 

basal limit and a lateral extension that seems to correlate with the extension of the 

MCR in lines L103, L108 and L117. More studies are required to better investigate 

the nature of this seismic pattern. 
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It is relevant to emphasize that there are also many differences in terms of 

acquisition and seismic processing parameters between the ANP seismic data, 

presented here (see table 3.1), and the MCR-DRP (Daly et al. 2014; Tozer et al., 

2017), what might compromise a fair comparison of the MCR in both datasets. 

Besides that, no further investigation of the seismic processing steps, or even post-

processing filters, was here applied in order to mitigate any non-geological noise that 

might have interfered the proper imaging of new MCR and the deep Parnaíba basin 

basement in general. 

In terms of possible interpretations, Tozer et al. (2017) interpreted the DRP-

MCR as the top of a fast, high density lower crustal body that occupies the entire 

Parnaíba basin area. These authors accounted the basin subsidence to the load 

caused by the anomalous dense lower crust, testing this hypothesis in flexural 

models. The subsequent seismic studies (Soares et al., 2018; Coelho et al., 2018, De 

Lima et al., 2019), although, did not confirm the presence of a high velocity lower 

crust in this region of the DRP. In fact, they have observed it to the west, within the 

Grajaú domain (HVLC in Figs.3.3 and 3.4). According to Manenti et al. (2018), the 

DRP-MCR could be interpreted as a magmatic intrusive subhorizontal layer confined 

to the middle continental crust (laccolith or sill?). De Castro et al. (2018) have 

observed the MCR along L103 (Fig.3.7b) and have interpreted it as a deep intra-

basement intrusive feature, dipping northeastward from 9 to 12.5km depth, 

characterized by a positive long-wavelength deep magnetic anomaly. They correlated 

this region to the DRP-MCR described by Daly et al. (2014) and Tozer et al. (2017) 

and interpreted these features as feeder zones for the magmatic rocks observed in 

the Parnaíba basin.  

Here, due to the spatial distribution of the MCR after the new observations 

(Fig.3.7a), it is interpreted as a tectonic crustal discontinuity related to the limit 

between the Teresina and Grajaú domains, within the Barra do Corda transitional 

zone. As already proposed by Solon et al. (2018; “C” crustal conductor in Fig.3.3 and 

4d) and Schiffer et al. (2021; Fig.3.4e), it possibly highlights the presence of a 

paleosuture zone in this area. In L103, we will test this hypothesis in a 2D gravity 

forward model (see item 3.2.9), connecting the MCR to a crustal scale thrust fault 

inserted in a Neoproterozoic thrust belt that separates both crustal domains. 

Nevertheless, the possibility of igneous intrusions allocated within the MCR crustal 
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discontinuity during the Mesozoic magmatic event that affected the Parnaíba basin is 

not discarded. 

3.2.8 The shallow basement from well data and seismic interpretation 

 

We present here the analysis of the shallow basement of the Parnaíba basin 

based on available wellbores and seismic reflection data. We define shallow 

basement as the geological sequences immediately beneath the Pre-Silurian 

Unconformity (PSU), which limits the base of the first sedimentary sequence of PB, 

the Serra Grande Group (Orodovician-Silurian). The PSU, named after Porto (2017), 

was first identified along the DRP by Daly et al. (2014) as a pronounced flat seismic 

horizon (yellow in Fig.3.7) that represents an erosional and angular unconformity 

crosscutting Early Paleozoic and Proterozoic basement units, possibly as a result of 

a peneplanation stage after the Neoproterozoic Brasiliano orogeny and before PB 

installation. Assis et al. (2019) have also recognized the PSU in field works along the 

NE margin of PB. 

The map of Fig 3.8 shows the basement information available in 20 wellbores in 

the Parnaíba basin, of which only 7 have absolute age information, either published 

in the study of Cordani et al. (2008a) or mentioned in their own well reports. The 

detailed basement lithological description of these wells can be found in the 

Supplementary Material 2. The surface and subsurface geological units of Fig.3.8 are 

colored according to geochronological information and the symbols of the wells are 

classified by the basement lithological description: sedimentary/volcano sedimentary 

(circles), metamorphic (triangles) and metamorphic rocks with mylonitic texture 

(stars). We also present the location of the profiles L104, L007 (Fig.3.9) and L103 

(Fig.3.10), as well as the limits and main related structures of the pre-Silurian basins 

observed in the seismic data. These basins will be here described in detail and they 

are named as the Ediacaran Riachão basin (light blue in Fig.3.8) and the Cambro-

Ordovician Transbrasiliano pull-apart basins (TBPAB; light brown in Fig.3.8). 
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(PREVIOUS PAGE) Fig.3.8 Map showing the outcropping units and subsurface units beneath the 

Parnaíba basin and surrounding areas. The Phanerozoic covers, including the Parnaíba basin, are 

shown in white. The symbols represent the available wellbores with basement information (see 

Supplementary Material 2) and the contours of the pre-Silurian basins are derived from seismic 

studies. In blue the seismic lines presented in Figs.3.9 and 3.10. The outcropping Neoproterozoic 

magmatic arcs are:  Santa Quitéria-Tamboril Magmatic arc (SQMA); Conceição and Betânia Magmatic 

arcs (COBEMA) and Goiás Magmatic Arc (GMA). “RdM” stands for Rio dos Mangues complex; “PN”, 

for Porto Nacional and “Nat-Cav”, for Natividade Cavalcante block, Paleoproterozoic units in southern 

Parnaíba basin. “Co” is the Archean Colmeia complex within the Araguaia belt. The subdomains of 

Northern and Southern Borborema are represented, “SP” is São Pedro; “PAB”, Piancó-Alto Brígida, 

and “PE-AL”, Pernambuco-Alagoas. In light gray, the abbreviations of the proposed tectonic domains 

of the paper in white color (AR, Araguaia; BdC, Barra do Corda; Bo, Borborema; G, Grajaú; SFC, São 

Francisco Craton; SLC, São Luis Craton; T, Teresina. Letters n and s in the labels stand for north and 

south, respectively.  

In the map of Fig.3.8 the presence of Neoproterozoic terranes or Neoproterozoic 

reworked terranes, assigned to the Brasiliano mobile belts, outcropping around the 

PB (light pink) is remarkable. Adjacent to them, we can find in grey (Fig.3.8), the pre-

Brasiliano basement cratons and inliers (Mesoproterozoic, Paleoproterozoic and 

Archean units), including the Amazonian (AMC), São Luís (SLC) and São Francisco 

(SFC) cratons. Along the TBFZ, in the northeastern and southeastern edges of PB, 

we can find in red (Fig.3.8), the Tamboril/Santa Quitéria (SQMA) and Goiás (GMA) 

magmatic arcs, respectively (e.g. Caixito et al., 2020). To the south of the E-W Patos 

Lineament, within the Borborema Province, there is the Conceição and Betânia 

magmatic arcs (COBEMA; e.g. Caixito et al., 2020), separating the Northern and 

Southern Borborema (including the Transversal Zone) subdomains. These 

Neoproterozoic magmatic arcs are indications of the subduction of oceanic realms 

followed by continental collision (e.g. Cordani et al., 2013a; Caxito et al., 2020). 

Neoproterozoic metamorphic and mylonitic rocks recovered from wells (7 and 13 

wells in Fig.3.8) in the Teresina and TBFZ domains are strong indications that the 

Brasiliano orogeny also affected the eastern portion of the Parnaíba basin basement 

(Cordani et al., 2008a).  

To the west, within the Araguaia belt, we represent in dark green (Fig.3.8) the 

mafic and ultramafic bodies, already interpreted as ophiolites (e.g. Paixão et al., 

2008), suggestive for the presence of a suture zone to the west of PB, although no 

outcropping magmatic arc is described associated to these units. To the east of these 

bodies, there are minor Archean and Paleoproterozoic units, such as the Colmeia 
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complex (Co), the Rio dos Mangues (RdM) and Porto Nacional (PN) complexes, 

exposed in the western and southwestern edges of PB (Fig.3.8), respectively. These 

blocks can be interpreted as reworked portions of the Amazonian craton during the 

Neoproterozoic (e.g. Hodel et al., 2019; Assis et al., 2021), and, due to the 

geographic position, they possibly extend beneath the western portion of PB. The 

occurrence of a Neoproterozoic gneiss, reached by the well “15” (Figs. 3.8 and 3.9a), 

in the western margin of the Riachão basin, suggests the prolongation of Araguaia 

belt related units underlying PB (Cordani et al., 2008a), in this work named the 

eastern Araguaia belt domain (eAr). 

Interestingly, within the central portion of the Grajaú domain, some sedimentary 

and volcano-sedimentary units were sampled under PB. We suggest that these rocks 

might correlate with the Riachão basin, although no basin was identified before along 

the deep regional seismic reflection profile (DRSP in Fig. 3.3; Daly et al., 2014), 

located in the vicinities of these wells. These rocks could also be related to the 

presence of small Early Paleozoic grabens in this region, or even to a much older 

sedimentary cover of Proterozoic age. In the northern portion of the Grajaú domain, 

getting closer to the limit with the Neoproterozoic Gurupi belt, low-grade metamorphic 

rocks are observed (1, 2, 3, 4 and 5 in Fig. 3.8), suggesting the prolongation of this 

belt in this region. According to Cordani et al. (2009a), the Cambro-Ordovician K-Ar 

dating of these rocks might indicate the age of the post-orogenic regional cooling. To 

the south, in the limit between Grajaú and Barra do Corda domains, one well (14 in 

Fig.3.8) recovered a Mesoproterozoic schist (Rb-Sr dating). Cordani et al. (2009a) 

have interpreted it either as a pre-Brasiliano cratonic inlier or a reworked pre-

Brasiliano unit inside a mobile belt. Here we prefer the second option, indicating the 

reworked margin between the Grajaú and Barra do Corda domains, as further 

discussed in the next topic.  

The interpretation of L104 and L007 seismic reflection profiles (see Table 3.1) are 

presented in Figures 9a and 9b, respectively. Above them we present also the non-

interpreted versions of the seismic profiles, which were converted to depth, down to 

7km. The details of the velocity model are available in Porto (2017, 2014). Both 

interpretations focused on showing the different signatures within the PB basement 

domains, and more importantly, the differences between both pre-Silurian basins 

systems already recognized beneath PB: the Ediacaran Riachão basin (RB), in L104 

and the Cambro-Ordovician Transbrasiliano pull-apart basins (TBPAB), in L007. The 
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SW-NE 500km-long L103 profile, located in Fig.3.8, crosses both RB and TBPAB, 

and also the Mid-Crustal Reflectivity, representing a regional view of the central 

portion of PB basement, and it will be discussed together with the 2D forward model, 

in the next topic.  

● The Riachão basin (L104) 

 

The pre-Silurian Riachão basin (Fig.3.8 and 9a) was first described by Porto et al. 

(2018) as a remnant of a 120km wide N-S strike foreland basin beneath the SW 

portion of the Parnaíba Basin. It is composed of three seismoestratigraphic 

sequences (Riachão I, II and III) reaching approximately 4 km of maximum thickness, 

with thrusted margins of opposite vergencies and a central basement high (central 

arch “CA” in Fig.3.8) separating two depocenters. Miranda (2017) also interpreted the 

same dataset with similar results, with exception to the alternative interpretation of 

normal faults controlling the eastern depocenter (equivalent to Riachão III), during a 

later phase of extensional reactivation. Porto et al. (2018) tentatively dated RB 

sedimentation from Late Neoproterozoic (Ediacaran) to Early Paleozoic (Cambrian), 

correlating the basal Riachão I unit to the Ediacaran platform carbonates, also 

present in the Bambuí (São Francisco Basin, to the south of PB) and Ubajara (Ub in 

Fig.3.8, NE margin of PB) groups, due to its high amplitude and high frequency 

seismic character, internally composed of layered parallel events. 

In L104 (Fig.3.9a), we can see the Riachão basin (in blue), extending laterally 

about  140km and with maximum ~4.5km depth, eroded on top by the flat Pre-

Silurian Unconformity (in yellow), upon which lie the subhorizontal  sequences of the 

Parnaíba basin. RB is divided into three sequences, as proposed by Porto et al. 

(2018): the basal Riachão I sequence (in blue), the Riachão II sequence (in pale 

pink) and the Riachão III sequence (in orange), the only one reached by well data 

(16, 17, 18 and 19 in Fig.3.8), composed of clastic sediments.  

Underneath the western Riachão Basin, along 2/3 of the entire extension of L104 

(Fig.3.9a), a remarkable highly reflective upper crust, characterized by short and 

curved westwards dipping events, indicates thrusted and folded metamorphic units of 

the pre-Riachão basement. This region is considered as part of the Eastern Araguaia 

subdomain (pink in Fig.3.9a). In the western tip of L104, the Carolina well (15 in 

Fig.3.8) reached Quartz-diorite gneiss of approx. 608 Ma (K-Ar) at 1170m depth, 
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according to Cordani et al. (2008a). This rock is interpreted as the Neoproterozoic 

Carolina gneiss (Fig.3.9a) and is thrusted upon the highly reflective upper crust. In 

this well, the basal formations of the Serra Grande Group (Ipu and Tianguá 

formations) are absent.  

Some seismic events rooted in the highly reflective upper crust are interpreted as 

eastward verging thrust faults deforming the western margin of the Riachão basin. 

This is the case of a ramp anticline structure deforming the Riachão I sequence, also 

recognized in Porto et al. (2018) and Miranda (2017). Above it, the depocenter of the 

Riachão II sequence is located. This sequence thickens westwards and is thinning 

towards the eroded basement structural high, named as the “Central Arch”, 

represented by the gray arrows in L104 (Fig.3.9a). Here we interpreted on top some 

normal faults caused possibly by the gravitational collapse of the arch, filled up with 

sediments of the Riachão III sequence. This interpretation is similar to the one 

proposed by Miranda (2017). According to both aforementioned studies, the 

compressive phase of western RB is related to backthrusts of the Neoproterozoic 

Araguaia belt upon an undeformed block beneath the Parnaíba basin, to the east. 

This undeformed block is here considered to be part of the Southern Grajaú 

subdomain (grayish green in Fig.3.9a) and is characterized by a seismic transparent 

pattern. 

Overlying the Southern Grajaú basement block, to the east of L104 (Fig.3.9a), we 

interpreted the eastern depocenter of the Riachão basin, where the Riachão III 

sequence reaches approximately 4km thick. Both Riachão I and III sequences, as 

well as the top of the pre-Riachão basement are dipping eastwards in this portion, 

bounded by west verging thrust faults. This structural interpretation for the eastern 

margin in RB is compatible with Porto et al. (2018), but differs of what Miranda (2017) 

has proposed, as these faults would be inverted normal faults. In both cases, the 

configuration of the eastern RB would involve a compressional phase, which, from 

our perspective, was caused by the collision between basement inliers within the 

Grajaú and Teresina domains, along the Barra do Corda transitional zone, here 

interpreted as a mobile belt. This structural context is more clearly explained by 

observing the L103 profile (Fig.3.10, next topic). 
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Fig.3.9 Seismic reflection lines converted to depth (above) with the equivalent geological 

interpretations in (a) L104 and (b) L007, highlighting the main pre-Silurian basins beneath the 
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Parnaíba Basin: Riachão and Transbrasiliano pull-apart basins, respectively, and the shallow 

basement units. Their locations are displayed in the map of Fig.3.8. 

A remarkable characteristic of the eastern depocenter of the Riachão basin is the 

presence of saucer-shaped igneous sills intruding the Riachão III sequence (purple 

dotted line in Fig.3.9a). In some lines (e.g. Porto, 2017; Porto et al., 2018), these 

bodies cross the PSU and connects to shallower sills in PB, indicating a probable 

Mesozoic age for them. The presence of igneous sills in this region might be one of 

the causes for the transparent seismic pattern of the Grajaú block, due to seismic 

signal losses.  

Finally, a simplified representation of the structural framework of RB is displayed 

in the map of Fig.3.8, based on the seismic mapping of Porto et al. (2018). It is 

possible to notice the N-S elongation of the Central Arch (“CA”), separating both 

western and eastern depocenters of the Riachão basin, bounded by N-S thrust faults 

of opposite polarity. According to the tectonic subdivision proposed here (Figs.3.8, 

3.9a), each one of these depocenters lies upon different basement units, part of the 

Eastern Araguaia subdomain (eAr) and Southern Grajaú subdomain (sG), 

respectively. Here, we agree with the interpretation that the RB is a Late 

Neoproterozoic (Ediacaran) foreland basin and we believe that the basin extension 

beneath the western PB is much larger than it is represented in the available maps, 

once the seismic and wellbores dataset is limited in this area. It is also worth noting 

that RB was severely eroded before the PB installation, due to the presence of 

remarkable angular unconformities in the seismic data.   

● Transbrasiliano pull-apart basin (L007) 

 

 The most updated stratigraphic chart of the Parnaíba basin (e.g. Vaz et al., 

2007) describes a pre-Silurian (Cambro-Ordovician) sedimentary sequence filling up 

graben-like structures in the eastern PB, attributed to the Jaibaras Group (e.g. 

