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Text S1. Previous geophysical studies in the Parnaíba Basin 30 

As part of the PBAP project, previous studies have employed deep seismic reflection 31 

(DSR), wide-angle reflection-refraction (WARR), receiver function (RF), and 32 

magnetotelluric (MT) methods to investigate the subsurface structure. These studies 33 

were performed approximately along an east-west profile transecting the basin of  34 

1400 km long (Figure S1). The models obtained from these studies are shown in Figure 35 

S2. Additionally, Figure S1 displays the location of the existing magnetotelluric studies 36 

described in the main paper, conducted on the southeastern edge of the basin and the 37 

northern part of the Borborema Province, partially covering the northeastern region of 38 

the Parnaíba Basin. The current study presented in this paper runs along the DSR line. 39 

 40 

Figure S1. Map of the Parnaíba Basin showing the main tectonic units surrounding it, 41 

along with the location of long-period magnetotelluric data (orange circles), the WARR 42 

seismic line (red hatched line), and the DSR line (black continuous line). The continuous 43 

lines in purple, green, and blue represent the three different magnetotelluric profiles 44 

mentioned in the main paper. 45 
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 50 

Figure S2. a) Crust and upper mantle configuration of the basin interpreted from seismic 51 

data from deep seismic reflection (DSR) profiling (Daly et al., 2014). b) Velocity model of 52 

the crust and upper mantle obtained from the wide-angle reflection/refraction data, 53 

with P-wave velocities indicated by the colour bar and interpretations from Soares et 54 

al., (2018). c) Resistivity model derived from 37 long-period magnetotelluric data by 55 

Solon et al., (2018). 56 

 57 
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Text S2. Depth to Moho map 61 

To construct the Moho depth map shown in Figure 5b of the main paper, seismological 62 

data from various previous studies were compiled, incorporating depth estimates 63 

derived from seismometers distributed across the entire basin. This dataset is presented 64 

in Table 1 and compiled in the paper by Porto et al., (2022). To generate the map, the 65 

estimation was performed exclusively using the Moho depth values, excluding errors, 66 

through an interpolation process based on the Inverse Distance Weighted (IDW) 67 

methodology, implemented in the commercial software QGIS. The distribution of the 68 

seismometers is shown in Figure S3. 69 

 70 

 71 

 72 

 73 

Figure S3. Location map of the seismometers (red diamonds) used to calculate the Moho 74 

depth shown in Figure 5b of the main paper. The abbreviations above each station 75 

correspond to the names assigned by the respective authors. Refer to Table 1 for more 76 

information. 77 

 78 

 79 



 
 

Table 1: Compilation of the location and estimated depth to Moho (H, in km) 80 

Station Name X (Long) Y (Lat) H (km) Source (Paper 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 

TMAB -48.1 -2.37 38.6 ± 2.8 Albuquerque et al.,2017 

PRPB -49.82 -6.17 37.7 ± 0.4 Albuquerque et al.,2017 

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 

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 

 81 
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 90 

Figure S4. Comparison between the magnetotelluric models obtained for Profile 1 91 

using initial models of 100 ohm.m, 50 ohm.m, and 200 ohm.m. 92 
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Figure S5. Comparison between the models obtained for Profile 1 with covariance values 106 

of 0.3 and 0.2. 107 
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Text S3. Ocean effect on the MT data 117 

The influence of the ocean on terrestrial magnetotelluric (MT) data has been extensively 118 

discussed in the literature (e.g. Fergunson, 2012). This phenomenon caused by the 119 

significant resistivity contrast between the electrical resistivities of the sea and land at 120 

the coast, resulting in the alteration of geomagnetic fields extending hundreds of 121 

kilometers inland. The extent of this influence is primarily determined by the 122 

electromagnetic skin depth of the underlying structure affecting the XY and YX 123 

polarizations, in distinct ways. In general, the XY characterized by electric fields parallel 124 

to the coastline,  varies smoothly across the coast line. Thus, onshore values of  125 

are expected to be lower than the electrical conductivity of the continent. Similarly,  126 

values are expected to be higher than 45°. In contrast, the YX polarization characterized 127 

by electric fields perpendicular to the coastline, is detect an anomalously high value in 128 

electric field. This effect arises from the accumulation of charge at the boundary where 129 

there is a contrast in conductivity. This causes   to increase relative to the electrical 130 

resistivity of the continent and  to have values lower than 45°. 131 

 132 

We investigated the influence of seawater on MT data along Profile 3, which is closer to 133 

the ocean compared to the other two profiles. To achieve this, a forward model was 134 

developed using synthetic data distributed along Profile 3. The synthetic model 135 

consisted of a homogeneous half-space with a resistivity of 100 ohm.m, incorporating 136 

the approximate seawater data, with a resistivity value of 0.3 ohm.m. The initial model 137 

used for forward modeling is illustrated in Figure S6. The forward model responses were 138 

analyzed for the XY and YX polarizations, with the results shown in Figure S7. As 139 

previously discussed, the ocean's influence on MT data manifests as deviations from the 140 

responses of a 1D homogeneous model, which would yield apparent resistivities of 100 141 

ohm.m and phase angles of 45° for both XY and YX. For the XY polarization, the ocean's 142 

influence is minimal, producing only slight variations in apparent resistivities. In 143 

contrast, the YX component, for periods > 100 ohm.m, exhibits more significant 144 

variations in apparent resistivity, with more pronounced changes toward the eastern 145 

end of the profile at higher frequencies. Additionally,  exhibits values greater than 146 



 
 

45°, while  shows lower values. Therefore, based on these results it was decided to 147 

include and fix the ocean in each initial inversion model. 148 

 149 

 150 

 151 

 152 
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 154 

 155 

Figure S6. Initial model at zero-meter elevation used to analyse the influence of the 156 

ocean on synthetic data along Profile 3. The resistivity value of the ocean (red colour) 157 

was set to 0.3 ohm.m. 158 

 159 
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 173 

Figure S7. ) responses of the XY and YX 174 

polarizations, obtained from the forward modeling of the synthetic model presented in 175 

Figure S6, in order to demonstrated the influence of seawater on the magnetotelluric 176 

data. 177 
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 180 

Figure S8. Fit of some representative stations. The data points represent the observed 181 

responses for the XY (red) and YX (blue) polarizations, while the solid lines indicate the 182 

corresponding predicted curves. 183 
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 186 

Figure S9. Geothermal map corresponding of the Parnaíba Basin, obtained by Guimarães 187 

et al. (2022). The black dots represent well data, which were used to estimate the heat 188 

flow. 189 
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Summary18

In this study, we apply a probabilistic workflow to image the superficial structure of the 19

Parnaíba Basin, in northeastern Brazil. A dataset composed of 202 magnetotelluric (MT)20

sites located along a 1400 km long EW transect profile crossing the basin were21

inverted, using a trans-dimensional Markov chain Monte Carlo (MCMC) algorithm which 22

considers uncertainties due to non-1D effects present in the data. The resulting 1D 23

model ensembles were analysed and probability distributions on basement depth and a 24

major sedimentary layer were estimated for each MT site. Then, the depth to basement 25

estimations were combined laterally using a Bayesian Estimate fusion algorithm, 26

integrating drillhole and structural data, to construct a probabilistic model of the27

basement topography. The resulting model indicates that the sedimentary cover 28

reaches depths of 3 km in the depocenter, with relatively sharp vertical offsets29

correlated with the Transbrasiliano Lineament and the Araguaia Fault Zone. A 30

conductive domain is also identified in the deep central part of the basin, correlated to31



the Poti and Cabeças formations observed downhole, and could be interpreted as the 32

signature of the main hydrocarbon reservoir rocks of the Parnaíba Basin. In the central 33

part of the basin, we tentatively interpret magmatic intrusions and/or post-depositional 34

alteration processes being responsible for the basement geometry. The probabilistic 35

workflow used here represents a powerful complementary tool to traditional 36

deterministic inversion, offering more quantitative and integrated insights to the 37

understanding of the electrical and tectonic architecture of the Parnaíba Basin.38

