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b Department of Geology, Federal University of Ouro Preto, Ouro Preto, MG 35402-163, Brazil
c Institute of Astronomy, Geophysics and Atmospheric Sciences, University of São Paulo, São Paulo, SP 05508-090, Brazil
d Department of Geology, São Paulo State University, Rio Claro, SP 13506-900, Brazil
e Serviço Geológico do Brasil, SGB, Goiânia, Goiás, Brazil
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A B S T R A C T

The Córrego Seco (CS) pluton, located in the southern Brasília Orogenic Belt (BOB), central Brazil, represents a 
key expression of post-collisional mafic magmatism emplaced during the late Ediacaran (~630–610 Ma). The 
intrusion exhibits inverse zoning, with a gabbroic core surrounded by dioritic margins, and abundant mingling 
and hybridization textures that point to incremental construction by multiple magma pulses. To constrain its 
emplacement mechanisms, we integrate anisotropy of magnetic susceptibility (AMS), anisotropy of anhysteretic 
remanent magnetization (AARM), petrographic analyses, and gravity data. AMS and AARM fabrics reveal a 
concentric magnetic foliation pattern around the gabbroic core within a westward-dipping tabular pluton, 
reflecting magma flow and late-stage solid-state overprints. Petrographic observations highlight localized crystal- 
supported deformation along pluton margins and in adjacent country rocks, consistent with reduced melt frac
tions during final crystallization. Gravity modeling based on 73 new stations and 3D inversion demonstrates a 
westward-dipping geometry with thickened roots toward the west. These structural and geophysical features 
indicate that pluton emplacement was controlled by crustal-scale discontinuities and shear zones, with the 
asymmetric westward-dipping geometry being inconsistent with simple diapiric ballooning models. Integration 
of magnetic, petrographic, and gravimetric evidence supports a model of stepwise pluton assembly, where 
magma ascent was strongly controlled by inherited suture at the boundary between the Arenópolis Arc and the 
Anápolis–Itauçu Complex. This interpretation provides a key tectonic constraint, indicating that magmatism 
postdated the main suturing processes during the terminal stages of Gondwana amalgamation.

1. Introduction

Post-collisional mafic magmatism represents a key stage in the late 
evolution of orogenic systems, as it reflects the interaction between 
crustal thickening, lithospheric reworking, and mantle-derived inputs 
(Liègeois, 1998; Bonin, 2004; Patiño Douce, 1999; Wilson, 2012; 
Chiaradia, 2009). The ascent and emplacement of such magmas are 
commonly focused along inherited crustal discontinuities and deep 
regional shear zones, which act as preferential conduits for magma 
transfer through the crust (e.g. Marsh, 1982; Hutton, 1988; Bouchez 

et al., 1992; Archanjo et al., 2002; Solgadi and Sawyer, 2008; 
Martínez-Ardila et al., 2023). Recognizing the structural control on 
post-collisional intrusions is therefore fundamental for understanding 
how mafic magmas are emplaced within the orogenic crust, how they 
contribute to lithospheric reworking, and ultimately how they record 
the transition from collisional thickening to post-orogenic stabilization 
and, locally extension (Liègeois, 1998; Bonin, 2004; Paterson et al., 
1999).

The Neoproterozoic amalgamation of West Gondwana produced the 
large (~1100 km long) Brasília Orogenic Belt (BOB) (e.g. Dias et al., 
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2025). BOB is part of a broader Neoproterozic-Early Paleozoic orogenic 
system in central Brazil (Almeida, 1968) that developed during amal
gamation of three major paleocontinental blocks: the São Francisco, 
Amazon and Paranapamena (Dias et al., 2025). Driven by tectonic 
convergence, paleocontinental passive margins evolved into a complex 
accretionary system and subsequently into a collisional orogen (Dias 
et al., 2025). Throughout this evolution, intra-oceanic magmatic arcs 
accreted along the belt's western margin (Pimentel and Fuck, 1992; 
Pimentel et al., 2000a, 2000b), juxtaposing rocks with juvenile isotopic 
signatures (Pimentel and Fuck, 1992) and low-grade, forearc basin- 
related volcano-sedimentary successions (Laux et al., 2010) against 
the high-grade gneisses of the belt's metamorphic core (Lacerda Filho 
et al., 2021). Although available geophysical data are limited, these 
boundaries may delineate a first-order crustal discontinuity within the 
BOB.

As a result, the belt records a long-lived tectono-metamorphic and 
magmatic history culminating in the Ediacaran–Ordovician, marked by 
intense post-collisional magmatism (Piuzana et al., 2003). Plutons from 
the BOB are dated between 650 and 480 Ma (Piuzana et al., 2003; Silva 
et al., 2011; Lacerda Filho et al., 2021) and comprise two main episodes: 
(i) early post-collisional mafic–ultramafic intrusions emplaced between 
650 and 590 Ma (Silva et al., 2011; Augustin and Della Giustina, 2019, 
Augustin et al., 2023; Carvalho et al., 2025), and (ii) late to 
post-collisional felsic intrusions between 550 and 480 Ma, dominated by 
metaluminous, high-K calc-alkaline to alkaline (A-type) granitoids 
(Pimentel et al., 1996; Pimentel, 2016). Aeromagnetic surveys (Silva 
et al., 2011) and detailed geological studies (Augustin and Della 
Giustina, 2019; Augustin et al., 2023) have delineated several of these 
bodies, revealing complex internal facies distributions.

The Córrego Seco Pluton (CS), focus of this study, intrudes arc- 
related rocks near the contact between the high-grade gneisses of the 
belt's metamorphic core and the accreted magmatic arc rocks. It displays 
an inverse composite zonation with mafic cores surrounded by dioritic 
to granodioritic margins and widespread mingling zones. Despite its 
relevance, few structural analyses have been carried out, and the CS is 
still commonly described as isotropic except for a foliation along its 
margins (Laux, 2004; Lacerda Filho et al., 2021). This makes it a key case 
for investigating how post-collisional mafic magmas were emplaced 
along crustal-scale structures during the late evolution of the BOB.

Among geophysical tools for constraining the subsurface geometry of 
intrusive bodies, gravity methods are particularly suitable, especially 
when combined with structural analyses (Améglio and Vigneresse, 
1999). The integration of gravity modeling and anisotropy of mag
netic susceptibility (AMS) provides robust insights into pluton archi
tecture, since AMS records the last stages of magma movement before 
solidification while gravity constrains the three-dimensional geometry 
at depth (Vigneresse et al., 1999). This combined approach has been 
successfully applied to unravel pluton emplacement mechanisms in 
several orogenic settings (Aranguren et al., 1996; Améglio et al., 1997; 
Sant'Ovaia et al., 2000; Cruz et al., 2021; Souza Junior et al., 2021; 
Fontoura et al., 2024). Furthermore, recent tectonic syntheses empha
size that the terminal Ediacaran to Cambrian evolution of the BOB was 
governed by the interaction of strike-slip shear zones and localized 
extension within a thickened orogenic crust (e.g., Valeriano et al., 2008; 
Fuck et al., 2017), providing a broader framework for interpreting the 
emplacement of post-collisional mafic plutons.

In this paper, we integrate AMS, microstructural analysis, and new 
gravity data to investigate the emplacement of the Córrego Seco Pluton. 
Likely emplaced at mid-crustal levels, the CS provides a natural labo
ratory to evaluate how inherited crustal-scale shear zones guided 
magma ascent, incremental emplacement, and the development of 
asymmetric tabular pluton geometries during late- to post-collisional 
tectonism in the BOB.

2. Geological context

2.1. Regional context

The Brasília Orogenic Belt (BOB) is a ~ 1100 km belt developed 
along, the western margin of the São Francisco Craton (Almeida, 1967). 
It forms the eastern-central domain of the Tocantins Province (Almeida, 
1968), which represents an orogenic system built during the 
Brasiliano-Pan-African orogenesis associated with West Gondwana 
amalgamation (Almeida et al., 1981) via convergence among the Para
napanema/Rio de la Plata Block, the Amazonian Craton, and the São 
Francisco Craton (Fig. 1A).

Between ca. ~900 and ~ 600 Ma, the BOB evolved from initial 
oceanic plate subduction and development of intra-oceanic magmatic 
arcs (Pimentel and Fuck, 1992; Laux et al., 2005; Cordani et al., 2013), 
through progressive terrane accretion during consumption of oceanic 
lithosphere (Pimentel, 2016) and the amalgamation of the Amazonian, 
Rio de la Plata/Paranapanema, and western Congo–São Francisco 
cratonic blocks (e.g., Cordani et al., 2003; Oriolo et al., 2017). This 
tectonic progression transformed an initially passive margin into a 
complex accretionary system and, ultimately, a collisional orogen 
(Pimentel, 2016). Convergence was accompanied by syn-collisional 
continental magmatism (Dias et al., 2025), followed by post-collisional 
relaxation with crustal extension and late to post-collisional magmatism 
(Piuzana et al., 2003; Augustin et al., 2023).