Oliveira & Mohriak, 2003). Later, many other authors identified such types of graben-

like structures along the NE-SW Transbrasiliano Fault Zone, using 2D seismic 

reflection data (e.g. Morais Neto et al., 2013; Porto, 2014; Daly et al. 2014; De Castro 

et al., 2016; Abelha et al., 2018; Schuback, 2019). These studies agree that such 

basins were installed as a result of brittle dextral reactivations along the 

Neoproterozoic suture zones, during the Early Paleozoic. Morais Neto et al. (2013) 

recognized at least two phases of reactivations along the NE-SW TBFZ related faults: 
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first, a dextral transtensional one, causing the installation of the Cambro-Ordovician 

basin, and a later transpressional phase, inverting these structures and affecting also 

the post-Silurian sediments of the Parnaíba basin, possibly related to Mesozoic 

reactivations. 

 In L007 (Fig.3.9b), we have interpreted this graben-like structure with a 

maximum width of approximately 110km, composed of a narrow (~25km of width) 

and deep (~4.5km) central trough. The limits of this NE-SW-elongated trough and 

other graben-like structures are displayed in the map of Fig.3.8, based on the studies 

of Schuback (2019), Assis et al. (2019) and Daly et al. (2014), labeled as “a”, “b” and 

“c”, respectively. Together with the Jaibaras basin (Jb), in the NE margin of PB, this 

set of narrow NE-SW elongated grabens composes the here defined Transbrasiliano 

Pull-Apart Basins (TBAPB). 

Similar to what Schuback (2019) proposed, here we have interpreted two 

Cambro-Ordovician seismic sequences filling up the pull-apart basin, called as the 

basal TBPAB sequence I (brown in Fig.3.9b) and above the TBPAB sequence II (light 

brown in Fig.3.9b). The limit between these two sequences is represented by high 

amplitude reflectors, which separate low amplitude seismic patterns, above and 

below it. Morais Neto et al. (2013), Porto (2014) and Abelha et al. (2018) interpreted 

these events as Mesozoic igneous sills, although here we believe that the thickness, 

frequency and amplitude characters of these events differ from the “peak-and-trough” 

typical signature of the sills in the basin.  

Another remarkable high amplitude event is located at the base of TBPAB 

sequence I. Schuback (2019) interpreted it as a pre-rift sequence, since it does not 

show any thickening along the rift faults, while Morais Neto et al. (2013) interpreted 

the same layer as the top of the crystalline basement. Assis et al. (2019), analyzing 

the graben-like structures further north (such as the one in L103, Fig.3.10), 

suggested that these events could represent the carbonate sequences of the Late 

Neoproterozoic Ubajara Group (Ub, in Fig.3.8), correlated to the Riachão I sequence 

(Porto et al., 2018).   

The interpretation presented here is analogous to what Oliveira & Mohriak, 

(2003) proposed for the Jaibaras basin, which seems to be the most reasonable one 

in terms of lithostratigraphic correlation, once there are not any available wellbore 

data penetrating the TBAPB in the Parnaíba basin so far. They proposed the 
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following tectonostratigraphic evolution: (1) Coreaú Dike Swarm intruding the 

Neoproterozoic Ubajara Group, prior to the first extensional tectonic pulse, which 

reactivated NE-SW shear zones and was responsible for the Mucambo pluton 

emplacement (2), followed by the deposition of the Massapê and Parapuí formations 

and associated Parapuí volcano-sedimentary rocks (here taken as coeval to the 

TBPAB sequence I). Then a second pulse (3) is responsible for the emplacement of 

the Meruoca pluton and by the deposition of the alluvial fans of the Aprazível 

Formation (here taken as coeval to the TBPAB sequence II) along the same 

discontinuities. 

According to the tectonic compartmentation proposed here, the TBPAB lies 

upon the Transbrasiliano Fault Zone, at the limit between the Teresina and 

Borborema domains. In Fig.3.8, we display two wells close to the TBFZ that have 

reached metamorphic rocks with mylonitic texture (12 and 13 in Fig.3.8). One of 

these wells recovered a cataclastic phyllite beneath the basin sediments, at 2374m 

depth and yielded an absolute age of 670 +/- 21 Ma (K-Ar, Cordani et al., 2009). This 

information is an indication for the presence of a fault zone (TBFZ) in this region, 

possibly active prior to the installation of the Early Paleozoic TBPAB, reworking the 

margins of the Teresina domain, during the Neoproterozoic. 

Comparing the RB and TBPAB pre-Silurian basins (Fig.3.9), many differences 

can be pointed out. Besides overlying different tectonic units of the basement 

(Fig.3.8), as proposed here, they differ in size, internal seismic character, overall 

external geometry, structural configuration and possibly in age, too. Also, the Pre-

Silurian unconformity (PSU in Fig.3.9) is represented as a much more pronounced 

angular erosional unconformity in the Riachão basin region than in the TBPAB 

basins. In fact, according to Assis et al. (2019), there is a thickening of the basal 

Ordovician-Silurian Ipu Formation (Serra Grande Group of the Parnaíba basin) upon 

these grabens (“b” in Fig.3.8). This is also suggested in the seismic interpretation of 

Abelha et al. (2018). Assis et al. (2019) indicate that the first sequences of the Serra 

Grande Group filled up paleodepressions caused by transtensional reactivations 

along the TBFZ. The isopach maps of Early Paleozoic sequences of PB (Tozer, 

2017; Daly et al., 2019) reinforce this observation, showing thickening upon the 

northeastern Teresina domain and TBFZ, while to the west, close to the Riachão 

basin, these sequences are thinner or even absent, as confirmed in the Carolina well 

(15 in Fig.3.8). 
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3.2.9 2D Forward Model 

 

The SW-NE 500km-long seismic reflection profile of L103 (Fig.3.10d) crosses 

both Riachão and Transbrasiliano Pull-Apart pre-Silurian basins, as well as the Mid-

Crustal Reflectivity (Fig.3.7), representing a regional view of the central portion of the 

Parnaíba basin shallow basement. Along L103, there is also a land gravity survey 

(see Table 3.1), presented in the Bouguer anomaly profile (blue line) in Fig.3.10c. We 

also sampled the Moho relief profile (Fig.3.10a), based on the seismological 

information map of Fig.3.5, using the control points of the gravity stations along L103. 

This way, we were able to perform an integrated 2D gravity forward model (sketch of 

Fig 10c), down to the base of the crust and up to the shallow basement, including 

supracrustal units.  

The first step of L103 forward modelling was the fit between crustal 

thicknesses, derived from the seismology compilation, and the complete Bouguer 

observed anomaly. We started with a very simple model of uniform continental crust 

(2.67 g/cm3) and lithospheric mantle (3.15 g/cm3), using the sampled Moho relief 

(Fig.3.10a) as a boundary between both. The calculated gravity anomaly of the Moho 

is displayed in Fig.3.10b as the black curve; the observed complete Bouguer data is 

displayed in dotted blue line. The blue curve (Fig.3.10b) is the 3rd polynomial fit of 

the complete Bouguer data, calculated using least-squares fitting for the 3rd order 

trend of the input data, and that is an approximation for the regional response of the 

gravity data, caused by deep sources such as the crust-mantle contrast (e.g. Beltrão 

et al., 1991). It is possible to notice a reasonable fit between the 3rd polynomial fit 

and the calculated Moho anomaly, following the same trend of low gravity 

anomaly/deep crust to the west in contrast to high gravity anomaly/shallower crust to 

NE. However, when compared to the complete Bouguer observed anomaly, the error 

of the fit is much larger (RMS error=21.5 mGal), possibly due to density contrasts 

within the continental crust, caused by geological heterogeneities. 

 The second step was to adjust the seismic interpretation along L103 

(Fig.3.10d) to the full interpretative crustal model in order to achieve the best fit with 

the observed Bouguer gravity profile. The seismic line is displayed in two-way travel 

time domain, down to 7s. A raw and non-interpreted version of L103 is presented 

above a full geoseismic interpreted version, with the respective tectonic domains 

assigned above by the colored arrows. Using approximations of the depth conversion 
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velocity model of Porto (2017) for the SW half of L103, we have fit the seismic 

interpretation down to 14km. The density values of the supracrustal sedimentary 

units were the same used in Porto et al. (2018) for the 2D forward model of the 

Riachão basin. For the crystalline and metamorphic basement units, we compiled the 

density values used in the forward models of De Castro et al. (2014), along the profile 

A-A’ in Figs.3.3 and 3.4b, and of Tozer et al. (2017), along the DRP (Fig.3.4c), 

calculating average values of both in some cases. The density of the MCR was taken 

from this second study. For the deeper portions of the crust (>14km), we have used 

values that increase with depth, from 2.82-2.84 g/cm3 in the deep upper crust to 3.0 

g/cm3 at the base of the lower crust. The full discrimination of the density values is 

available in Table 3.2, with the respective identification codes of the geological units 

of Fig.3.10c. This table also presents the regional tectonic interpretation of these 

units assigned to the western Gondwana paleocontinent, discussed later in item 

3.2.10. 

We have achieved a satisfactory fit (RMS error = 2.1 mGal) between the final 

model and the observed Bouguer anomaly, even though we have considered 

constant density values for the Upper Lithospheric Mantle and for the shallow 

sequences of the Parnaíba basin, not taking into account, for instance, the shallow 

diabase sills. We describe bellow each crustal domain of the basement of the 

Parnaíba basin, interpreted along L103 (Fig. 3.10 and Table 3.2), and supported by 

the previous results (Figs. 3.3, 3.5, 3.6, 3.8 and 3.9). 

● Eastern Araguaia belt subdomain (eAr): Only a small part of this 

domain is observed in the SW tip of L103 (Fig.3.10d), which is better displayed 

in L104 (Fig. 3.9a), characterized by a highly reflective crust in the seismic 

data. The eAr is assigned to the Araguaia belt domain, and is here related to 

the eastwards verging thrusts that deform the western border of the Riachão 

basin, upon the Grajaú block (Fig.3.9b). At the SW tip of L103, the Moho is 

found at ~ 43km; nevertheless, it is worth noting that thin crust is found 

westward within the “eAr” domain (see Fig.3.5). To better fit the Bouguer 

anomaly variation of approximately -70 to -60 mGal, we have interpreted two 

metasedimentary units (8 and 7 in Fig.3.10c and Table 3.2), juxtaposed by 

high angle reverse faults, dipping to southwest.  
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Western Gondwana 
Crustal Building Blocks  

Crustal Domains Geological Unit  

L103 2D Gravity 
Model (Fig.3.10) 

Code 
Density 
(kg/m3) 

Phanerozoic Covers 

Parnaíba Basin 
Mesozoic Diabase Sills (Mosquito or Sardinha Fms.) 22 2900 

Phanerozoic Sedimentary Sequences 21 2450 

Transbrasiliano Pull Apart Basins 
Cambro-Ordovician volcano-sedimentary sequences (e.g 
.Jaibaras Group) 19 2510 

Amazonian-West African 
Block (AWB) 

Riachão Basin (Ediacaran Foreland Basin) 
Riachão III Sequence (Clastic sediments) 18a 2510 

Riachão I Sequence (Carbonate Plattform) 18b 2710 

Grajaú Block (pre-Brasiliano inlier) 
Undifferentiated metamorphic basement (transparent 
seismic character) 9 2790 

Eastern Araguaia belt subdomain  
(Eastward backthrusted units) 

Metasedimentary Unit I (Highly Reflective Upper Crust) 7 2780 

Metasedimentary Unit II (Highly Reflective Upper Crust) 8 2810 

Deep Upper Crust (Araguaia Belt/Grajaú Domains) 4 2820 

Central Africa Block (CAB) 

Barra do Corda belt                                                                                                                         
(Westwards thrusted Supracrustal units/ External Zone) 

Undifferentiated Metasedimentary Cover 15 2740 

Metamorphic Rocks I (Low grade?) 10 2760 

Metamorphic Rocks II (Medium to Low grade?) 11 2805 

Syn-collisional Granitoids I 14a 2740 

Barra do Corda belt (Internal zone) 

Metamorphic Rock III (High grade?) 12 2780 

Metamorphic Rock IV (High grade?) 13 2810 

Syn-collisional Granitoids II 14b 2765 

Mid-Crustal Reflectivity (Dettachment fault,suture zone?) 20 2985 

Deep Upper Crust (Barra do Corda belt basement) 5 2830 

Teresina Block (pre-Brasiliano inlier) Archean/Paleproterozoic reworked rocks (?) 

16 2820 

Transbrasiliano Fault Zone (TBFZ) Metamorphic Rock VI (Mylonite?) 17 2790 

Deep Upper Crust (Teresina domain) 6 2840 

Middle Crust 3 2850 

Lower Crust 2 3000 

Mantle 1 3150 

Table 3.2 Tectonic domains, geological units and density values used in the 2D model of Fig.3.10. 
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Fig.3.10 (a) Moho depth along L103, sampled from the map of Fig.3.5; (b) Forward model of the continental 

crust-mantle boundary in relation to the Bouguer gravity anomaly (land survey) and the 3rd  polynomial filter; 

(c) the full forward model of L103 in relation to the Bouguer gravity anomaly. The shallow crust (down to 14km) 

is based on the geological interpretation of the seismic reflection data of L103, displayed in TWTT in (d), raw 

(above) and interpreted (below) versions. 
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● Grajaú block in the Southern Grajaú subdomain (sG): It is characterized by a 

transparent seismic pattern (see L104, Fig.3.9; and L103, Fig.3.10) and a 

Bouguer gravity low (Fig.3.10c), which is represented by a step of -20 to -25 

mGal in relation to the adjacent tectonic units. Certainly, this low anomaly is 

also also due to the sedimentary deposits of the Riachão basin (approximately 

3km thick) located upon it and the thick crustal values from the seismology 

(~43km). We have interpreted this block as an undifferentiated pre-Brasiliano 

basement inlier (9 in Fig.3.10c and Table 3.2). 

 

● Riachão basin (RB): Differently from L104 (Fig.3.9a and 9c), where it is 

possible to see the two depocenters of RB, each side of the N-S central arch, 

including the three Riachão sequences, in L103 we have only Riachão I and III 

sequences, representing the eastern depocenter of the basin (18a and 18b, 

respectively in Fig.3.10c and Table 3.2). Within Riachão III sequence, it is 

possible to notice the igneous sills crossing the Pre-Silurian Unconformity 

(PSU), here interpreted as Mesozoic diabase sills (22 in Fig.3.10c and Table 

3.2). To the east, the seismic events of the Riachao I and III sequences 

disappear, turning into a chaotic seismic pattern, which we interpreted, 

likewise Porto et al. (2018), as the deformed eastern margin of RB, affected by 

the westward verging thrust faults of the Barra do Corda belt. This region 

coincides with the lowest Bouguer anomaly value of L103. 

 

● Barra do Corda belt (BdC): In the seismic data (Fig.3.10d), the eastern margin 

of the Riachão basin, between traces 5601 and 12001, is marked by a chaotic 

seismic pattern with sparse short events of moderate to high amplitude, that 

seem to connect with the Mid-Crustal Reflectivity (MCR, Fig.3.6), between 

traces 12001 and 16801. Here, we proposed a series of subhorizontal 

westverging thrust faults forming a nappe style tectonic regime, alternating low 

grade with medium grade metamorphic overthrusted units (10 and 11 in 

Fig.3.10c and Table 3.2) and occupying approximately 100km of lateral extent 

along L103. In this context, the MCR would be related to a detachment fault 

down to the upper/lower crust boundary, along which possibly igneous 

intrusions or hydrothermal fluids have penetrated, causing the high acoustic 

impedance character observed in the seismic line and interpreted as a high 



74 
 

density value in the forward model (20 in Fig.3.10c and Table 3.2). The 

Bouguer anomaly of this region is represented by high to moderate values and 

a residual undulated anomaly (Fig 10c). Here we interpret this region as the 

external zone of BdC mobile belt, upon the eastern portion of the Grajaú 

block. To the east, this pattern of the Bouguer profile is interrupted by a low 

gravity anomaly, here interpreted as a syn-orogenic granitic intrusion (14a in 

Fig.3.10c and Table 3.2). Adjacent to it, the gravity values increase, and we 

interpreted two units of high-grade metamorphic rocks (12 and 13), with 

transparent seismic character, representing a possible internal zone of the 

BdC belt. Finally, a narrow trough in the Bouguer profile (-65mGal) is 

observed close to traces 24801-26801 in Fig10d, followed by a great positive 

increase. We interpreted this trough as a sin-orogenic granite (14b), marking 

the transition to the Teresina block. 

 

● Teresina block in the Teresina domain (T): As well as the internal zone of the 

Barra do Corda belt, the Teresina block is represented by a transparent 

seismic pattern in Fig.3.10d.Therefore, we have interpreted it mainly based on 

the Bouguer anomaly profile (Fig10c) and the compilation of the other 

geophysical datasets already discussed here, such as the seismological Moho 

depth, that reaches 36km in Fig.3.10a and the distinctive magnetic anomaly 

(Fig.3.6b and 6d). Regarding the gravity anomaly, this region is characterized 

by the highest values (>-35mGal) of L103, leading to the interpretation of a 

dense crustal unit, here taken as Archean/Paleoproterozoic reworked rocks 

(16 in Fig10 and Table 3.2), representing a pre-Brasiliano basement inlier. 