39

40

1. Introduction41

The Parnaíba Basin is located in northeastern Brazil and represents one of the largest 42

intracratonic basins developed on the South American platform. The deep structure of 43

the basin has recently been the focus of extensive geophysical investigations, based 44

primarily on seismic and potential-field data (Daly et al. 2014; Daly et al. 2018, Soares et 45

al. 2018; Schiffer et al. 2021; Tozer et al. 2017). This growing interest comes from both 46

its geodynamic and economic relevance, as the basin provides valuable insights into the 47

tectonic processes involved in the assembly of West Gondwana (Porto et al. 2022) and 48

et 49

al. 2018).50

The main outcomes of these studies shows that the Parnaíba Basin is composed by three 51

Precambrian tectonic blocks that are limited by Neoproterozoic fold belts: from west to 52

east, these units are the Amazonian Craton, the Parnaíba Block, and the Borborema 53

Province, which underlie the sedimentary sequence filling the basin (Figure 1). The 54

Parnaíba Block is further subdivided into the Teresina and Grajaú domains, which exhibit 55

distinct electrical, seismic and gravimetric properties (Romero-Beltran et al. 2025, 56

Soares et al. 2018; Porto et al. 2022). Most of these studies were part of the PBAP project57

(Parnaíba Basin Analysis Project), a multidisciplinary effort funded by BP-Brazil to 58

investigate the Parnaíba Basin. Further information about the project can be found in 59

Daly et al. (2018). 60



Recently, as part of the PBAP project, Romero-Beltran et al. (2025) characterized the 61

geo-electric structure of the basin at crustal and upper mantle scale using a 3D 62

deterministic inversion process of magnetotelluric (MT) data. Their resistivity models 63

revealed the different resistivity/conductivity anomalies associated with the coupling 64

mechanisms among the units that led to the formation of the basin and their 65

implications on the West Gondwana formation. However, at basin scale, in the first 3/4 66

kilometers, the sedimentary sequence down to the underlying basement was only 67

coarsely imaged. This model presented limitations in imaging accurately shallow 68

structures such as the depth to basement because of the mesh used for the inversion. 69

The computational cost of a 3D inversion is directly related to the amount of model 70

parameters, or cells. The scope of the study by Romero-Beltran et al. (2025) being to 71

image the complete crust, relatively large cells were used, which cannot account for 72

small-scale lateral and vertical variations occurring in the basin. Moreover, the 73

smoothness constraints applied to the inversion do not allow for the recovery of sharp 74

resistivity contrasts, which are expected at the sediment/basement interface.75

76

Another limitation of a 3D deterministic inversion is the characterization of the 77

uncertainty in the final model. In a probabilistic framework, the solution to an inverse 78

problem consists in a full probability distribution over the whole model parameter space 79

(Tarantola 2005). Compared to a deterministic inversion, which provides as a solution a80

single best model, the solution is therefore an ensemble of models, from which 81

uncertainty can be derived. However, exploring the model space is computationally very 82

expensive, requiring hundreds of thousands to millions of forward simulations. Lately, 83

probabilistic approaches have been increasingly applied to MT inversion problems, 84

particularly in 1D studies (e.g. Conway et al. 2018; Xiang et al. 2021; Seillé & Visser, 2020; 85

Ardid et al. 2021) and, to a lesser extent, to 2D and 3D investigations (Chen et al. 2012;86

Rosas-Carbajal et al. 2015, Manassero et al. 2020).  Even though large-scale probabilistic 87

inversions can now be used in geophysical studies thanks to the increasing amount of 88

computing resources (e.g., Henneking et al. 2025) or new sampling approaches are being 89

developed to explore the model space more efficiently (e.g., Magrini & Sambridge, 90

2025), a full 3D probabilistic MT inversion currently remains impractical. In this study, 91

we use probabilistic inversion of MT data, using a 1D sampler. While the Earth is 92



inherently 3D, properly accounting for dimensionality effects in the data using an error 93

model has proven to be valuable to image sedimentary basins accurately (Seillé et al.94

2021).  95

96

In this study we apply the workflow presented by Seillé et al. (2021), to derive a depth 97

to basement probability map. The workflow consists in 3 successive steps: 1) computing98

1D probabilistic inversions for each MT station independently, 2) analyze posterior 99

model ensembles, in particular resistivity layer interface distributions or change points, 100

to derive interface depth probabilities at each MT location and 3) use a Bayesian 101

Estimate Fusion algorithm to combine laterally these estimates, using drillhole 102

information and geological faults information. Following this workflow, our objective is 103

to derive a probabilistic map of the depth to basement and extracting information 104

regarding the nature and location of sedimentary layers along the profile.105

106

The MT data analysed used in this study consists of 202 stations reported in Romero-107

Beltran et al. (2025), along an EW transect profile across the Parnaíba Basin, spanning 108

more than 1400 km. Figure 1 shows the distribution of the MT soundings employed in 109

this study over the simplified geological map and main structural features identified 110

from seismic and potential field data (Daly et al. 2014; De Castro et al. 2014). Note that 111

the Transbrasiliano Lineament has two distinct interpretations. The first, proposed by 112

Daly et al. (2014), interprets it as a shear zone located at the boundary between the113

Amazonian Craton and the Parnaíba Block, whereas the second, identified by De Castro 114

et al. (2014), places it approximately 100 km to the east. Both interpretations are 115

considered and discussed throughout this study.116

117



118

119

Figure 1. Simplified geological map of the Parnaíba Basin, adapted from De Castro et al.120

(2014). Black triangles indicate the locations of magnetotelluric stations, with five121

representative stations labeled and discussed in the text. Major sutures and lineaments: 122

QSZ Quatipuru Suture Zone, AFZ Araguaia Fault Zone, TBL Transbrasiliano 123

Lineament. Profile A -section shown in Figure 2.124

The inset map shows the location of the Parnaíba Basin in South America.125

126

127

2. Geological settings128

The Paleozoic Parnaiba Basin covers a large area of approximately 600,000 km2 (Vaz et 129

al. 2007). The basin is a circular sag basin with a sedimentary column of approximately 130

3,500 m thickness in the depocenter (Vaz et al. 2007). The successions were deposited 131

from the Silurian to the Cretaceous, whereas the crystallin basement underlying the 132

basin is composed of Precambrian rocks from Araguaia Belt and Borborema Province 133

(Milani & Zalán, 1999).134



We identified at least two rift stages overprint on the Parnaíba Basin structural 135

framework. The oldest one is apparently represented by asset of extensive graben -like 136

non-outcropping structures restricted mostly to the basement inliers. The second rifting 137

stage is recorded by a set of Cambrian Ordovician grabens, which partially outcrop 138

along the basin margins and extend beneath the sedimentary sequence. The distribution 139

of the grabens is concentrated along the Transbrasiliano Lineament and toward the 140

southeastern sector of the basin (Figure 1). Among these structures, the Jaibaras rift141

represents a precursory stage that was slightly inverted before the initiation of sag 142

deposition in the intracratonic basin (Oliveira & Mohriak, 2003).143

144

The stratigraphic record of the Parnaiba Basin (Figure S1 in the Material Supplementary)145

encompasses three major Paleozoic and two Mesozoic super sequences (Góes & Feijo, 146