The BOB has an overall N–S orientation and an acurate geometry 
delineated by systematic changes in the dominant foliation: NE–SW in 
the Northern BOB and NW–SE in the Southern BOB (Fig. 1b) (Uhlein 
et al., 2012). Regionally, it is compartmentalized into five ~N-S-or
iented tectonic zones (e.g., Fuck, 1994; Valeriano et al., 2008; Pimentel, 
2016), arranged as follows; from east to west: (i) a foreland zone 
comprising Neoproterozoic, anchimetamorphic, shallow-marine sedi
mentary rocks organized in subhorizontal thrust sheets and underlying 
by cratonic basement rocks (Valeriano et al., 2008; Dias et al., 2025); (ii) 
an external allochthonous zone, represented by Neoproterozoic 
passive-margin shelf successions forming an imbricate thrust stack 
(Valeriano et al., 2008); (iii) an internal zone composed of metamorphic 
nappes that overlie the thrust-and-fold belt of the external zone to the 
east (Valeriano et al., 2008), and include high-grade rocks of the 
Anápolis–Itauçu Complex that constitutes the metamorphic core of the 
orogen (e.g. Pimentel, 2016; Dias et al., 2025); (iv) Goiás Massif, a 
probable allochtonous microcontinental block of Archean to Neo
proterozoic crust (ca. 3.0–0.8 Ga; e.g., Cordeiro and de Oliveira, 2017); 
and (v) Goiás Magmatic Arc, consisting of metavolcano-sedimentary 
sequences and calc-alkaline orthogneisses ranging from gabbroic to 
granitic compositions, located in the westernmost part of the orogen 
(Pimentel and Fuck, 1992).

The Goiás Magmatic Arc is divided into two branches, separated by 
Archean-Paleoproterozoic rocks of the Goiás Massif (Pimentel, 2016; 
Fig. 1B). The northern branch comprises the Mara Rosa Arc (e.g., 
Pimentel et al., 1997; Viana et al., 1995), which encompasses meta
plutonic rocks of tonalitic composition generated in two periods (ca. 
900–800 Ma and ca. 700 to 600 Ma) separated by a narrow belt of 
supracrustal sequences (Cordeiro et al., 2021). The southern branch, the 
Arenópolis Arc (830–600 Ma), hosts the Córrego Seco intrusion studied 
here (Fig. 1B). It consists of six metavolcano-sedimentary sequences of 
distinct age, without a clear chronological gradient (Carneiro et al., 
2021) exposed within dominant metaplutonic orthogneiss (Pimentel 
and Fuck, 1992), and affected by high-pressure collisional meta
morphism recorded in the Anicuns–Itaberaí Sequence (Passo-Vieira 
et al., 2026).

The contact between the Arenópolis Arc and the internal zone of the 
BOB is characterized by a pronounced gravity gradient across the 
boundary and likely represents a crustal-scale discontinuity (Lacerda 
Filho et al., 2021). This boundary region hosts a suite of late to post- 
collisional mafic–ultramafic to intermediate–felsic intrusions, 
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including the Córrego Seco Pluton, and is defined by a major west- 
dipping structure (Fig. 1B; Lacerda Filho et al., 2021). Late to post- 
collisional magmatism occurred in two pulses: (i) ca. 650–590 Ma, 
dominated by mafic intrusions (including Córrego Seco) with minor 
felsic bodies (Mota and Silva, 2009; Silva et al., 2011; Augustin et al., 
2023; Carvalho et al., 2025), and (ii) ca. 550–480 Ma, characterized 
chiefly by felsic magmatism. On aeromagnetic products from south
western Goiás, these late- to post-collisional mafic-ultramafic intrusions 
are readily recognized by their strong magnetic susceptibility contrast 
with the host rocks (Silva et al., 2011).

2.2. Structural control and geology of the Córrego Seco Pluton

The Córrego Seco Pluton intrudes orthogneiss and forearc-related 
volcano-sedimentary sequence of the Arenópolis Arc (Fig. 2A and 3A). 
Emplacement was located along the contact between these contrasting 
lithologies, coincident with a medium-angle ductile shear zone (with 
reverse senses) (Fig. 2B) developed between competent orthogneiss and 
ductile metavolcano-sedimentary rocks (Fig. 2B and 3C). This 

interpretation is supported by the occurrence of ductile deformation 
structures, such as mylonitic fabrics. The shear zone strikes N–S and 
records top-to-the-east transport (Fig. 2B). Metamorphic peak condi
tions estimated by Passo-Vieira et al. (2026) for this portion of the 
orogen reached approximately 660 ◦C and 1.16–1.30 GPa, correspond
ing to depths of ~38–48 km, consistent with mid- to lower-crustal 
conditions favorable for the development of ductile shear zones 
(Fossen and Cavalcante, 2017). Overall, the deformation pattern of the 
host terrane comprises a complex stack of tectonic slices involving 
metavolcano-sedimentary nappes and orthogneisses sheets (Fig. 2A). 
Folding within the volcano-sedimentary successions is evident in 
geological maps and cross-sections (e.g., Lacerda Filho et al., 2021), 
with axial traces predominantly NE–SW and N–S (Fig. 2C). The distri
bution of foliation measurements on geological maps and stereograms 
indicates a complex folding pattern affecting the volcano-sedimentary 
sequences and surrounding basement units. The main planar elements 
are gneissic layering (according to the concept of Wojtal et al., 2022) in 
orthogneiss and schistosity in metavolcano-sedimentary rocks. The 
gneissic layering is a planar fabric defined by compositional banding 

Fig. 1. Tectonic units of the Brasília Orogenic Belt (modified from Valeriano et al., 2008). A) Geographic representation of South America and Africa in a pre-drift 
configuration and the major geological cratons, built mainly based on Alkmim et al. (2006). Cratonic units in gray: Pp-La-Rp - Paranapanema, Luíz Alves, and Rio de 
la Plata craton, SFC - São Francisco Craton. Red lines represent structural lineaments from the BOB. The dotted square delimits the study area of Fig. 1B. B) Geological 
sketch map of the BOB (modified from Pimentel et al., 2000a, 2000b; Valeriano et al., 2008). The dotted square delimits the study area of the Córrego Seco Pluton 
and other post-collisional plutons represented in Fig. 2A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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with mineral alignment and stretching of quartz and feldspar. Schis
tosity is defined by the preferred orientation of micaceous minerals, 
together with quartz and feldspar, in the metavolcano-sedimentary 
units. Associated with the foliations are stretching lineations (in 
orthogneisses) and mineral lineations (in metavolcano-sedimentary 
rocks).

The stereograms in Fig. 2C summarize the structure of the three 
structural domains recognized around the Córrego Seco Pluton. These 
domains correspond to distinct lithostratigraphic units separated by 
major tectonic boundaries: (Améglio and Vigneresse, 1999) an 
orthogneiss-dominated domain west of the pluton (stereogram 1); 
(Améglio et al., 1997) metavolcano-sedimentary rocks of the Ani
cuns–Itaberaí Sequence (stereogram 2); and (Almeida, 1968) orthogra
nulitic rocks of the Anápolis–Itauçu Complex (stereogram 3), to the east.

The C index (Woodcock, 1977) expresses the dispersion of the sam
ple, tending to infinity when there is a strong preferred orientation, and 
approaching zero when the distribution is random. The K index 
(Woodcock, 1977) refers to the shape of the distribution: higher values 
indicate clustering, whereas lower values reflect girdle distributions on 
stereograms. The foliations display strong dispersion, with C values 
between 0.92 and 1.39, suggesting high variability. K values range from 
0.62 to 1.74, indicating data distributions that transition between girdle 
and unimodal patterns. Isofrequency contour curves in the stereograms 
show girdle distributions, especially in stereogram 3, with girdle ori
ented differently in each structural domain. In domains 2 and 3, how
ever, the girdle trend NE–SW, with eigenvector 3 (calculated axis) in the 

NW quadrant, parallel to certain stretching lineation concentrations.
The contrasting isofrequency patterns between structural domains 

suggest allochthony among the lithostratigraphic units surrounding the 
Córrego Seco Pluton. Stretching/mineral lineations (Fig. 3B) also show 
variable orientations and strong dispersion across the domains. In gen
eral, the stereograms highlight folds with NW–SE axial planes, consis
tent with those observed in maps and profiles. These folds are 
asymmetric, with tight to isoclinal interlimb angles and inclined axial 
planes and axes. The C and K indices indicate that these structures do not 
represent ideal cylindrical folds, or that subsequent folding/deformation 
phases modified the original pattern.