 

● TBFZ and TBAPB: As testified by well data (12 and 13 in Fig.3.8), to the north 

and to the south of L103, Neoproterozoic (?) mylonitic rocks occur along the 

NE portion of the dextral Transbrasiliano Fault zone. Therefore, we have 

considered such units in the final model of (17 in Fig.3.10c and Table 3.2), 

with a slightly lower density than the adjacent units of the Teresina block. In 

the seismic basement, very subtle vertically aligned short events of moderate 

amplitude might correlate to this fault zone. In the shallow basement, we have 

interpreted the Early Ordovician pull-apart basins (19), constrained by 

basement faults and equivalent to the TBPAB sequence I, better detailed in 

L007(Fig.3.9b). The locations of these basins are displayed in Fig.3.9c. as 
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proposed by Assis et al. (2019). 

 

● The “unknown” Undifferentiated Metasedimentary Cover: In the central portion 

of L103, the shallow basement, right beneath the PSU, down to 2.5s, presents 

a moderate penetrative reflectivity of short and curved events, resembling 

deformed low grade foliated metamorphic rocks. This was also observed in 

the other lines of figure 3.7 and we have called it as the Undifferentiated 

Metasedimentary Cover (15 in Fig.3.10c and Table 3.2). Fifty-kilometers apart 

L103, Porto et al. (2018) described the same pattern and associated it to the 

schist recovered by the 1-MS-1-MA well, dated by Rb-Sr of Mesoproterozoic 

age (14 in Fig.3.8, Cordani et al., 2008a). Another possible explanation for 

such anomalies is related to sparse grabens of Early Paleozoic age present in 

a larger area beneath the Parnaíba basin, some of them perhaps reactivating 

shear zones within the Barra do Corda belt, as already suggested in the 

potential field data analysis of De Castro et al. (2014). It is also important to 

consider that these patterns could be seismic artifacts caused by the 

absorption of the seismic signal or even by internal multiples, due to the 

presence of great volumes of high impedance igneous rocks in the Parnaíba 

basin or even within the metamorphic shallow basement, such as some 

bodies interpreted along L103 (22 in Fig.3.10c). 

3.2.10 Discussions  

The new Paleotectonic map of the Parnaíba basin basement 

 

Several orogenic belts, smaller reworked terranes and shear zones are found 

in the surrounding margins of the Parnaíba basin. They were developed during the 

Brasiliano orogeny as the result of the subduction and closure of a major oceanic 

domain, the Goiás-Pharusian Ocean, followed by the development of several 

accretionary and collisional processes (Cordani et al., 2013a; Caxito et al., 2020). In 

this context, the hidden basement beneath the Parnaíba basin remains a 

fundamental piece to unravel the Neoproterozoic puzzle in the NE of Brazil. Is there a 

stable cratonic nucleus beneath the Parnaíba basin, the so-called Parnaíba block 

(Fig.3.2; Daly et al, 2014 and 2018)? Or is the configuration of the Parnaíba 

basement much more related to a continental collisional tectonic setting? 
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The first paleoreconstructions, mostly on the basis of rocks sampled by wells 

and gravity studies, suggested that the hidden basement beneath the Parnaíba basin 

comprises Pre-Brasiliano massifs composed of medium to high-grade metamorphic 

rocks of Early Paleoproterozoic age – possibly produced by a major paleocontinent 

break-up at ca. 900Ma, while the intervenient belts possibly resulted from the later 

Brasiliano orogeny (Cordani et al., 2008b). Weakness zones, associated to the N-S 

and NE-SW structural trends of the Araguaia-Rokelides suture and to the 

Transbrasiliano lineament, respectively, have been recognized as been fundamental 

structures during the long lived Brasiliano orogeny (Cordani et al., 2013a, 2013b; 

Brito Neves et al., 2014; Ganade de Araujo et al., 2014; Caxito et al., 2020 and 

2021). Recent geophysical studies greatly improved the individualization of crustal 

blocks under PB, mainly along the Deep Regional Profile (Figs. 3.3 and 3.4; Daly et 

al., 2018; Soares et al., 2018; Solon et al., 2018; Coelho et al., 2018; De Lima et al.; 

2019; Araujo, 2019; Schiffer et al., 2021). On the other hand, these studies usually 

have not focused on the causative processes justifying the juxtaposition of 

geophysical distinct blocks in the central portion of the PB.  

Building up on these studies, on recent models of western Gondwana 

amalgamation (Caxito et al., 2020 and 2021) and on the analysis of the data we 

produced and reported in the previous topics, we came up with the Paleotectonic 

map of the Pre-Silurian basement of the Parnaíba basin and surrounding areas 

(Fig.3.11) and with a sketch for its Neoproterozoic evolution (Fig.3.12). 

According to our interpretation, the Precambrian basement units of the 

Parnaíba basin, here assigned to crustal domains, explained in the previous topics, 

are divided into two larger crustal building blocks involved in western Gondwana 

amalgamation: the Amazonian-West Africa and the Central African blocks (Fig.1), 

following the studies of Cordani et al. (2013a). They are listed below, as well as 

represented in the legend of Fig.3.11a and in Table 3.2.  

● Amazonian-West Africa block (AWB), including the Amazonian and 

São Luis-West Africa cratons and minor pre-Brasiliano inliers, such as 

the hidden Grajaú block, as well as the associated Neoproterozoic 

Gurupi and Araguaia belts.  

● Central African block (CAB), including the Northern Borborema 

Province (nBo), composed of the hidden Teresina domain and the 
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outcropping Médio Coreaú, Ceará Central and Rio Grande do Norte 

domains; the Barra do Corda belt, interpreted as a Brasiliano belt along 

the Transbrasiliano-Kandi corridor (e.g. Cordani et al., 2013); to SE, the 

Southern Borborema Province (sBo), composed of the São Pedro, 

Piancó-Alto Brígida, Alto Pajeú and Pernambuco-Alagoas domains 

(Caixito et al., 2020) and finally, to the south, the Northern São 

Francisco margin (nSF), including the Natividade-Cavalcante and 

Cristalândia blocks, and associated Northern Brasília, Rio Preto and 

Riacho do Pontal belts. 

 

In Fig.3.11a, besides the crustal domains and subdomains of the Proterozoic 

basement (Paleoproterozoic or even older), we also represent the Pre-Silurian 

basins, as well as the Neoproterozoic magmatic arcs. The tectonic lineaments were 

mainly interpreted from the gravity and magnetic maps of Fig.3.6 and they are 

consistent with the right-lateral kinematics along the Transbrasiliano Fault zone, also 

represented as a mylonitic zone in the map. In Figure 3.11b, the main features 

extracted from the geophysical interpretations are superimposed to the final tectonic 

map, as well as the location of the main profiles and wellbores. Superimposed to this 

map, we have also overlaid the depocenters (700m thick contour line) of the Serra 

Grande Group (orange in Fig.3.11b), which is the basal group of the Parnaíba basin, 

deposited between Late Ordovician to Lower Devonian, and of the Balsas Group 

(green in Fig.3.11b), representing the Upper Carboniferous to Triassic sequences of 

the Parnaíba basin (Daly et al., 2019). 

Approximately 70% of the current surface exposures of Phanerozoic Parnaíba 

basin sedimentary rocks cover two basement tectonic units, the Grajaú block, part of 

the Amazonian-West African domain (AM-WA), and the Teresina block, part of the 

Northern Borborema domain (nBO). The differentiation of these blocks within the 

Parnaíba basement was previously proposed by Cordani et al. (2008b; purple in 

Fig.3.2), who named them respectively as Parnaíba and Granja basement inliers, this 

second one associated to the southern prolongation of the Paleoproterozoic 

basement of the Médio Coreaú domain. This proposal was then improved with the 

advances of geophysical data acquisition in the basin. De Castro et al. (2014), 

analyzing magnetic and gravimetric anomalies, suggested a similar division, naming 

them as the Parnaíba and Teresina domains (blue in Fig.3.2). Soares et al. (2018), 
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using seismic refraction data along the DRP, observed high velocity anomalies within 

the lower crust/upper mantle of the Grajaú block (HVLC in Figs. 3 and 4) and a flat 

and shallower Moho beneath the Teresina block. Solon et al. (2018), based on 

broadband magnetotelluric data along DRP, also observed a very resistive crust to 

the west of Barra do Corda city in contrast to a conductive crust to the east, naming 

them as the Western and Central blocks, respectively. 

 

Fig.3.11 (a) Paleotectonic map of the Pre-Silurian basement of the Parnaíba basin; (b) Support map 

with the main features observed in the data compilation here presented, as well as the locations of the 

depocenter (700m thick contour line according to Daly et al., 2018) of the Serra Grande and Balsas 

groups, Early Paleozoic and Late Paleozoic/Early Mesozoic lithostratigraphic groups of the Parnaíba 

basin. 
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The lateral limit between these two distinctive geophysical units is here 

interpreted as the Barra do Corda transitional domain. The main arguments for the 

individualization of this domain are: (1) high Vp/Vs ratios and subtle eastward dipping 

anomalies within the crust between the Teresina and Grajaú domains, observed by 

Schiffer et al. (2021) along DRP (Fig.3.4e); (2) the presence of  a crustal-scale 

subvertical conductor (“C” in Fig.3.3 and 3.4d) under Barra do Corda, observed by 

Solon et al. (2018); (3) the linear positive and negative anomalies of the residual 

Bouguer map (Fig.3.6c), also observed by De Castro et al. (2014); (4) the presence 

of the northeastwards dipping mid-crustal reflectivities observed in Fig.3.7; (6) the 

westwards thrusted margin of the eastern Riachão basin, proposed by Porto et 

al.(2018) and also here interpreted in Figs. 3.9a and 3.10d. These features, as also 

pointed out by some of the cited authors, correlate to deep crustal discontinuities, 

indicating the presence of suture zones, here interpreted as part of a Neoproterozoic 

mobile belt in the central Parnaíba basin basement.  

This idea was tested in the model of Fig.3.10, where we interpret the external 

zone of metasedimentary overthrusted terranes upon the southern Grajaú block and 

high- grade (higher density) metamorphic rocks composing the internal zone, in the 

nearby Teresina block, indicating a typical reverse-metamorphic zoning observed in 

thrust-fold belts. We called it as the Barra do Corda belt. In the paleotectonic map 

(Fig.3.12a), BdC belt is represented with a sigmoidal N-S elongated shape, possibly 

connecting to the NE-SW Médio Coreaú domain, with related 

metavolcanosedimentary belts (Martinópole Group) in the NE of the Parnaíba basin 

and truncated by the NE-SW Transbrasiliano Lineament to the south. We also 

tentatively prolong the Goiás Magmatic Arc beneath central PB, observed in L103 as 

a low gravity anomaly, modelled as a granitic intrusion (14b in Fig.3.10c). 

To the SE, we have interpreted the prolongation of the Southern Borborema 

Domain (sBo), integrated by Caxito et al. (2020) in the APAMCAP(AY) domain, 

translated as the abbreviations of Alto Pajeú-Alto Moxotó-Rio Capibaribe-

Pernambuco-Alagoas-(Adamawa-Yadé) terranes (Fig.3.12). This domain is bounded 

by the E-W Patos and Pernambuco dextral shear zones, which according to the 

magnetic lineaments here observed and also noticed in De Castro et al. (2014), bend 

NE-SW towards the PB interior, connecting to the Transbrasiliano Fault Zone. In the 

MT profile of Fig.3.4g, Rocha et al. (2019) interpreted these shear zones as vertical 

crustal-scale conductive features (Fig.3.7d), indicating the prolongation of the 
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Southern Borborema structures beneath PB. In the southern part of the profile, a 

major suture zone is interpreted separating the “sBo” and the basement units of the 

Northern São Francisco margin domain (“nSF” in Fig.3.11). The “nSF” is represented 

by the Natividade-Cavalcante and Cristalândia blocks (Fuck et al. 2017; Caxito et al. 

2020; Barros et al., 2020) and the adjacent Neoproterozoic belts (Northern Brasília, 

Rio Preto and Riacho do Pontal), with remarkable NE-SW oriented magnetic and 

gravimetric signatures, as discussed in Fig.3.6.  

The northern and the western portions of the Grajaú block are characterized 

by WNW-ESE and N-S lineaments, representing the reworked margins parallel to the 

Gurupi and Araguaia belts, respectively. To the NW, where the Marajó basin 

(Mesozoic and Cenozoic cover) is located, due to the lack of geophysical data and 

some indications of thick crust (Fig.3.5), we have interpreted the NW prolongation of 

the Grajaú block, separating both Gurupi and Araguaia belts. This was also proposed 

by Daly et al. (2014; green in Fig.3.2) and suggests a possible connection of this 

block with the northern portion of the Amazonian craton. 

We propose the differentiation of the Eastern Araguaia belt subdomain due to 

its distinctive thin lithosphere and thin crust (Figs.4d and 5) and to the presence of a 

highly reflective upper crust, with indications of eastwards verging thrust faults in the 

western margin of the Riachão basin (Figs. 8 and 9a; Porto et al., 2018; Miranda, 

2017). The opposite tectonic transport is observed to the west, where the western 

portion of the Araguaia belt crops out, and to the north, along the DRP, in the deep 

seismic interpretation of Daly et al. (2014; Fig.3.4d). It is worth pointing out that the 

same pattern of thinned crust within the “eAr” was observed westwards by 

Albuquerque et al. (2017) beneath the adjacent Carajás Province (Archean), which is 

part of the Amazonian Craton. More studies are required in order to investigate the 

tectonic significance of this coincidence.  

To the SW of PB, Cordani et al. (2008b) interpreted the Monte Alegre de 

Goiás-Conceição do Tocantins massif (MAC in Fig.3.2), referring to the prolongation 

of the Early Paleoproterozic medium- to high-grade metamorphic rocks exposed in 

the southern margin of PB, to the west of the TBFZ and Goiás Magmatic Arc. The 

increasing geochronological knowledge in this area (Gorayeb et al., 2013; Arcanjo et 

al., 2013; Assis et al. 2021) allowed here the subdivision of such units into Rio dos 

Mangues Complex (“RdM” in Figs. 8 and 11a), to the west, and the slightly older 
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Porto Nacional high-grade terrain (PN in Figs.8 and 11a), to the east. According to 

Assis et al. (2021), both units could constitute part of the Amazonian Craton since the 

Rhyacian, forming distinct crustal blocks during the Neoproterozoic, composing part 

of the Araguaia and Northern Brasília belts basement units.  

 Finally, the NE-SW Transbrasiliano Fault Zone, that crosses 1100km of the 

eastern PB, is here interpreted as a relevant tectonic feature, documented along the 

different analyzed geophysical datasets as a crustal-scale discontinuity or, more 

precisely, a zone of crustal-scale discontinuities. These observations agree with the 

proposal previously discussed here of the Transbrasiliano-Kandi tectonic corridor, 

along which shear zones and suture zones were formed during the Neoproterozoic 

Brasiliano Orogeny in western Gondwana (Cordani et al., 2013a, 2013b; Brito Neves 

et al., 2014; Caxito et al., 2020, 2021; Ganade de Araujo et al., 2014). One evidence 

for this interpretation is the presence of HP-UHP rocks in the Northern Borborema 

domain (Ganade de Araujo et al., 2014), such as the Forquilha eclogite (Fig.3.11a), 

in the limit between the Médio Coreaú and the Ceará Central domains. Added to this, 

the presence of mylonitic rocks of possibly Late Neoproterozoic age in the basement, 

recovered from wellbores (Fig.3.8, Cordani et al., 2008a) reinforces the interpretation 

of late-stage dextral strike-slip and transpressional deformation in this region, 

justifying the northeastwards offset of the Teresina block in relation to the Ceará 

Central and Rio Grande do Norte domains, interpreted in the map of Fig.3.11a.  

 Post-orogenic brittle strike-slip reactivations within the TBFZ are also 

recognized (Brito Neves et al., 1984; Cordani et al, 2008a), exposed in the Cambro-

Ordovician Jaibaras trough (Oliveira and Mohriak, 2003), and interpreted in the 

subsurface as narrow elongated grabens (Fig.3.9b, Morais-Neto et al., 2013; Daly et 

al., 2014; Assis et al., 2019; Schuback, 2019), forming an Early Paleozoic system of 

pull-apart basins along the Transbrasiliano (TBPAB, Fig.3.11a). Ediacaran-Early 

Paleozoic sequences are also observed in the vicinities of the Parnaíba basin, 

confined along other Brasiliano shear-zones: such as the Cococi-Rio Jucá and 

Catolé-São Julião groups (Machado, 2006), along the E-W Borborema shear zones, 

and the Piriá Formation, within the NW-SE Gurupi belt, interpreted as a post-

orogenic rift by Klein et al. (2017). These observations raise the possibility of the 

presence of other Early Paleozoic graben-like structures beneath the Parnaíba basin, 

as a result of post-orogenic relaxation and transtensional reactivations along 

Neoproterozoic shear zones (such as the ones within the proposed Barra do Corda 
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belt.) In this context, the shallow chaotic pattern observed in the central Parnaíba 

basin, here interpreted as the “Undifferentiated Metasedimentary cover” (15 in 

Fig.3.10), could represent this type of post-orogenic sedimentation. 