1994). The basal one, mainly of Silurian age, is represented by rocks of the Serra Grande 147

Group. These strata, up to 900 m thick, consist mainly of conglomerates, pebbly 148

sandstones, diamictites, and limestones (Caputo & Dos Santos, 2020). The second one 149

is the Canindé group, associated with intense seafloor spreading in the evolutionary 150

context of the Gondwana paleocontinent demonstrate that climatic events caused a 151

global trend of rising sea level in the Devonian period (Oliveira & Moura, 2019). The 152

Canindé Group of the Parnaíba basin records one of the most important marine 153

incursions in the South American platform (Góes et al. 1990; Vaz et al. 2007), where the 154

petroleum system is associated. The Pimenteiras Formation is included as part of this 155

group, which is the main source of the hydrocarbons resources, mainly composed of 156

dark radioactive shales rich in organic matter (Mussa et al. 2021) and, which are widely 157

Góes et al. 1990). The third 158

sedimentary sequence is the Balsas Group (Neocarbonifere-Eotriasic). This sequence 159

represents a succession of rocks deposited in a complex shallow-sea clastic/evaporitic 160

environment, gradating to a continental environment dominated by lacustrine and 161

desert systems (Vaz et al. 2007).162

163

Two main magmatic events have been identified in the Parnaíba Province, both 164

associated with the rifting processes that led to the breakup of the South American and 165

African continents (Thomaz Filho et al. 2000, 2008). These events reflect distinct 166



episodes of basic to intermediate magmatism that culminated in the fragmentation of 167

the supercontinent Gondwana. The first event corresponds to early Jurassic tholeiitic 168

basic magmatism, represented by the Mosquito Formation, composed mainly of lava 169

flows and, more locally, sills and dikes, linked to the opening of the Central Atlantic. The 170

second magmatic event is the Sardinha Formation, related to the rifting of the South 171

Atlantic (Almeida, 1986; Milani & Thomaz Filho, 2000). This geological unit occurs 172

predominantly as diabase dikes and sills. A simplified geological cross-section of the 173

basin (adapted from Góes et al. 1990) is shown in Figure 2, where the main geological 174

units that compose the basin are identified.175

176

177

178

179

Figure 2. Geological vertical section along profile A180

Góes et al. (1990). Legend description: 1-Balsas Group; 2-Canindé Group; 3-Serra Grande 181

Group; 4-Magmatic intrusion; 5 Pre-Silurian rift and 6-Basement.182

183

184

3. Magnetotelluric data185

The MT dataset consists in 202 stations spaced approximately 5 km along a 1400km EW 186

transect across the Parnaiba Basin. The MT method is a passive electromagnetic 187

geophysical technique used to characterize the subsurface electrical resistivity structure 188

(Simpson & Bahr, 2005; Chave & Jones, 2012). This method relies on the principle of189

electromagnetic induction, where the temporal fluctuations in the Earth's external 190

magnetic field with the electrically conductive rocks induce electrical and magnetic 191



fields. In the MT measurements, magnetic and electric fields are measured at the surface 192

in the orthogonal directions, and . Commonly , represent the North-South and 193

East-West orientation, respectively. The MT data processing consists in estimating the 194

magnetotelluric transfer function, called of the Impedance Tensor, , which relates195

electric field ( , ) and the magnetic field ( , in the frequency domain. This is 196

a complex impedance tensor: 197

198

(1)199

200

Usually, the complex impedance tensor can be interpreted through its magnitude 201

(apparent resistivity) and phase parameters component wise (202

203

(2)204

205

206

The apparent resistivity denoted by ( represents the average resistivity in a 207

volume of subsurface at a particular frequency, and the impedance phase   in degrees208

describes the phase difference between the electric and magnetic field (Simpson & Barh, 209

2005). Most inversions (including the one used in this study) use the impedance tensor, 210

but the data is displayed as apparent resistivity and phases for interpretation 211

convenience.212

213

MT can resolve structures from tens of meters to several hundred kilometers beneath 214

& Bahr, 2005) and is well suited for imaging sedimentary 215

basins (et al. e.g. Vozoff, 1972; Hautot et al. 2006; Cai & Zhdanov, 2016) due to the 216

strong resistivity contrast between a conductive sedimentary basin and a resistive 217

basement. In particular, the electrical resistivity of sediments is controlled by factors 218

such as water content, grain size, relative density, and geochemical properties (e.g., 219

Selway, 2014; Levesque et al. 2023). Because sediment resistivities span a broad range220

(see Figure S2 of the Material Supplementary), no unique resistivity value can be 221



assigned to a specific lithology; instead, bulk conductivity is primarily governed by fluid 222

conductivity, porosity, saturation, and pore connectivity (Glover, 2015).223

224

The MT transfer functions were calculated using the standard robust estimation 225

technique of Egbert (1997). Further details about the processing strategy applied are 226

found in Romero-Beltran et al. (2025). The data quality in the central part of the basin,227

where a higher level of anthropic EM noise is present, is characterized by usable periods 228

that on average are limited to 100 s and by low signal to noise ratio. In contrast, stations 229

located at the ends of the profile generally achieved better data quality, with periods 230

extending up to 1000 s.231

232

233

3.1. Pseudosections234

Pseudosections of the observed apparent resistivity data and phase data are plotted 235

as a function of frequency. Although the relationship between frequency and depth is 236

inherently nonlinear, these plots provide a preliminary view of the subsurface geo-237

electric structure. They are particularly useful for identifying large-scale resistivity 238

contrasts and inferring major structural features. Figure 3 shows the apparent resistivity 239

and phase pseudosections for the XY and YX polarisations of the MT data projected 240

along an EW profile.241

242

The apparent resistivity plots reveal a typical sedimentary basin architecture, 243

characterized by conductive sedimentary units overlying a resistive crystalline 244

basement, with sediment thickness increasing toward the central depocenter of the 245

basin where it reaches its maximum. This observation aligns well with the geological 246

cross-section presented in Figure 2. In the central portion of the basin, at periods > 10 247

seconds, both polarizations reveal the presence of highly conductive features (< 10 ), 248

whose interpretation will be discussed later.249

250

On the other hand, the phase response exhibits an inverse relationship with apparent 251

resistivity; that is, an increase in phase generally indicates a decrease in resistivity, and 252



vice versa. Although absolute apparent resistivity values cannot be directly inferred from 253

the phase alone, this parameter effectively reflects the underlying geoelectric structure 254

and lateral variations. Note, in the central portion of the basin, the phases of both 255

polarizations show a similar behavior, with values ranging between 27° and 72°, 256

delineating an oval-shaped region characterized by higher phase values. This behavior 257

typically indicates that the geological medium exhibits a predominantly stratified 258

structure (1D). Beyond this high-phases transition, the phase values begin to decrease, 259

indicating a corresponding increase in resistivity, which is consistent with the features 260

observed in the apparent resistivity. Overall, the pseudosections permit to observe that 261

the processed data displays the shape of the basin, and the succession of 262

conductive/resistive layers.263

264

265

Figure 3. Apparent resistivity and phases pseudosections of the XY and YX polarizations.266