The Córrego Seco (CS) pluton, first named by Nunes (1990) and later 
mapped by Araújo et al. (1997), covers ~40 km2 and is elliptical to near 
circular, with concentric internal structures. Although intrusive contacts 
are not frequently exposed, due to thick soil cover, the geometry of the 
pluton is constrained by aerogeophysical data (Silva et al., 2011).

The CS pluton is inversely zoned, with dioritic rocks at the margins 
grading inward to mafic core. The core of the intrusion is dominated by 
hornblende gabbro, hornblende grabro-norite and hornblende norite 
(Laux et al., 2005). These mafic rocks are predominantly melanocratic, 
dark gray to greenish, apparently isotropic at mesoscopic scale (Fig. 3F), 
with fine to coarse granoblastic texture and mineral assemblages of 
pyroxene, plagioclase and hornblende. Toward the margins, diorites and 
quartz diorites are dominant (Lacerda Filho et al., 2021). The border 
zone preserves clear evidence of mingling between contrasting magmas, 
producing enclave swarms with variable degrees of hybridization within 

Fig. 2. (A) Geological map within the Arenópolis magmatic arc. The dotted square delimits the study area of the Córrego Seco Pluton. The reverse fault represents 
the contact between the Arenópolis Magmatic Arc and the inner BOB zone. (B) Geological map with the shape and facies distribution from Córrego Seco Pluton and 
the country rocks (modified from Lacerda Filho et al., 2021). Including AMS sampling sites (ο) and our gravity stations (+) (C) Stereograms of the three recognized 
structural domains around the Córrego Seco Pluton.
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the diorite, consistent with coeval magmatic interaction (Fig. 3D,F).
Geochronological constraints for CS remain sparse. U–Pb zircon 

ages for the dioritic facies of 623 ± 13 Ma (Laux et al., 2005) and 622 ±
6 Ma (Nunes, 1990) establish the emplacement in the late Neo
proterozoic. Initial εNd(T) values between +1.8 and + 2.6 (Laux et al., 
2005), indicate magma origin from a depleted mantle source, with 
limited crustal contamination.

2.3. Microscopic features

A magmatic structure deformation origin is recognized for foliations 
defined by the alignment of igneous, commonly euhedral minerals, 
particularly where the foliation is parallel to internal or external pluton 
contacts (Bouchez et al., 1981; Nédélec and Bouchez, 2015, Bouchez and 
Nicolas, 2021). Foliations formed during expansion or ‘ballooning’ of 
diapirs may be strictly magmatic in origin, although some studies sug
gest that solid-state deformation also may occur (Paterson et al., 1989; 
Molyneux and Hutton, 2000). In this sense, deformation in crystal–melt 

systems refers to the mechanical interaction among crystals within 
interstitial melt, producing magmatic flow fabrics that reflect the rela
tive movement of a partially crystallized mush. By contrast, intra
crystalline deformation of igneous minerals provides direct evidence of 
high-temperature solid-state deformation, commonly developed when 
crystal-rich magmas approach the final stages of crystallization (e.g., 
Cavalcante et al., 2021; Nédélec and Bouchez, 2015). Otherwise, a 
strictly tectonic origin for foliations in magmatic rocks is favored when 
the foliation is defined by metamorphic minerals, no alignment of 
igneous minerals occurs, the foliation is locally at high angles to pluton 
and country rocks contacts, and the foliation is continuous with a 
regionally developed cleavage (Paterson et al., 1989).

Overgrowth textures refer to those mineral phases formed on the 
crystal faces of an already crystallized mineral. Chemical zoning can be 
described as evidence of different compositions in distinct growth sec
tors of a single mineral (Dowty, 1976). These zones form during cooling 
through a continuous chemical reaction between the mineral and the 
liquid. The poikilitic overgrowth microtexture is characterized by small 

Fig. 3. Pictures of the Córrego Seco Pluton, (a) thrust fault separating the metasedimentary sequence of the Anicuns–Itaberaí Group (to the east) from the 
orthogranulitic rocks of the Anápolis–Itauçu Complex (to the west). A sigmoidal vein highlights top-to-the-east transport, (b) mineral lineation related to the same 
shear zone structure, (c) refolding pattern within metasedimentary units, (d) igneous flow fabric defined by aligned feldspars, (e) Mingling of two magmas with 
contrasting physical properties, forming large mingled zones of enclave swarms in different degrees of hybridization with the granite, (f) sample of gabbro from the 
pluton core, displaying coarse-grained texture.
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granular crystals randomly enclosed within a larger crystal of another 
mineral (Philpotts, 1990). The smaller crystals, known as chadacrysts, 
preserve their shape (euhedral/subhedral). Meanwhile, the larger 
crystals, called the oikocrysts, do not have well-developed crystal faces 
and appear to have crystallized after the chadacrysts (Philpotts, 1990). 
Poikilitic texture with tabular biotite chadacrysts enclosed by plagio
clase oikocryst (Fig. 4A) and overgrowth in zoned euhedral plagioclase 
(Fig. 4B) are present and represent unequivocal magmatic growth 
features.

Microscopic features allow us to distinguish magmatic and solid- 
state deformation microstructures using widely used criteria (Bouchez 
et al., 1981; Passchier and Trouw, 2006, Vernon, 2018, Nédélec and 
Bouchez, 2015among others). Evidence of quartz-feldspathic residual 
melt is suggested by magmatic features including microfractures and 
embayments in deformed feldspars, which are filled by a fine-grained of 
quartz and/or plagioclase (Fig. 4C). Limited intracrystalline plasticity is 
indicated by deformation twins (Fig.s 4B–E), microkinks (Fig. 4D), and 
undulose extinction (Fig. 4E) in plagioclase. Solid-state deformation is 
indicated by polycrystalline feldspar with irregular grain boundaries 
formed in response to bulging (BLG) recrystallization (Fig. 4D,E,F).

3. Methods

3.1. Magnetic analysis

Oriented samples were extracted from 28 sites spaced at ~1 km, 
evenly distributed across the pluton (Fig. 2B) except for some areas of 
difficult access. Between seven and ten cores of approximately 8 cm in 
length and 2.5 cm in diameter were collected at each site using a 
portable gasoline-powered drill. The cores were oriented in situ with 
both magnetic and solar compasses. In the laboratory, each core was cut 
into standard specimens that were 2.2 cm in length providing a total of 
258 specimens. All measurements were performed at the Laboratório de 
Paleomagnetismo e Magnetismo de Rochas (USPmag) of the Instituto de 
Astronomia, Geofísica e Ciências Atmosféricas of the Universidade de 
São Paulo (IAG-USP).

The anisotropy of magnetic susceptibility (AMS) provides a semi
quantitative fabric description of magmatic rocks (Bouchez, 1997). The 
AMS is second-rank symmetrical tensor, but it is commonly represented 
as an ellipsoid with three orthogonal axes (k1 > k2 > k3). The parameter 
P is defined as the degree of anisotropy, P = k1/k3 with P = 1 corre
sponding to a fully isotropic sample. The parameter T is defined as the 
shape factor, T = 2ln(k2/k3)/ln (k1/k3) − 1, reflecting the shape of the 
AMS ellipsoid and varying from +1 for oblate, purely planar magnetic 

Fig. 4. Images of microtextures and microstructures of the Corrego Seco Pluton: (a) Poikilitic texture with tabular biotite chadacrysts enclosed by a plagioclase 
oikocryst, in twinned feldspar crystals with tapering edges, (b) chemical zonation in euhedral plagioclase, (c) microfractures and embayments in deformed feldspars 
filled by a fine-grained of quartz and/or plagioclase, (d) deformed twins in plagioclase, (e) undulose extinction in plagioclase and deformed twins in plagioclase, (f) 
polycrystalline feldspar with irregular grain boundaries formed in response to bulging (BLG) recrystallization.
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fabric (i.e. k1 = k2> > k3) through 0 (neutral) to − 1 for prolate, purely 
linear magnetic fabric (i.e. k1> > k2 = k3). The AMS of individual 
samples was measured using an Agico Kappabridge MFK 1 A. The soft
ware used was Anisoft6 and the statistical evaluation of the magnetic 
anisotropy in individual sites was obtained using the methods of Jelínek 
(1978) implemented in the ANISOFT program package (Hrouda et al., 
1990). The AMS directional data were filtered to discard sites with 
high internal dispersion (ε12, ε 23) greater >26.5◦ (Jelínek, 1978). The 
anhysteretic anisotropy of remanent magnetization (AARM) reflects the 
sole ferromagnetic (lato sensu) contribution in the mineral fabric. To 
further restrict the selection of fabric carriers, we obtained the AARM 
within a coercivity window between 0 and 50 mT along 12 different 
orientations. A total of 4 (four) sites were selected according to their 
representability in each geological unit in the CS.