 Regarding to the implications of the basement configuration for the tectono-

sedimentary evolution of the Phanerozoic Parnaíba basin, it is interesting to note in 

Fig.3.11b the migration of the depocenters from the Early Paleozoic to the Early 

Mesozoic in relation to the position of the tectonic domains proposed here. According 

to the isopach maps based on well data published by Daly et al. (2019), the 700m 

thick contour line of the Serra Grande Group (Silurian to Early Devonian; orange in 

Fig.3.11b) is located upon the Teresina domain, in the same location where the 

MCR-DRP was interpreted. In contrast, the thickening of the Balsas Group (Upper 

Carboniferous to Triassic; green in Fig.3.11b) is shifted to the west, upon the 

northern Grajaú subdomain, where Soares et al. (2018) and Queiroz (2019) 

interpreted magmatic underplating, due to the high velocity anomaly in the lower 

crust (HVLC). The depocenter migration of PB might suggest an inheritance of the 

basement crustal blocks heterogeneities in controlling the basin subsidence through 

time. According to very recent thermo-mechanical models in North African 

intracratonic basins (Perron et al., 2021), the stored gravitational potential energy 

inherited from density and rheological heterogeneities of accretionary continental 

lithosphere is the main explanation for the slow long-term subsidence of such basins, 

as well as for the rise of intrabasinal arches. For these authors, thermal anomalies, 

sediment supply rates or external far-field stresses, alone, does not account for the 

1st order subsidence pattern, although these factors can temporarily change the 

subsidence rates. 

Last but not least, it is very important to emphasize that most of the 

assumptions proposed here are mainly based on geophysical surveys and therefore 

there are multiple possible interpretations for the variety of anomalies here compiled. 

One example, already highlighted by Soares et al. (2018) when analyzing the 

WARR-DRP (Figs.3 and 4), is that younger tectonic processes might be 

superimposed to the Pre-Cambrian basement, such as the intense Mesozoic 

Magmatism (Mosquito and Sardinha formations) observed in the entire extension of 

the Parnaíba basin, also possibly intruding portions of the crust and causing some of 

the seismic anomalies discussed here. This is the reason why, for the understanding 

of such complex collisional system, it is essential to acquire new geochemical and 
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geochronological information from wellbore rock samples and to revise the few 

available data under the light of modern techniques (SHRIMP and LA-IPC-MS U-Pb 

dating, trace elements, etc.). 

 

Implications for Neoproterozoic West Gondwana amalgamation  

 

The evolution and amalgamation of the previously described large tectonic 

domains, since the Tonian until the end of Ediacaran Period, in the Neoproterozoic 

Era, are presented in the sketches of Fig.3.12. This evolution is based on the 

proposal of Caxito et al. (2020, 2021) and supported by the new geochemical and 

geochronological discoveries of Hodel et al. (2019) and Assis et al. (2021) for the 

Araguaia belt, as well as by the new geological report of Klein et al. (2017) for the 

Gurupi belt, previously discussed in the text (item 3.2.2).  

The new assumptions we make here, modifying the sketches of Caxito et al. 

(2020, 2021), are related to the Parnaíba basin area and they are listed below: 

- To the NW of the large Goiás-Pharusian oceanic domain (GPhO), a 

distentional triple junction divided the Amazonian, West African and Grajaú 

blocks during the Tonian (ca. 900-800 Ma), maybe reactivating some 

Paleoproterozoic sutures, such as described by Klein et al. (2017) along 

the Gurupi belt. 

- Meanwhile, island arcs along the GPhO occur to the western margin of the 

North Borborema/Benino-Nigerian block (nBo-BeNi in Fig.3.12; called as 

NOBO-BENI by Caxito et al., 2020), in which we have included the 

Teresina domain. This is also observed in the western margin of São 

Francisco block, including the Cristalândia, Cavalcante-Natividade and 

Crixás domains and forming the juvenille magmatic rocks of the Goiás arc. 

In between, the Southern Borborema domain (sBo, named as 

APAMCAPAY in Caxito et al., 2020) is separated by N-S rifting from “nBo-

BeNi” and northern SFC, with development of the E-W trending 

Transnordestino-Central African Ocean (ca. 700-800Ma). According to 

Caxito et al. (2020) and Ganade et al. (2021), this region of the CAB went 

through a decratonization process, resulting on weakened lithosphere and 

narrow oceanic domains, later involved in a transpressional orogeny 
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marked by intense shearing deformation, now observed in the Borborema 

Province. One of the constraints for this interpretation presented herein 

Fig.3.4d, is the presence of anomalous thinned continental lithosphere in 

this region. 

 

 

Fig.3.12 Tectonic sketches of the western Gondwana amalgamation in the vicinities of the Parnaíba 
basin (NE of Brazil) during the Neoproterozoic, based on the interpretations presented here and also 
in the last studies of Caxito et al. (2020 and 2021). 

 

- The Tonian extensional efforts in the AM-WA domain, accelerated due to 

the subduction processes in the opposite eastern portion of GPhO, leads to 

the formation of the intracontinental Gurupi rift (e.g. Klein et al., 2017) and 

the Araguaia proto-ocean (part of the Clymene ocean to the north?), with 

zones of hyper-extended continental crust (e.g. Hodel et al., 2019), mantle 

exhumation and associated volcanism. In this process (ca. 700-800Ma, 
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Fig.3.12b), parts of the Amazonian Craton (or even from the Grajaú block?) 

were detached and hyper-extended, such as the Archean Colmeia 

Complex, close to the Carajás Province, and the Paleoproterozoic Rio dos 

Mangues and Porto Nacional complexes, to the south (e.g. Assis et al., 

2021). 

- Simultaneously, the NE GPhO was being consumed, marked by the 

developing of the Lagoa Caiçara arc complex, continued to ca. 650 Ma 

(Caxito et al., 2020), approximating the Teresina domain (in the “nBo” 

block) to the western passive margin of the Grajaú and West African 

blocks, that soon (ca.700-630 Ma) was turned into an active margin. In 

orange, the syn-orogenic basins of Fig.3.12c, along the eastern Grajaú 

block, represent the prolongation of the Neoproterozoic metasedimentary 

rocks of the Médio Coreaú domain (Martinópole Group) towards the 

proposed here Barra do Corda belt. 

- The terminal stages of oblique continental collision of the West-African-

Grajaú blocks with the “nBo-BeNi” in the western margin of the Grajaú 

block, followed by the inversion of the Araguaia hyper-extended margin 

and of the Gurupi rift (ca. 630 to 500 Ma). Synchronous to these 

continental collisions, Ediacaran forelands were formed, such as the 

Riachão basin, upon the southern Grajaú block, and the Ubajara basin, 

upon the Médio Coreaú domain. 

 

The geophysical expression of thinned lithosphere and thinned crust observed 

in the Borborema Province is also observed within the eastern Araguaia belt (Figs. 

4d and 5; e.g. Feng et al.,2007; Agurto-Detzel et al.,2017; Mckenzie and Tribaldos, 

2018), indicating the imprints of this hyper-extended margin between the Amazonian 

Craton and the Grajaú block and a possible delamination of the weakened 

lithosphere in the later Neoproterozoic orogenic cycle, similar to what is proposed by 

Ganade et al.(2021) for the Borborema. To the north, close to Grajaú city, the high 

velocity lower crust (HVLC in Fig.3.3; Soares et al., 2018; Queiroz, 2019), instead of 

a Mesozoic magmatic underplate, can be interpreted as a product of eclogizitation in 

the lower crust of the northern Grajaú block, a typical process observed in thick 

continental crusts during shortening processes of orogenesis (e.g. Krystopowicz and 

Currie, 2013). To better constrain such assumption, however, geochemical analysis 
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of lower crust samples, such as mafic and ultramafic xenoliths within the basement 

units of Parnaíba basin, are required. 

In this complex context of oblique continental collisions evolving decratonized 

lithosphere (e.g. Caxito et al., 2020; Ganade et al., 2021) and hyper-extended/proto-

oceanic margins (e.g. Hodel et al.,2019) of the Central African and Amazonian-West 

African blocks, respectively, the closure of the Goiás-Pharusian main external 

oceanic domain occurred along the co-related belts within the Transbrasiliano-Kandi 

corridor (Cordani et al., 2013a). One of these belts is here interpreted as the Barra do 

Corda belt, beneath the central portion of the Parnaíba basin. As a result of the 

gravitational collapse and relaxation of the orogenic plateaus of western Gondwana 

orogen, strike-slip reactivations have probably caused the installation of the Early 

Paleozoic pull-apart basins (TBPAB in Fig.3.11a). 

3.2.11  Conclusions 

 

We were able to identify several basement domains and subdomains beneath 

the Phanerozoic Parnaíba basin, described on the basis of different geophysical and 

geotectonic approaches, which include the analysis of lithospheric and crustal 

thickness, seismic velocity anomalies, gravity, magnetic and electrical character of 

the crust, seismic interpretation constrained by wellbore information of the shallow 

basement and an integrated two-dimensional model of central Parnaíba crust (L103). 

These domains are, from west to east (see Figs.5, 6, 8 and 11): the Araguaia belt 

domain, including the first described eastern Araguaia belt subdomain (Ar); the 

Grajaú domain (G), subdivided into northern and southern Grajaú subdomains (nG 

and sG), the second one covered by the Ediacaran Riachão basin (RB); in the 

center, the newly proposed Barra do Corda belt (BdC); the Teresina domain (T) and 

the adjacent Transbrasiliano Fault Zone (TBFZ), along which the supracrustal 

Transbrasiliano Pull-Apart basins (TBPAB) were installed; the Borborema domain 

(Bo), divided here into northern and southern subdomains (nBo and sBo), and finally, 

in the SE, the crustal blocks of the Northern São Francisco margin (nSF).  

We then tentatively assigned these units to greater paleotectonic crustal 

building blocks (Figs.1, 11 and 12) involved in the western Gondwana amalgamation 

during the Neoproterozoic Era, following regional interpretations (Cordani et al., 

2013a, 2013b; Ganade de Araujo et al., 2014; Cordani et al.,2016). In this way, we 
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could refine the most updated paleoreconstructions of West Gondwana (Caxito et al., 

2020,  2021), that considered a major NE-SW suture zone along the Transbrasiliano-

Kandi corridor crossing the Parnaíba basin and separating the Amazonian-West 

African and Central African crustal building blocks. 

The compilation of geophysical studies (Figs. 3 and 4) shed light on the 

heterogeneities of the Parnaíba basin substract, not only in their margins, where it 

was already expected due to the surrounding complexity of Neoproterozoic 

structures, but mainly in its central portion, where relevant contrasts were revealed in 

different dataset acquisitions along the Deep Regional Profile (DRP, Fig.3.3). These 

studies allowed the differentiation between the Grajaú and Teresina domains, located 

respectively to the west and to the east of Barra do Corda city, in central PB.  

The updated map of crustal thickness (Fig.3.5) in Parnaíba basin broadens the 

understating of these crustal heterogeneities, informing not only the differences 

between western and eastern Grajaú and Teresina domains, but also the presence 

of a thinner crust indentation observed to the southwestern portion of PB. This region 

was interpreted as the SE prolongation of the Neoproterozoic Araguaia Belt beneath 

PB, where eastwards verging thrust faults were interpreted in the seismic reflection 

data (Fig.3.9a), defining a zone of back-thrusts (Eastern Araguaia domain) of the 

Araguaia belt upon the hidden Grajaú block (pre-Brasiliano inlier; Table 3.2). 

New descriptions of mid-crustal reflectivities dipping northeastwards to the 

south of the DRP (Fig.3.7), along the eastern margin of the Teresina domain, 

reinforced the interpretation, already suggested by some authors (Solon et al.,2018; 

Araujo, 2019; Schiffer et al., 2021), of the presence of paleosuture zones buried 

beneath central PB. In the seismic profile L103 (Fig.3.10), the MCR was connected 

to shallower thrust faults, deforming the eastern margin of the Riachão foreland 

basin. This basin, previously described in the literature (Porto et al., 2018; Miranda, 

2018), is key to understand the complexity of the collisional setting beneath PB, 

involving to the west the back-thrusts of the Araguaia belt upon the southern Grajaú 

block, and, to the east, the thrusts of what we here defined as the Barra do Corda 

belt (BdC), marking the limit between the Grajaú and Teresina domains. In the 

Bouguer residual map (Fig.3.6c), the BdC is characterized by NNE-SSW elongated 

positive and negative stripes, possibly indicating the tectonic contact of low and high 
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grade metamorphic rocks. A similar Bouguer signature is observed to the west, in the 

Araguaia belt.  

Finally, the presence of Neoproterozoic mylonitic rocks recovered in the 

wellbores (Fig.3.8), as well as the NE-SW sigmoidal gravity and magnetic lineaments 

(Fig.3.6) support the interpretation of the Transbrasiliano Fault Zone as a dextral 

shear zone that was active in the final stages of the Brasiliano orogeny, also affecting 

E-W shear zones within the Borborema Province (Ganade et al., 2021). The TBFZ 

was reactivated during the Early Paleozoic, controlling the installation of narrow pull-

apart basins beneath PB, here called as the Transbrasiliano Pull-Apart Basins 

(TBPAB) and interpreted in L007 (Fig.3.9b). These basins are possibly coeval to the 

Cambro-Ordovician Jaibaras trough and to other narrow basins constrained along 

Neoproterozoic reactivated faults. 

It is remarkable in the seismic data (Figs. 9 and 10), the erosional 

unconformity limiting the base of the Parnaíba basin (Pre-Silurian Unconformity), 

observed especially in the southwestern portion, upon the Riachão basin. According 

to the isopach maps of PB, based on well data (Daly et al., 2019; Fig.3.11b), the 

depocenter of PB migrated from east, upon the Teresina domain, to northwest, upon 

the Grajaú domain, during the Paleozoic. This is an indication of inherited basement 

control during the basin evolution, although more studies are required to establish 

this causative connection. The Mesozoic magmatic and extensional events that 

affected the PB is another theme for future studies, once such events could 

reactivate or even mask geophysical signatures of the pre-Silurian basement 

configuration proposed here. 
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3.3 Additional Information 

3.3.1 The Continental Lithosphere beneath the Parnaíba basin 

The lithosphere includes the crust and part of the upper mantle and represents 

the rigid outermost layer of the Earth, varying from 50 to 300 km thick (Condie, 

1997). For the analysis of the continental lithosphere in the Parnaíba basin, two 

studies are compiled in Fig.3.13: Mckenzie and Tribaldos (2018) and Feng et al. 

(2007), the latter also supported by the results of Arturo et al. (2015; see Fig.3.4). 

These studies use surface wave tomography to estimate shear wave velocities (Vs) 

as a function of depth (z), based on the phase velocities of fundamental Rayleigh and 

Rayleigh waveforms. The Vs(z) values indirectly indicate the lithosphere thickness, 

once S waves are sensitive to vertical temperature gradient changes and to the 

constrast with the velocity attenuation zone of the asthenospheric mantle, due to 

partial melting (McKenzie and Priestley, 2007; Priestley and McKenzie, 2006). 

High Vs(z) values normally indicate “cores” where the lithosphere is thicker and 

around which continental deformation takes place, sometimes coinciding with the 

limits of Archean or Proterozoic cratons (McKenzie and Priestley, 2007). McKenzie et 

al. (2015) have built a lithospheric thickness map of Pangea by paleoreconstruction 

of continents in the Permian. Later, McKenzie and Rodriguez Tribaldos (2018) used 

this data restricted to the Parnaíba basin and obtained a range of lithospheric 

thickness from 150 to 180 km for the basin area (Fig.3.13.a). The northern 

lithosphere is thicker (170-180km) and seems to connect to the Amazonian craton 

“core”. The southeastern part presents lower values of 160-170 km thick, along an 

ENE-WSW trend, which is interpreted as a prolongation of Pan-African Brasiliano 

belts along the Transbrasiliano-Kandi lineament in both African and South American 

continents. Here, we associate the northern thicker lithosphere to the Grajaú block 

and the NW Araguaia belt, in contrast to the slightly thinner lithosphere of the eastern 

Araguaia belt, TBFZ and Borborema domains. 

According to the S-wave velocity map at 100km depth obtained by Feng et al. 

(2007) and presented in Fig.3.13b, it is possible to recognize three areas of distinct 

Vs anomalies within the Parnaíba basin. This pattern is also observed in the map 

from Agurto-Detzel et al. (2015). In the northern part, two areas of high velocities 

(approx. 7% above the average 4.492 km/s) are located westward and eastward of 
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Barra do Corda, representing the northern Grajaú and the central Teresina domains, 

respectively. This thick lithosphere “core” located to NW also seems to connect to the 

Amazionian craton and is similar to the McKenzie et al. (2015) interpretation. Feng et 

al. (2007) observed high S velocities down to 150 km depth beneath the northern 

Parnaíba basin and correlated it to a cratonic nucleus, compatible to what is also 

found in the Amazonian craton and beneath the Paraná and Michigan basins. To 

SW, close to Riachão, there is an area of average to low velocity anomaly, which 

coincides with the western margin of the pre-Silurian Riachão basin (Porto et al., 

2018) and with the thinned crust observed in the Eastern Araguaia domain. 