On top, the inverted black triangles represent the MT stations. 267

268

269

3.2. Dimensionality analysis270

One of the most widely used approaches for evaluating the dimensionality of MT271

data is phase tensor analysis (Caldwell et al. 2004). Mathematically, the phase tensor is 272

defined as , where and are the real and imaginary parts, respectively, of 273

the complex impedance tensor, . A key advantage of this method is that it is free to 274

galvanic distortion and does not require any assumptions about the underlying 275



resistivity structure of the subsurface (Caldwell et al. 2004). The phase tensor skew angle276

, introduced by Caldwell et al. (2004), can be used to assess data dimensionality as a 277

function of frequency. It was proposed that values of indicate a three-278

dimensional (3D) behavior, whereas suggests a predominantly one two-279

dimensional (1D or 2D) structure. To further support dimensionality assessment, Bibby 280

et al. (2005) introduced an additional parameter, the phase tensor ellipticity . Values 281

-circular, are indicative of a 1D 282

behaviour. 283

284

Romero-Beltran et al. (2025) performed a dimensionality analysis of the MT dataset 285

using phase tensor ellipses, colored by the skew angle, along the entire profile (Figure 286

4.) The results revealed a predominantly 1D regime at low period associated with the 287

thick sedimentary sequence, and a more complex 3D domain at longer periods, 288

associated to the crystalline basement.289

290

291

Figure 4. Phase tensor analysis (adapted from Romero-Beltran et al. 2025). The ellipses 292

are color-coded according to the skew value. The dashed black lines broadly delineate 293

the. predominantly one-dimensional (1D) behavior observed in the data, whereas the 294

underlying domain exhibits a clear transition toward a 3D response.295



In this study we are interested in mapping the basin down to the basement. We can 296

therefore expect the 1D assumption that is taken by our algorithm will hold for that 297

purpose. As it will be described in the next section, even if 2D/3D effect are observable, 298

the method we will employ will take it into account using higher errors. Therefore,299

masking non 1D data is not required for the purpose of this application.300

301

302

4. Bayesian MT data inversion303

4.1. Theory304

Within a probabilistic (or Bayesian) inversion framework, both the data and the 305

model parameters are treated as random variables represented by associated 306

probability distributions. The Bayes theorem states that the posterior probability 307

distribution function on the model parameters given the data is given 308

by:309

             (3)310

311

where is the likelihood function, ) is the prior model defined on the model 312

parameters . Considering that is independent of , equation 3 can be written 313

as:314

   (4)        315

316

The likelihood function assesses the model's ability to explain the data, with higher 317

likelihood associated with model predictions ) that closely match the observed data 318

The likelihood function is defined as: 319

320

(5)321

322

where   denotes the observed data, is the MT forward operator for model323

parameters and is the inverse of the data covariance matrix. Inverting the data 324

using a 1D modelling assumption can introduce bias in the results when the assumption 325

is not met. Recently, Seillé & Visser (2020) propose a new method to quantitatively 326



correct the bias resulting from the 1D Earth assumption. They developed an error model 327

that uses the phase tensor data. When the phase tensor skew angle and ellipticity 328

indicate 2D or 3D effects, the error model will estimate the error required to 329

compensate the error due to the 1-D physics assumption, using a regression tree (Table 330

S1 of the Supplementary Material). We use that method here, having the data 331

covariance matrix  as a diagonal matrix defined as: = + , with the 332

processing error covariance matrix, and is the dimensionality covariance matrix 333

produced by the decision tree as a function of the dimensionality parameters and .334

At long periods, is generally greater than , while at high frequencies the 335

processing error can dominate when the data is quite 1D.336

337

For the inversion, we use the 1D trans-dimensional Markov chain Monte Carlo sampler338

developed by Seillé & Visser (2020), in which the models can have variable number of 339

dimensions, that is, 1D models with varying number of layers. 340

341

342

4.2. Inversion strategy343

In 1D inversion processes, whether deterministic or probabilistic, it is common 344

practice to use the determinant of the impedance tensor (345

, as it is rotation-invariant and contains information from all four 346

tensor components. This property makes it particularly valuable in scenarios where 3D347

effects are present, even when applying 1D or 2D inversion schemes (Berdichevsky et 348

al. 1980; Pedersen & Engels, 2005). However, as indicated in Section 3, the MT data from 349

the Parnaíba Basin exhibit a low signal-to-noise ratio at certain stations located in the 350

central part of the profile. In our case, the noise generally affects one of the two 351

polarizations and could therefore be associated with cultural noise sources that 352

generate an electromagnetic signal that is linearly polarized in a certain direction 353

(Szarka, 1988; Junge, 1996). We therefore applied the following strategy: when both 354

polarizations presented good data, the determinant was used, in other cases, the best 355

polarization was used. In Figure S3 of the Supplementary Material the data that was 356

selected for each station is presented. The determinant is the main data used for the 357



inversion, whereas the YX polarization is predominantly used at stations located in the 358

eastern sector of the profile. In contrast, the XY polarization is used less frequently than 359

the other two parameters and is mainly concentrated in the central part of the basin. In 360

the case where only one polarization was used, the dimensionality error derived using 361

, because the phase tensor 362

parameters require the full impedance tensor Z to be calculated. In those cases,363

we used the errors estimated at the closest station that was using determinant data, 364

considering an error floor of 3%.365

366

Figure 5 presents the apparent resistivity and phase curves for three representative 367

stations along the profile, for which the determinant of Z is used. The error bars for each 368

frequency correspond to the data uncertainty, derived from the diagonal elements of 369

the data covariance matrix . This estimation accounts for the non-1D nature of the 370

data, incorporating variations in geometric dimensionality as indicated by the phase 371

tensor skew angle, and ellipticity, . An example of stations located near the three 372

representative stations that employ XY or YX polarization is shown in Figure S4 of the 373

Supplementary Material. Station MT058, located in the eastern sector of the profile374

(Borborema Province), exhibits a higher level of error from periods of about 3 s onwards, 375

reflecting the increase in 2D and 3D effects, as indicated by the and phase tensor 376

parameters. A similar behaviour is observed at station MT220, located at the western 377

end of the profile (Amazonian Craton), with non-1D effects starting at lower period, 378

around 1s. Station MT165, situated in the central part of the basin (Parnaíba Block), 379

shows a relatively 1D behaviour up to 10s, with the determinant having therefore 380

assigned low errors.381

382



383

384

Figure 5. Apparent resistivity and phase curves for three representative soundings along 385

the profile using the determinant of Z. The error bars associated with each frequency 386

are estimated from the dimensionality analysis presented in the lower panels, based on 387

388

389

390

4.3. Inversion results391

4.3.1. Posterior probability density distributions392

Each MT sounding was inverted using the probabilistic inversion described in 393

section 4.1. The prior distribution over the resistivity was defined as uniform, spanning 394

a broad range from to . For the number of interfaces, a depth-dependent 395

prior was employed, with an expected total of 10 interfaces (i.e., 11 layers) down to 100 396

km depth, distributed across four depth intervals. A higher layer density was assigned 397

within the 5 to 5,000 m depth range to better capture structural complexity in the 398

shallow subsurface.399

400



For each MT station independently, the inversion was performed using 40 Markov 401