To explore the contribution of specific minerals to the bulk rock 
magnetic susceptibility, thermomagnetic experiments were carried out 
on the same four sites where AARM was applied. To accomplish that, the 
samples were crushed into a powder using an agate mortar, followed by 
measurement acquisition utilizing the Agico Kappabride KLY 4 CS, 
during both low and high-temperature cycles. Low-temperature curves 
were executed applying liquid nitrogen until the sample reached - 
195 ◦C. High-temperatures experiments were performed under a con
stant flow argon atmosphere to avoid excessive oxidation. In both high- 
and low-temperature experiments, we subtracted the signal of the 
sample holder along with the respective apparatus: the furnace for the 
high-temperature curve and the crystal for the low-temperature curve. 
Hysteresis curves were obtained with a vibrating sample magnetometer 
(VSM) MicroMag 3900 (Princeton Measurements Corp).

3.2. Magnetic mineralogy

Magnetic susceptibility versus temperature (K-T) curves were 
analyzed for four samples from each lithology of the CS pluton in order 
to identify the ferromagnetic minerals. The SI11 and SI20 sites represent 
the diorite, and the SI13 and SI24 samples represent the gabbro (Fig. 5). 
Specimens from CS pluton show similar, simple behaviors during cool
ing and heating. The K–T curves of all samples exhibit major transitions, 
identified from the derivative of the curves (dK/dT), near the Verwey 
Transition of magnetite (VT; approximately − 180 ◦C) and the Curie 
temperature of magnetite (MCT; approximately 580 ◦C), manifesting the 
dominance of this mineral over the whole magnetic fabric. Still the 
samples SI20, SI13 and SI24 curves kept a sluggish decay, exceeding the 
Néel temperature of hematite (680 ◦C), which is an indication of its 
presence.

For sample SI11, a subtle hump is observed in the heating curve, 
which may correspond to maghemite that is destroyed during heating 
and, therefore, does not reappear upon cooling. The samples SI20 and 
SI24 show a distinct increase in susceptibility during cooling, which is 
likely related to oxidation processes during heating, producing Ti-poor 
magnetite. In contrast, sample SI13 presents a reversible curve, with 
only a slight Hopkinson peak at low temperatures, suggesting the 
presence of single-domain (SD) magnetite.

The hysteresis loops were applied to investigate the magnetic 
domain states of the lithotypes present in the CS and were obtained with 
a vibrating sample magnetometer (VSM) MicroMag 3900 (Princeton 
Measurements Corp). All the analyzed samples reflect hysteresis loops 
with lower coercivity and are classified as multi-domain (MD), as the 
Mrs./Ms. and Hcr/Hc ratios fall within the MD spectrum on the Dayplot 
(Day et al., 1977).

3.3. Anisotropy of magnetic susceptibility

Table 1 summarizes the results of the site mean principal suscepti
bility axis (K1, K2 and K3) and their associated errors, and parameters (T, 
P and Km) of the measured AMS. The filtering process excluded very few 
data, with only magnetic lineations showing low dispersion at the site 

level 96%. Each station is characterized by the mean anisotropy pa
rameters of a minimum of seven specimens. For the gabbroic composi
tions, Km ranges from 2.856 × 10− 3 to 132.1 × 10− 3. For dioritic 
compositions, Km ranges from 1.373 × 10− 3 to 48.31 × 10− 3. No CS Km 
data is <10− 3, which according to Rochette (1987) might be a ferro
magnetic rock behavior caused by ferromagnetic minerals such as 
magnetite, supported by magnetic mineralogy (see in topic 3.2). The 
values of k vary widely according to different parts of the pluton. This 
spatial variability of K determines that there is no relationship between a 
lithotype inside the CS. The values of T and P vary widely according to 
different parts of the pluton. The highest values are located in the 
northern portion of the pluton, while the lowest values are located in the 
southern portion. For dioritic compositions, P ranges from 1.089 to 
1.332, and most ellipsoids are oblate in shape. For the gabbroic com
positions, P ranges from 1.029 to 1.400, and most ellipsoids are oblate in 
shape. For country rocks, P ranges from 1.041 to 1.245, and the oblate 
magnetic fabrics are slightly more abundant than the prolate variety. We 
depict all magnetic foliation and lineation data after filtering out sites 
with low internal coherence (Fig. 6). Magnetic foliation and lineation 
from all lithotypes exhibit a distinct concentric pattern surrounding the 
mafic core. The border of the CS exhibits a concentric structure through 
both magnetic lineation and foliation. The lineation (K1) is predomi
nantly characterized by low angles, with few data points at high angles. 
K3 exhibits a similar structuring to K1, characterized by foliation plane 
with low plunge angles. The inner zone of the CS presents a clear 
concentric distribution, with K1 and K3 varying from low to high plunge 
angles.

The AMS and AARM results for the CS pluton exhibited similarities 
(Fig. 7). Magnetic fabrics obtained from both techniques were consistent 
across all samples, suggesting a predominant influence of MD magnetite 
in defining the magnetic fabric within the pluton. This similarity in
dicates that any dispersion observed in the AMS fabric is likely due to 
variations in the orientation of MD magnetite grains rather than the 
presence of other magnetic phases.

4. Gravity data acquisition

For this study, the gravity dataset consists of 73 new gravity stations 
collected during fieldwork in 2023 (Fig. 2B). Data acquisition was per
formed using a CG-5 Autograv gravimeter, with a precision of ±0.01 
mGal, while orthometric altitudes, referenced to the WGS84 ellipsoid, 
were measured with Differential Global Positioning System (DGPS) 
equipment (±0.3 m). Station spacing was approximately 500 m along 
three profiles crossing the CS, with two in the N-S direction and one in 
the E-W direction. In the country rocks, station spacing increased to 
around 800 m.

4.1. Data processing

The gravity network is referenced to an altimetric base from the 
Brazilian Institute of Geography and Statistics (IBGE), located at 
16◦30′19.58” S, 50◦03′51.28” W. Tidal and instrument drift corrections 
were applied using the software Oasis Montaj (Geosoft Inc, 2015), while 
the remaining processing steps followed a different approach to 
compute the Bouguer disturbance.

Orthometric altitudes (H) were converted from both the newly ac
quired gravimetric dataset and the topographic database (30 m × 30 m 
resolution). The geoid height (N) for the study area was extracted from 
the GMT database (Wessel et al., 2019), which provides an approximate 
resolution of 10 km × 10 km. To ensure consistency with the gravity 
dataset, the geoid height values were interpolated using the nearest 
neighbor method in the Verde Python library (Uieda, 2018) to match the 
resolution of the orthometric topography. The geometric altitude (h = H 
+ N) was then computed, ensuring that all altitude values were refer
enced to the WGS84 ellipsoid (Zone 22S).

The normal gravity field (g) was calculated using the theoretical 
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Fig. 5. Representative thermomagnetic curves for four samples of the Córrego Seco Pluton. The y-axis is the bulk of magnetic susceptibility and the x-axis is the 
temperature in degrees Celsius. The red lines represent the heating, blue lines represent the cooling, and the black dashed lines are the first derivative (∂k/∂T). In the 
hysteresis curves for the same sites, the magnetic moment was normalized by the mass. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
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formulation for the WGS84 ellipsoid, providing expected gravity values 
at each station through the Boule package (Uieda and Soler, 2020a), 
which implements the closed-form formula of Li and Götze (2001) to 
compute the normal gravity given latitude and geometric height of each 
station. The normal gravity represents the magnitude of the gradient of 
the gravity potential generated by a rotational bi-axial ellipsoid with the 
same mass, angular velocity, and surface potential as the geoid (Pašteka 
et al., 2017). Since this theoretical gravity formulation requires geo
metric heights, the conversion of orthometric altitudes to geometric 
heights was necessary in the first step to ensure consistency within this 
reference frame.

Once the normal gravity was obtained, the effect of the topography 
was removed, which is not accounted for in the theoretical gravity 
model (Gupta, 2021). Instead of applying the traditional infinite slab 
Bouguer correction — which assumes a homogeneous slab of thickness 
equal to the orthometric height (Lowrie, 1997) — we opted for a more 
accurate approach based on forward modeling (Nagy et al., 2000). This 
method is particularly relevant given that the study area presents sharp 
topographic variations, which could introduce significant errors when 
using the infinite slab approximation. To model the topographic effect, 
the terrain was discretized into rectangular prisms of 30 m × 30 m × h 
m, assuming a uniform density of ρ = 2690 kg/m^3 (Table S1), repre
sentative of the average density of the country rock lithology. The 
gravitational effect of each prism was then computed using a forward 
model to obtain the total topographic correction, which was subtracted 
from the observed gravity values, along with the normal gravity, to 
compute the Bouguer disturbance (Fig. 8A).