In both maps of Fig.3.13, the Borborema Province is a region of thin lithosphere 

(140-110 km) and average to low S-wave velocities at 100km depth. This region is 

considered by McKenzie et al. (2015) as the southern extension of the Pan-African 

active margin of Pangea, which is represented by a concave area of thinner 

lithosphere underlying what are now North Africa, Arabia and Western Europe. 

Agurto-Detzel et al. (2015) noticed the same lithospheric thinning towards Borborema 

and the NE Brazilian margin, followed by the increase of seismicity in this area. 

Another thin lithospheric anomaly in the eastern margin of the Parnaíba basin, 

located beneath the E-W trend of the Mesozoic Araripe basin, interpreted by Garcia 

et al. (2015), using Magnetotelluric inversion. 

Geochemical isotopic analysis of magmatic rocks represents an alternative 

approach to understand heterogeneities within the deeper portions of the continental 

lithosphere. The studies of Heilbron et al.(2018) and Silva et al.(2017) analysed 

samples of Mesozoic magmatic rocks restricted to the NE portion of the Parnaíba 

basin and concluded that they derive from different mantle sources, inferring lateral 

geochemical heterogeneities within the subcontinental lithospheric mantle in this 

area. For Heilbron et al. (2018), these differences are related to the Proterozioc 

tectonic evolution of the Borborema province. Their results show a spatial distribution 

of the Low TiO2 basic rocks with possible depleted mantle source in the NE in 

contrast with the High TiO2 dolerites with inferred fertile mantle source to the SE, 

respectively above and below the E-W prolongation of the Senador Pompeu 

lineament (see Fig.3.13), which also separates the Ceará Central and the Rio 

Grande do Norte tectonic domains in the Borborema Province (defined here as the 

Northern Borborema subdomain).  
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Fig.3.13: (a) Lithospheric thickness map and (b) S-wave velocity map at 100k depth slice in the 

Parnaíba basin and surrounding areas, modified after McKenzie and Rodriguez Tribaldos (2018) and 

Feng et al., (2007), respectively. “nG” stays for Norther Grajaú subdomain, “T”, Teresina domain, “eAr”, 

eastern Araguaia subdomain, “nBo”, northern Borborema subdomain and “sBo”, southern Borborema 

subdomain. Note the location of the Senador Pompeu Lineament, in gray, as a possible lithospheric 

limit in the Borborema Province. 

 

 

3.3.2 Electrical conductivity of the crust beneath the Parnaíba basin 

We compare three studies based on electromagnetic methods in order to 

unravel the crustal electrical conductity configuration beneath the Parnaíba basin.  

Arora et al. (1999) applied the GDS (geomagnetic deep sounding) methodology 

using an array of 29 magnetometric stations in the NW of the Parnaíba basin and 

surrounding areas. The result of their thin sheet model shows the conductivity 

distribuition within the shallow crust of PB and is presented in the map of Fig 3.14a. 

Solon et al. (2018) acquired and processed approximately 1430km of 

broadband and long period Magnetotelluric data along the E-W DRP. Using the same 

type of data and processing methodology, Rocha et al. (2019) presented a NNW-

SSE 470km–long profile in the SE marging of the Parnaíba basin, crossing also part 

of the southern Borborema Province and northern São Francisco craton. We 

compare the final 3D vertical inversion resistivity models of both studies, displayed in 
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the profiles of Figs. 3.14c and 3.14d. These profiles were also analyzed in item 3.4, 

but in the present topic they are shown in more detail. We also compile the horizontal 

depth slices of these inversions models within crustal depths of 10km, 20km and 

30km, available in Solon et al. (2019) and Rocha (2019), and presented as a 

resistivity contour map in Fig. 3.14b. 

Key observations from these literature compilations (Fig.3.14) are listed below, 

according to the domains suggested previously in the “Scientific Paper 1”: 

 

 Western Araguaia belt subdomain: In the maps of Fig. 3.14, it is possible to 

observe that the northwestern portion of PB, close to the Araguaia belt, 

resembles a low conductive (high to moderate resistive) anomaly zone. Solon 

et al. (2018) noticed subvertical high resistive anomaly zones in the western 

stations of DRP, crossing the upper crust down to the upper mantle. They 

have associated them to the Quatipuru and Araguaína fault zones (Fig.3.14b), 

also observed by Daly et al. (2014).  

 

 Eastern Araguaia belt: To the south of the western margin of PB, close to 

Riachão city, Arora et al. (1999) observed a subrounded low conductive 

anomaly. This area coincides with the observed thin crust and thin lithosphere 

of figures 3.5 and 3.4d, respectively, and also with the western thrusted 

margin of the Pre-Silurian Riachão basin (Fig.3.9a). However, this resistive 

anomaly might also correlate to the the surface lava flows exposures and 

diabase intrusions of the Juro-Triassic Mosquito Formation, defined by De 

Castro et al. (2018) as the Northern Mosquito Magnetic Domain, with a ENW-

WSW orientation and confined to the Araguaia belt. 

 

 Gurupi belt/Northern Grajaú block: In the NW Parnaíba basin, Arora et al. 

(1999) recognized a NW-SE-elongated high conductive anomaly, named as 

‘LINK’ (Fig.3.14a), which was interpreted as a sedimentary connection 

between the Parnaíba Basin and the Marajó Graben (rift?), where sea 

transgressions have taken place during the early stages of the basin evolution. 

This NW-SE trend is also parallel to the main orientation of the Neoproterozoic 

Gurupi belt. Uchoa et al. (2020), in a NNW-SSE 180-km long MT profile 

crossing the northern margin of PB and adjacent Gurupi belt and São Luis 
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craton, also noticed highly conductive anomalies for the shallow sediments of 

Parnaíba and São Luis basins in contrast with highly resistive anomalies in the 

Gurupi belt 

 

Fig. 3.14 (a) Conductance distribution map adapted from Arora et al.(1999); (b) Resistivity distribution 

map within crustal depths (-10 to -30 km) based on 3D inversion models from Solon et al.(2018) and 

Rocha (2019);  and below, the vertical cross-sections of the 3D inversion models from (c)Solon et al. 

(2018) and (d) Rocha et al. (2019). 
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 Grajaú block: Near Grajaú city, Arora et al. (1999) and Solon et al. (2018) 

recovered moderate to high resistive anomalies. This is also observed in the 

profile of Fig.3.14c, especially at depths greater than 30km, with high resistive 

lower crust and upper mantle, within the entire “Western block”(brown arrows), 

encompassing also the Amazonian Craton, Araguaia belt and the first 200 km 

of the western Parnaíba Basin, within the Grajaú block. The same resistive 

anomaly values were observed for the São Francisco Craton, in the SE 

margin of PB by Rocha et al. (2019).  

 

 Teresina block: In contrast, to the east, within the Teresina domain (eastern 

Parnaíba block), both profiles (Figs. 3.14b and 3.14c) showed moderate 

resistive values for the lower crust. Arora et al. (1999) described a NE-SW-

elongated conductive anomaly, parallel to the TBFZ, crossed by E-W central 

embedded resistive anomalies, and named as the Parnaíba Basin 

Conductivity Anomaly (PBCA; Fig.3.14a). These authors presented two 

possible interpretations for the PBCA: the presence of a deep graben-like 

structure in the basement of the basin or carbon bearing rocks hydrothermally 

altered by Mesozoic magmatic activity. The resistive embedded block would 

be accounted for the presence of igneous sills and dykes. For us, the ‘PBCA’ 

(Arora et al., 1999) could correlate to the Teresina domain itself, and the 

WNW-ESE resistive zone, to the northern prolongation of the DRP-MCR (see 

Figs. 3.4 and 3.7). Southwards, close to the SW portion of L103, these authors 

observed a NE-SW-elongated-high-conductive anomaly. According to Solon et 

al. (2018) shear zones related to crustal limits might serve as paleofluid 

pathways preserving a high conductivity character. 

 

 Barra do Corda belt: The regional contrast between the high (Grajaú or 

Western block) and moderate (Teresina or Central block) resistive anomalies 

is locally marked by a cylincrical conductor observed by Solon et al.(2018), 

named here as “C”,  in the vicinities of Barra do Corda city. In the profile of  

Fig.3.14c, the “C” conductor dips westwards down to approximately 30km and 

it was suggested by Solon et al. (2018) as possibly caused by the presence of 

graphite concentrated along faults, marking a geosuture between two 

terranes. This supports our interpretation in the profile of crustal-scale thrust 
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faults arranged as a “positive flower” configuration, typical of transpressional 

tectonics. The seismic features, such as the high Vp/Vs ratio anomalies 

observed by Schiffer et al. (2021) and interpreted as a suture zone, reinforce 

this interpretation. 

 

 TBFZ/Borborema Province: Eastwards, the trends of the contour lines of 

Fig.3.14b seem to align with the NE-SW strike of the TBFZ. Solon et al.(2018) 

observed narrow NE-SW-elongated high and low resitive zones laterally 

juxtaposed along the TBFZ width and called it as the Eastern block, including 

part of the low resistive Borborema  Province (Fig.3.14c). To the SE, Rocha et 

al. (2019) observed the same pattern and inferred the prolongation of main 

suture zones of southern Borborema (Patos and PE shear faults), aligned to 

the conductive zones. In the profiles, the conductive and resistive zones 

extend from the upper crust to the upper mantle with remarkable vertical dips. 

In the shallow crust, a high resistive body within TBFZ was interpreted as a rift 

by Rocha et al. (2019). Romero et al. (2019) using broad-band MT data along 

the SE border of the Parnaíba, also described resistive graben-like structures, 

down to ~2 km, and conductive zones associated to Neoproterozoic shear 

zones in the upper/mid-crust. 

 

3.3.3 The Mid-Crustal Reflectivity: further examples and forward 
models tests. 
 

 Table 3.3 summarizes the properties of the mid-crustal reflectivity (MCR), 

already described in item 3.2.7, based on seismic reflection characteristics and 

Bouguer gravity anomalies. We also add information of L102 and L109, where the 

MCR was also observed (see Fig.3.7).  
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Table 3.4 Main characteristics of the Mid-Crustal Reflectivity in seismic and gravity data observed in this study 

and along the DRP, based on the descriptions of Daly et al. (2014); Tozer (2017) and Manenti et al. (2018).  

The MCR in the Parnaíba basin is still poorly constrained in the available 

literature. It was first observed along the DRP by Daly et al. (2014), who did not 

inform any geological interpretation for the origin of this seismic anomaly. Then, in 

the study of Tozer (2017) the MCR was interpreted as the top of an anomalous 

dense lower crust of possible mafic composition beneath the entire Parnaíba block 

(here comprising the Grajaú and Teresina domains). This interpretation is 

represented in Fig.3.15, modified after Tozer (2017). The study of Manenti et al. 

(2018) performed some seismic processing procedures along the DRP and 

suggested that this layer is related to a much localized body. They suggested that the 

DRP-MCR could be interpreted as a magmatic intrusive subhorizontal layer confined 

to the middle continental crust (laccolith or sill?; Fig.3.16).  
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Fig.3.15 (a) Deep seismic reflection profile (DRP) in depth domain, non-interpreted version, available in Tozer 

(2017); (b) Interpreted DRP highlighting the main crustal discontinuities: in yellow, the base of the Parnaíba 

basin (PB); in green, the seismic Moho interpretation, in red, the MCR, interpreted by Tozer (2017) as the top 

of a mafic and dense lower crust beneath PB. The black arrows represent the tectonic domains of the 

basement proposed in this study, AMC stays for Amazonian Craton, AR, Araguaia belt, AFZ, Araguaína Fault 

Zone, BdC possible location of the Barra do Corda belt, and TBFZ, the Transbrasiliano Fault Zone. 

 

Fig.3.16 (a) Deep seismic reflection profile (DRP) in two-way time domain, non-interpreted version, available 

in Manenti et al. (2018); (b) Interpreted DRP highlighting the main crustal discontinuities: in yellow, the base 

of the Parnaíba basin (PB); in green, the seismic Moho interpretation, in red, the MCR, interpreted by 

Manenti et al. (2018) as an igneous intrusion within the crust. The black arrows represent the tectonic 

domains of the basement proposed in this study, AMC stays for Amazonian Craton, AR, Araguaia belt, AFZ, 

Araguaína Fault Zone, BdC possible location of the Barra do Corda belt, and TBFZ, the Transbrasiliano 

Fault Zone. 

De Castro et al. (2018) have also observed the MCR along L103 (Fig.3.17) 

and interpreted it as a deep intra-basement intrusive feature, dipping northeastward 

from 9 to 12.5km depth, characterized by a positive long-wavelength magnetic 

anomaly. They correlated this region to the DRP-MCR described by Daly et al. 
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(2014) and Tozer et al. (2017) and interpreted these features as feeder zones for the 

magmatic rocks observed in the Parnaíba basin. In the TMI magnetic map of Fig. 

3.17b, it is noticed that this positive magnetic anomaly in L103 occurs in other 

portions where the MCR is observed in the seismic, coinciding also with the western 

limit of the Teresina magnetic domain interpreted in De Castro et al. (2014, see 

Fig.3.2) and the homonymous tectonic domain interpreted in this study (see 

Fig.3.11). This positive magnetic lineament was regionally observed in the tectonic 

map of South America and coincides with the region where the Barra do Corda belt is 

proposed (Fig.3.11 and Fig.3.17b).  

 

Fig.3.17 (a) Magnetic anomalies along L103; DMA refers to the deep and IMA2, to intermediate 
anomalies. The sedimentary sequences of the Parnaíba basin are II: Silurian–E. Devonian, III: M. 
Devonian–E. Carboniferous, and IV: L. Carboniferous–E. Triassic. Modified after De Castro et al. 
(2018); (b) Total magnetic anomaly map showing the location of the MCR observed in seismic data. 
The tectonic domains are: “G”: Grajaú, “T”: Teresina, “BdC”: Barra do Corda. RB stays for the pre-
Silurian Riachão basin. The dashed black lines represent the regional magnetic lineament of Cordani 
et al.  
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 Forward Model tests of the MCR 

Two different forward models were performed along the Bouguer anomaly 

profile of part of L103 where the Mid-Crustal Reflectivity (MCR) was observed, 

presented in Figs. 3.18b and c. The main goal of these models was to test different 

hypothesis raised in the available literature of the Parnaíba basin about the 

geological origin of this seismic anomaly (Figs. 3.15 and 3.16; Tozer, 2017; Manenti 

et al., 2018 and De Castro et al., 2018) 

First the data were compared with the regional gravity effect of the Moho relief, 

considering homogeneous crust and upper mantle. The fit between observed and 

calculated data in this specific crop of the L103 was much smaller (RMS error of 3.9 

mGal; Fig.3.18a) than the one observed in the full L103 (Fig.3.9b). The Moho depth 

in this region presents a smooth variation from 40 to 41km depth, with the maximum 

value roughly positioned in the middle of the profile. 

Secondly, the first test (Fig.3.18b) to model the gravity anomaly around the 

MCR in L103 followed the same parameters of density used by Tozer (2017), 

presented in Table 2.3 (see Chapter 2), considering the MCR as the top of a dense 

lower crust (2985 kg.m-3). The top of the lower crust geometry was guided by the 

MCR reflection observed in the seismic data (Fig.3.7b). The base of the sedimentary 

Parnaíba basin (Pre-Silurian Unconformity) was guided by the seismic imaging (see 

Fig.3.9), at approximately 2.8km depth. This was estimated based on the depth 

converted lines available in Porto (2017), and previously described in Chapter 2.  

Constant bulk density was considered for four layers, in similarity to what 

Tozer (2017) has applied along DRP (Table 2.3 in Chapter 2). They are, from base to 

top (Fig.3.18b): the mantle (3150 kg.m-3, the same used in the model of Fig.3.9), the 

mafic and dense lower crust (2985 kg.m-3), the upper crust (2810 kg.m-3) and the 

Parnaíba basin sedimentary sequence (2460 kg.m-3). The fit of the calculated 

anomaly for the first model in relation to the observed Bouguer data was much worse 

(RMS error of 10.5; Fig.3.18b) than in the model of Fig 3.18a.   

In the second model (Fig 3.18c), the suggested geological interpretation for the 

MCR given by Manenti et al.(2018) and reinforced by De Castro et al. (2018), was 

tested, in which the MCR is interpreted as an ingneous intrusive layer (sill? 

laccolith?) within the lower crust. The following parameters were applied: 
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 Densities and geometries of mantle, upper crust and Parnaíba basin 

sedimentary layers were kept equal to the previous test (Fig.3.18b). 