402

of each chain was discarded as the burn-in period, to let the chains reach a stationary 403

distribution. This step ensures that only well-converged sample-representatives of the 404

posterior probability distribution were retained for the final statistical analysis and 405

model estimation. An example of the convergence for three representative stations is 406

shown in Figure S5 of the Supplementary Material. From each chain, 100 models were 407

saved. In total, the posterior distribution of model parameters is approximated by 4,000 408

models for each MT site.409

410

Figure 6a presents the posterior probability distributions for three representative MT 411

stations. The statistics of the posterior, the 50th (median), the 5th and the 95th percentiles412

are also plotted. The 5th and 95th are used to assess the uncertainty associated with the 413

resistivity values. The 95th percentile illustrates the most resistive models that fit the 414

data, while the 5th percentile highlights the most conductive models. The change-point 415

probability distributions are also plotted, which describes the interface probability as a 416

function of depth. These models show the succession of layers of different resistivity, 417

likely corresponding to distinct geological units of the Parnaíba Basin. For these three 418

models we numbered from 1 to 3 the main observed transitions. Interface 1 observed 419

around 400/500m depth is common for all three models. Interface 3 is common to the 420

3 models and shows a transition from a conductive to a resistive domain, likely 421

associated to the contact between the sedimentary sequence and the underlying 422

crystalline basement. It appears at different depths, shallower on the edges of the 423

eastern and western ends of the basin ( 800 m depth for station MT056 and 1800m 424

depth for station MT219 respectively), and deeper in the central part of the basin 425

( 2500m for station MT165). For the site MT165 where the sedimentary cover appears 426

to be the more important, another layer is observed, defined by interface 2. This 427

interface associated to a conductive layer is not present in the other two models and is 428

only visible in the central part of the basin, for depth greater than 1000m. 429

430



In Figure 6b, the response posterior distributions for apparent resistivity and phase for 431

the three models are shown. A good data fit is achieved at all frequencies. An RMS 432

distribution centred on 1 is achieved for most MT stations.433

434

435

436

437

Figure 6. a) Posterior probability density distributions for three MT stations and the 438

corresponding change points distribution. In the posterior density distribution, the solid 439

black line represents the median model, and the black dashed lines the 5th and 95th 440

percentiles defining the uncertainty. The bullet points 1, 2, and 3 correspond to the main 441

resistivity transitions identified in these models. The first two represent transitions 442

within the sedimentary package, whereas transition 3 corresponds to the sediment443

basement interface. b) Fit of the apparent resistivity and phase curves. The inverted data 444

is represented as black points with associated error bars.445

446

447

448



Figure 7 shows statistics of the stitched 1D model ensembles along the complete EW 449

transect profile. Using the percentiles images in conjunction with the median allows to 450

determine which areas of the model are constrained by the data. When the posterior 451

distribution on resistivity resembles the prior distribution, which is uniform, it means 452

that the model can take any resistivity and that the data has no resolution. The median 453

image shows roughly the shape of the sedimentary basin at depth. The 5th percentile, 454

indicating the lower resistivity allowed by the data, shows that to the west of the profile, 455

to a distance  500 km, minimum resistivities of around 100 are required by the 456

data, giving us confidence that the data is sensitive to the basement in this area. Same 457

observation on the eastern end of the basin, from 800 km onwards. In the deepest 458

area of the basin, between 500 km and 800 km, at depths greater than 2 km, the 459

percentiles resemble the prior model, suggesting a lack of resolution to observe the 460

basement. This can be explained by 1) the data quality, which is poorest in this area, 461

having reduced frequency range for most sites and 2) the presence of a thick conductor, 462

which obscures the deeper part of the model, due to the MT skin depth effect. However, 463

the 95th percentile shows that some sites are sensitive to a deep conductor to a certain 464

depth extent, constraining the lower depth at which the basement has to be located. 465

Also, the median plot indicates that some sites are being potentially sensitive to the 466

basement in this area, with higher resistivities. We can therefore conclude that some 467

useful information regarding the basement can be extracted in the central area of the 468

basin, despite the lower sensitivity of the data. 469

470



471

472

Figure 7. Cross-section of 1D stitched models derived from the probabilistic inversion,473

along the EW profile defined by the solid red line shown in the reference map in the 474

upper-left corner. a) median resistivity model, b) 5th percentile model, and c) 95th475

percentile model. At the top of each model, the subdivision of the Parnaíba Basin into 476

its main tectonic blocks is shown. Traces of the TBL - Transbrasiliano Lineament (Daly et 477

al. 2014) and the AFZ - Araguaia Fault Zone are indicated for each profile. 478

479

480

4.3.2. Drillhole data analysis481

A direct comparison between the 1D inversion models and drillhole data can 482

provide insights regarding the geophysical response of the different lithologies present 483

in the basin. Using a drillhole dataset from the National Petroleum Agency of Brazil, we 484

selected the drillholes located closest to the MT survey. In total, four drillholes were 485

selected, of which only two (2IZST and 2BAC) reach the basement, whereas the other 486



two (2NGST and 1PD) extend to the Tianguá Formation, the lowermost unit of the Serra 487

Grande Group, which lies immediately above the basement. Table S2 in the 488

Supplementary Material presents the depths of the total geological units identified in 489

each drillhole. Figure 8a shows the location of the drillholes, while Figures 8b 8e present 490

the correlation between the 1D resistivity models closest to each drillhole, the change-491

point and the corresponding lithostratigraphic columns of each drillhole.492

493

Figure 8b shows the 1D posterior model distribution for site MT205, located 7km away 494

from drillhole 2IZST. The 1D model shows a succession of 4 layers. The top of a 495

conductive interface is visible at 700 m depth496

of the top of this conductive layer can be estimated using the change points probability 497

distribution. Around those depths, the pic probability of the change point distribution 498

correlates with the top of the Motuca Formation. This formation, composed mainly of 499

siltstones with intercalations of limestone, evaporites and chert, can explain the 500

resistivity value observed in the model. On the lithological log, the basement is observed 501

at 2150 m depth. We do not observe a clear and sharp transition in the MT model at this 502

depth. Instead, the model shows a progressive transition from a conductive to a resistive 503

domain. However, the inflexion point of the median model appears to match well with 504

the derived basement depth, suggesting a possible correlation. The original change 505

point distribution does not show any particular mode that could indicate a clear layer 506

interface. However, assuming that the basin/basement transition corresponds to a 507

conductive/resistive transition, we will see in the next section that it is possible to isolate 508

from the model ensemble the layer transition satisfying this condition, to estimate the 509

depth to the basement. The absence of other correlations between lithologies and the 510

MT model could have several explanations, the lack of resistivity contrast between 511

lithologies, or the capability of the current MT data to resolve for subtle or thin 512

transitions.513

514

For MT site MT156 (Figure 8c, located 4.3 km away from the drillhole 2NGST), a 515

transition into a conductive layer that appears to match the top the Motuca formation 516

is observed, similar to the observation made for MT205. Similarly to MT140, a deep 517

conductor (<1 s formation is observed, 518



with its top located around 2000m depth. For this site, the basement seems defined at 519

depths greater than 2500m, which is in accordance with the drillhole. 520

521

Figure 8d shows the posterior model probability distribution for MT site MT140, 17 km 522

distant from drillhole 2BAC. The 1D model shows a succession of 5 to 6 layers, which 523

correlate with some stratigraphic units, particularly with Motuca, Pedro de Fogo and 524

Poti. We observe a transition at 600 m into a conductive layer of resistivity equal to 3 525

depth526

a transition into a more resistive layer appears correlated to the top of the Pedra de 527