The Bouguer disturbance results from the lateral density contrasts 
between the rocks in the subsurface (Améglio et al., 1997). Since po
tential fields are additive, they comprise long-wavelength components 
associated with deep density variations (regional anomalies) and short- 
wavelength components linked to shallow mass distributions (residual 

anomalies) (Telford et al., 1990; Lowrie, 1997). For studies involving 
smaller-scale bodies, it becomes necessary to apply the regional-residual 
separation method. However, since the field dataset alone did not pro
vide sufficient regional coverage for an accurate regional correction, we 
complemented the dataset with satellite-derived gravity data from the 
EGM2008 model, obtained from the ICGEM database (Ince et al., 2019) 
as a regular grid. We followed the same processing steps described 
earlier for the satellite-derived data to obtain the Bouguer disturbance, 
except for the density of the topography, which we assumed was the 
crust's average density of 2670 kg/m3 (Hinze, 2003). To estimate the 
regional gravity field, we applied the deep equivalent layer (Dampney, 
1969) directly to the Bouguer disturbance derived from the satellite 
gravity data. This 30 km-deep equivalent layer was fitted to extract only 
the long-wavelength components of the gravity field. The resulting 
regional anomaly was interpolated at the field measurement locations 
(Fig. 8B) using the nearest neighbor method in the Verde Python library 
(Uieda, 2018).

The residual gravity anomaly was obtained by subtracting the 
regional anomaly from the Bouguer disturbance (Fig. 8C). This residual 
anomaly was then interpolated onto a regular grid using a shallow 
equivalent layer (2.5 km), producing the final gravity anomaly map at a 
constant height of 1000 m (Fig. 9A). The technique can be used to 
predict the values for the gravimetric and magnetic field at any point, 
such as regular grids and different heights, while also outperforming 
other 2D interpolators like the minimum curvature or bi-harmonic 
splines (Soler and Uieda, 2020; Uieda and Soler, 2020b).

4.2. Gravity modeling

The tridimensional inversion was conducted using the SimPEG 
software (Cockett et al., 2015), using a residual gravity grid (Fig. 9A) 
and a topographic grid as input data. The a priori information used in the 

Table 1 
Anisotropy of magnetic susceptibility parameters of the Córrego Seco pluton. Site number; number of specimens measured (N); longitude, latitude – geographical 
coordinates; Km = mean magnetic susceptibility (10− 3SI); P = degree of anisotropy of the magnetic susceptibility (P = k1/k3); T = AMS ellipsoid shape parameter [T =
2ln(k2/k3) / ln(k1/k3) − 1]; K1 = trend and plunge of magnetic lineation (in degrees); K2 = trend and plunge of the intermediate anisotropy axis; K3 = trend and plunge 
of the pole of the magnetic foliation; ε12, ε23, ε31 are the semi-angle (measured in degrees) of confidence ellipses of AMS axes from Jelínek's (1978) statistics.

Site (n)
N Location Scalar data Direction of principal axes

Geographical coordinates Km (10− 3SI) P T k1 ε12 (k1) k2 ε23 (k2) k3 ε31 (k3)

Diorite
SI1 7 49◦ 59′ 5.981” 16◦ 23′ 34.780” 48.31 1.332 0.085 255/ 97 13.9/8.2 137/40 17.7/8.4 009/36 19.8/6.7
SI11 8 60◦ 0′ 56.526” 16◦ 24′ 53.142” 2.409 1.219 0.130 94/38 7.3/5.7 239/47 9.6/6.5 349/18 9.9/5.1
SI14 7 49◦ 57′ 49.489” 16◦ 24′ 33.011” 37.88 1.220 0.215 250/10 5.8/1.8 160/3 7.1/1.3 54/79 5.1/1.7
SI20 9 49◦ 59′ 6.409” 16◦ 23′ 30.292” 7.172 1.220 0.153 102/4.5 12.9/7.9 009/34 15.8/7.7 198/56 12.9/6.5
SI21 7 50◦ 0′ 27.116” 16◦ 24′ 46.718” 1.373 1.099 0.536 203/16 18.8/2.8 110/10 20.9/8.2 348/71 12.9/3.1
SI22 8 50◦ 0′ 9.416” 16◦ 24′ 42.344” 6.121 1.087 − 0.061 241/8 6.8/3.4 149/17 9.6/6.5 355/71 9.5/3.1
Gabbro/Norite
SI3 10 49◦ 58′ 12.465” 16◦ 24′ 55.284” 5.874 1.109 0.138 248/26 21.1/2.4 169/41 24.3/4.9 37/38 14.2/2.4
SI4 10 49◦ 58′ 48.148” 16◦ 25′ 12.021” 2.971 1.120 0.396 156/34 13.2/4.3 267/28 15.6/9.9 27/43 13.1/4.1
SI5 10 49◦ 59′ 51.065” 16◦ 25′ 30.513” 2.856 1.110 0.246 99/25 22.8/7 195/11 24.4/11 307/61 16.4/8.9
SI6 10 49◦ 59′ 35.788” 16◦ 25′ 24.811” 4.973 1.139 0.723 24/45 38/3 288/6 38/6.5 192/44 7.5/3.3
SI7 11 50◦ 40′ 38.592” 16◦ 22′ 18.800” 87.75 1.106 0.189 105/54 12.4/7.8 11/3 12.8/5 279/36 14.4/6
SI8 12 49◦ 59′ 7.366” 16◦ 26′ 29.819” 15.84 1.298 − 0.365 78/27 6.6/6.5 226/59 5/2.7 341/14 5.7/2.9
SI12 7 49◦ 58′ 43.674” 16◦ 25′ 48.704” 14.98 1.140 0.466 149/14 17.1/7.6 288/72 17.4/8.9 56/12 11.9/4
SI13 10 49◦ 58′ 19.411” 16◦ 25′ 52.815” 132.1 1.122 − 0.113 214/31 16.2/9.7 120/6 12.1/9.3 21/59 15.7/8.6
SI15 8 49◦ 59′ 2.364” 16◦ 24′ 1.706” 81.98 1.201 0.652 28/76 9.8/6.2 265/8 10/4.7 173/12 10/5.5
SI16 10 49◦ 58′ 27.780” 16◦ 24′ 27.830” 71.4 1.150 0.382 34/3 5.4/2 126/26 5.1/2 297/64 3.8/1.8
SI17 10 49◦ 58′ 55.086” 16◦ 24′ 34.503” 81 1.400 0.68 45/14 20.4/2.7 137/6 20.4/2.3 250/45 4/1.9
SI18 11 49◦ 59′ 54.196” 16◦ 24′ 45.298” 49.43 1.184 0.741 296/62 14.4/3.8 175/16 15.5/7.3 77/22 10.4/2.2
SI19 9 49◦ 59′ 56.399” 16◦ 24′ 10.035” 70.95 1.243 0.242 65/37 10.5/3 333/3 15.4/5.6 239/52 12.9/2.4
SI23 9 49◦ 59′ 47.273” 16◦ 25′ 26.981” 118.2 1.100 0.117 285/51 17.9/6.6 109/38 15.9/7.4 17/2 22.4/4.7
SI24 10 49◦ 59′ 38.626” 16◦ 25′ 30.194” 2.835 1.174 0.05 96/1 8.8/2 189/66 14.3/6.7 6/24 14.4/5.6
SI26 7 49◦ 59′ 12.185” 16◦ 26′ 10.741” 7.948 1.229 0.108 295/3 12.3/1.4 1/64 13.1/1.2 173/26 8.5/2.4
SI28 10 49◦ 59′ 28.817” 16◦ 24′ 57.118” 2.974 1.079 − 0.139 69/44 18.5/10.1 213/39 23.1/17.8 319/19 22.8/10
Country Rocks
SI2 9 50◦ 0′ 20.359” 16◦ 24′ 58.210” 162.4 1.208 0.619 311/7 23/10.5 217/27 20.6/15.6 54/62 17.9/13.1
SI10 7 49◦ 59′ 28.629” 16◦ 26′ 19.281” 1.233 1.044 0.398 86/12 15.8/4.9 182/24 11.1/3.9 331/62 12.7/4.3
SI25 7 49◦ 59′ 12.806” 16◦ 26′ 20.994” 85.09 1.027 0.374 42/44 24.8/6.6 229/46 24.6/4.6 135/3 8/3.7
SI27 10 49◦ 59′ 28.151” 16◦ 26′ 26.990” 133.3 1.110 − 0.075 296/56 14.7/7.9 67/24 20.7/8.9 168/23 18.6/8.1
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modeling was obtained from two main sources. The first was the 
shapefile of the pluton, which provided information on the regions 
where it outcrops. The second source came from borehole data used in 
the rock magnetism study. To achieve higher precision in density 
determination, we used the buoyancy method, measuring the sample's 
dry weight and the buoyant force acting on it while suspend by a 
negligible-mass thread in deionized water (Table S1). The results yiel
ded an average density of 2920 ± 70 kg/m3 (n = 70) for gabbro, 2850 ±
50 kg/m3 (n = 40) for diorite, and 2690 ± 100 kg/m3 (n = 53) for the 
surrounding country rock (see geologic map Fig. 2B).