 Density of 2870 kg.m-3 for the Middle Crust (beneath the MCR), the same 

suggested by De Castro et al. (2014) for the Parnaíba block (see Table 2.3 in 

Chapter 2). 

 Addition of a Lower Crust at constant 31km depth and density value of 3000 

kg.m-3, also assumed by Castro et al. (2014) for the Parnaíba block (see Table 

2.3). 

 Addition of a 1.5-2.5km thick layer of 2.985 kg.m-3 density (same value 

suggested by Tozer, 2017 for the MCR) following the same geometry of test 1, 

guided by the MCR observed in the seismic data. 

 

The calculated anomaly for these above mentioned parameters presented in 

figure 3.18c shows a much better fit (RMS error of 4.7 mGal) with the observed data, 

when compared to the first model (Fig.3.18b), but a slightly worse fit when compared 

to the Moho relief model (Fig.3.18a).  

Some conclusions are drawn from the aforementioned forward model tests. It is 

unlikely that the MCR is the top of a uniform dense lower crust, as suggested by 

Tozer (2017) and tested in Fig.3.18b. This is not only confirmed by the high RMS 

error of the forward model fit along L103, but also by the average Bouguer anomalies 

along the different regions where the MCR was observed (see Table 3.3). As 

presented in the Bouguer profiles of Fig.3.7, the MCR is not located essentially in a 

regional gravity high. Actually, the maximum values of gravity anomalies are shifted 

and the new observations of the MCR are located in semi-regional lows. However, 

residual positive gravity anomalies seem to be related to the presence of the MCR, in 

the order of 10-20 mgal (Fig.3.7). In the DRP the variation is greater, but the lateral 

length too. This implies that this layer possibly marks a dense, but localized buried 

body within the crust. This interpretation is reinforced by the high acoustic impedance 

(high amplitude) of the reflectors in the seismic reflection data, and by the positive 

magnetic anomalies observed in De Castro et al. (2018). 

The further integrated analysis presented in the “Scientific Paper 1” (item 3.2) led 

to the interpretation that the MCR is related to a crustal-scale fault, separating the 

Grajaú and Teresina domains, within the Barra do Corda mobile belt. If so, 

hydrothermal fluids and metals concentrated along the fault plane could geologically 
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explain the observed localized high gravity and magnetic anomalies, as well as the 

high amplitude contrast in the seismic. Another possible explanation is the intrusion 

of igneous sills (testes in Fig.3.18c) along this crustal-scale discontinuity. 

 

 

Fig. 3.18 (a) Forward model of L103 cropped to MCR region (see Fig.3.11a) and adjusted to the Moho relief. (b) 

Forward model (test 1) of L103 cropped to MCR region, using the same parameters of Tozer (2017) for the 

crustal densities (see table 2.2), where the MCR is the top of a dense lower crust. (c) Forward model (test 2) of 

L103 cropped to MCR region, using the same geological interpretation suggested by Manenti et al. (2018), where 

the MCR is a layer of magmatic intrustion.  
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3.4 Final Remarks 
 

In this chapter, the Neoproterozoic/Early Paleozoic tectonic evolution of 

Northeast Brazil has been reviewed from the perspective of basement terranes 

beneath and in the vicinity of the Parnaíba basin and inside the context of recent 

maps of western Gondwana amalgamation. 

An updated tectonic map of the basement was proposed, based on: (1) GIS 

compilation of geophysical datasets (seismic refraction, receiver function analysis, S-

wave information of the lithosphere, magnetotelluric, gravity and magnetic anomalies, 

etc.); (2) updated crustal thickness map compiled from available seismological 

surveys; (3) reinterpretation of magnetic and gravimetric lineaments; (4) seismic 

interpretation of deep and shallow basement features in the central Parnaíba basin; 

(5) basement lithological and age information from wellbores; and (6) integrated 

forward models along a 500km-long NW-SE profile in the central portion of PB. 

The key results of this chapter are summarized below: 

 

 The basement of the Parnaíba basin is composed of two main pre-Brasiliano 

inliers (Grajaú and Teresina blocks) surrounded by Brasiliano mobile belts, 

assigned to two major crustal building blocks of western Gondwana: the 

Amazonian-West Africa (AWB; to the west/north) and the Central African 

blocks (CAB; to the east/northeast). 

 In spite of a stable cratonic block in the center of the basin basement, a mid-

crustal reflectivity was interpreted as a suture zone marking the closure of the 

major Goiás-Pharusian Ocean during the Neoproterozoic, along the NE-SW 

TranBrasiliano-Kandi corridor. 

 A zone of thinned continental crust (~36km) and continental lithosphere 

(<160km) is observed in the southwestern portion of the Parnaíba basin, 

interpreted as the eastern prolongation of the Araguaia belt. Seismic data 

show a highly deformed shallow crust marked by back-thrusts verging 

eastwards.  

 Two pre-Silurian basin systems were identified prior to the Parnaíba basin 

installation: the Ediacaran Riachão foreland basin and the Transbrasiliano 

pull-apart basin system. 
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Chapter 4 

The Early Paleozoic tectonic evolution of 

Parnaíba Basin: links with the basement 

configuration. 

 

4.1 General Outline 

 This chapter presents the first publication of this thesis (called here as the 

“Scientific Paper 2”, item 4.2), entitled as: “The Ordovician-Silurian tectono-

stratigraphic evolution and paleogeography of eastern Parnaíba Basin, NE 

Brazil”, as well as some additional studies (item 4.3) related to the initial tectono-

stratigraphic evolution of the Parnaíba basin during the Paleozoic and possible links 

with the new proposal of the basement configuration, presented in Chapter 3.  

The “Scientific paper 2” aims to unravel the Ordovician-Silurian sedimentary 

record in the Parnaíba basin, one of the largest preserved in western Gondwana and 

assigned to the Serra Grande Group. Surface and subsurface data of the eastern 

portion of PB were used to support a depositional model for this group, including 

paleogeographic reconstructions of western Gondwana. The contribution of the PhD 

candidate for this study consisted of supporting the surface geological data sampling 

and analysis during the field trip (see location in Fig.2.1); interpreting and writing the 

topic 4 of item 4.2, called as the “Subsurface data analysis”; and helping on the final 

discussions, especially regarding the tectonic controls. It is worth saying that the 

detailed sedimentary facies analysis presented in the paper (topic 3 of item 4.2) is 

not deeply covered by the scope of the present Thesis. 

In item 4.3, the pre-Silurian unconformity (PSU), formed prior to the Serra 

Grande group deposition, is presented from well, seismic and surface geological data 

perspectives. Its subsurface relief is compared to the final geotectonic map of the 

basement (Fig. 3.10). Then, the spatial distribution of the depocenters of the 

Parnaíba basin during the Paleozoic is briefly discussed, comparing the isopach 

maps of the Serra Grande, Canindé and Balsas groups with the proposed 

paleotectonic map of the basement.  
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4.2 Scientific Paper 2 

[Published paper reference: “Assis, A.P., Porto, A.L., Schmitt, R.S., Linol, B., Medeiros, 

S.R., Correa Martins, F., Silva, D.S., 2019. The Ordovician-Silurian tectono-stratigraphic 

evolution and paleogeography of eastern Parnaíba Basin, NE Brazil. J. South Am. Earth 

Sci. 95”.  

Figures, tables, and topics numbering was kept as original publication. 

Fig.1 refers to Fig.4.1, Fig.2 to Fig.4.2, and so on. References are in the final of the thesis.] 
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4.3 Additional Information 

 4.3.1 The Pre-Silurian Unconformity  

 Widely observed in the literature of the Parnaíba basin (e.g. Góes and Feijo, 

1994; Vaz et al.,2007), the pre-Silurian unconformity (PSU) was recently described in 

the seismic data and named as so after the studies of Daly et al. (2014) and Porto et 

al. (2018), respectively. The PSU represents the basal horizon of the Parnaíba basin, 

characterized as a regional erosive unconformity upon the pre-Silurian basement that 

sometimes also occurs as an angular unconformity. This unconformity was formed 

prior to the Ipu Formation deposition (basal lithostratigraphic formation of the Serra 

Grande Group, Ordovician/Silurian), and therefore it is certainly older than 443.8 M.y. 

According to Daly et al. (2014), PSU represents a peneplain that postdates the 

Brasiliano orogeny, sealing the complex structures underlying the basin and implying 

that its initial deposition was not controlled by the major discontinuities observed in 

the basement, but possibly due to thermal driven subsidence mechanisms. 

 The following topics present the analysis of the Pre-Silurian Unconformity, 

based on three different data analysis approaches. First, a regional subsurface 

structural map of the PSU in depth is displayed, based on information of 20 wells that 

reached the pre-Silurian basement (see Appendix II). This map is compared to the 

tectonic domains described in Chapter 3. Secondly, seismic examples and a 

structural map in depth of the seismic PSU horizon in the mid-southern portion of PB 

are analyzed, bringing more details to the previous map. Finally, images of outcrops 

in the NE portion of the Parnaíba basin exemplify the surface exposures of the PSU.  

   

 PSU from well data analysis 

To build the map of Figure 4.18, the Inverse distance weighted (IDW) 

interpolation algorithm available in ArcMap software was used. This methodology is 

suitable for sparse and irregular datasets and calculates the weights proportional to 

the inverse of the distance between the observed data point and the predicted 

location. The rate of decrease in the weights is dependent on a power value ‘p’, 

which, in this case, was equal 2 (inverse distance squared weighted interpolation). In 

sum, the practical meaning of this interpolation method is that the reliability of the 

calculated basin thickness values is greater the closer it is from the observed data 

(the depth of the PSU from wells).  
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Fig. 4.18 (a) Structural map in depth of the PSU relief in subsurface based on wellbore information (grey dots); the depositional axis, structural highs and 

normal faults are from Miranda et al. (2018), as well as the “Hawks Park” location (PH), where the gas field of the Parnaíba basin are located. (b) Tectonic 

lineaments and domains of the basement of the Parnaíba basin (see Fig.3.11) superimposed to the map of (a). The Brasiliano belts are: “AR”: Araguaia belt, 

“eAr”: eastern Araguaia belt subdomain, Gurupi belt, and Barra do Corda belt. “G” stays for the Grajaú and “T” for the Teresina domains. To the south of 

Transbrasiliano Fault Zone (TBFZ), “nSF" refers to the northern margin of the São Francisco craton, and “nBo” and “sBo” are the northern and southern 

domains of the Borborema Province.The pre-Silurian basins are: “RB”: Riachão and “TBPAB”: Transbrasiliano pull-part basins. 
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The map of Fig.4.18a shows the present location of the depocenter and 

structural high portions of the basin, it means, where the PSU, and consequently the 

Parnaíba basin, gets deeper. When compared to the map of Fig.4.18b, some 

preliminary observations can be drawn: 

 The location of the maximum depths of PSU (>2.5km) is centered to the 

mid-northern portion of PB, close to the vicinities of Barra do Corda city. 

This coincides to where the Barra do Corda belt (Fig.4.18b) was here 

defined and where Solon et al. (2018) observed the “C” conductor, 

down to 10-40km depth (sees Figs. 3.4 and 3.14).  

 The PSU gets shallow coincidently upon the western portion of the 

Riachão basin, where the Eastern Araguaia belt subdomain was 

defined (Fig.4.18b). A N-S-oriented structural high was observed by 

Miranda et al. (2018), parallel to the limit between the “eAr” and “Ar”, 

roughly where an anticline was interpreted in the basement map 

(Fig.4.18b). 

 To the north, where the Gurupi belt is located, the PSU is also shallow, 

possibly due to the presence of the Ferrer-Urbano Santos Arch, formed 

in the Mesozoic, during the Gondwana break-up. Although representing 

a high for the entire Parnaíba basin, this region is the local depocenter 

of the Cretaceous sequence of PB (see Fig.4 of Appendix III; Lima et 

al., 2020), which lies unconformably upon the offlaps of the Paleozoic 

sequences of PB. 

 The gas fields located in the “Hawks Park” (PH in Fig.4.18. a) are 

shifted to the northeastern portion of the depocenter of PB (isoline of 

2.5 km) upon the northern portion of the interpreted Barra do Corda 

belt. The generation, trap and seal of the petroleum system of the basin 

are conditioned by the presence of igneous sills of Mesozoic age 

(Porto,2014; Cunha et al., 2012; Miranda et al., 2018). According to the 

thickness maps of Lima et al. (2020; Fig.5 of Appendix III), and Daly et 

al. (2014), this region also coincides with great volumes of these 

diabase sills in the subsurface. Another spatial correlation is the 

presence of the MCR observed in the DRP, located between Teresina 

and “PH”. 
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 PSU from seismic data 

 

The interpretation of the PSU horizon in the seismic lines converted to depth, 

available in 295 and 317 surveys (see Fig.2.1 and Fig.2.3) is presented in the 

contour map of Fig.4.19. This grid covers an area to the SW of the main depocenter 

where there is a lack of wellbores. This way, this map brings more details for the 

understanding of the PSU relief. 

 

Fig. 4.19 (a) Contour map of the PSU seismic horizon in depth superimposed to the structural map of 

the PSU from wellbores available in Fig.4.18a. (b) Zoom of the contour map of the PSU seismic 

horizon in depth. The grey lines represent the seismic lines presented in Chapter 3 (L104, L007, 

L103), the black lines are the seismic lines L115 and L009, presented in the following figures. The 

white dashed arrows indicate local paleodepressions in the relief of the PSU, further discussed in the 

text. 

The PSU analyzed from the seismic data varies from 1.3km (to the SE of the 

Transbrasiliano Fault Zone and towards the Eastern Araguaia belt), down to 2.3km 

northwards, where the basin depocenters based on wellbores was also observed. In 

the SW portion of the Parnaíba basin, upon the pre-Silurian Riachão basin, the PSU 
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is characterized as a smooth ramp, dipping to the north.  In L115 (Fig.4.20), this 

ramp is exemplified as a remarkable erosive angular unconformity, truncating some 

NE-dipping events of the Riachão basin (Riachão III sequence; Fig.4.20c). This is 

also clearly shown in L104 (see Fig.3.9).  Another interesting feature in this region is 

the smooth anticline (dashed black line in the map of Fig.4.19b) deforming the PSU 

and observed in L103 (Fig.3.10c between traces 801-2401). These shallower values 

of the PSU are centered upon the eastern depocenter of the basin (depocenter of the 

Riachão III sequence). In L104, to the SW, the lower portion of the Serra Grande 

Group (Ipu and Tianguá formations) is absent, as testified by the Carolina well (1-CL-

1-MA), which sampled clastic sediments of the Jaicós Formation unconformably 

overlying a Neoproterozoic diorite gneiss (see Figs. 3.8 and 3.9 and Appendix II).  

In sum, the characteristics observed in the seismic data in this region (equivalent 

to the eastern Araguaia and southern Grajaú basement domains; Fig. 4.18b) indicate 

a tectonic inversion of the Ediacaran (Porto et al., 2018) Riachão basin prior to the 

initiation of the Parnaíba basin sedimentation. It is also possible that this area was a 

high during Ordovician-Silurian times, when the lower Serra Grande Group 

sedimentation has occurred, due to the presence of a non-depositional unconformity 

(erosive?) in well data.  

Near the Transbrasiliano Fault Zone, however, the seismic data show different 

features for the PSU. As already suggested in Assis et al. (2019; “Scientific paper 2”) 

in Fig.4.15, the Ordovician-Silurian sequence of the Parnaíba basin, more 

specifically, the Ipu Formation, seems to get thicker along pre-Silurian graben 

structures, here associated to the Cambro-Ordovician Transbrasiliano Pull-Apart 

Basins (TBPAB in Fig.4.19). This is represented, therefore, by localized 

paleodepressions in the relief of the PSU (Fig.4.19b). In the L009 profile (Fig.4.21), 

the graben structure observed to the south is connected to the graben of L007 (Fig. 

3.9b; TBPAB). It is noticed that the PSU is faulted in this region of L009. There are 

subvertical faults affecting the basin that seem to be reactivated from rooted 

basement faults (e.g. Morais-Neto et al., 2013). To the north of L009, the PSU marks 

the unconformity between sandstones of the Ipu Formation and a Neoproterozoic 

mylonitic rock reached by the Floriano well (1-FL-1-PI; see Appendix II), possibly 

formed by dextral-shear deformations of the TBFZ during the Brasiliano orogeny (e.g. 

Caxito et al.,2020). 
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Fig.4.20 (a) raw and (b) interpreted seismic line L115, located in the SW of the Parnaíba basin, upon the Riachão basin (RB). The dashed black arrow 

along PSU highlights the smooth erosive ramp that characterizes the PSU in this region, also highlighted in the map of Fig.19b. In (c) a zoom of the 

erosive angular truncations of the Riachão basin sediments against the PSU is shown.  The basement domains here interpreted are indicated in the 

upper part of the profile (a) by the black arrows. Modified after Porto (2017). 
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Fig.4.21 Seismic reflection L009 in depth, located in the vicinities of the Transbrasiliano 

Fault Zone, showing the location of the Floriano well in the northern portion, which 

penetrated a  Neoproterozoic mylonitic rock (see Appendix II) and a graben structure to 

the south, in the prolongation of the TBPAB interpreted in L007 (see Fig.3.9b). A 

thickening of the Ipu Formation (top represented by the green horizon) upon this graben 

is interpreted, filling up a paleodepression of the PSU (in yellow). 