Fogo formation. The top of a conductive 528

observed between approximately 1000 and 1200 m depth and appear to be associated529

to the top of the Poti formation, which is composed mainly of sandstones and 530

carbonaceous shales, deposited in a fluvio estuarine environment (Góes, 1995). The 531

correlation with the basement depth, observed at a depth of 3228 m in the drillhole, is 532

not observable in the MT model. For depths greater than 2300 m, for this MT site, we 533

observe that the posterior model distribution resembles the uniform prior distribution, 534

suggesting a lack of resolution at this depth, making the detection of the basement not 535

possible at this location. 536

537

For MT site 118 (Figure 8e, located 2.6 km away from the drillhole 1PD), we can also 538

observe the presence of a deep conductor (539

the Pimienteiras formation appears in the drillhole. Here too, the model presents a 540

transition into a resistive layer that appears to be located at depths greater than 3000m, 541

which is in accordance with the drillhole. 542

543

It is important to note that given the distances between the drillholes and the MT 544

models, a perfect correlation cannot be expected. However, these observations serve 545

as a basis to identify specific resistivity variations trends detectable by the MT method 546

that are consistent across the profile. We have seen that the basement presents a 547

response in the models, coherent with the downhole observations. Also, in the areas 548

where the sedimentary basin appears to be the thicker, in the central part of the basin 549

(MT sites MT156, MT140 and MT118), a conductive layer is observed and could be 550



related to the Pimenteiras Formation, or potentially other formations within the 551

Canindé sequence.  We will therefore focus our effort in mapping the depth to the 552

basement and the top of this conductive layer.553



Figure 8. a) Drillhole locations and their respective labels on the topographic map, with 554

the MT station distribution. The white points correspond to drillholes that reach the 555

basement, while the orange ones do not. The figures below show the correlation556

between the interfaces from the one-dimensional resistivity models, the filtered change 557

point analysis and the stratigraphic formations for b) drillholes 2IZST, c) 2BAC, d) 2NGST 558

and e) 1PD.559

560

561

4.3.3. Change-points analysis562

We have seen in the previous section that the depth to basement and the top of 563

the deep conductive feature are observable in the posterior model distributions, and to 564

some extent in the interface distribution, the change points. The change point 565

distributions are constructed by counting the number of transitions occurring within 566

depth intervals, or bins, for all the models of the ensemble. Shallower layers are 567

generally defined more accurately and with less uncertainty, as well as conductive 568

layers, because of the sensitivity of the MT method. The change point distributions for 569

each site along the profile is shown in Figure 9a. At shallow depths multiple layers with 570

some lateral continuities are visible, most likely corresponding to sedimentary layers. 571

However, a clear and consistent succession of layers cannot be reliably resolved. 572

573

The change points analysis consists in extracting from the posterior model ensembles 574

information regarding the probabilities of specific types of interfaces to occur as a 575

function of depth. We focus here on the depth to basement and the top of the deep 576

conductive layer. Among the change points, only a subset corresponds to the transitions 577

of interest. To select the layers associated to each transition, we apply a filtering criteria578

to remove from the posterior change point distributions the inconsistent 579

transitions. The filtering process consists in analysing each transition of each 1D model 580

from the ensemble. The resistivity of the upper layer is compared to the resistivity of 581

the underlying layer, and the thickness of the underlying layer is also considered. When 582

the resistivity contrast between the two successive layers satisfies a defined criterion, 583

and the underlying is greater than a certain thickness, the transition is kept, otherwise 584



is filtered out. The resulting marginal distributions represents the probability to each 585

interface as function of depth. These marginal distributions are constructed counting 586

the number of interfaces per depth intervals. For the depth to basement, we record only 587

the transitions that consist in a layer with resistivity < 500 , transitioning in an 588

underlying layer with resistivity > 500 , with a minimum thickness of 1000 m (Figure 589

8 and Figure 9b). This resistivity value used as a criteria for filtering aligns with previous 590

studies to detect depth to basement transitions (Seillé et al. 2021, Seillé et al. 2024). For 591

the top of the conductive layer, we record only the transitions between layers with 592

resistivity > 0.5 into a conductive layer of resistivity < 0.5 , with a minimum 593

thickness of 100 m (Figure 8 and Figure 9c). This value was used after visually inspecting 594

the posterior model ensembles. For the basement, between 1% and 10% of the total 595

number of transitions are used to define the marginal distribution.596

597

In Figure 8 is shown the filtering for individual sites. We observe that for sites MT205, 598

MT140 and MT118, the derived depth to basement distributions present a main mode, 599

with an approximately Gaussian shape, accompanied by long tails toward greater 600

depths, associated with the progressive decrease in data sensitivity with depth. 601

Comparing with, we observe a good match between that the resulting distributions and 602

the drillholes. Site MT140 shows that the resulting depth to basement distribution is 603

relatively flat past 2000m, indicating a lack of resolution. The stitched posterior 604

distributions (Figure 9b) show a good lateral continuity of the contact between the 605

sedimentary sequence and the crystalline basement. The lack of resolution in the central 606

part of the basin (between 400km and 800km) is visible with lower probabilities, 607

contrasting with higher probability near the margins of the basin. 608

609

For the deep conductor, the resulting probability distributions are characterized by 610

lower dispersion compared to those corresponding to the basement. This indicates that 611

the depth of this conductive unit is better constrained by the MT data. Site MT205 does 612

not present any transition satisfying the criteria described earlier, therefore has a quasi-613

null probability to exist in that location. In Figure 9c we see that the probability of 614

observing this interface is restricted to the center of the basin, where the thicker 615

sequence exists. 616



The next step consists in combining laterally those distributions, to obtain a probabilistic 617

interface. Given the localised and relatively scattered distribution of the deep 618

conductor, the change points distribution will not be combined and will be interpreted 619

as it is. 620

621

622

Figure 9. (a) Change-point analysis along the EW profile across the basin. Filtered results 623

showing the interface layers corresponding to the basement (b), and the shallow 624

conductive structure feature (c).625



5. Bayesian Estimate Fusion 626

5.1. Methodology627

The change points analysis allowed us to obtain probabilistic estimates of the depth 628

to at the location of each MT sites along the profile. We also have information regarding 629

the depth to basement coming at 4 drillhole locations and structural information. Our 630

goal is to combine those datasets to derive a depth to basement probabilistic map along 631

the profile. In other type of application (Seillé et al. 2024), the combination of different 632

probabilistic datasets has shown that it can help reduce uncertainties present in each633

individual dataset, as well as leveraging the limitations of individual observations. In our 634

case, we observe a good lateral continuity of the MT depth to basement estimates along 635

the profile, but with a lack of resolution in the deeper parts of the basin. On the other 636

hand, we have accurate depth to basement estimates coming from drill hole 637

observations in the deeper part of the basin, but with a very limited coverage (only 4 638

drill holes along the profile). We can see that these datasets complement well each 639

640

641

In this study, we apply the Bayesian Ensemble Fusion (BEF) algorithm (Visser & Markov, 642

2019) to combine these different datasets. It consists in deriving a depth to basement 643

posterior distribution in 3D, approximated by an ensemble of 2D surfaces. The posterior 644

distribution is evaluated using a MCMC sampling method, given the input probabilistic 645

depth estimates. The main advantages of this method over other interpolation methods 646

are its capability to handle multimodality in the input estimates and its robustness in 647

dealing with outliers (Visser & Markov, 2019). This algorithm was successfully used for 648

cover mapping in previous studies (Seillé et al. 2021, Seillé et al. 2024).649

650

The MT estimations of the depth to an interface are defined based upon variations of 651

the electrical resistivity. The downhole estimations are direct observations of geology. 652