The study area was discretized into a mesh with a minimum cell size 
of 500 m in all directions (x, y, and z). The mesh was horizontally 
centered at the plutonic body's centroid and vertically aligned with the 
highest topographic elevation. The resolution in the central region is 
refined with the minimum cell size near the body and progressively 
increased in cell size as it extends outward. Then, the active cells were 
defined, which excluded regions above the topographic surface from the 
inversion domain to optimize computation and results. These cells 
represent air and do not contribute to the gravity signal.

To further improve model accuracy, the first layer of cells in the 
outcropping central region of the plutonic body was assigned a positive 
density contrast of +230 kg/m3. This value corresponds to the average 
contrast density of the gabbroic rock exposed in the area (Supplemen
tary Table S1). This assignment served as a reference model, and a 

smallness regularization parameter (αₛ = 2) was employed to penalize 
deviations from this density, which enforces strong adherence to the 
reference model in regions where prior density values are available, 
preserving known geological constraints. Additionally, the directional 
smoothness regularization parameters (αₓ = αᵧ = αz = 1) were imple
mented to promote smooth variations in all directions. This ensures 
continuity throughout the model while still allowing some discontinu
ities, such as the pluton boundaries. The choice of a reference model 
with values set to zero in the remaining mesh was due to the topographic 
correction applied using the average density of the country rocks. The 
inversion was performed using a weighting regularization based on 
distances, giving higher weights to regions closer to the surface since the 
body is exposed, which stopped upon meeting the SimPEG-defined 
tolerance criteria for changes in the objective function and model up
dates (Cockett et al., 2015). The final model was evaluated by 
computing the residual between the observed and predicted data (Figs. 9
A and B, respectively), yielding a root mean square error (RMSE) of 0.01 
mGal, as shown in Fig. 9C.

To better visualize the density distribution, three cross-sections were 
selected: two north-south (S–N) profiles and one west-east (W-E) profile 
matching the ground survey data points (dashed lines in Fig. 9). This 
allows for a clearer interpretation of subsurface density variations and 
structural features. The first profile, located on the eastern edge of the 
pluton (Fig. 10A), parallel to the y-axis, represents an area where the 

Fig. 6. AMS directional data after elimination of scattered sites (for error ellipses above 26◦). (a) Magnetic foliations (k3); (b) magnetic lineations (k1); contour plot 
of Kmax (red) and Kmin (blue) on the (c) border, and (d) inner zone of the pluton. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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pluton has minimal thickness, and the density variation is less pronounced. In this region, diorite likely predominates. However, due to 

Fig. 7. Comparison of AARM and AMS directions for sites SI19, SI08, SI22, SI17 and SI27. While AMS is the bulk magnetic response of all minerals (dia, para, and 
ferromagnetic), the AARM isolates the ferromagnetic response and, in this case, is almost exclusively controlled by the shape anisotropy of MD magnetite (all sites 
have this behavior).

Fig. 8. The regional-residual separation process. The Bouguer disturbance (a) is decomposed into its deeper, regional component (b) and its shallower, residual 
component (c). The points represent the locations of ground survey stations, hued according to the intensity of the corresponding gravity field data. The solid black 
line corresponds to the pluton's boundary.

F.A. Temporim et al.                                                                                                                                                                                                                           Tectonophysics 936 (2026) 231299 

11 



the resolution of the model, it was not possible to discretize this influ
ence with precision. The second profile (Fig. 10B), also parallel to the y- 
axis, shows that the pluton reaches greater depths. However, the model 
appears diffuse regarding the vertical boundary of the body, with the 
boundary potentially occurring between 2.5 and 4.5 km. This is a feature 
related to the smoothness caused by the regularization of the model, 
which leads to uncertainty in defining the exact depth of the body in this 
region. Finally, the third profile (Fig. 10C), parallel to the x-axis, dem
onstrates that the body dips to the west. This is further observed in the 
westward displacement of the positive peak of the residual anomaly 
(Fig. 9A). The westward dipping trend may be related to the structural 
setting of the intrusion zone, which occurs near a regional fault between 
the two enclosing units.

5. Discussion

5.1. Significance of magnetic fabric and gravity modeling

The CS is characterized by the presence of coarse-grained, multido
main (MD) magnetite, which plays a central role in controlling its 
magnetic fabric. This is evident from the susceptibility versus temper
ature (K-T) diagrams and further corroborated by both anisotropy of 
magnetic susceptibility (AMS) and anisotropy of anhysteretic remanent 
magnetization (AARM) measurements. The AARM ellipsoids, obtained 
within a low-coercivity window of 0 to 50 mT, confirm the dominance of 
MD/PSD magnetite grains in defining the magnetic fabric, as seen in 
other studies (Trindade et al., 2001; Temporim et al., 2020; Bellon et al., 
2021). Similar to observations in other geological settings, the presence 
of MD magnetite in the CS is crucial for AMS studies, providing insights 
into the magmatic flow and foliation due to its control by magnetostatic 
energy rather than magnetocrystalline anisotropy (Dunlop and Ozdemir, 
1997).

Although the magnetic lineation does not display a well-defined 
pattern, the magnetic foliations of both lithotypes within the pluton 
exhibit a distinct concentric arrangement centered on the gabbronorite 
core (Fig. 6). In the interior of the pluton, magmatic deformation is 
evident (Fig. 4). In the border of the pluton, including the diorite with 
mingling texture, the AMS patterns capture deformation imprinted by 
the magmas during their emplacement and crystallization. The diorite 
typically displays planar fabric with high P values (up to 1.332). The 
mafic core shows similar AMS patterns, characterized by planar fabric 

and high P values (up to 1.400). Additionally, at the border of the CS 
(diorite lithology), solid-state deformation occurs as feldspar recrystal
lized and aggregates of relatively small new grains between large old 
grains with undulose extinction (Fig. 4F). The undolose extinction in 
plagioclase may be associated with low-grade metamorphic conditions 
acting on intracrystalline deformation (Passchier and Trouw, 2006).

A clearer distinction emerges when microstructures are considered in 
detail. Plagioclase deformation twins, although classically associated 
with temperature above 400 ◦C (Passchier and Trouw, 2006) with high- 
temperature solid-state deformation, have been widely reported in 
partially crystallized mushes where residual melt allows crystal inter
action during late stages of solidification (Vernon, 2018; Bouchez et al., 
1992; Cavalcante et al., 2021; Nédélec and Bouchez, 2015). Their 
presence in the CS therefore supports intracrystalline deformation 
within a crystal-rich magma, complementing the AMS evidence of 
syn-magmatic fabrics. Bulging (BLG) recrystallization observed in feld
spars represents a transition of low to medium temperature subsolidus 
deformation (~ 400 ◦C, Passchier and Trouw, 2006). Instead, BLG may 
develop during pluton exhumation or cooling, particularly along the 
margins where thermal gradients are steeper (Passchier and Trouw, 
2006; Vernon, 2018; Stipp et al., 2002). In the CS, BLG textures likely 
developed during post-magmatic cooling and/or subsequent tectonic 
deformation, indicating that solid-state deformation overprinted the 
earlier magmatic fabric. Together, these microstructural criteria docu
ment a progressive overprint from syn-magmatic to subsolidus condi
tions, bridging the gap between magmatic fabrics and later 
modifications.

The bulk magnetic susceptibility of the specimens (k) varies widely 
across the CS (Fig. 11A). The lowest values are concentrated in the 
central and southern portions of the CS and locally in the northern and 
western portions. In contrast, the highest values are distributed in the 
northern, southeastern, and eastern portions. The distribution of bulk 
magnetic susceptibility values is not correlated with the lithotypes of the 
CS. The shape of the ellipsoids (T) also cannot be directly related to the 
pluton units. However, the highest “T” values are concentrated in the 
northern portion of the CS, while the lowest values are concentrated in 
the southern portion (Fig. 11B). The degree of anisotropy (P) exhibits 
significant variation. Fig. 11C shows a NE-SW direction strip of high 
anisotropic degree oriented in the NE-SW direction, which coincides 
with oblate ellipsoids, as shown in Fig. 11B. The southern and south
eastern portions of the CS generally exhibit lower degrees of anisotropy, 

Fig. 9. Comparison of the observed and modeled gravity data. (a) Observed residual anomaly, (b) modeled prediction, and (c) Data misfit, highlighting the difference 
of an order of magnitude between observed and modeled data. The latter is given by the low value of the RMSE. The solid black line marks the pluton boundary, 
while the dashed lines represent the profiles analyzed.
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which are predominantly associated with prolate ellipsoids. These fea
tures, represented by oblate and prolate ellipsoid shapes, cannot be 
directly attributed to any specific unit within the CS. However, it is 
evident that the northern portion of the CS displays a higher degree of 
anisotropy and a predominance of oblate ellipsoids, while the southern 
portion shows a lower degree of anisotropy and a predominance of 
prolate ellipsoids.