 

 Recognizing the PSU in the field (NE Parnaíba basin) 

 

The field trip to the NE of the Parnaíba basin (see Fig.2.1 and the location maps 

of item 4.2) recognized the basal sedimentation of the Parnaíba basin in the Ibiapaba 

cliff, in Ceará state. This cliff is characterized by the uplifted border of the Parnaíba 

basin, preserving the most expressive outcrops of Ordovician-Silurian rocks in the 

NE of Brazil. The off-lap pattern of uplifted Paleozoic sequences in the eastern 

margin of the Parnaíba basin was observed along the DRP profile in Daly et al. 

(2014) and Tozer (2017). The figure 4.22 below illustrates this relationship between 

seismic data and the geomorphology of the surface relief. 
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Fig. 4.22 (a) Eastern portion of the Deep seismic reflection profile (DRP) available in Tozer (2017), 
with the respective interpretation (b) showing the off-lap pattern of the uplifted margin of the Parnaíba 
basin; (c) the elevation map of the Parnaíba basin based on SRTM data, showing the location of the 
DRP(black line) and the Cliff alon the NE margin of the Parnaíba basin (red inset), ~1000-1500m 
above the sea; (c) an W-E view of the Ibiabapa cliff in Ceará state, showing the Serra Grande Group 
overlying the pre-Silurian basement.  

 
 

Further examples of the outcropping PSU are shown in Figs. 4.23 and 4.24. The 

first pictures of Fig. 4.23 were taken in the National Ubajara Park (Ceará state) and 

show the geological unconformity between the Serra Grande Group (Ordovician-

Silurian) and the sequences of the Late Neoproterozoic Ubajara basin, interpreted as 

a foreland basin located in the limit between the Médio Coreaú and Ceará Central 

domains of Northern Borborema Province (see Fig. 310; Caxito et al., 2020). In Figs. 

4.23(b) and (c), the Serra Grande Group lies upon the folded carbonatic rocks of the 

Frecheirinha Formation and the PSU is recognized as an erosive angular 

unconformity. According to Chiglino et al. (2015), the deposition of the Frecheirinha 

Formation occurred between 635 and ca. 580 Ma, in the Ediacaran, along the 

continental margin of the Goiás-Pharusian ocean. Porto et al. (2018) compared these 
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carbonates as coeval to the basal Riachão I sequence in the Riachão basin (see 

Figs. 3.9a and 4.20). In Fig. 4.24, the conglomeratic facies of the lower Ipu Formation 

(see item 4.2 for more details) unconfomably overlies Paleoproterozoic metamorphic 

units of the Médio Coreaú domain (Granja Complex), which is also the basement of 

the Ubajara basin.  

Fig. 4. 23 Field examples of the PSU in the region of Ibiapaba cliff, Ceará state. (a) Geological map 
available in the Frecheirinha chart (SA.24-Y-C-VI; scale 1:100.000; Silva Junior et al., 2014) of the 
Geological Survey of Brazil (CPRM), with the location of the outcrops and schematic NW-SE 
geological section (A-A’). (b) , (c) and (d) show the Serra Grande group overlying the Ubajara 
Group. 
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Fig. 4. 24 Detail of the pre-Silurian unconformity (PSU) marking the contact between conglomerates of 
the lower Ipu Formation and the Paleoproterozoic gneiss of the Granja Complex (Médio Coreaú 
Domain). The detailed description of these conglomerates is available in item 4.2. Location of the 
photo: Bica do Ipu, Ceará state.  

 

4.3.2 Paleozoic evolution of the Parnaíba basin: depocenter 
migration and the basement configuration. 

 The change of the depocenter location during the Phanerozoic evolution of the 

Parnaíba Basin as well as the presence of active internal arches and regional 

unconformities have been widely observed since the first studies in the basin 

(Mesner & Wooldridge, 1964; Cunha, 1985; Góes and Feijó, 1994; Vaz et al., 2007).  

In Appendix III (Lima et al. 2020), E-W and N-S cross sections based on well data 

exemplify this situation. 

The following isopach maps of Fig.4.25 illustrate this change in the depocenter 

during the Paleozoic-Early Mesozoic evolution of the Parnaíba basin. The 

methodology used for the interpolation is the same previously described in item 4.3.1 

and the input data are shown in the list of wells available in Appendix II. The main 

basement tectonic domains defined in Chapter 3 (Fig. 3.11) are then superimposed 

to each of the isopach maps and the observations about this comparison are 

presented in the next paragraphs. Three sedimentary lithostratigraphic groups, 

associated to three main sequences of the Parnaíba basin, are represented, 

following the stratigraphic chart of Vaz et al. (2007), they are: Serra Grande (Late 

Ordovician-Silurian), Canindé (Middle Devonian-Early Carboniferous) and Balsas 

groups (Carboniferous-Early Triassic). 



138 
 

Fig. 4.25 (a), (c) and (e) are the isopach maps of the three main lithostratigraphic groups of the 

Parnaíba basin, Serra Grande (Late Ordovician-Silurian), Canindé (Middle Devonian-Early 

Carboniferous) and Balsas groups (Carboniferous-Early Triassic). The depositional axis, structural 

highs and normal faults are from Miranda et al. (2018). In (b), (d) and (f), the main contours of the 

basement tectonic units of the Parnaíba basin area superimposed to the respective isopach maps. 

The Brasiliano belts are: “eAr”: eastern Araguaia belt subdomain, Gurupi belt, and Barra do Corda 

belt. “G” stays for the Grajaú and “T” for Teresina domains.To the south of the Transbrasiliano Fault 

Zone (TBFZ), “nSF" refers to the northern margin of the São Francisco craton, and “nBo” and “sBo” 
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are the northern and southern domains of the Borborema Province.The pre-Silurian basins are: “RB”: 

Riachão and “TBPAB”: Transbrasiliano pull-part basins. 

 

 The most remarkable observation of these maps is that the maximum 

thickness values of the Serra Grande (>550m) and Canindé groups (>1200m), first 

Paleozoic sequences of the Parnaíba basin, are located upon the NE of the Teresina 

domain, while for the Balsas group (Late Paleozoic-Early Mesozoic), the depocenter 

(>800m thick) is shifted to the west, upon the Grajaú block. The three sequences are 

preserved with moderate thicknesses upon the northern portion of the Barra do 

Corda belt, in the central Parnaíba.   

 Another interesting observation is that the area defined as the Eastern 

Araguaia belt domain, where the Ediacaran Riachão foreland basin is described 

(Porto et al., 2018; Miranda, 2017), was possibly a paleo high during the Paleozoic 

and Early Mesozoic evolution of the Parnaíba basin. The signs of tectonic inversion 

in this area are prior to the PSU formation, due to the presence of evident erosive 

truncations in the top of the Riachão basin (Figs. 3.9, 3.10, 4.20). 

In the maps of the Serra Grande Group (SGG; Figs. 4.25a and b), the grabens 

mapped in subsurface and associated to the Transbrasiliano Pull-Apart basins 

system are displayed. It is possible to notice the thickening of the SGG coincident to 

this region, especially to the NE. 
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4.4 Final Remarks 

 

In Chapter 4, the Ordovician-Silurian tectono-sedimentary evolution of the 

Parnaíba basin has been presented based mainly on facies analysis of field 

observations in the NE of the Parnaíba basin and some seismic interpretations. 

Then, the Pre-Silurian Unconformity, prior to the deposition of the Serra Grande 

Group, was characterized in different examples. Finally, as well as the PSU contour 

map, the thickness maps of the Paleozoic sequences were compared to the main 

tectonic contours of the pre-Silurian basement, derived from the results of Chapter 3. 

 

Some key results of Chapter 4 are listed below: 

 The lowermost Ipu Formation (base of the Serra Grande Group) located in the 

NE of the Parnaíba basin is characterized by immature conglomerates in a 

scarp-related alluvial fan system, deposited in an active intracontinental 

tectonic context possibly related to fault reactivations along the NE-SW TBFZ 

or filling up paleo depressions constrained to the Cambro-Ordovician TBPAB. 

 The Ipueiras tillite was first described, composing the uppermost portion of the 

Ipu Formation. It is a glacial deposit correlated to the Hirnantian Glaciation 

during the Ordovician-Silurian transition, well documented in other 

Gondwanan basins. Unconformably upon it, the Tianguá and Jaicós 

formations were deposited in a transgressive-regressive cycle, controlled first 

by the deglaciation and then by isostatic rebound. 

 The pre-Silurian unconformity (PSU) described in the seismic data is 

characterized as a planar erosive unconformity upon most of the basin area, 

especially to the SW of the basin, where the remnant Ediacaran Riachão 

basin is located. However, to the NE, some localized faults and depressions 

are observed affecting the PSU, possibly related to Early Paleozoic 

reactivations along the TBFZ. 

 The maximum depth of the Parnaíba basin (~3.5km) coincides with the 

location of the northern portion of the Neoproterozoic Barra do Corda belt, 

between the Grajaú, Teresina and Gurupi domains. However, when observing 

the evolution of the thickness maps during the Paleozoic, the first depocenter 

was located upon the Teresina domain, in the northern Borborema Province, 

and later, shifted to the west, upon the northern Grajaú block.  
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Chapter 5 

Discussions, conclusions and future work 
 
 The giant Phanerozoic Parnaíba basin, in the NE of Brazil, hides a complex 

orogenic system marked by diachronic and oblique collisional fronts involving major 

and minor continental masses and the consumption of distinct oceanic realms, of 

different ages, scales and paleogeography (Cordani et al., 2013a, b; Schmitt et al., 

2018;Caxito et al., 2020). This is not a surprise given the very complex 

Neoproterozoic Brasiliano-Pan African configuration of the outcropping domains 

along the edges of the basin, including the Borborema Province, Araguaia belt, 

Gurupi belt, the northern Brasília belt and associated Goiás magmatic arc, as well as 

the minor belts in the northern margin of the São Francisco Craton. 

 In subsurface, the first records of the basement from wellbores already 

indicated the continuity of Neoproterozoic metamorphic terranes and the prolongation 

of four distinct basement inliers beneath the basin (Cordani et al., 2008a, b). The 

compilation presented in Chapter 3 of very recent geophysical datasets of the 

shallow and deep crusts and of the lithosphere beneath the Parnaíba basin shed light 

on the expected complex configuration of this hidden portion of the Precambrian 

evolution of the NE of Brazil.   

 A simplified sketch (Fig. 5.1) presents a summary of the tectonic model 

proposed in this thesis for the Neoproterozoic basement of the Parnaíba basin, prior 

to its Late Ordovician-Silurian installation, complementing the previously presented 

maps and sketches of Chapter 3 (Fig. 3.10, 3.11, 3.12.). This model builds on several 

previous works, broadly speaking, assuming that the western Gondwana 

amalgamation involved two larger crustal building blocks: the Amazonian-West Africa 

and the Central African blocks, separated by a major oceanic domain, called the 

Goiás-Pharusian Ocean, amalgamated along the Transbrasiliano-Kandi corridor  

(Cordani et al 2013a, b; Ganade de Araujo et al., 2014; Caxito et al., 2020). Indeed, 

the interpretation presented here also takes into account recent tectonic studies of 

the Borborema Domain (e.g. Caxito et al., 2020; Ganade et al., 2021); Gurupi (e.g. 

Klein et al., 2017) and Araguaia (e.g. Hodel et al., 2019) domains.   
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 Two main contributions are envisaged by the herein proposed tectonic model. 

The first one is to shed light on the internal structure of the Parnaíba block, as 

defined by Daly et al (2014; 2018; 2019) along the Deep Regional Profile. As 

illustrated in Figure 5.1, instead of a stable cratonic block, the so-called “Parnaíba 

block” is actually made of different crustal domains, separated by a thrust belt (or at 

least by a paleosuture zone?), here called as the Barra do Corda belt, and located in 

the central Parnaíba basin. The geophysical evidences to support such 

interpretations include: (1) the presence of the northeastwards dipping mid-crustal 

reflectivity (MCR; see items 3.2.7 and 3.3.3) in the central Parnaíba basin; (2) the 

presence of crustal-scale sub vertical MT conductor under Barra do Corda city (Solon 

et al., 2018);  (3) crustal thickness (see item 3.2.5) and seismological (ex. Vp/Vs 

ratios; Schiffer et al.,2020) heterogeneities between the western and eastern portion of 

the Parnaíba basin; (4) high velocity lower crust beneath the NW of PB, but not in the 

eastern portion (Soares et al., 2018; Queiroz, 2019); (5) linear positive and negative 

anomalies in Bouguer map associated to a thrust belt in central PB. 

 A second contribution is the definition of the eastern Araguaia belt domain, 

beneath the SW Parnaíba basin, configuring a zone of back thrusts upon the so-

called Grajaú block. This is evidenced mainly by: (6) a region of thinned crust and 

thinned lithosphere (see item 3.3.1) in SW of PB; (7) the thrusted margins and highly 

deformed crust (highly reflective crust) observed in the western portion of the 

remnant Ediacaran Riachão basin (see item 3.2.8; Porto et al., 2018).  
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Fig.5.1 Simplified W-E sketch illustrating the tectonic relationships between the domains of the 

Neoproterozoic basement of the Parnaíba basin presented in Fig.3.10 (auxiliary map) and discussed in 

Chapter 3. “AFZ” stays for Araguaína Fault Zone, “UM”, ultramafic rocks, “G” granitoids; “RB”, Riachão 

basin, “MCR”, mid-crustal reflectivity, “TBFZ”, Transbrasiliano Fault Zone and TBPAB, Transbrasiliano 

pull-apart basins. The main crustal building blocks: Amazonian-West Africa (AWB) and the Central 

African (CAB).  

 

  In Chapter 4, the paleotectonic and paleogeographic conditions for the 

development of the Ordovician-Silurian sedimentation in the Parnaíba basin upon the 

regional erosive Pre-Silurian unconformity (PSU) were analyzed. Surface and 

subsurface observations indicate that the initial sedimentation of PB, marked by 

scarp-related alluvial-fan conglomerates in its eastern portion, seems to be 

constrained along paleo-valleys embedded within reactivated Neoproterozoic crustal-

scale faults of the Transbrasiliano-Kandi corridor (Assis et al., 2019; item 4.2). The 

glacial conditions observed in outcrops of the Ipu Formation correlates to other 

Gondwanan basin records and possibly played an important role for the further 

stratigraphic (transgressive-regressive cycle) and subsidence (isostatic rebound?) 

controls of the younger sequences of the Serra Grande Group (Tianguá and Jaicós).  

  Regarding the implications of the basement configuration for the tectono-

sedimentary evolution of the Phanerozoic Parnaíba basin, it is interesting to note the 

migration of the depocenters from the Early Paleozoic to the Early Mesozoic in 

relation to the position of the tectonic domains proposed here. The thickening of the 
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Serra Grande Group (Late Ordovician-Silurian) is located upon the Teresina domain, 

close to where the MCR-DRP was interpreted (see item 3.3.3 and Daly et al., 2014). 

In contrast, the thickening of the Balsas Group (Upper Carboniferous to Triassic) is 

shifted to the west, upon the northern Grajaú subdomain, where Soares et al. (2018) 

and Queiroz (2019) interpreted magmatic underplating, due to the high velocity 

anomaly in the lower crust (HVLC). This suggests an inheritance of the basement 

crustal blocks heterogeneities in controlling the basin subsidence through time.  

 The recent study investigating cratonic basins formation in the Wilson Cycle, 

published in Daly et al. (2019) reinforced the idea that most of such tectonic settings 

were formed after long orogenic cycles associated with supercontinent assembly. 

This seems to be the case of Parnaíba basin, possibly formed and initiated upon a 

thickened Brasiliano-Pan African orogenic plateau formed after the Goiás-Pharusian 

ocean consumption along the Transbrasiliano-Kandi corridor.  

 In terms of the theories regarding the subsidence driving mechanisms of 

cratonic basins, more investigations are required, once the complexity of the 

basement of such massive areas is being constantly unraveled and updated with the 

advances of geophysical studies, such as the ones compiled here (see item 3.2.4). 