Both types of observations can be integrated into a common framework to define a 653

single estimation, in that case depth to basement depth, using probability distributions. 654

They can consider discrepancies between different estimates. For the case of the depth 655

to basement for example, if a weathered basement exists, which will have a lower 656



resistivity than a fresh basement, the match between the geological observation and 657

the geophysical observation will not be exact. These discrepancies can be handled by 658

the uncertainties considered in both datasets.  The drill hole interface estimates are 659

therefore defined as Gaussian distributions centered on the interface estimation, with 660

an uncertainty considering this possible discrepancy as well as the existing uncertainty 661

existing in the drill hole interpretation.662

663

To obtain a continuous surface from discrete observations located on a survey or along 664

a profile, interpolations methods such as kriging or the BEF relies on the definition of a 665

variogram model. It defines the spatial continuity between the different estimates, i.e. 666

the expected variation in depths of the different estimates as a function of the distance 667

between them. The BEF algorithm allows to incorporate the location of surface faults to 668

allow for sharp lateral discontinuities, relaxing continuity constraints.669

670

5.2. Depth to basement probabilistic map671

For the depth to basement, we use depth estimates derived from MT, as derived 672

from the change points analysis, four major NS oriented faults crossing the profile, and 673

four drill holes. We considered The Quatipuru and Araguaia suture zones, located west 674

of the profile, and the two interpretations of the Transbrasiliano Lineament situated in 675

the western sector of the profile. Only 2 drill holes reach the basement along the profile. 676

While the other 2 drill holes do not reach the basement, they can be used as an 677

inequality constraint (Visser & Markov 2019). It consists in assigning the deepest 678

recorded value along the drill hole as an upper limit for the depth to basement at this 679

location.680

681

The estimation of the depth to basement using the BEF was carried out combining the 682

data in three different ways: (i) the MT estimates alone, (ii) the MT estimates together 683

with the drill hole estimates and (ii) the MT estimates with both drill hole estimates and 684

structural constraints. The estimate fusion was performed over the area of interest using 685

a regular grid with a horizontal resolution of 2000 m × 2000 m. The grid consists of 671686

cells in the E W direction and 97 cells in the north south direction, yielding a total of 687



65087 cells. Although no vertical discretization is applied within the BEF during the 688

interpolation process, the resulting probabilities are evaluated on a vertical grid with a 689

constant spacing of 5m. The fusion was carried out using 50 Markov chains, each 690

comprising 5 million iterations, with the final 30% of the iterations used to approximate 691

the posterior distribution.692

693

The results are presented along the E W profile (Figure 10) and in plan-view (Figure 11). 694

The image in Figure 10 consists in 5 stitched individual profiles, which closely follow the 695

location of the MT sites. Note that there is no continuity between profile P1 and profile 696

P2. The other profiles have continuity. In Figure 11, the 50th percentile of the posterior 697

depth to basement distribution is shown by a blue line in the models, while the 10th and 698

90th percentiles are represented by the light-blue shaded band. In Figure 11, the map of 699

the mean depth to basement distribution and its standard deviation is shown. The 3D 700

posterior probability density of the depth to basement can be interpreted using these 701

visualizations. We observe that the lowest uncertainty is localized close to the 702

observations and increases away from the profile. The profile follows closely the profile 703

along 5 different profile and therefore presents the lowest uncertainty. 704

705

Overall, the results obtained using the different types of data combinations are relatively 706

similar. Using only MT data (Figure 10b), we observe that the prediction of the depth to 707

basement is only slightly underestimated respect to the existing drillholes, despite the 708

lack of MT resolution existing in the central part of the profile. Adding the drillholes 709

(Figure 10c), the posterior distribution is observed deeper. When adding the faults 710

(Figure 10d), sharper variations on the lateral continuity is observed at the location of 711

the faults. These sharp variations were already visible in the stitched 1D models (Figure 712

7a) and in the depth to basement change points (Figure 9b). Therefore, relaxing the 713

lateral continuity in those locations allows to match more closely the input MT data, and 714

to produce an image that is more aligned with the geological data. 715

716



717

Figure 10. a) Topography map with 5 profiles displayed. Depth to basement posterior 718

distribution for the combination of (b) the MT estimates alone, (c) MT estimates + drill 719

hole estimates, (d) MT estimates + drill hole estimates + structural constraints. The 10th, 720

50th and 90th percentile are displayed. Drill holes estimates are superimposed on each 721

model, represented by orange and white dots.722

723



724

Figure 11. a) Mean basement depth model derived from MT data + drill holes + fault 725

constraints, along with b) its associated uncertainty.726

727

728

6. Geological interpretation and discussion729

6.1. Interpretation of the depth to basement probabilistic model730

The shape of the basement geometry, intuited in the pseudosections (Figure 3), and 731

defined roughly in the stitched 1D model medians (Figure 7a) and the filtered change-732

point (Figure 9b), has gained in reliability thanks to the inclusion of drillhole and 733

geological data. Additionally, our model is consistent with the previously proposed 734

basement model by Daly et al. (2018). The latter builds upon the earlier work of Daly et 735

al. (2014), which is based on seismic reflection data, which in turn shows similarity to 736

the model proposed by Soares et al. (2018), derived from seismic refraction data. 737

Figure 12 shows the superposition of the model of Daly et al. (2018) and our model.738

Although the two models are not exactly coincident, we observe a good match. Our 739

model shows a Phanerozoic sedimentary sequence that reach 3 km thick in its center 740

and extends across the three Precambrian blocks, along with sharp lateral variations in 741

the basement geometry across the basin. The transition between the Parnaíba Block and 742

the Borborema Province is less abrupt compared to the transition between the Parnaíba 743

Block and the Amazonian Craton to the west, characterized by eastward dipping faults. 744

This asymmetry in basement architecture reflects differences in the tectonic evolution 745

of these domains, with the sharper transition toward the Amazonian Craton interpreted 746



as the result of compressional deformation, possibly associated with thrusting during 747

collisional events. In contrast, the transition toward the east indicates a deformation 748

distributed along the Borborema Province or the reactivation of pre-existing lithospheric 749

structures, possibly associated with at least one of the three reactivation episodes of the 750

Transbrasiliano Lineament (Brito Neves et al. 1999).751

752

The main difference between our model and Daly et al. (2018) model lies in the region 753

between the two interpretations of the Transbrasiliano Lineament (TBL). In our model, 754

this area exhibits a pronounced basement elevation, whereas in the model of Daly et al.755

(2018) the basement appears relatively continuous, with smoother topographic 756

variations. This region coincides with the reported occurrence of Cambrian Ordovician 757

grabens, whose formation has been linked to magmatic processes, particularly 758

lithospheric heating associated with underplating (Oliveira & Mohriak, 2003; Oliveira, 759

2001). In the same location, Romero-Beltran et al. (2025) presents a Bouguer anomaly 760

map where a gravity high associated with magmatic intrusions related to the Mosquito 761

formation is observed. The discrepancy between our model and the model derived from 762

seismic data may be attributed to the different sensitivity of the MT and seismic 763

methods to the geological features. In the presence of horizontally extended magmatic 764

intrusions within the sedimentary sequences, the contrast in electrical conductivity 765

could appear at the top of the magmatic intrusion, assuming a resistive behaviour of 766

such intrusion.767

768

On the western part of the Parnaiba block, in the Grajaú domain, around km 300 (Figure 769