Although magmatic microtextures and microstructures are more 
abundant within the CS, the new AMS data show a strong anisotropic 
pattern also corroborated by the presence of a solid-state fabric (Fig. 4F). 
Therefore, the good agreement between magnetic and petrofabric ge
ometries has been demonstrated by comparison of AMS and thin-section 
image analysis data (Fig. 4), confirming the utility of AMS in detecting 
cryptic structures in plutonic rocks. Syntectonic plutons are character
ized by coherent, unidirectional magnetic lineations at the pluton scale 
(e.g., Archanjo et al., 2002; Bouchez et al., 1990; Langille et al., 2014). 
In contrast, the CS shows a well-defined concentric pattern of magnetic 
lineations, suggesting that magma deformation was controlled by 

magma buoyancy forces (Bellon et al., 2021; Oliveira et al., 2010; 
Sant'Ovaia et al., 2000; Temporim et al., 2020). However, the gravity 
inversion results add an additional dimension to this interpretation. The 
3D modeling of residual anomalies reveals a westward-dipping geome
try with thickened roots to the west, which directly complements the 
concentric magnetic fabrics observed in map view. This asymmetry in
dicates that while magma ascent was indeed buoyancy-driven, the final 
geometry of the body was strongly conditioned by crustal-scale shear 
zones at the Arenópolis–Anápolis–Itauçu boundary.

Thus, the integration of magnetic fabrics and gravimetric modeling 
demonstrates that the concentric magnetic foliation records magma flow 
organized around the gabbroic core within an asymmetric westward- 
dipping tabular intrusion, rather than lateral spreading within a radi
ally symmetric pluton. The westward tilt of the pluton at depth likely 
reflects tectonic inheritance and the influence of regional crustal-scale 
structures during emplacement. When combined with the microstruc
tural record, these results indicate a progressive sequence from syn- 
magmatic deformation (plagioclase twins) to localized subsolidus 

Fig. 10. Cross-sections of the pluton showing subsurface density variations. (a) Eastern border profile (S–N) showing this area pluton has minimal thickness. (b) 
Western border profile (S–N) with a diffuse vertical boundary, suggesting uncertainty in the exact depth of the pluton. (c) Middle section (W-E), showing the 
westward dip of the pluton.
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overprint (BLG), a pattern also described in other post-collisional plu
tons worldwide (e.g., Archanjo et al., 2002; Barbey et al., 2008). Com
parable cases of asymmetric plutons constrained by AMS and gravity 
data have been reported in other orogenic settings (Améglio and 
Vigneresse, 1999; Haederle and Atherton, 2002; Souza Junior et al., 
2021), reinforcing the broader applicability of this integrated 
methodology.

In summary, the magnetic fabric reveals the internal organization of 
magma flow within the intrusion, while gravity data provide the large- 
scale framework of pluton asymmetry and depth distribution. Together, 
these datasets indicate that the CS pluton was emplaced incrementally 
within a structurally controlled, westward-dipping tabular system. In 
this context, the concentric magnetic fabrics likely reflect internally 
organized magma flow and incremental inflation within the intrusion, 
whereas the overall pluton geometry was controlled by inherited crustal 
discontinuities.

5.2. Model of emplacement

The integration of field observations, microstructural analysis 
(Bellon et al., 2021; Temporim et al., 2020; Oliveira et al., 2010), AMS 
data (Gleizes et al., 2006; Sant'Ovaia et al., 2000; Žák et al., 2013), 
gravimetric surveys (Souza Junior et al., 2021; Fontoura et al., 2024), 
and geochronological constraints (620 ± 7 Ma, U–Pb zircon; Laux, 
2004) provides a comprehensive framework for understanding the 
mechanisms that controlled the emplacement of the Córrego Seco (CS) 
pluton. This integrated approach allowed a refined perspective on 
post-collisional mafic-ultramafic plutonism and on the possible role of 
crustal-scale structures acting as conduits for magma emplacement 
along the margins of the Brasília Orogenic Belt.

The pluton lies adjacent to the boundary between the Arenópolis 
Magmatic Arc and the Anápolis–Itauçu Complex, a crustal-scale 
discontinuity defined by N-S-striking shear zone and complex folding 
(Fig. 2, 3C). We propose that these regional structures acted as prefer
ential conduits for magma ascent and emplacement during a post- 

Fig. 11. Scalar magnetic parameters calculated through AMS data. Interpolation through minimum curvature of (A) bulk magnetic susceptibility (K), (B) shape 
parameters (T), (C) anisotropy degree (P) throughout the pluton. D) P vs K per site, showing a widespread susceptibility. E) P vs T per site, showing a wide variability 
of the data, with predominance of oblate ellipsoids.
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collisional extension associated with orogenic collapse. Major crustal 
lineaments such as deep fault zones, coincident with first-order 
geological contacts, likely focused magma transport and accumula
tion, as observed in other orogenic provinces (e.g., Grocott et al., 2009; 
Pitcher, 1979; Seymour et al., 2020). Earlier models invoked diapiric 
ascent or ballooning to explain the rounded to concentric pattern and 
inverse zoning of the CS pluton (Laux et al., 2005; Silva et al., 2011; 
Lacerda Filho et al., 2021). However, those hypotheses lacked detailed 
structural or geophysical constraints. The results from integration of 
AMS, AARM, microstructural data, and 3D gravity inversion presented 
here, indicate instead that emplacement was strongly guided by regional 
shear zones and discontinuities along the Arenópolis 
Arc–Anápolis–Itauçu Complex boundary. Gravimetric inversion resolves 
a westward-dipping body with thicker roots to the west, inconsistent 
with near-symmetrical geometry expected for diapiric ballooning. 
Within this broader context, Fig. 12 schematically illustrates how crustal 
rheology governs the differential accommodation of mafic and felsic 
magmas during post-collisional stages: mafic intrusions exploit inherited 
weaknesses in the lower–middle crust, whereas felsic magmas pound at 
shallower levels. As illustrated in Fig. 12 we, thus, suggest that the 
asymmetric geometry of the CS is not an isolated case, but rather part of 
a systematic rheological control on late- to post-collisional magma 
emplacement along the Brasilia Orogenic Belt.

The internal magnetic fabric, predominantly concentric, defined by 
AMS ellipsoids and corroborated by AARM data, reveals a magmatic 
flow pattern around the gabbroic core. Toward the margins, petro
graphic evidence of feldspar bulging recrystallization (BLG; Fig. 4F) 
shows local overprint of the primary magmatic fabric by solid-state 
deformation. Similar overprints of magmatic and subsolidus fabrics 
have been documented in other post-collisional plutons (e.g., Archanjo 
et al., 2002; Barbey et al., 2008; Benn et al., 1994), reflecting inter
play between magma emplacement and regional tectonics. The spatial 

variability of bulk magnetic susceptibility and anisotropy degree 
(Fig. 11), with higher anisotropy adjacent to regional shear zones, 
support this interpretation, and suggest late strain localization during or 
after emplacement.

Gravity data provides additional constraints on pluton architecture. 
The 3D inversion of residual anomalies (Fig.s 9–10) reveals a westward 
dip of the body and thickness variations, with deeper roots on the 
western side. These features are consistent with the structural setting 
where the intrusion is located, a westward dipping shear zone developed 
at the contact between competent orthogneiss and ductile metavolcano- 
sedimentary sequences of Arenópolis Arc, close to major crustal-scale 
discontinuity. (Fig. 2). The schematic model in Fig. 12 summarizes 
how inherited lineaments and rheological layering conditioned ascent 
pathways and final geometry. Similar approaches combining structural 
observations and gravimetric modeling have effectively constrained 
pluton emplacement elsewhere (e.g., Améglio et al., 1997; Launeau and 
Cruden, 1998; Solgadi and Sawyer, 2008).

Inverse zoning (dioritic margins, gabbroic core), and pervasive 
mingling textures at contacts, indicate emplacement by multiple closely 
timed pulses. These pulses were coeval but not fully homogenized, 
leading to feldspar transfer between facies and enclave swarms with 
variable degrees of hybridization. Rapid solidification of the magma 
body likely inhibited complete homogenization of the mixed magmas, 
thereby preserving a “frozen” state of magmatic mingling (e.g., Baxter 
and Feely, 2002; Perugini et al., 2005).