 Daly et al. (2019) proposed that the subsidence of the Parnaíba basin could 

have been driven by the presence of a dense lower crust and or upper mantle – 

which could formed through magmatic or metamorphic processes – through 

viscoelastic relaxation and thermal contraction after plume activity beneath the large 

continental land mass. Following these authors, the presence of such a dense lower 

crust and upper mantle is coincident with the area of mid-crustal seismic reflectivity 

along DRP and to the presence of a relative gravity anomaly high over the centre of 

the Parnaíba basin. However, recent geophysical studies  (Solon et al., 2018; Coelho 

et al., 2018; Soares et al., 2018; Lima et al.,2019; Schiffer et al., 2021; etc.) did not 

support the interpretation that a denser lower crust is found in the area of the MCR 

(see item 3.2.4). Indeed, in this thesis an alternative interpretation for this reflectivity 

is proposed, as a crustal-scale fault limiting two different domains. Moreover, the 

crustal thickness map herein produced put into evidence a Moho geometry by far 

more complex than the one pointed out along the DRP (Daly et al. 2014), indicating 

crustal heterogeneities within the basin area (see item 3.2.5). 
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 A very recent thermo-mechanical model in North African intracratonic basins 

(Perron et al., 2021) showed that the stored gravitational potential energy inherited 

from density and rheological heterogeneities of accretionary continental lithosphere is 

the main explanation for the slow long-term subsidence of such basins, as well as for 

the rising of intrabasinal arches. For these authors, thermal anomalies, sediment 

supply rates or external far-field stresses, alone, do not account for the 1st order 

subsidence pattern, although these factors can temporarily change the subsidence 

rates. Obviously, this type of model needs to be tested and validated in other areas, 

such as the Parnaíba basin, but a further investigation in future works seems to be 

an interesting study once the complex orogenic setting hidden beneath PB is known. 

Last but not least, it is very important to emphasize that most of the 

assumptions proposed here are mainly based on geophysical surveys and therefore 

there is an inherent ambiguity for the interpretations.  This thesis did not cover, for 

example, an important player for the Parnaíba basin evolution: the Mesozoic 

Magmatism prior to the Gondwana break-up, widely observed in most of seismic and 

well data along the basin area. This and even younger tectonic processes might be 

superimposed to the Precambrian basement structures, masking some of the 

geophysical anomalies compiled here. It is also essential to integrate to this model 

direct information of the basement, such as the basement rock samples from 

wellbores, that need to be revised under the light of modern geochemical and 

geochronological techniques.  
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Station  X(Long) Y (Lat) H (km) Source (See references) 
PEXB -48.3006 -12.1056 37,8  ± 1.2 Assumpção et al.,2013  

BESB -43.5774 -6.67307 35.6 ± 1.4 Assumpção et al.,2013  

CS6B -38.6995 -5.51904 30.4  ± 2.5 Assumpção et al.,2013  

LJDO -48.29 -9.77 42.9 ± 0.4 Trindade, 2014 

SAMA -47.59 -8.86 44.1 ± 0.7 Trindade, 2014 

NOAC -47.63 -9.99 44.8 ± 0.9 Trindade, 2014 

MOCA -47.83 -10.63 43.9 ± 0.6 Trindade, 2014 

PATO -47.31 -10.64 44.7 ± 2.7 Trindade, 2014 

SFTO -46.64 -10.18 46.7 ± 14 Trindade, 2014 

PIUM -49.18 -10.44 53 ± 2.3 Trindade, 2014 

RET1 -48.55 -10.67 41.3 ± 1.3 Trindade, 2014 

NBPS -41.446 -4.394 39.7 ± 1.1 Luz et al.,2015 

NBMO -40.041 -3.311 34.4 ± 0.3 Luz et al.,2015 

NBPB -39.584 -5.543 36.9 ± 0.6 Luz et al.,2015 

SBBR -40.371 -3.74518 35.5 ± 1.0 Luz et al.,2015 

LP02 -39.635 -4.513 30.9 ± 0.6 Luz et al.,2015 

TUC4 -49.5499 -4.25792 41.8 ± 2.0 Albuquerque et al.,2017 

LAJE -48.3483 -9.98052 41.7 ± 3.6 Albuquerque et al.,2017 

SMTB -47.6106 -8.86218 36.9 ± 0.4 Albuquerque et al.,2017 

PAL1 -47.5868 -6.64928 31.4 ± 2.2 Albuquerque et al.,2017 

PAL2 -47.3132 -6.74446 35.4 ± 1.5 Albuquerque et al.,2017 

BPPF -47.2775 -6.29236 45.8 ± 0.2 Coelho et al.,2018 

STSN -46.6113 -6.1258 42.2 ± 0.7 Coelho et al.,2018 

GRJU -46.0878 -5.89975 43.6 ± 0.7 Coelho et al.,2018 

GENI -45.5524 -5.53093 45.1 ± 0.8 Coelho et al.,2018 

BDCO -45.0289 -5.51904 43.7 ± 0.5 Coelho et al.,2018 

PRDT -44.3984 -5.37627 41.1 ± 1.9 Coelho et al.,2018 

STSR -43.8273 -5.32868 40.0 ± 0.4 Coelho et al.,2018 

BUCO -43.2205 -5.19781 39.3 ± 0.5 Coelho et al.,2018 

TRZN -42.6495 -5.13832 40.3 ± 1.1 Coelho et al.,2018 

BP_00 -50.20351 -5.51903 37 ± 2.1 Araujo, 2019 

BP_01 -49.94781 -5.42512 37.8 ± 3.8 Araujo, 2019 

BP_02 -49.67061 -5.44005 38.3 ± 2.1 Araujo, 2019 

BP_03 -49.39870 -5.44102 38.1 ± 2.5 Araujo, 2019 

BP_04 -49.07796 -5.42786 40.5 ± 3.1 Araujo, 2019 

BP_05 -48.86055 -5.47653 49.7 ± 4.6 Araujo, 2019 

BP_06 -48.57927 -5.53693 49.5 ± 3.7 Araujo, 2019 

BP_07 -48.36077 -5.69813 49.9 ± 2.3 Araujo, 2019 

BP_08 -48.10600 -5.73157 44.2 ± 2.5 Araujo, 2019 

BP_09 -47.84593 -5.65297 43.4 ± 4.3 Araujo, 2019 

BP_10 -47.58424 -5.55614 42.1 ± 2.7 Araujo, 2019 

BP_11 -47.30866 -5.56494 41.5 ± 2.8 Araujo, 2019 

BP_12 -47.03419 -5.59780 41.2 ± 1.7 Araujo, 2019 
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BP_13 -46.78689 -5.58506 41.4 ± 4.9 Araujo, 2019 

BP_141 -46.47201 -5.68900 41.6 ± 1.1 Araujo, 2019 

BP_15 -46.04532 -5.75632 42.7 ± 4.0 Araujo, 2019 

BP_16 -45.80336 -5.64585 41.6 ± 2.7 Araujo, 2019 

BP_171 -45.20704 -5.41478 42.3 ± 3.6 Araujo, 2019 

BP_172 -44.91978 -5.36669 40.7 ± 2.0 Araujo, 2019 

BP_173 -44.64743 -5.32479 41.2 ± 3.6 Araujo, 2019 

BP_18 -44.39504 -5.29963 38.6 ± 2.0 Araujo, 2019 

BP_19 -44.13615 -5.36015 37.4 ± 2.4 Araujo, 2019 

BP_20 -44.13615 -5.27665 37.2 ± 3.1 Araujo, 2019 

BP_21 -43.61212 -5.23745 37.7 ± 0.2 Araujo, 2019 

BP_22 -43.33032 -5.19278 37.7 ± 0.1 Araujo, 2019 

BP_23 -43.06687 -5.10947 38.7 ± 1.9 Araujo, 2019 

BP_24 -42.83722 -5.15004 38.8 ± 1.7 Araujo, 2019 

BP_25 -42.59166 -5.05624 39.2 ± 2.2 Araujo, 2019 

BP_26 -42.39786 -5.12597 38.3 ± 1.3 Araujo, 2019 

BP_27 -42.09840 -5.26398 40 ± 2.2 Araujo, 2019 

BP_28 -41.89689 -5.29237 40.7 ± 0.7 Araujo, 2019 

BP_29 -41.54291 -5.32641 38.3 ± 1.9 Araujo, 2019 

BP_30 -41.28563 -5.33823 37.4 ± 0.6 Araujo, 2019 

BP_31 -40.99248 -5.27260 37.9 ± 0.1 Araujo, 2019 

BP_32 -40.99248 -5.17623 37.3 ± 0.4 Araujo, 2019 

BP_33 -40.49734 -5.29115 36 ± 0.6 Araujo, 2019 

BP_34 -40.27947 -5.43164 35.3 ± 2.3 Araujo, 2019 

BP_35 -40.00283 -5.43617 35.4 ± 2.6 Araujo, 2019 

ST_02  -46.8764 -8.7728 40.6 ± 3.5 Queiroz, 2019 

ST_03  -46.8004 -8.4923 42.4 ± 3.2 Queiroz, 2019 

ST_04  -46.9219 -8.2735 41.4 ± 1.1 Queiroz, 2019 

ST_05  -46.8428 -8.0603 43.9 ± 0.9 Queiroz, 2019 

ST_06  -46.9015 -7.822 40.7 ± 1.7 Queiroz, 2019 

ST_07  -46.8863 -7.5988 41.5 ± 0.5 Queiroz, 2019 

ST_08  -47.0169 -7.3694 41 ± 2.5 Queiroz, 2019 

ST_09  -46.8401 -7.1139 41.9 ± 0.8 Queiroz, 2019 

ST_10  -46.8433 -6.8503 43.4 ± 1.7 Queiroz, 2019 

ST_11  -47.0096 -6.611 41 ± 1.2 Queiroz, 2019 

ST_12  -46.8636 -6.3734 41.7 ± 1.5 Queiroz, 2019 

ST_13  -46.8601 -6.1136 39.8 ± 2.3 Queiroz, 2019 

ST_14  -46.7658 -5.9016 40.5 ± 2.0 Queiroz, 2019 

ST_15  -46.7244 -5.7636 40.6 ± 2.3 Queiroz, 2019 

ST_16  -46.8213 -5.6016 43.2 ± 2.2 Queiroz, 2019 

ST_18  -46.7975 -5.0212 42.2 ± 2.3 Queiroz, 2019 

ST_19  -46.7872 -4.7644 42.3 ± 2.1 Queiroz, 2019 

ST_20  -46.857 -4.5081 40.2 ± 5.9 Queiroz, 2019 

ST_23  -47.0393 -3.9144 45.3 ± 1.9 Queiroz, 2019 

ST_24  -47.0728 -3.4955 45.5 ± 2.8 Queiroz, 2019 

ST_25  -46.9542 -3.1543 43.7 ± 4.4 Queiroz, 2019 
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AUXILIARY MAP WITH SEISMOGRAPHIC STATIONS LOCATION 
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Appendix II 

 
“Well data information” 

 

 (Table 1 – Well tops 

Table 2 – Basement information and Auxiliary Map;  

equivalent to “SUPPLEMENTRAY MATERIAL 2” in “Scientific Paper 1”) 
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POÇO Prof. Final Embasamento Ipu Tianguá Jaicos Itaim Pimenteiras Cabeças Longá Poti Piaui Pedra de Fogo Motuca Sambaíba Pastos Bons Grajaú Codó Itapecurú

1AT  0001  MA 1200 1176 1145 1047 955 855 695 NP NP NP NP NP NP NP NP 665 518 4

1CA  0001  MA 1936 NP NP 1837 1609 1409 1013 790 655 397 103 3 NP NP NP NP NP NP

1CI  0001  MA 1442 1430 1413 1305 1210 1100 909 NP NP NP NP NP NP NP NP 882 729 NP

1CL  0001  MA 1170 1160 NP 1016 856 683 620 490 315 139 4 NP NP NP NP NP NP

1FL  0001  PI 2405 2374 2220 1983 1544 1361 840 493 387 110 3 NP NP NP NP NP NP NP

1FM  0001  MA 1821 1800 R 1683 1564 1287 1110 668 556 434 132 3 NP NP NP NP NP NP NP

1FO  0001  MA 1644 1630 R 1555 1433 1170 1000 580 465 335 38 3 NP NP NP NP NP NP NP

1GI  0001  PA 2359 NP 2313 2170 1905 1753 1203 1084 923 784 547 NP NP NP NP NP NP 6

1IZ  0002  MA 2335 2308 R 2302 2246 2099 1960 1780 1663 1521 1392 1148 968 758 354 NP NP 35 5

1MA  0001  PI 2178 2175 2104 1828 1534 1387 1118 545 423 200 3 NP NP NP NP NP NP NP

1MD  0001  MA 2828 2667 M 2550 2162 1920 1764 1238 1048 910 520 174 66 27 NP NP 3 C NP NP

1MS  0001  MA 2555 2460 2302 2186 1980 1785 1196 1032 949 632 306 165 3 NP NP NP NP NP

1-OGX-101-MA 1952 NP NP NP NP NP 1822 1669 1598 1017 852 558 357 203 173 147 C 31 0

1-OGX-102-MA 2235 NP NP NP NP NP 2197 1814 1618 1120 914 714 447 230 216 205 C 18 0

1-OGX-107-MA 1627 NP NP NP NP NP NP NP 1607 1125 950 891 391 269 242 211 C 72 0

1-OGX-110-MA 1906 NP NP NP NP NP 1844 1684 1580 1129 948 927 369 278 217 186 C 63 0

1-OGX-16-MA 3168 3408 3050 2848 2613 2476 2006 1666 1382 1168 908 696 402 231 154 110 C 35 0

1-OGX-22-MA 3144 3275 2855 2720 2602 2456 2005 1655 1515 1165 905 708 441 231 154 110 C 35 0

1-OGX-34-MA 2577 NP NP NP NP NP 2155 1900 1790 1180 920 735 435 265 165 125 C 45 0

1-OGX-59-MA 2621 NP NP NP NP NP 1794 1624 1519 1119 944 674 464 284 224 164 C 34 0

1-OGX-77-MA 2471 NP NP NP NP NP 1822 1552 1452 962 722 477 362 122 82 42 C 6 NP

1-OGX-92-MA 2110 NP NP NP NP NP 1962 1752 1488 1130 909 563 423 220 181 143 C 0 NP

1-OGX-93-MA 3322 3264 3025 2916 2703 2558 1790 1703 1523 1207 1000 658 534 346 291 118 C 30 0

1PA  0001  MA 2865 2845 2686 2555 2397 2247 1721 1627 1542 1273 984 780 560 NP 504 413 318 6

1PD  0001  MA 2844 NP NP 2745 2515 2366 1919 1645 1380 1157 865 647 440 190 153 115 C 3 NP

1RB  0001  MA 1837 NP NP 1758 1515 1294 890 810 618 345 65 3 NP NP NP NP NP NP

1TB  0001  MA 2128 2076 R 2026 1896 1695 1486 948 833 728 495 192 40 3 NP NP NP NP NP

1TB  0002  MA 1603 NP NP NP NP 1428 928 813 704 463 152 5 4 NP NP NP NP NP

1TM  0001  MA 1688 1685 1600 1500 1312 1140 771 639 522 273 25 4 NP NP NP NP NP

1VG  0001  MA 1029 NP NP NP NP NP NP NP NP 549 270 122 3 NP NP NP NP NP

1VG  0001R MA 2887 1802 R 1768 1670 1502 1302 1053 920 775 549 265 122 3 NP NP NP NP NP

2BAC 0001  MA 3252 3229 3101 2967 2748 2561 1912 1794 1583 1348 1040 808 580 383 347 277 C 102 5

2BGST0001  MA 2020 NP NP 1775 1615 1109 800 450 211 3 NP NP NP NP NP NP NP

2CP  0001  MA 3423 3408 3055 2848 2613 2476 2006 1666 1382 1168 908 696 402 231 154 110 C 35 5

2IZST0001  MA 2177 2150 NP 2094 1971 1835 1654 1565 1434 1282 1065 895 705 273 NP NP 27 3

2NGST0001  MA 2573 NP NP 2557 2372 2235 1702 1612 1470 1267 976 781 552 159 NP 14 14 C NP

2NLST0001  PI 2275 2210 2002 1793 1503 1338 1034 548 433 20 4 NP NP NP NP NP NP NP

2PMST0001  MA 2164 2128 2045 1920 1789 1650 1325 1139 1050 853 645 NP NP NP NP 587 435 3

2SLST0001  MA 2495 NP 2485 2355 2200 2048 1582 1476 1309 1095 805 577 498 NP NP 483 350 4

2VBST0001  MA 1941 1925 R 1815 1710 1502 1304 935 800 623 400 105 4 NP NP NP NP NP NP

2VGST0001  MA 1647 NP 1492 1357 1220 1080 748 415 NP NP NP NP NP NP NP 385 270 4

3-OGX-38-MA 1960 NP NP NP NP NP 1950 1777 1691 1176 966 965 464 278 164 112 19 0

3-OGX-46D-MA 2215 NP NP NP NP NP 2092 1711 1445 1235 994 742 456 299 214 178 C 91 0

3-OGX-88-MA 1733 NP NP NP NP NP 1843 1685 1576 1095 958 641 424 247 197 136 C 14 6

9PAF 0001  MA 832 NP NP NP NP NP NP NP NP 794 550 NP NP NP NP NP 425 2

9PAF 0002  MA 819 NP NP NP NP NP NP NP 709 678 NP NP NP NP NP 660 533 2

9PAF 0003  MA 867 NP NP NP NP NP NP NP 814 780 NP NP NP NP NP 757 602 2

9PAF 0004R MA 785 NP NP NP NP NP NP NP 749 720 NP NP NP NP NP 697 555 2

9PAF 0007  MA 1384 1353 1323 1208 1100 992 661 NP NP NP NP NP NP NP NP 650 562 3
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