12), our model shows an abrupt jump, which is due to the kink in the MT line: the eastern 770

end of profile P1 (Figure 10a) shows the basement at a depth of  2km. On the western 771

end of profile P2 (Figure 10a), the basement appears at 1km depth. Those points are 772

separated 100km in the north-south direction. In our model, this transition is smooth 773

towards the north and indicates that the basin is thickening northwards. This behaviour 774

matches deeper observations, where the crustal thickness has been observed to thicken 775

northwards (Porto et al. 2022 and references therein).776

777



The Teresina domain in the eastern part of the Parnaiba Block is characterized by a 778

relatively gentle basement slope, in contrast to the Grajaú domain to the east, where 779

basement geometry has a steeper slope. This contrast could reflect the presence of the 780

Grajaú High, a Cretaceous structural feature also referred to as the Grajaú Basin (Goés 781

& Rossetti, 2001), which developed in response to a broad regional uplift during the 782

Aptian Albian (Ibanez et al. 2017). 783

784

Our model does not reveal the presence of an underlying rift system, suggesting that 785

the basement was not significantly affected by extensional processes that could have 786

dominated the formation of the basin. Instead, our results are consistent with the 787

conclusions of Daly et al. (2018), who indicate that no significant extensional 788

deformation occurred. Therefore, lithospheric and thermal subsidence mechanisms 789

likely played a primary role in the formation and evolution of the basin (Watts et al. 790

2018; Mckenzie & Rodríguez Tribaldos, 2018).791

792

793

794

795

Figure 12. Geological cross-section of the Parnaíba Basin (adapted from Daly et al. 2018), 796

onto which the mean basement model is superimposed, represent by the blue line, 797

together with the associated uncertainty shown as a blue shaded band.  798

799

800



6.2. Interpretation of the Conductivity Anomaly801

In the Parnaíba Basin, magmatic activity associated with the Mosquito and Sardinha 802

formations played an important role in the evolution of the petroleum system. This 803

activity involved the emplacement of numerous magmatic intrusions within the 804

sedimentary sequence, which contributed to the thermal maturation of organic-rich 805

units, enhanced hydrocarbon generation and migration, and promoted the 806

development of stratigraphic trapping mechanisms (Rodrigues, 1995). The thermal and 807

mechanical effects produced by these intrusions likely modified the physical properties 808

of the surrounding sedimentary rocks. In particular, the magma emplacement may have 809

induced fracturing and extensional processes within the marine shales of the Poti 810

Formation, increasing their porosity and promoting secondary mineralization and 811

cementation processes. These alterations may significantly modify the electrical 812

properties of these units by facilitating the circulation and accumulation of conductive 813

fluids. These processes may explain the pronounced conductivity anomaly observed at 814

the base of the sedimentary sequence in the central part of the basin (<10 m), 815

particularly within the Teresina Domain. This interpretation is similar to that proposed 816

by Corseri et al. (2023, 2024), who identified highly conductive anomalies in the 817

Bjørnøya Basin attributed to marine shales subjected to extensional events. However, 818

an additional increase in conductivity associated with post-sedimentary alteration 819

processes cannot be ruled out. This process may be linked to changes in the location of 820

the depocenter along the sedimentary deposition (Vaz et al. 2007), which likely modified 821

the pore-space geometry and connectivity, resulting in a more diffuse boundary 822

between the sedimentary sequences and the basement.823

Although these very low resistivity values differ from those typically observed in 824

hydrocarbon reservoirs (< 30 m; Meju, 2002), extensional or compressional tectonic 825

forces can modify basin architecture and the thermal gradient of petroleum systems 826

(Allen & Allen, 2013), thereby influencing the bulk resistivity. Furthermore, this 827

conductive anomaly spatially coincides with the high seismic velocity anomaly (5.5 km 828

et al. (2018), which has been associated with magmatic 829



intrusions emplaced within the basin and is considered a target of interest for 830

hydrocarbon exploration.831

832

833

7. Conclusion834

A probabilistic depth to basement map across the Parnaíba Basin was derived using a835

Bayesian Estimate Fusion approach. This approach integrated results from 1D trans-836

dimensional Bayesian inversions of MT data, drillhole and structural information. The 837

geometry of the basin we obtained is geologically realistic and agrees with existing 838

results derived using seismic data. Furthermore, we identified a conductive anomaly 839

which has been interpreted to be associated with the Poti and Cabeças formations, 840

which are related to hydrocarbon-bearing zones in the central part of the basin.841

842

The Bayesian MT inversions were performed using uninformed priors, ensuring that the 843

results were not biased toward any predefined geological model. A semi-automated 844

change-point analysis was used to extract transitions into conductive or resistive layers, 845

associated to the interface between the sedimentary cover and the crystalline basement846

or to the top of the conductive feature we studied. The workflow we applied showed 847

that the resolution of the MT models can be improved in the near-surface compared to 848

a 3D deterministic inversion, which can often be limited by coarse mesh discretization, 849

smoothness constraints and starting model assumptions.850

851

Overall, our work shows that combining MT data, drill hole and structural information852

within a probabilistic framework which rigorously consider input data uncertainties853

provides a robust and effective strategy to characterize geological features such as the 854

basement geometry or a conductive anomaly. In future studies, inclusion of higher-855

quality datasets and a larger number of drill holes would allow to further enhance the 856

resolution and reliability of the probabilistic basement-depth model, broadening their 857

potential for structural interpretation and geological exploration.858

859
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This document includes additional texts and figures that explain and justify the 

magnetotelluric data analysis presented in the main paper. 

 

 

 

 

 



 

 

 

Figure S1. Lithostratigraphic column of the Parnaiba Basin. From Klöcking et al. (2018) 

 

 

 

 



 

 

 

Figure S2. Electrical resistivity of several geomaterial. From Glover et al. (2015) 

 

 



 

 

 

 

 

Table S1. Attribute features of the decision tree from Seillé & Visser (2020) 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S3. Distribution of the MT soundings, indicating the polarization selected for each 

station based on data quality. 

 

 

 

 

 

 



 

 

 

 

 

Figure S4. Apparent resistivity and phase curves, in which one of the two polarizations 

is used. These station are located near those described in section 4.2 of the main text. 

 

 

 

 



Figure S5. Convergence of stations MT059, MT148 and MT220 discussed in section 4.3.1 

of the main text 



 

Table S2. Depth of the geological units identified in the four wells. 

  Well depth log (in metres) 
Group Formation NGST 2BAC 2ISZST 1PD 

  Codo   102 27 3 
  Grajaú 4       
  Corda 14 277   115 
  Mosquito 31   55   

Balsas 

Sambaiba 159 383 273 190 
Motuca 552 580 705 440 

Pedra de Fogo 781 808 895 647 
Piaui 976 1040 1065 865 
Poti 1276 1348 1282 1157 

Longá 1470 1583 1434 1380 

Canindé 
Cabecas 1612 1794 1565 1645 

Pimenteiras 1702 1912 1654 1919 
Itam 2235 2561 1835 2366 

Serra Grande 
Jaicos 2372 2748 1971 2515 

Tianguá 2557 2967 2094 2745 
Ipu   3101     

  Basement   3228 2150   
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