Taken together, the structural, magnetic, petrographic, and gravity 
datasets indicate that the Córrego Seco Pluton was emplaced incre
mentally by multiple pulses of magma, guided by regional shear zones 
and fault systems at first-order structures close to the boundary between 
the Arenópolis Arc and the Anápolis–Itauçu Complex. The westward- 
dipping, asymmetric architecture resolved by gravity inversion reflects 
the combined effects of magma buoyancy and tectonic inheritance. 

Fig. 12. Simplified scheme showing the emplacement of the post-collisional magmatism bodies according to the crustal rheology. AMA: Arenópolis Magmatic Arc. 
BOB: Brasília Orogenic Belt. The green portions represent the mafic magma and the red portions the felsic ones. Dashed lines in the figure on the right represent the 
contact between the AMA and the BB, as well as all additional parallel thrust faults. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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Inverse zoning, mingling textures, and incomplete homogenization of 
coeval magmas point to a constructional history marked by repeated 
injections and rapid consolidation. This model, synthesized in Fig. 12, is 
consistent with other post-collisional plutons worldwide, where crustal 
discontinuities play the dominant role in focusing magma ascent and 
controlling final emplacement geometry (e.g., Bouchez et al., 1992; 
Archanjo et al., 2002; Solgadi and Sawyer, 2008; Martínez-Ardila et al., 
2023). The timing of emplacement regarding the evolution of the orogen 
is believed to be late- to post-collisional, during an extensional phase, 
probably during the orogenic collapse of the BOB. Direct structural ev
idence for regional-scale extension or gravitational collapse in the study 
area remains limited. However, geochronological and geochemical 
characteristics of the post-collisional magmatism (including Corrego 
Seco pluton) (Silva et al., 2011; Augustin et al., 2023; Lacerda Filho 
et al., 2021; Carvalho et al., 2025) indicate that adiabatic decompres
sion melting of the asthenosphere may have been triggered by a major 
tectonic disturbance, such as slab retreat or slab break-off. This inter
pretation is consistent with the regional review of the BOB (Pimentel 
et al., 2004), which proposed that between ~660 and 620 Ma the Are
nópolis Arc underwent alternating extensional phases and episodes of 
slab tilting, producing intermittent back-arc extension and decompres
sion melting within the arc system. Additional support for transient 
thermal weakening during this stage is provided by 
ultra-high-temperature (UHT) sapphirine-bearing paragneisses 
described in the high-grade rocks of the Anápolis–Itauçu Complex (e.g., 
Moraes et al., 2002; Baldwin and Brown, 2008). To explain these UHT 
conditions, Moraes et al. (2002) proposed tectonic models involving 
lithospheric thinning and partial collapse of the orogenic root through 
ductile necking or delamination processes.

Finally, the CS case underscores the broader utility of integrating 
AMS fabrics, microstructural analysis, and gravity modeling. Recent 
work on ultramafic intrusions shows that AMS is highly effective in 
capturing internal deformation and magma flow patterns, thereby 
providing robust constraints on emplacement histories (e.g. Austin et al., 
2020; Martin et al., 2022). The approach adopted here is directly 
applicable to other mafic intrusions emplaced in convergent orogens, 
where transpressional regimes and inherited discontinuities govern 
magma ascent and accommodation.

5.3. Implications for the Brasília Orogenic Belt

The evolution of the Brasília Orogenic Belt provides the regional 
framework necessary to understand the emplacement of the Córrego 
Seco (CS) Pluton. Between ~800 and 630 Ma, the intra-oceanic Are
nópolis Arc developed and were subsequently accreted to the western 
margin of the São Francisco–Congo craton (Pimentel et al., 2000a, 
2000b; Pimentel et al., 2011). Progressive collision and crustal thick
ening were accompanied by granulite metamorphism in the 
Anápolis–Itauçu Complex between ~640 and 600 Ma (Piuzana et al., 
2003; Martins et al., 2004; Quadros et al., 2021), marking the devel
opment of a hot, thickened lower crust.

In the aftermath of collision, mafic–ultramafic magmatism became 
widespread between ~630 and 590 Ma, recording the transition of late- 
to post-collisional tectonics. The CS pluton, dated at ~620 Ma (Laux, 
2004), fits precisely into this magmatic pulse. Although direct P–T 
constraints are not available for the CS, geothermobarometric data from 
the nearby Mangabal Complex – a coeval and compositionally similar 
intrusion - indicate peak conditions of ~8.6 kbar and ~ 750 ◦C 
(Augustin and Della Giustina, 2019), equivalent to depths of ~28–30 
km. The westward-dipping roots resolved by gravity inversion at the CS 
are consistent with this interpretation, suggesting that both intrusions 
were emplaced at mid- to lower-crustal levels under strong structural 
control.

Recent work on the Mangabal Complex further reveals that 
asthenospheric mantle melts contributed to the generation of layered 
mafic–ultramafic intrusions in the BOB (Augustin et al., 2023), while 

studies of the Americano do Brasil Complex highlight similar features of 
incremental emplacement along inherited shear zones (Augustin et al., 
2025). Together, these intrusions define a regional suite of 
post-collisional mafic–ultramafic bodies assembled between ~630 and 
590 Ma in association with major tectonic discontinuities (Fig. 2A).

In this space–time framework, the CS pluton exemplifies how 
inherited structural fabrics at the boundary between the Arenópolis Arc 
and the Anápolis–Itauçu Complex localized magma ascent, while deeper 
mantle inputs provided the thermal and compositional drivers of mafic 
magmatism. Its incremental assembly, inverse zoning, and asymmetric 
geometry are therefore not isolated features, but part of a systematic 
pattern of post-collisional mafic plutonism in the BOB during the ter
minal stages of Gondwana amalgamation.

6. Conclusions

The Córrego Seco (CS) Pluton provides a well-constrained example of 
post-collisional mafic magmatism emplaced along the structural 
boundary between the Arenópolis Arc and the Anápolis–Itauçu Complex 
during the late evolution of the Brasília Orogenic Belt. By integrating 
geological mapping, AMS and AARM analyses, microstructural investi
gation, and 3D gravity inversion, this study establishes an emplacement 
model that links internal magmatic fabrics with crustal-scale tectonic 
inheritance.

The pluton exhibits inverse zoning, with a gabbroic core surrounded 
by dioritic margins, and records incremental assembly through multiple 
magma pulses. Magnetic fabrics define a broadly concentric pattern 
around the mafic core, while gravity inversion reveals a westward- 
dipping tabular geometry with thickened roots toward the west. 
Together, these datasets indicate that magma emplacement was strongly 
controlled by inherited crustal discontinuities, with magnetic foliations 
recording magma flow and internal organization within an asymmetric 
intrusion geometry.

Microstructural evidence documents a progressive evolution from 
syn-magmatic deformation to localized subsolidus overprint along 
pluton margins, linking magmatic fabrics to late-stage solid-state 
deformation. The strong agreement between AMS and AARM fabrics 
further demonstrates that multidomain magnetite reliably records the 
internal fabric of the intrusion.

Collectively, these results indicate that the CS Pluton was emplaced 
within a tectonically structured crust, where inherited lithospheric an
isotropies exerted a primary control on magma ascent pathways and 
final pluton architecture. Rather than representing a simple symmetric 
diapiric body, the intrusion records the combined influence of magma 
dynamics and regional structural inheritance during the terminal stages 
of the Brasília Orogenic Belt evolution.

Beyond its local significance, the Córrego Seco Pluton provides a rare 
example in which magnetic fabrics, microstructural observations, and 
3D gravity modeling converge toward a consistent emplacement model. 
The integrated dataset reveals that an apparently isotropic post- 
collisional intrusion may preserve a well-organized internal architec
ture linked to crustal-scale structural inheritance. By documenting the 
geometry, internal fabric development, and emplacement history of the 
pluton, this study contributes new constraints on how mafic magmas are 
assembled and organized along major lithospheric discontinuities dur
ing the late stages of orogenic evolution. These results also provide a 
framework for interpreting other Ediacaran mafic intrusions emplaced 
along the Arenópolis Arc and elsewhere in the Brasília Belt.

Data and code availability

The Python source code used to produce the gravity models results is 
available at https://github.com/Souza-junior/Gravity_CS under the MIT 
open-source license.

We used all open-source packages in the Jupyter Notebook pro
gramming environment (Kluyver et al., 2016). We performed coordinate 
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manipulations, generated regular grids, and performed data interpola
tion with the aid of Verde (Uieda, 2018). Boule package (Uieda and 
Soler, 2020a) for calculation of the normal gravity. The Harmonica 
package (Fatiando a Terra Project et al., 2023) was used in the terrain 
gravity effects correction and also for the equivalent layer technique. 
The orthometric and geoid models were acquired from the GMT data
base (Wessel et al., 2019), and the map generation was handled by the 
PyGMT package (Uieda et al., 2021). The inversion of gravity data was 
conducted using the SimPEG software (Cockett et al., 2015).
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